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GENIS OZET

Prostat kanserinde miR-27a-5p’nin tiimor baskilayici roliiniin ve molekiiler

mekanizmasinin arastirilmasi
ZAIM, Ceyda Nur
Yiiksek Lisans Tezi, Molekiiler Biyoloji ve Genetik Anabilim Dalt
Danigsman: Dog. Dr. Nagehan ERSOY TUNALI
Agustos 2024

Prostat kanseri, ana patogenezi androjen reseptorii (AR) sinyal yolagindaki degisimler
olan ikinci en yaygm malignite tiriidir. AR yolaginin ve AR iliskili yolaklarin
baskilanmast temel tedavi yaklasimi olarak benimsenmistir. Daha etkili tedavi
yontemlerinin hastaya 6zgiin olarak gelistirilebilmesi i¢in, AR’yi ve iliskili yolaklarini
diizenleyen mekanizmalarin tam olarak belirlenmesi gerekmektedir. Kanserdeki
diizenleyici fonksiyonlarindan dolayr miRNA’lar umut vadeden terapotik hedeflerdir.
miR-27a-5p ise tiimorlerde proliferasyon, anjiyogenez, apoptoz, invazyon, ve migrasyon
gibi pek ¢ok hiicresel siire¢lerde 6nemli roller oynadigi bulunmus olan bir miRNA olarak
belirlenmistir. Ancak, bu miRNA’nin fonksiyonlar1 karmasiktir ve miR-27a-5p
tarafindan hedeflenen genlerin agiga ¢ikartilmasi gerekmektedir. Bu tez ¢aligmasinda,
miR-27a-5p’nin prostat kanserindeki tiimor baskilayici rolii, molekiiler mekanizmasi ile
birlikte arastirilmustir. ilk olarak, miR-27a-5p tarafindan hedeflenme potansiyeli olan
genler in silico olarak belirlenmis ve en yiiksek ihtimale sahip hedef genler segilerek, bu
genler ile miR-27a-5p arasindaki molekiiler iligki in vivo ve in vitro olarak incelenmistir.
miR-27a-5p’nin en yiiksek ihtimalli hedef genleri olarak CCL5/CCR5 kemokin sinyal
yolaginin iiyeleri olan CCRS, STAT3 ve BCL-2 genleri belirlenmistir . miR-27a-5p ifade
seviyesi ve CCR5, BCL-2 ve AR ifade seviyeleri arasinda, in vivo prostat tiimorlerinde
ters korelasyon bulunmustur. DU145 ve LNCaP hiicre hatlarinda miR-27a-5p seviyesi
arttirildiginda STAT3, BCL-2 ve AR mRNA seviyelerinde azalma tespit edilmis olup, bu
sonu¢ da miR-27a-5p’nin bu onkogenik sinyal yolaklarini negatif yonde diizenledigini
dogrular niteliktedir. Ancak, miR-27a-5p ifade seviyesi arttirildiginda CCR5 mRNA

seviyesinde anlamli bir azalma gézlemlenmemistir. Bunlara ek olarak, miR-27a-5p’nin



onkogenik hiicresel siireglerdeki rolii de belirlenerek, miR-27a-5p’nin DU145 ve LNCaP
hiicrelerinde proliferasyon, migrasyon ve invazyonu baskiladigini ve bu hiicrelerde
apoptozu destekledigi de gosterilmistir. Bu sonuglar miR-27a-5p’nin prostat kanserindeki
timor baskilayici roliiniin altin1 ¢izmektedir. Diger taraftan, AR ve STAT3 genleri
acisindan negatif olan PC3 prostat kanseri hiicre hattinda miR-27a-5p’nin anti-proliferatif
ozelligi gozlemlenmemistir. AR-pozitif olan ve BCL-2 ifade seviyesi DU145 hiicrelerine
gore daha fazla olan LNCaP hiicrelerinin, AR-negatif olan DU145 hiicrelerine gore, miR-
27a-5p seviyesindeki artisa daha fazla apoptotik cevap verdigi gosterilmistir. Bu sonuglar,
mMiR-27a-5p’nin timor baskilayici roliiniin duruma bagl oldugunu gostermektedir. Sonug
olarak, miR-27a-5p, fazlaca ifadeleri bulunan onkogenik yolaklar1 negatif diizenleyerek
prostat kaserinde tiimor baskilayici olarak hareket etmektedir. Bu tez ¢alismasi
kapsaminda miR-27a-5p’nin STAT3, BCL-2 ve AR mRNA’larimi1 negatif olarak
diizenleyerek, prostat kanseri hiicrelerinde proliferayon, migrasyon, invazyon ve hiicresel
sag kalimi baskiladigi gosterilmistir. Elde edilen veriler miR-27a-5p’nin molekiiler
mekanizmasini aydinlatmakla kalmay1p, ayni1 zamanda prostat kanserinde bu miRNA’nin

terapotik potansiyelini de ortaya koymaktadir.

Anahtar Kelimeler: Prostat kanseri, miRNA, AR, CCL5/CCR5 kemokin yolagi,
STATS3, BCL-2
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ABSTRACT

Investigation of The Tumor Suppressor Role and Molecular Mechanism of miR-

27a-5p in Prostate Cancer
ZAIM, Ceyda Nur
Master’s Thesis, Department of Molecular Biology and Genetics
Supervisor: Assoc. Prof.Dr. Nagehan ERSOY TUNALI

August 2024

Prostate cancer is the second-most prevalent malignancy with its fundamental
pathogenesis involving alterations in AR signaling. Suppression of AR and its related
pathways constitutes the primary treatment approach. The mechanisms that regulate AR
directly or AR-related pathways are required to be fully elucidated to develop more
effective treatment approaches in a patient-specific way. miRNAs are highly promising
therapeutic candidates owing to their regulatory functions in cancer. miR-27a-5p has been
found to have vital roles in many cellular processes of tumors, including proliferation,
angiogenesis, apoptosis, invasion, and migration. However, its functions are complex,
and the genes that are targeted by miR-27a-5p remain to be identified. In this study, tumor
suppressive function of miR-27a-5p with its molecular mechanism in prostate cancer was
investigated. First, a list of potential target genes were identified in silico and then the
most probable targets of miR-27a-5p were selected for further in vivo and in vitro
investigation of the correlation between these genes and miR-27a-5p. CCL5/CCR5
chemokine signaling, involving CCR5, STAT3, and BCL-2 genes were identified as the
most probable targets of miR-27a-5p. An inverse correlation between miR-27a-5p
expression and the expressions of CCR5, BCL-2, and AR was determined in in vivo
prostate cancer tumors. When miR-27a-5p is overexpressed in DU145 and LNCaP cell
lines, expressions of STAT3, BCL-2, and AR mRNAs were found to be reduced,
confirming that miR-27a-5p negatively regulates these oncogenic pathways. However,
the expression level of CCR5 was not decreased with miR-27a-5p overexpression. The

role of miR-27a-5p in oncogenic cellular processes was also revealed, where miR-27a-
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5p overexpression decreased the proliferation, migration, and invasion while promoting
apoptosis of DU145 and LNCaP cells, highlighting its tumor suppressor function in
prostate cancer. On the other hand, miR-27a-5p was found to have no anti-proliferative
effect in the PC3 cell line, which is STAT3- and AR-negative. It was also shown that
apoptotic response to miR-27a-5p overexpression was greater in AR-positive LNCaP
cells that have greater expression of BCL-2 than AR-negative DU145 cells. These results
show that the tumor-suppressor function of miR-27a-5p is context-dependent. In
conclusion, miR-27a-5p acts as a tumor suppressor miRNA in prostate cancer by
negatively regulating upregulated oncogenic signaling pathways. In the framework of this
thesis, We demonstrated that miR-27a-5p suppresses proliferation, migration, invasion,
and cell survival of prostate cancer cells through negatively regulating STAT3, BCL-2,
and AR. This study sheds light on the molecular mechanism of miR-27a-5p, as well as

highlights the therapeutic potential of miR-27a-5p in prostate cancer.

Keywords: Prostate cancer, miRNA, AR, CCL5/CCR5 chemokine signaling, STAT3,
BCL-2
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1. INTRODUCTION

1.1.Prostate Cancer

Prostate cancer (PCa) is the second most prevalent type of cancer with 1,466,480 new
cases and 396,792 deaths among adult men worldwide in 2022, according to the Global
Cancer Observatory (GCO) (Global Cancer Observatory, n.d.). The risk factors for
developing PCa include age, ethnicity, genetic predisposition, obesity, and environmental
factors. PCa, which affects men aged 45-60 years, is diagnosed by prostate-specific
antigen (PSA) test, digital rectal examination (DRE), and biopsy. DRE, which gives clues
on any abnormalities, is used to determine the size of the prostate gland. Nevertheless,
defining blood PSA levels is the main diagnostic approach for PCa screening in the clinic
(Ferlay et al., 2010). PSA is a glycoprotein secreted from the prostate gland and its
function is to liquefy semen. Even though it is mainly found in the semen, it can also be
found in the bloodstream at deficient concentrations (<1 ng/mL) in healthy men (Collin,
2013). The cut-off point for the PSA level is identified to be 4 ng/mL,; patients with PSA
levels greater than 4 ng/mL have approximately 25% chance of developing prostate
cancer, in which case, further testing, including biopsy, is required (Sekhoacha et al.,
2022).

The healthy human prostate is comprised of three types of cells: luminal cells that express
high levels of androgen receptor (AR) and PSA,; basal cells that have low expression of
AR; and a rare group of neuroendocrine cells. During the progression of PCa, the number
of luminal cells with high AR expression increases, and basal cells are lost. Prostate
cancer is characterized by the transformation of the normal prostate gland epithelial cells

into the malignant form in three stages (Figure 1, A).

The initiation of disease development, stated as prostate intraepithelial neoplasia (PIN),
is identified by the progressive loss of basal cells, leading to hyperplasia of luminal cells
(Figure 1, B). This stage is regarded as the precancerous state. Further progression of the
disease is defined by the complete loss of basal cells and the expansion in the luminal cell
compartment. This stage is identified as adenocarcinoma androgen-dependent and is

further subdivided into two stages, adenocarcinoma latent and clinical. At this



adenocarcinoma androgen-dependent stage, since the proliferation of tumor cells is
androgen-dependent, the growth of the tumor can be suppressed by androgen deprivation.
The final stage of PCa progression, adenocarcinoma androgen-independent, is the gain of
resistance to androgen-deprivation therapy through altered molecular mechanisms, where
the growth of tumors is no longer dependent on AR. This stage is also stated as castration-
resistant prostate cancer (CRPC) and is characterized by metastasis and aggressiveness
(Testa et al., 2019).

Figure 1. A. Normal prostate; B. Prostate cancer initiation and development. (Created with
BioRender.com)



In the clinic, there is a unique scoring system accepted by the World Health Organization
(WHO) in 2014, termed the Gleason score, which represents the histopathological
evaluation of prostate tumors (Epstein, 2018). This scoring system was developed by Dr.
Donald Gleason in the 1960s and assesses the similarity of prostatic tissue and normal
prostate glands, in which the lowest grade, Grade 1, is related to normality, whereas the
highest grade, Grade 5, corresponds to a lack of normal cells and glands and the existence
of increased numbers of abnormal cells (Gleason, 1992; Mellinger, 1977). The Gleason
scores are represented as the sum of two grades (3+4, 5+5, etc.), corresponding to the
grades of two predominant cancer cell populations. The association between Gleason
score, grade, and morphology of the cells are given in Table 1 for clear understanding.

Table 1. Gleason scoring system used in the clinic. (Created with BioRender.com)



1.2. Castration-Resistant Prostate Cancer

Treatment options for the localized PCa are determined by considering the recurrence
risk. In the early stages, if the recurrence risk is clinically evaluated to be low, the main
treatment options are radiation-based therapy or radical prostatectomy. However, if the
patient has intermediate or high recurrence risk, androgen deprivation therapy (ADT),
combined with radiation therapy is the treatment option. ADT is based on AR antagonists
and surgical or medical castration. Despite the good response to ADT at first, which is
indicated by reduced serum PSA levels, most patients eventually develop resistance to
ADT, generating an advanced stage of the disease termed CRPC (Agoulnik & Weigel,
2006; Mohler et al., 2004). This stage of the disease is also termed hormone-refractory
prostate cancer or androgen-independent prostate cancer since the growth of the tumor is
no longer dependent on the androgens or AR. The evolution pattern of the disease can be
briefly explained as follows: If there is no distant metastasis and the patient has not yet
received ADT, the stage is termed localized prostate cancer. When cancer recurs after
ADT in this patient, the stage is then termed non-metastatic castration-resistant prostate
cancer (hnmCRPC). On the other hand, if there is distant metastasis and the patient has not
yet received ADT, the stage is referred to as metastatic hormone-naive prostate cancer
(mHNPC). Subsequently, when cancer relapses after ADT in this patient, it is then termed
metastatic castration-resistant prostate cancer (NCRPC) (Mateo et al., 2019). The main
purpose of ADT is to decrease serum testosterone levels under 50 ng/dL, which is referred
to as castrate level, eliminating ligands of AR, thus inhibiting its activation and
subsequent growth suppression (Harris et al., 2009). Therefore, the diagnosis of castration
resistance is made when the disease progresses at the castrate level, which is detected by

increased serum PSA level.

Despite CRPC tumors having been shown to activate alternative growth-promoting
pathways, such as PI3K/Akt/mTOR, MAPK, JAK/STAT, and NF-kB (Figure 2), to
bypass the requirement for AR signaling (see Section 1.3), and despite the absence of
testosterone; AR remains critical for signaling in CRPC (Culig et al., 1994). AR signaling
is re-activated through either altered steroid metabolism, AR point mutations, changes in
co-regulator proteins, or the generation of alternative splice variants of AR. The main and
crucial modification in the alternative splice variants of AR is that they lack the regulatory



C-terminal hormone binding domain, promoting AR-supported growth regardless of the
presence of androgens (Shafi et al., 2013). Further, steroid metabolism is altered in a way
that suppressed testosterone synthesis is regained by de novo testosterone synthesis from
cholesterol to sustain CRPC. Normally, 5a-dihydrotestosterone (DHT), which is the
ligand of AR, is converted from testosterone, generated from gonadotropin-releasing
hormone (GnRH) by the 5a-reductase isoforms, S5A1 and S5A2, through the classical
androgen biosynthesis pathway at the tissue level (Harris et al., 2009). However,
alternative androgen biosynthesis pathways and enzymes are activated due to ADT
(Figure 2). For instance, CRPC tumors show higher levels of AKR1C3, which is an
enzyme that converts S5a-Androstenedione, produced by the classical androgen
biosynthesis pathway to DHT (Mitsiades et al., 2012). CYP17Al is another enzyme
found upregulated in CRPC and it is also involved in testosterone synthesis from
cholesterol (Cai et al., 2011).

Figure 2. Molecular mechanisms involved in primary PCa and CRPC. (Created with
BioRender.com)



1.3. Molecular Aspects of Prostate Cancer

As cancer is a disease of chaos, molecular mechanisms within a single cancer cell are also
highly complicated, yet they need to be resolved. There are many receptors, proteins,
enzymes, and miRNAs dysregulated in PCa, which results in either initiation,
development or progression of the disease. These are all associated with growth,
proliferation, invasion, migration, and apoptosis. Therefore, extensive knowledge on
these growth-promoting or apoptosis-suppressor pathways would provide a better
perspective to develop novel treatment and diagnosis options. The normal transcriptional
network in prostate cells is disrupted during the initiation and progression of the PCa. As
a frequent early event of PCa development, the NKX3-1 homeobox gene, which has a
function in normal differentiation of the prostatic epithelium, is lost (Abate-Shen et al.,
2008). At the same time, the TMPRSS2-ERG gene fusion and FOXA1l mutations
determine significant molecular subtypes of the disease. Formation of the oncogene
TMPRSS2-ERG fusion, which results in aberrant expression of the ETS family of
transcription factors genes (ERG), presents in approximately 70% of PCa patients
(Abeshouse et al., 2015; Kumar-Sinha et al., 2015; Tong, 2021; van Dessel et al., 2019).
Overexpressed ERG binds to and interacts with the crucial transcription factors in PCa,
such as AR, FOXA1, and HOXB13, which triggers the activation of Wnt and Notch
signaling pathways in primary PCa. ERG-positive PCa tumors that also have PTEN loss
are demonstrated to have an over-activated PI3K signaling pathway, leading to enhanced
proliferation and invasion (Stelloo et al., 2018; Testa et al., 2019).

1.3.1. AR Receptor Signaling Pathway

The main pathogenesis of PCa is the aberrant activation of AR. AR, which is a member
of the nuclear receptor superfamily, is a steroid receptor that functions as a transcription
factor. The human AR gene is composed of eight canonical exons; exon 1 encodes for N-
terminal transactivation domain (NTD); exons 2 and 3 encode for the DNA-binding
domain (DBD); exons 4, 5, 6, 7, and 8 encode for hinge region and ligand-binding domain
(LBD) with nuclear localization signal (NLS) and nuclear export signal (NES) (Gelmann,



2016). The gene coding for AR is located on the X Chromosome (q11.2). The AR gene
Is composed of more than 90 kb and codes for a protein that consists of 919 amino acids
(Aurilio et al., 2020). The AR protein of 100 kDa has three functional domains (Figure
4); a highly conserved DBD, an LBD, exhibiting transcriptional activation function-2
(AF-2), and a less conserved NTD. In the cytoplasm, AR is bound with chaperons and
heat-shock proteins (e.g. HSP-90/70/56) (Tan et al., 2015). The ligands of AR are DHT
and testosterone. Upon ligand binding, AR disassociates from the other proteins,
translocates into the nucleus, dimerizes, and binds to androgen response elements (ARE),
located in the enhancer and promoter regions of AR target genes. Two zinc finger
domains present in the DBD of AR are responsible for conferring specificity of DNA
binding. A region in NTD, termed transcriptional activation function-1 (AF-1), is
responsible for transcriptional activity, leading to the activation of AREs, including those
associated with PSA and genes involved in cell proliferation and evasion of apoptosis
(Dai et al., 2017).

An aberrant increase in the expression of AR is widespread in almost all primary and
metastatic PCa. AR signaling remains active to provide survival of PCa cells through
either full-length AR or AR variants, regardless of the stage or grade of PCa. Therefore,
the main and crucial pathway to be suppressed is AR signaling and almost all current
therapeutics are targeting AR. The basic working principle of androgen ADT depends on
the anti-androgens that bind to the C-terminal region of LBD, inhibiting the activation of
AR. At first, tumor growth can be successfully suppressed through ADT, but then, the
cells become resistant to androgen deprivation by developing AR variants (ARV). These
splice variants (e.g., AR-V7) lack LBD (Figure 3, A-B), which makes them constitutively
active regardless of ligand binding, inducing an androgen-independent growth, termed
CRPC (R. Hu et al., 2009).

AR-Vs can be classified into four groups according to their ability for nuclear
localization. The first group of variants (e.g., AR-23) are ligand stimulated in a similar
attitude to full-length AR (AR-FL). The second group, which is constitutively active
variants, is the most studied variants of AR due to their continuous activation regardless
of ligand binding. These variants (e.g., AR-V3, 4, 7, 12) lack DBD and exon 4, which is
encoding for a part of the NLS, leading to the induction of the expression of AREs (Chan
et al., 2012; R. Hu et al., 2009b). There are also conditionally active variants (e.g., AR-



45, AR-V1,9), inactive variants (e.g., AR-V13, 14, AR8), and variants whose functions
are unknown such as AR-V2, 5, 6, 8, 10, 11 (Figure 3, A) (Abeshouse et al., 2015; C. Lu
& Luo, 2013; Robinson et al., 2015).

The key mechanism of the expression of AR-Vs is the alternative RNA splicing,
introducing cryptic exons (CE). AR-V7, the constitutively active variant, is one of the
most crucial variants in CRPC. It has been shown that AR-V7 increases in the LNCaP95
cell when androgen is depleted (R. Hu et al., 2012). Likewise, AR-V7 was determined to
be induced 4 days after castration in a xenograft model of VCaP (Yu et al., 2014).



Figure 3. A. AR variants; B. Transcription and translation of AR and AR-V7. (Created with
BioRender.com)



1.3.2. PTEN and PI3K/Akt/mTOR Signaling

PI3K/Akt signaling is activated in almost all cancer types, including PCa. PI3K/Akt
pathway regulates many cellular processes such as proliferation, migration, apoptosis,
and cell survival by inducing numerous downstream signaling molecules. These
downstream signaling molecules, shown in Figure 4, include NF-xB which is known to
drive carcinogenesis by regulating gene expression of pro-inflammatory genes, and anti-
apoptotic genes. Akt is known to phosphorylate BAD, which activates BCL-2, preventing
apoptosis. Another important downstream effector of PI3K/Akt signaling is mTOR which
promotes cell survival and regulates cell cycle. In addition, Akt regulates MYC activity
by suppressing GSK3, which is a downstream protein of MYC, a well-studied oncogene.
FOXO transcription factors are also downstream targets of PI3K/Akt signaling, and Akt
dysregulates FOXO activity to prevent the expression of a group of genes, such as p27,
which is a cell cycle inhibitor, further promoting the proliferation. PI3K/Akt signaling

has been shown to be upregulated in PCa.

PTEN is a well-studied negative regulator of the oncogenic PI3K/Akt/mTOR pathway by
converting phosphatidylinositol 3,4,5 trisphosphate (PIP3) back to phosphatidylinositol
4.5 bisphosphate (PIP2), preventing Akt activation, thereby acting as a tumor suppressor
gene. PTEN gene mutation is frequently seen as an early event in PCa in which the loss
of it was shown to be associated with recurrence, metastasis, and castration resistance.
Diminished PTEN function and upregulation of the PI3K pathway are present in
approximately 70% of late-stage PCa tumors (Mulholland et al., 2011). Lee et al. showed
in a genetically engineered mouse model of PCa that PTEN loss worked together with
TMPRSS-ERG fusion, which is the most frequent genomic alteration observed in PCa
cases (S. H. Lee et al., 2015; Z. Wang et al., 2017). In addition, a crosstalk between AR
and PI3K/Akt signaling was demonstrated, in which androgen depletion or knockdown
in these murine PCa models was found to result in increased levels of active
phosphorylated Akt. Therefore, the PI3K pathway becomes crucial in the progression to
CRPC after ADT.

Another negative regulatory element of the PI3K/Akt pathway is the PH domain Leucine-
rich repeat protein phosphatase (PHLPP) family, which consists of PHLPP1 and
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PHLPP2. PHLPP suppress PIK3K/Akt signaling by dephosphorylating Akt and they
have been considered as tumor suppressors in breast cancer, ovarian cancer,
hepatocellular carcinomas, and PCa (Newton & Trotman, 2014). In a feedback loop, the
mTORC1 complex, which is activated by Akt, decreases the protein levels of PHLPP1
and PHLPP2, promoting Akt activation (J. Liu et al., 2011). A large-scale genomic study
revealed that both PHLPP1 and PHLPP2 were deleted in PCa patients. Furthermore, the
same study concluded that PHLPP2 is more frequently deleted than PTEN or PHLPP1

and the frequency of deletion was further increased in mPCa tissues (Taylor et al., 2010).

The contribution of PI3K/Akt signaling to the progression of prostate cancer is clear in
the literature that 40% of primary and 70% of metastatic prostate cancer patients have
genetic alterations that promote the activation of the PI3K pathway (Carver et al., 2011;
Taylor et al., 2010). For instance, PTEN mutations were found in approximately 17% of
primary prostate cancers and 50% of mCRPC (Robinson et al., 2015b). Moreover,
downstream elements of PI3K signaling also promote the disease. FOXO1, which is
inactivated by Akt and functions as a tumor suppressor by regulating DNA damage repair,
cell death, and cell cycle, was found to be downregulated in PCa patients (Abeshouse et
al., 2015; Robinson et al., 2015; Dong et al., 2006;Yang et al., 2005). FOXO1 does not
only regulate cellular events in PCa but also can bind directly to the AR to inhibit the
transcriptional activity of either full-length AR or other AR variants (Bohrer et al., 2013;
Mediwala et al., 2013). Nevertheless, AR is regulated by PI3K/Akt signaling in a more
complex way, besides through FOXOL1. There is a feedback loop between AR and Akt,
in which Akt might phosphorylate AR, inhibiting its transactivation (Carver et al., 2011,
Lin et al., 2001). On the other hand, Akt signaling is activated by AR inhibition through
decreasing the expression of PHLPP (Carver et al., 2011; Mulholland et al., 2011). Since
these two pathways, PI3K and AR, are the major mediators of PCa and inactivation of
one of them leads to activation of the other one, combinational treatment approaches
would be more effective. A preclinical study demonstrated that when AZD5363, a PI3K
inhibitor, is combined with Enzalutamide, Enzalutamide resistance is delayed (Toren et
al., 2015).
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Figure 4. PI3K/Akt signaling pathway. (Created with BioRender.com)

1.3.3. BCL-2 Family Proteins

BCL-2 family proteins, which control mitochondrial (intrinsic) apoptosis, are categorized
into three groups, depending on their functions: (1) anti-apoptotic proteins, including
BCL-2, BCL-X., BCL-W, MCL-1, AND BFL-1/A1; (2) pro-apoptotic pore-forming
proteins, including BAX, BAK, BOK; (3) pro-apoptotic BH3-only proteins, including
BAD, BID, BIK, BIM, BMF, HRK, NOXA, PUMA. Each protein member of the BCL-
2 family contains one of four BH domains, a BH3 domain, that is responsible for the
interactions between these proteins. The multi-BH domain proteins are a group of anti-
apoptotic and pore-forming proteins and contain all four BH domains that function as
receptors for BH3 domains of other BCL-2 family members. The transcription factors
STATSs, NF-kB, and ETS can induce the expression of BCL-2 family genes (Grad et al.,
2000). BCL-2 proteins exert their functions of cell death control by regulating
mitochondrial outer membrane permeabilization (MOMP), resulting in the release of
intermembrane space proteins (e.g. SMAC, and cytochrome c), then caspases are

activated and finally, the cell undergoes apoptosis (Figure 5) (Kale et al., 2017).

BCL-2 family proteins are of interest in cancer research, including PCa, due to their

regulatory roles in apoptosis. The anti-apoptotic BCL-2 protein is a downstream member
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of the PI3K/Akt signaling pathway. The pro-apoptotic BCL-2 associated agonist of cell
death (BAD) protein, which suppresses BCL-2, is negatively regulated by Akt. Activation
of PI3K/Akt suppresses BAD by phosphorylation, liberating anti-apoptotic BCL-2.
RAS/ERK signaling is another signaling pathway that can control BCL-2 family proteins.
RAS/ERK signaling can directly phosphorylate BAD and suppress pro-apoptotic BIM to
inhibit mitochondrial apoptosis (Kinkade et al., 2008). BCL-2 was found to be frequently
overexpressed in PCa and is considered as an adverse prognostic factor correlated with
aggressive disease progression, high Gleason score, metastasis, and therapy resistance
(Pilling et al., 2019; Soliman et al., 2021). BCL-2 is critical for the survival of androgen-
independent PCa, as well as androgen-dependent PCa. Tamaki et al. revealed that a
combination of BCL-2 family inhibitors with docetaxel, a therapeutic agent used in the
treatment of metastatic PCa, demonstrated potent anti-tumor activity in a xenograft mouse
model generated with PC3 cells which are known to exhibit lower sensitivity to docetaxel
compared to other PCa cell lines (Tamaki et al., 2014). In a more recent study, it has been
shown that, inhibition of Akt sensitized CRPC cells to Enzalutamide, another therapeutic
widely used in the clinic to target AR signaling, including ARVs. This occurred through
the activation of BAD that led to the downregulation of BCL-2 and increased apoptosis
(Pilling et al., 2019). Further, the BCL-2 protein is elevated during the progression of
androgen-independent PCa growth and is crucial for the transition to androgen-
independent growth (Y. Lin et al., 2007; Soliman et al., 2021).

Figure 5. Apoptosis regulation by BCL-2 family proteins. (Created with BioRender.com)
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1.3.4. MAPK Signaling Cascades: RAS/ERK

Mitogen-activated protein kinase (MAPK) signaling has been acknowledged for its roles
in an extensive variety of cellular processes that are keys in promoting oncogenesis.
MAPKSs are protein kinases that use their own serine/threonine residues or those of their
substrates to activate or inhibit their targets by phosphorylation (Johnson & Lapadat,
2002; Peti & Page, 2013). A MAPK cascade is activated upon a stimulus and MAP3K at
the upstream phosphorylates a MAP2K, which in turn activates a downstream MAPK.
There are three most notable MAPK pathways in mammalian cells; RAS/ERK, JNK1/2/3,
and p38 (Figure 6). Growth factors activate RAS/ERK, inflammatory cytokines activate
JNK1/2/3, and stress p38 signaling might be activated by stress stimuli through receptor
tyrosine kinases (RTK) (Soares-Silva et al., 2016). Each three of the MAPK signaling
cascades is well-known in the research of cancer as tumor drivers, however, the
RAS/RAF/MAPK signaling cascade is the most important signaling among them owing
to its crucial function in the growth and survival of tumor cells.

The extracellular signal-regulated kinases ERK1 and ERK2 isoforms are ubiquitous
serine-threonine kinases, whose activation is initiated through the binding of growth
factors to an RTK and occurs by sequential phosphorylation. This binding activates a
small G-protein RAS, which then activates RAF (MAP3K), and further MEK1/2
(MAP2K) is phosphorylated by RAF for ERK1/2 (MAPK) activation. Once ERK1/2 is
activated, it is translocated into the nucleus to regulate various transcription factors, for
instance, oncogenes c-FOS, c-Jun, NF-kB, and c-Myc; and Ets1 which have roles in the
regulation of angiogenesis (Y. Guo et al., 2020). ERK might also phosphorylate a group
of cytoplasmic proteins, including Raf-1 and MEK, resulting in a negative feedback
regulation of RAS/ERK signaling. Deregulation of the RAS/ERK signaling cascade is
frequently identified in many cancer types since it is directly involved in cell cycle
regulation, cell differentiation, proliferation, apoptosis, and tissue formation (Rubinfeld
& Seger, 2005). Various types of cancer, containing ovarian, colon, breast, and lung, have

been shown to have increased ERK activation (Bhartiya & Singh, 2015; Rao & Herr, 2017;
Q. Tang et al., 2017).
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Regarding PCa, it has been demonstrated that elevated RAF expressions were correlated
with advanced PCa, metastasis, increased Gleason score, poor prognosis, and androgen-
independent growth (Carey et al., 2007; Keller et al., 2004; Mulholland et al., 2012;
Nickols et al., 2019). In line with this, PCa patients who underwent ADT were
demonstrated to express high levels of phosphorylated ERK for tumor cell survival
(Karantanos et al.,, 2013). mCRPC patients have been shown to have increased
phosphorylation of ERK1/2 and depending on this, there is an ongoing Phase Il clinical
trial (NCT02881242), in which mCRPC patients will be treated with MEK1/2 inhibitor
Trametinib, which is an approved therapeutic for melanoma (Mulholland et al., 2012;
Nickols et al., 2019; Taylor et al., 2010). LNCaP, PC3, and DU145 cell lines, which are
the most widely used cells in vitro, express decreased inhibitors of RAF (McCubrey et
al., 2007). Berriguete et al. suggested that PCa cell proliferation was triggered by ERK
pathway activation through IL-6, which is a pro-inflammatory cytokine found to be
upregulated in PCa tumors (Rodriguez-Berriguete et al., 2010). Further, there is also a
regulatory correlation between AR and ERK, in which activated ERK enhances the
transcriptional activity of AR by phosphorylation of AR itself and its coregulators, giving
rise to PSA secretion (Grossmann et al., 2001; Liao et al., 2013; Peterziel et al., 1999).
ERK was also demonstrated to induce the phosphorylation of BCL-2 family proteins,
including BAD, BIM, and BCL-2, regulating apoptosis directly (Thakur et al., 2009). In
addition, it was determined that apoptosis was inhibited by BAD phosphorylation and
BIM suppression via activated ERK signaling (Chao & Clément, 2006; Kinkade et al.,

2008; Sastry et al., 2006; Zoubeidi et al., 2010).
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Figure 6. MAPK signaling pathways. (Created with BioRender.com)
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1.3.5. MYC Family: c-Myc

The MYC family of proto-oncogenes includes three paralogs, N-Myc, L-Myc, and c-Myc
and it is one of the most commonly altered and the most widely investigated gene family
In various cancer types. c-Myc is the most abundantly expressed member, while others
have moderate expression in cells (Madden et al., 2021). All three paralogs of the MYC
family act as transcription factors and they are members of the basic helix-loop-helix
leucine zipper (bHLHLZ) DNA-binding protein superfamily (Beaulieu et al., 2020;
Carroll et al., 2018; Dang, 2016). Approximately 15% of the human genome is considered
to be regulated by MYC family proteins (Dang et al., 2006; Duffy et al., 2021; Fernandez
et al., 2003; Zeller et al., 2006). MYC proteins have traditionally been regarded as
undruggable; however, it is a fact that they are the key drivers of cancer, with MYC gene
expression found to be altered in up to 70% of cancers (Dang, 2012; Meyer & Penn, 2008).
MYC proteins induce the expression of genes involved in angiogenesis, cell cycle,
immune response, cell growth, DNA repair, differentiation, and apoptosis (Carroll et al.,
2018; Dang, 2016; Duffy et al., 2021; Gonzalez-Prieto et al., 2020).

PCa tumors demonstrate frequent overexpression of MYC oncogene and MYC
expression levels, together with PTEN and Ki67 expressions were demonstrated to be
more accurate predictors of progression-free survival compared to clinical evaluation
(Antonarakis et al., 2012). MYC overexpression has also been shown to be a driver of
PCa, in which MY C overexpression in prostate epithelial cells causes the development of
PIN (lwata et al., 2010). Furthermore, 89% of PCa patients display c-Myc amplification
(Castro et al., 2015). It has been proposed that MAPK and PI3K/AKkt signaling, which are
determined to be highly correlated with PCa progression and poor prognosis, are
upstream regulators of c-Myc (Figure 7), collaborating to enhance the expression of c-
Myc, in advanced PCa (E. Li et al., 2017; J. Wang et al., 2012). The expression of EZH2
histone methyltransferase, which promotes castration resistance, was shown to be
increased in c-Myc-overexpressed prostate tumors. This increase led to a decrease in the
function of the tumor suppressor Interferon gamma receptor 1, which contributes to a

crucial role in preventing cell survival (Wee et al.,, 2014). Moreover, c-Myc was
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determined to antagonize AR transcriptional activity, deregulating AR-induced gene
expression (Barfeld et al., 2017). Finally, Coleman et al. identified that BET protein
inhibitors had potential anti-CRPC functions through c-Myc suppression; BET proteins

are co-activators of AR-induced gene expression (Coleman et al., 2019).

Figure 7. Regulation of c-myc. (Created with BioRender.com)

1.4. Treatment of Localized and Advanced Prostate Cancer

The treatment path for patients with PCa is determined by clinical evaluation of the stage
and estimation of the recurrence risk through the prognostic factors, serum PSA levels,
age, urinary function, biopsy, and Gleason’s score (Figure 8). Active surveillance, which
involves monitoring rather than active treatment, is appropriate for patients diagnosed
with low-risk cancer (Choo et al., 2002; van den Bergh et al., 2009). Despite the favorable
aspects of active surveillance, such as maintaining life quality and engaging in normal
activities, there is a likelihood of missed opportunities for complete recovery, as well as
the development of advanced cancer and metastasis. The first-line standard treatment
options for stage I-111 PCa are prostatectomy and radiotherapy. Prostatectomy involves

surgically removing the prostate glands or some parts of it, seminal vesicles, and in some

18



cases lymph nodes as well (Mellman et al., 2011). Radical prostatectomy is a treatment
approache for PCa patients with a life expectancy of more than 10 years, and many
patients respond well to it, reducing the risk of recurrence for over five years (Sekhoacha
et al., 2022). Another benefit of prostatectomy is that it provides a clearer understanding
of the stage and recurrence risk of the disease, enabling early detection of relapse
indicated by an increase in the serum PSA levels previously undetectable. Alternatively,
radiotherapy, which is widely used to treat many types of cancers, is also an effective
choice for PCa treatment. This treatment preference is made based on the patient’s
eligibility for prostatectomy; if the patient is not appropriate for surgical procedures,
prostate cancer cells are targeted and destroyed through high doses of radiation (Baskar
et al.,, 2012). In certain instances, radiation therapy may be combined with hormone

therapy, to treat moderate-risk and high-risk prostate cancers (Sekhoacha et al., 2022).

The patients diagnosed with stage 1V or high-risk stage Il are treated with androgen
ablation, also termed ADT, either through surgical or pharmacological castration. The
therapeutic mechanism of androgen ablation, also known as hormone therapy, is
dependent on the use of first-generation anti-androgens such as bicalutamide, flutamide,
and nilutamide. The mechanism of action of these therapeutics is based on suppressing
testosterone production, which sustains AR signaling for tumor growth, thereby
decreasing hormone levels (Crawford et al., 2015). These non-steroidal anti-androgens
compete with androgen for binding AR, inhibiting its activation. There are also
therapeutics that suppress testosterone synthesis such as goserelin, leuprorelin, and
triptorelin. These are Gonadotropin-releasing hormone (GnRH), also known as
Luteinizing-hormone-releasing hormone (LNRH), agonists, acting to inhibit testosterone
synthesis directly by blocking the hypophysis receptors (Heidenreich et al., 2008). As
previously mentioned, ADT benefits patients at first, decreasing testosterone and PSA
levels, however, after 2-3 years, the disease relapses in a more aggressive characteristic,
termed CRPC (Harris et al., 2009).

The first-line treatment option for CRPC patients is chemotherapeutic Docetaxel, which
IS an antimicrotubule agent. Docetaxel specifically attaches to the 3-subunit of tubulin to
suppress mitotic cell division and induce apoptosis (Zhu et al., 2013). Cabazitaxel is
another chemotherapeutic that also suppresses mitotic cell division by targeting the N-

terminal domain of the B-tubulin subunit. Cabazitaxel is a second-generation treatment
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option and it is widely used for CRPC patients who develop resistance to Docetaxel
(Crawford et al., 2015). In stage IV, castration resistance, second-generation anti-
androgens are used to block re-activated AR signaling through altered testosterone
synthesis mechanisms. Abiraterone is one of the effective second-generation anti-
androgen that is FDA-approved for use in treating CRPC. It irreversibly and selectively
inhibits CYP17A, which is a key enzyme in both classical and backdoor testosterone
synthesis pathways (Molina & Belldegrun, 2011). Enzalutamide is another second-
generation AR inhibitor that suppresses several steps of AR signaling. Enzalutamide is
known to inhibit the nuclear translocation of AR, its binding to DNA, and its cofactors.
Primarily, it competitively inhibits the binding of androgens such as DHT and
testosterone to AR (Cookson et al., 2013).

Figure 8. Treatment strategies for different stages of PCa. (Created with BioRender.com)

1.5. Pre-clinical Prostate Cancer Models

Pre-clinical cancer models, including in vitro and in vivo tumor representations, are
widely used to investigate the molecular mechanisms of cancers, cell-to-cell interactions
in the tumor microenvironment, and ultimately to search for novel and effective therapies.
In vitro pre-clinical models are mainly based on the tumor cells that were originally
isolated from cancer patients. Cell lines are powerful tools for molecular analyses since
they are easy to manipulate both pharmacologically or genetically. However, they are not
full representations of in vivo disease conditions. Therefore, genetically engineered
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animal and human cell transplanted xenograft models are preferred in many experimental

approaches.

1.5.1. In vitro Prostate Cancer Models

There are three standard most frequently used PCa cell lines; DU145, PC3, and LNCaP
(Table 2). DU145 cell line was established from the brain of a 69-year-old white male
metastatic PCa patient in 1978 (Stone et al., 1978). The stage of the disease is suggested
to be CRPC, since the patient had previously undergone orchiectomy, which is the
removal of both testicles (Mickey et al., 1980). DU145 cell line shows an epithelial
morphology and is not hormone-sensitive in that it does not express AR (Alimirah et al.,
2006). The AR promoter is methylated in the DU145 cells (Sharma et al., 2016). The PC3
cell line is another cell line representing CRPC. It was established from a 62-year-old
white male, who had previously undergone an orchiectomy and had bone metastasis. The
PCa recurred after 4 months and was diagnosed to be grade IV prostatic adenocarcinoma
(Kaighn et al., 1979). Likewise, PC3 cells also do not have an active AR in which AR
MRNA can be detectable, but there are no detectable levels of AR protein (Edelstein et
al., 1994). Consequently, both cell lines represent the most aggressive forms of PCa and
are suitable to model CRPC in vitro since they are AR-negative and their growth is

independent of androgens.

The LNCaP cell line, established from the left supraclavicular lymph node metastasis of
a 50-year-old white male with metastatic PCa, is one of the most utilized PCa models
(Horoszewicz et al., 1980). LNCaP cells are AR-positive and, therefore dependent on
androgens for proliferation, however, similar to DU145 and PC3 cells, LNCaP cells were
also isolated from a mCRPC patient. There are numerous subclones of the LNCaP cell
line that are derived to mimic certain stages of the disease. For instance, LNCaP95 cells
are derived from parental LNCaP cells by culturing them in the androgen-deprived
medium for 6-42 months, inducing castration resistance (Pflug et al., 1999). These cells
showed increased expression of AR-V7, which is the constitutively active form of AR
regardless of ligand binding, than parental cells (Pflug et al., 1999; Zhu et al., 2020). The
C4-2B cell line is another subclone of LNCaP. This cell line was developed from the bone
metastasis of nude mice bearing tumors of LNCaP cells and the C4-2B cell line is
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considered a valuable AR-positive mCRPC (Spans et al., 2014). Finally, the RWPE-1
benign cell line isolated from the peripheral prostate zone is also AR-positive and

generally used as the healthy control cell line in PCa research.

Table 2. Most widely used cell lines in prostate cancer research.

Cell Line DUI45 PC3 LNCaP RWPE-1
Morphology
. . ) Lymph node .
Origin Brain metastasis Bone Metastasis ) Benign prostate
metastasis
AR Status Negative Negative Positive Positive

1.5.2. In vivo Prostate Cancer Models

Tumor xenograft models, which involve the direct implantation of cancer cells into the
model animal, are the most widely used in vivo models. Generally, there are three types
of cell transplantation methods into immunodeficient mice; (1) cells can be transplanted
subcutaneously, which provides easier observation of tumor growth; (2) cells can be
transplanted into the actual pathophysiological site of the cancer, in the case of PCa, it is
prostate; (3) cells can be transplanted under the kidney capsule, where there is enrichment
in vascularity, providing the required nutrients (Figure 9) (Sailer et al., 2022). In the
subcutaneous xenograft models, tumors become visible from the outside at the
approximately second week of the cell transplantation, and this time depends on the
tumorigenicity of the injected cell line (Sailer et al., 2022). Even though subcutaneous

xenograft models provide easier monitoring of the tumor progression, the tumor
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microenvironment, and the tissue architecture cannot reflect the exact human conditions,
since subcutaneous site is not the original site for PCa tumor growth. In contrast to
subcutaneous xenograft models, orthotopic models provide tumor generation at the actual
pathophysiological site. These models are particularly useful in demonstrating tumor-
stromal interactions as they mimic the prostate-specific microenvironment. This offers
better insights into drug screening research. However, costly tumor growth monitoring
approaches, such as ultrasonography and bioluminescent imaging techniques are
necessary to track tumor progression (Anker et al., 2018; Lardizabal et al., 2018; Patel et
al., 2000). Tumor xenograft models offer several advantages. For instance, cells can be
genetically modified in the cell culture before transplantation, as cells from the culture
are transplanted directly into the animals for tumor development (Aigner et al., 2002).
Moreover, in addition to the drug-screening benefits of xenograft models, they are also
useful tools to mimic the stages of the disease, thereby shedding light on the molecular
mechanisms involved in the progression of the disease. Given that prostate cancer,
castration resistance, or resistance to widely used chemotherapeutics can be studied in
xenograft models by generating human tumors with desired genetic and morphological

characteristics, researchers have a valuable tool for investigating these conditions.

Besides tumor xenograft PCa models, which involve the use of immunodeficient mice
who are transplanted with human cancer cells, there are several genetically engineered
mouse models (GEMM) of PCa (Figure 9). The transgenic adenocarcinoma of the mouse
prostate (TRAMP) mice model, which was developed in 1996, is one of the important in
vivo tools in PCa research (Gingrich et al., 1997). This model is introduced by the
expression of both viral large and small SV40 large-T antigens, which causes the specific
suppression of tumor suppressors in the prostate epithelium and these are pRb and p53
(Gingrich et al., 1997; Greenberg et al., 1994). PIN develops by approximately 18 weeks
of age, and the invasive adenocarcinoma develops by 28 weeks of age. TRAMP mice
model is particularly preferable for investigating the prevention and treatment of PCa as
it provides a human-like pathology of PCa progression, starting from PIN lesions to
malignant carcinoma (Gingrich et al., 1997; Greenberg et al., 1995; Maroulakou et al.,
1994). The LADY mouse model is another widely used GEMM PCa model that was
introduced in 1998 (Kasper et al., 1998). In the LADY mouse model, like TRAMP, SV40

T-antigen is utilized; however, upstream of it, there exists a larger fragment of the
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probasin promoter containing additional androgen sequences (Kasper et al., 1998; Yan et
al., 1997). In this model, the primary growth of the PCa tumor is androgen-dependent,
and the molecular changes in the subsequent progression stages closely resemble those
observed in human PCa (Kasper et al., 1998). In addition, metastases to distant organs,
for instance, the lymph nodes, bones, and, liver are observed in the LADY model
(Klezovitch et al., 2004). However, these metastases are primarily composed of
neuroendocrine cells, a feature not typically observed in human PCa (Berman-Booty &
Knudsen, 2015; Masumori et al., 2004). Finally, the third most widely-used GEMM PCa
model is PTEN-deficient mice. As mentioned in section 1.3.2., loss of tumor suppressor
PTEN is crucial in PCa initiation and progression. Hence, due to lethality, PTEN-null
mice were developed through the deletion of PTEN in the prostatic epithelium rather than
in the mice embryonic stem cells (Di Cristofano et al., 1998; Suzuki et al., 1998). PIN
development is observed by 6 weeks of age in the PTEN null mice and by 10 months of
age in the heterozygous PTEN deletion mice. Furthermore, in the homozygous PTEN
knockout mice, invasive adenocarcinoma progresses by 9 weeks, and within the
subsequent 3 weeks lymph node and lung metastases are observed (Saranyutanon et al.,
2020). The PTEN knockout model is mostly used to investigate the PCa tumor
microenvironment, especially the roles of the pro-inflammatory cytokine interleukin-17
(IL-17), which has been suggested to influence a favorable microenvironment for the
growth of PCa, has been demonstrated (Q. Li et al., 2014; Onishi & Gaffen, 2010; Q.
Zhang et al., 2014).
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Figure 9. Most widely used in vivo prostate cancer models. (Created with BioRender.com)

1.6. CCLS5/CCRS/STAT3/BCL-2 Signaling Axis

Chemokines, which are composed of four subfamilies, including the CC, CXC, CX3C,
and XC, are chemotactic cytokines that mediate the migration of immune cells through
interacting with their unique seven-transmembrane G protein-coupled receptors (GPCRS)
(Chow & Luster, 2014). The classification of chemokines is dependent on the amino acid
number within the first two cysteine residues (Nomiyama et al., 2013). Chemokines are
small proteins that are 8-10 kDa and they are crucial regulators of cell positioning,
angiogenesis, homeostasis, inflammation, immune response, chemotaxis, and migration
(Hughes & Nibbs, 2018; Kranjc et al., 2019; Lopez-Cotarelo et al., 2017). C-C chemokine
ligand 5 (CCL5), also stated as Regulated upon Activation, Normal T Cell Expressed and
Presumably Secreted (RANTES), is a member of the C-C motif chemokine family and
binds its receptor C-C chemokine receptor 5 (CCR5) with high-affinity (Aldinucci &
Colombatti, 2014; Soria & Ben-Baruch, 2008). CCL5 might also bind to other chemokine
receptors including CCR1, CCR3, and CCR4 (Appay & Rowland-Jones, 2001; Udi et al.,
2013). Likewise, CCR5 is not only activated upon CCL5 binding, CCL3, CCL4, and
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CCLS8 might also bind with high-affinity (Zeng et al., 2022). Various cell types express
CCRS5 for instance, macrophages, T-cells, and dendritic cells. This chemokine receptor
plays a crucial role in the inflammatory response (Oppermann, 2004; Vangelista & Vento,
2018). CCR5 is especially important in the entry of Human Immunodeficiency Virus
(HIV) into the cell (Gavegnano et al., 2019).

CCR5 activation by CCL5 induces several downstream pathways such as MAPK,
PI3K/Akt, JAK/STATS3, and NF-kB (Figure 10) (Aldinucci et al., 2020; Hermida et al.,
2017; C. Y. Huang et al., 2009; Jiao et al., 2018). In addition, CCLJ5, the ligand of CCR5,
is the target gene of both STAT3 and NF-kB, creating a feedback loop (Aldinucci et al.,
2012; Appay & Rowland-Jones, 2001; Villarino et al., 2017). When CCL5 binds to the
CCRS5 receptor, PI3K becomes phosphorylated and subsequently phosphorylates Akt at
the serine 473 position (Hermida et al., 2017). This activation of PI3K/Akt signaling
regulates downstream pathways. For instance, BCL-2 becomes activated by suppression
of its suppressor BAD, leading to inhibition of cell apoptosis (Deng et al., 2019).
Moreover, activated Akt phosphorylates GSK-3, suppressing its function, and
subsequently expression level of Cyclin D, a cell cycle regulator, is regulated (Hermida
etal.,2017;J. Linetal., 2020). CCL5/CCR5-PI3K/Akt signaling also positively regulates
the mTOR pathway through the inhibition of Rheb which downregulates mTOR
signaling. On the other hand, Akt can be directly activated by mTOR itself, promoting
the activation of the downstream pathways (Mossmann et al., 2018). The MAPK pathway
can be regulated through the CCL5/CCRS5 signaling through the initiation of MEK
phosphorylation (Mendoza et al., 2011; Samatar & Poulikakos, 2014). NF-kB is also
activated by CCL5/CCR5 by the direct phosphorylation of the p65 subunit at serine 536
(Dolcet et al., 2005). Additionally, upon CCL5 binding to CCR5, JAKs at adjacent
receptors become trans-phosphorylated by moving toward each other, and STAT3 gets
activated to induce gene expression downstream (Owen et al., 2019; Villarino et al.,
2017).

In light of the molecular mechanism of the CCL5/CCR5 axis with its downstream
partners, it is concluded that this signaling plays critical roles in the various cellular
processes such as proliferation, migration, angiogenesis, metastasis, and survival (Abid
et al., 2019; Jiao et al., 2019; Suarez-Carmona et al., 2019; S. W. Wang et al., 2012).
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Figure 10. CCL5/CCR5/STAT3/BCL-2 signaling pathway. (Created with BioRender.com)

1.6.1. CCLS5/CCRS/STAT3/BCL-2 Signaling Axis in Cancer

Chemokines are crucial regulators of cell trafficking and positioning, thus, they are of
interest in cancer research. Neoplastic tissues are enriched in many types of chemokines.
Besides the immune cell regulatory functions of chemokines, they can also directly
promote the proliferation and survival of cancer cells and prevent apoptosis through
inducing many downstream signaling pathways that are crucial for cell survival,
proliferation, and metastasis. In the tumor microenvironment (TME), chemokines can be
released from immune cells as well as cancer cells, contributing to tumor growth by the
recruitment of different cell types to mediate anti-tumor and pro-tumor responses (Chow
& Luster, 2014). Chemokine receptors are also overexpressed by cancer cells, thus creating
a feedback loop, and activating downstream pathways in the cell for instance
MAPK/ERK, PI3K/Akt, and JAK/STATS3. The cell division is promoted by the activation
of these pathways while further preventing apoptosis through increasing the levels of anti-
apoptotic molecules such as BCL-2 and BCL-XL while decreasing the level of pro-
apoptotic BAD (Wani et al., 2014; Zhou et al., 2016).
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CCL5 and CCRS, which are important inflammatory mediators, were demonstrated to be
overexpressed in several cancerous tissue types, containing hematological malignancies,
breast cancer, colorectal carcinoma, gastric adenocarcinoma, melanoma, pancreatic
cancer, and prostate cancer. CCL5/CCRS5 signaling has been clarified to promote tumor
progression by promoting migration and growth of cancer cells, preventing apoptosis,
supporting drug resistance, inducing angiogenesis, and recruiting immune and stromal
cells (Aldinucci et al., 2020). CCR5 activation in response to CCL5 binding, induces
proliferation of cancer cells in both autocrine and paracrine ways. CCRS5 ligands secreted
by T lymphocytes, fibroblasts, CAFs, and macrophages, lead to paracrine growth of
cancer cells, whereas cancer cells that have functional CCR5 on them, secretes ligands
for CCR5 and thereby induce proliferation in an autocrine manner (Casagrande et al.,
2019; Vaday et al., 2006). CCR5 induces cell growth through stimulating the mTOR
cascade, which further upregulates cyclin D1, which is a crucial regulator of the cell cycle
(Murooka et al., 2009). Moreover, the JAK/STAT3 pathway is activated by the
CCL5/CCR5 axis, resulting in cell division and anti-apoptotic signals (H. Ding et al.,
2016). In addition to the tumor growth-inducing function of the axis, it also leads to the
migration of cells through PI3K/Akt pathway followed by NF-kB upregulation (S. W.
Wang et al., 2012).

It was identified that CCL5/CCR5 promotes invasion through activating ERK and Rac
transduction and elevating the release of MMP-2 and MMP-9 in PCa (Kato et al., 2013).
Likewise, breast and colorectal cancer cells showed increased invasive phenotype with
increased expression of CCR5 (Velasco-Velazquez et al., 2012; Cambien et al., 2011). It
was also confirmed in lung cancer cells that, upon CCLS5 binding, CCR5, PI3K/Akt/NF-
kB signaling was activated, increasing the migration ability of cells (C. Y. Huang et al.,
2009). CCL5 and its association with angiogenesis was described in ovarian cancer
research; angiogenesis was increased through upregulation of NF-kB and STATS,
inducing ovarian carcinoma stem-like cells to differentiate into endothelial cells (S. Tang
etal., 2016). In another study, it was determined that CCL5 participates in drug resistance
of ovarian carcinoma cells through activating STAT3 and PI3K/Akt signaling pathways
(B. Zhou et al., 2016).

28



1.6.2. CCLS5/CCRS/STAT3/BCL-2 Signaling Axis in Prostate Cancer

Besides other cancer types mentioned above, the CCL5/CCR5 axis also plays a crucial
role in PCa progression. CCL5 levels were determined to be overexpressed in the serum
of PCa patients and it has been suggested that CCL5 expression is promoted by prostate-
specific membrane antigen (PSMA) which has been defined as a diagnostic biomarker,
through activating NF-kB that is known to increase CCL5 and IL-6 expression (R. Huang
etal., 2020; Colombatti et al., 2009). Vaday et al. showed that expression of CCL5 mRNA
and protein are present in three standard PCa cell lines (PC3, LNCaP, and DU145), while
CCR5 was found to be on the cell surface, as well as in the intracellular pools of PCa
cells. Furthermore, they demonstrated that when PCa cells are treated with CCL5, the cell
proliferation was increased; and TAK-779, a CCR5 antagonist, was able to suppress
CCL5-induced proliferation (Vaday et al., 2006). Consistent with these in vitro results of
Vaday et al, another research underlined that mMRNA expression of CCL5 and CCR5 was
found in human PCa samples (Konig et al., 2004). Elevated levels of CCL5 in blood or
tumor samples were found to be associated with poor prognosis of PCa (R. Huang et al.,
2020). Additionally, PCa cell metastasis was found to be closely related to CCL5 secreted
from cancer-associated fibroblasts (CAFs), and then macrophages are recruited that in
turn promote metastasis (Yeh et al., 2016). Similarly, CCL5 was shown to contribute to
PCa metastasis by inducing the B-catenin/STAT3 pathway. Further, enhanced expression
of CCL5 was found to be significantly correlated with a high Gleason score, metastatic
activity, and poor prognosis in PCa patients (R. Huang et al., 2020). Through the
bioinformatics approach, it was described that CCR5 expression was 11.3 times greater
in tumor tissues of the mouse PCa model compared to normal-matched tissue. The same
study also confirmed that CCR5 was overexpressed (4 to 5 times) in PCa patients
compared to normal controls (Sicoli et al., 2014). Lastly, the CCL5/CCR axis was shown
to participate in drug resistance in PCa. Xiang et al. demonstrated that CCL5, through

activating STAT3 signaling, promoted docetaxel resistance in PCa (Xiang et al., 2019).

CCR5 is a well-known co-receptor for the human immunodeficiency virus (HIV) type-1
and there are CCR5 antagonists used to treat AIDS like Maraviroc in the clinic

(Oppermann, 2004; Gavegnano et al., 2019). Maraviroc was studied on various types of
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cancers to suppress the CCL5/CCRS signaling. In a study, when breast cancer mouse
models were treated with maraviroc, survival was improved, and metastasis and
angiogenesis were reduced (Sax et al., 2016). Maraviroc was able to reduce metastasis
and improve the overall survival of mice with PCa (Zhao et al., 2018). In addition, PCa
xenograft models were treated with Anibamine, which is a CCR5 inhibitor and resulted
in reduced tumor growth (F. Zhang et al., 2012). Therefore, it is suggested that the
CCL5/CCR5 axis might be considered an important target to develop an effective anti-
tumor approach not only for PCa but for many other types of cancer. Therefore,
CCL5/CCRS5 signaling can activate many important cascades such as PI3K/Akt, MAPK,
and JAK/STATS, all of which were found to be upregulated in PCa, contributing to the

progression of the disease (Figure 11).

Figure 11. CCL5/CCR5/STAT3/BCL-2 signaling in prostate cancer. (Created with
BioRender.com)
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1.7. miRNAs and Their Biogenesis

A 22-nucleotide non-coding RNA, LIN-4, was identified in Caenorhabditis elegans (C.
elegans) by Victor Ambros and Gary Ruvkun in 1993. LIN-4 was shown to be involved
in the development of C. elegans by suppressing LIN14 protein at the post-transcriptional
level (Ambros et al., 2003; Bartel, 2004; R. C. Lee et al., 1993; Wightman et al., 1993).
In 2005, these small, 19-25 nucleotides long mRNA-regulators were identified as
microRNAs (miRNAs), and their involvement in cancer progression was suggested (S. Lin
& Gregory, 2015; J. Lu et al., 2005). miRNAs are evolutionary conserved, small non-coding
RNA molecules, consisting of 18-22 nucleotides. They regulate gene expression by
directly targeting and silencing the genes post-transcriptionally, binding specifically to
the mostly 3’ untranslated region (UTR) and rarely to the 5° UTR and coding sequences
of their target MRNAs (Pillai et al., 2005). It is assessed that approximately 30% of human
MRNAs are regulated by miRNAs. Recently, it has been found that miRNAs do not only
bind to 3’ UTR regions of mRNAs but might also bind to their 5> UTR regions and coding
sequences. However, this is a rare event that works less effectively than binding to the
3’UTR regions (Lytle et al., 2007). The sequence of the miRNA that is complementary
to the binding region of the mRNA is called the ‘seed region’ and mostly starts from the
second nucleotide in the 5’ end of the miRNA. The seed sequence, composed of
approximately 7 nucleotides, is conserved, and the base pairing between the seed region
of a miRNA and its target mRNA is crucial for perfect complementation, although the
rest of the base pairing does not have to be perfect for translational repression and mRNA
decay (Bartel, 2009).

The nomenclature for miRNAs is inconsistent, and classification rules have not yet been
clearly identified. Nevertheless, generally, it is considered that mature miRNAs with
identical sequences at nucleotides 2-8 are members of the same miRNA family (e.g. miR-
27 family). Each miRNA, encoded by miRNA sisters belonging to the same family is
distinguished with lettered suffixes (e.g. miR-27a and miR-27b). When two separate loci
generate mature miRNAs with identical sequences, the name of the miRNA is
supplemented with numeric suffixes at the end (e.g. miR-27b-1 and miR-27b-2). Two

mature miRNAs are generated by the pre-miRNA; one from the 3’ strand (called miR-
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27a-3p) and one from the 5’ strand (called miR-27a-5p). Generally, one of those arms is
more functional and called the guide strand; whereas the other arm is degraded and is
then called the passenger strand, which is also expressed with an asterisk at the end of the
miRNA name (e.g. miR-27a*) (Ha & Kim, 2014). Usually, the -3p strand is more stable and
since then called the guide strand (N. Fernandez et al., 2017; Treiber et al., 2017).

The miRNAs might be located in the introns of protein-coding or non-coding transcripts
or the exonic regions of the genes. The miRNAs can be found in clusters that are either
co-transcribed or individually transcribed (Ha & Kim, 2014). miRNA biogenesis and
regulation of biogenesis are shown in Figure 12. The majority of human miRNAs are
transcribed by RNA Polymerase Il in the nucleus, generating a long RNA called primary-
mMiRNA (pri-miRNA). A pri-miRNA is composed of single-stranded RNA regions at both
3’ and 5’ ends, a terminal loop, and a stem including nearly 35 base pairs. Then, pri-
mIiRNA is processed in the nucleus with two processors; the nuclear RNase Il Drosha
and its cofactor DGCR8 form a complex called microprocessor to crop the stem loop (Ha
& Kim, 2014). The microprocessor complex is positively regulated by GSK33, TDP43, and
ERK. GSK3p phosphorylates Drosha for its nuclear localization (X. Tang et al., 2010,
2011). TDP43 has been demonstrated to increase the stability of Drosha, while ERK has
been shown to increase the stability of DGCRS, the cofactor of Drosha, (Di Carlo et al.,
2013; Herbert et al., 2013). This nuclear processing creates a stem-loop structure of
approximately 60 nucleotides in length. The hairpin-shaped RNA is termed pre-miRNA
and it is transported to the cytoplasm by the protein exportin 5 (XPO5, also termed EXP5)
to be processed further. A structure at the bottom of XPO5 strongly interacts with the 2
nucleotides located at the 3° overhang of the pre-miRNA, exporting it to the cytoplasm
(Okada et al., 2009). In the cytoplasm, pre-mRNA is cleaved by the processor enzyme,
Dicer, an RNase |11 type of endonuclease. Dicer, along with its cofactor TRBP, recognizes
the 3’ overhang of pre-mRNA as well as the cleavage site. The PAZ and RNase Il
domains, which are known to function as a molecular ruler, recognize this cleavage site
that is typically positioned 21-25 nucleotides away from the 3° end. The pre-miRNA is
cleaved near the terminal loop, the pre-miRNA hairpin, generating a small double-
stranded RNA (dsRNA). The activity of Dicer can be directly regulated by its cofactor
TRBP which can be phosphorylated by the MAPK ERK (Paroo et al., 2009).
Subsequently, dsRNA generated after pre-miRNA processing, is loaded onto the RNA-

32



induced silencing complex (RISC), which involves AGO proteins, for subsequent
unwinding and mRNA degradation (Hammond et al., 2001; Kawamata & Tomari, 2010;
Tabara et al., 1999). There are primarily two rules for guide strand selection; (1) the strand
that is thermodynamically more unstable at the 5° side, or (2) the strand that has a uracil
nucleotide at the first position is selected as the guide strand, while the other strand,
termed as the passenger strand, is degraded (Czech et al., 2009; Ghildiyal et al., 2010; H.
Y. Huetal., 2009; Lau et al., 2001; Okamura et al., 2009). In some cases, both the guide
strand and the less abundant passenger strand of the mature miRNA are processed and
actively take place in mRNA silencing (Chiang et al., 2010). For instance, the 5’ strand
of the miR-142 (termed miR-142-5p) was found to be the most abundant strand in the
brain, testes, and ovaries, while the 3’ strand is the dominant isoform in embryonic tissues

(H. Wu et al., 2009).

Figure 12. miRNA biogenesis & its regulation. (Created with BioRender.com)

1.7.1. miRNAs in Cancer

miRNAs are widely studied in the context of several diseases due to their regulatory roles
in cellular processes. Recently, many miRNAs have been shown to participate in cell
division, proliferation, migration, angiogenesis, and apoptosis. This makes them excellent
diagnostic and prognostic markers, as well as therapeutic molecules in various cancer
types. However, their functions in tumor cells remain to be partially explained. For an
extended period, the expression of miRNAs was thought to be reduced in cancer cells due
to the determination that genes encoding miRNAs are often placed in cancer-associated
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genomic regions, potentially leading to their deletion (Rishabh et al., 2021a). However,
it has been found that some miRNAs show significant overexpression in the tumor tissues,
compared to normal tissues (C.-Z. Chen, 2005). Therefore, miRNASs in cancer are mainly
classified based on their roles in tumorigenesis. There are tumor-suppressor miRNAs that
target and downregulate the expression of oncogenes and oncogenic miRNAs also termed
oncomiRs, that target and suppress the expression of genes involved in tumor

suppression.

The lack of expression of certain miRNASs gives an increase to the expression of tumor-
promoting genes. For instance, miR-16 and miR-15 were found to be acting as tumor
suppressors and apoptosis regulators in chronic lymphocytic leukemia cells by targeting
anti-apoptotic BCL-2 mRNA (Y. Chen et al., 2014). miRNAs can also regulate the DNA
methylation process. For example, miR-143 has been shown to be reduced in colorectal
cancer cells. This reduction in the miR-143 level enhances the activity of
methyltransferase 3A DNA (DNMT3A), which correlates with an increased proliferative
behavior of the cancer cells (Ng et al., 2009). In addition, in another study, the oncogene
Rafl was determined as the target gene of miR-143 in colorectal cancer (Corté et al.,
2012). NF-xB, a well-studied transcription factor, acting as an oncogene, was shown to
be targeted by a tumor suppressor miRNA, miR146a, which has been found to be
decreased in colorectal cancer (Y. Chen et al., 2014). On the other hand, selected miRNASs
are over-expressed in the cancerous tissues, leading to downregulation of tumor
suppressor genes. These kinds of miRNAs are called oncomiRs, such as the miR-10
family. Both miR-10a and miR-10b were found to be overexpressed in breast cancer,
taking place in the development of the disease (Singh & Mo, 2013). In particular, miR-10b
was found to be correlated with the increased expression of the HER-2 receptor. A cluster
of oncomiRs, composed of six miRNAs; miR-17, miR-18, miR-19a, miR-20, and miR-
92, has been demonstrated to inhibit Rbl2, a tumor suppressor gene (Rishabh et al.,
2021b).

Many miRNAs have been identified to be involved in the molecular pathogenesis of PCa
in the literature. For example, miR-21, which is one of the most common upregulated
miRNAs in several cancer types, was found to be a predictive molecule for PCa
recurrence after radical prostatectomy (T. Li et al., 2012). In addition, its increased levels
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have been shown to be involved in castration resistance and worse disease outcomes with
metastasis and high Gleason score (Cannistraci et al., 2014). miR-141 is another
oncogenic miRNA in PCa and it was considered as a promising diagnostic and prognostic
biomarker (Mitchell et al., 2008). miR-141, together with miR-375, is under investigation
for the correlation between their expression patterns and radiation resistance in PCa
(NCT02391051). It has been determined that oncogenic PI3K/Akt signaling can be
positively regulated by the oncogenic miR-32, which was found to be overexpressed in
CRPC tissues (Jalava et al., 2012). There are also tumor suppressor miRNAs identified
in PCa, such as miR-224 and miR-452. The introduction of these two miRNAs to the PCa
cell lines was shown to suppress the proliferation, migration, and invasion of DU145 and
PC3 cells (Karatas et al., 2014). miR-30a, another tumor suppressor miRNA, whose role
in tumor suppression was determined in CRPC, has been shown to target cell cycle protein
cyclin E2 (L. Zhang et al., 2016).

Every single differentially expressed miRNA has the potential of being either a
diagnostic, prognostic, or therapeutic molecule. In colorectal cancer, increased expression
of miR-20a was found to be contributing to the resistance to chemotherapeutics like
fluorouracil, oxaliplatin, and teniposide, by targeting BNIP2 (Chai et al., 2011). This
study underlines that miRNAs are also involved in the drug-resistance mechanisms in
cancer cells. Moreover, miRNA profiling studies introduced a novel era for cancer
diagnosis. For example, the ThyraMIR test provides the discrimination of the types of
thyroid cancer by evaluating the expression levels of 10 different miRNAs (Zedan et al.,
2018). More importantly, miRNAs have a great therapy potential for cancer. It has been
demonstrated that increased miR-29b levels in breast cancer, suppressed tumor growth
through negatively regulating oncogenic signaling pathways involving KDM2A and Akt3
both in vitro and in vivo (Y. Li et al., 2017; Stahlhut & Slack, 2015). Since these small RNA
molecules have demonstrated impressive success as therapeutics in vitro, several
miRNA-based drugs have been evaluated in clinical trials. The first miRNA-based drug
introduced to humans is MRX34, which is a liposomal nanoparticle containing synthetic
double-stranded miR-34a (Ling et al., 2013a). miR-34a belongs to the well-studied miR-
34 family, which has been determined as tumor suppressor miRNAs by regulating p53
(He et al., 2007; Raver-Shapira et al., 2007). In the phase-I clinical trial of MRX34
(NCT01829971), patients with various types of cancers, such as melanoma, multiple
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myeloma, small-cell lung cancer, non-small-cell lung cancer, lymphoma, primary liver
cancer, and renal cell carcinoma, were treated with the MRX34 (Ling et al., 2013b).
However, upon death of 4 patients due to serious adverse effects, the clinical trial was
terminated, even though the MRX34 trial had promising results and guiding
consequences. It was determined that MRX34 was able to suppress the expression of
miR-34 target genes and subsequently oncogenesis (Hong et al., 2020; Peltier et al.,
2016). In addition, it was thought that the adverse effects were mainly because of the
delivery system; therefore, by embracing a tumor-targeted delivery system, off-target
toxicity of the drug might be eliminated. Another miRNA-based drug TargomiR, which
is an encapsulated double-stranded miR-16, had better outcomes in the clinical trials
(NCT02369198) (van Zandwijk et al., 2017). As mentioned before, miR-16 is a tumor
suppressor miRNA, targeting anti-apoptotic BCL-2 (M., 2018). The TargomiR led to
minor adverse effects, it was well tolerated overall and it showed promising tumor

suppression (van Zandwijk et al., 2017).

1.7.2. miR-27 Family

The miR-27 family is one of the important members of miRNAs in cancer and it is
composed of miR-27a and miR-27b. Their transcription is performed from the genes on
different chromosomes. The miR-27a gene is located in an intergenic cluster on
chromosome 19p13.13. miR-27a and miR-27b differ in their nucleotide sequences at the
3’ end, resulting in distinct target profiles (X. Li et al., 2019). The cluster of miR-27a
contains miR-23a and miR-24-2; and these three different miRNAs in the cluster are
synthesized from a single ~2159 nucleotide long pri-miRNA (Figure 13) (Chhabra et al.,
2010). The expression of the miR-23a27a24-2 cluster was shown to be deregulated in
various types of cancer (Liang etal., 2014). Each member of the cluster has diverse effects
in cells, suggesting disease-dependent functions. Therefore, they should be investigated
individually, as miR-23a27a24-2 cluster members have been shown to be differentially
expressed. Through both transcriptional and post-transcriptional mechanisms, the
expression of each member is independent of the expression of other cluster members

(Buck et al., 2010). The mature miR-27a is 22 nucleotides long, and it has been shown
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that miR-27a has crucial functions in oncogenesis, proliferation, apoptosis, chemotherapy
resistance, and cell cycle regulation (J. Zhang et al., 2019). However, its molecular

mechanism involving its target genes in various types of cancers has not yet been fully
elucidated.

Figure 13. Transcription of miR-27a. (Created with BioRender.com)
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1.7.3. miR-27a in Cancer

miR-27a has been found to have vital roles in many cellular processes of tumors,
including proliferation, angiogenesis, apoptosis, invasion, and migration. In recent
studies, miR-27a is considered as a novel biomarker and a therapeutic target in many
types of cancer, including bladder cancer, gastric cancer, lung cancer, liver cancer, breast
cancer, and prostate cancer. However, its functions are complex and disease and context-
dependent. Even though miR-27a was first identified as an oncomiR, it has been shown
that it can act as both an oncogene and a tumor suppressor. For instance, in breast cancer,
it was found that miR-27a has a role as an oncogenic miRNA, involved in the cell cycle
checkpoint regulation by increasing the percentage of cells in the G2/M stage (Mertens-
Talcott et al., 2007). Several other studies supported its oncogenic function. miR-27a was
determined as a potential therapeutic target as it was found to be upregulated in ovarian
and prostate cancer cells (Z. Li et al., 2010; Fletcher et al., 2012). In addition, Li et al.
described that miR-27a was overexpressed in hepatocellular carcinoma (HCC) tissues
and cells. Moreover, they showed that downregulation of miR-27a promoted apoptosis,
and thus decreased HCC cell proliferation (S. Li et al., 2015). In contrast to its oncogenic
roles, Bao et al. (2014) showed that mir-27a was significantly downregulated in colorectal
cancer and it was able to inhibit cell proliferation, promote apoptosis, and reduce cancer
cell migration. Consistent with this tumor suppressive function, in esophageal squamous
cell carcinoma (ESCC), miR-27a has been demonstrated to significantly inhibit the
proliferation of ESCC cells by directly targeting a well-known oncogene KRAS (Jiang et
al., 2015). Furthermore, Li et al. revealed the suppressive function of miR-27a in breast

cancer cell proliferation by inhibiting the Wnt/B-catenin pathway (M. Li et al., 2018).

miR-27a has been identified to directly regulate some oncogenic signalings, such as
PI3K/Akt, TGF-B, Wnt/B-catenin, and Ras/MEK/ERK. The pleckstrin homology (PH)
domain and leucine-rich repeat protein phosphatase 2 (PHLPP2), a negative regulator of
Akt, were reported as a target of miR-27a. The suppression of PHLPP2 through miR-27a
causes the upregulation of oncogenic Akt with its downstream pathways (L. Ding et al.,
2017). On the other hand, PI3K and anti-apoptotic BCL-2 at downstream were identified
as novel targets of miR-27a, indicating a tumor-suppressive function (G. Liu et al., 2013).
PI3K/Akt regulation by miR-27a underlines its conflicting regulatory function in cancer
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cells. The negative regulator of Wnt/p-catenin signaling, secreted frizzled-related protein
(SFRP), have shown to be targeted by miR-27a, pointing out an oncogenic function. It
was reported that proliferation and migration were elevated by SFRP1 suppression and
subsequent Wnt/B-catenin signaling activation when gastric cancer cells were transfected
with miR-27a mimics (L.-Y. Kong et al., 2017; F. Wu et al., 2017). miR-27a has also
been shown to be a positive regulator of RAS/MEK/ERK signaling pathways, promoting
oncogenic processes. miR-27a was demonstrated to be targeting BTG2, increasing the
activation of RAS/MEK/ERK signaling (L. Zhou et al., 2016). Furthermore, it was
demonstrated that c-myc induces transcription of miR-23a27a24-2 cluster. This decrease
in expression of SPRY2, in turn, activates MAPK signaling (X. Li et al., 2013). A well-
known tumor suppressor TGF-f signaling has been indicated to be both directly and
indirectly regulated by miR-27a. TGF-B was determined as a direct target of miR-27a,
suppressing the TGF-f signaling pathway (Fang et al., 2018). SMAD2 and SMAD4,
downstream TGF-f signaling members, were also shown to be suppressed by miR-27a,
inhibiting cell cycle arrest mediated by TGF-p (Chae et al., 2017; Xu et al., 2017).

1.7.4. miR-27a-5p in Cancer

Even though the literature mainly focused on the -3p strand of the miR-27a, miR-27a-5p
has also been evaluated as a crucial molecule in cancer cell proliferation, invasion, and
apoptosis. Since two strands of a mature miRNA differ in their nucleotide sequences, they

can exert distinct functions with different gene targets in various cancer cells.

Recently, miR-27a-5p was reported to function as a tumor suppressor in Wilms’ tumors
and non-small cell lung cancer (NSCLC) through targeting PBOV1 (W. Chen et al., 2022;
Z.-T. Guo et al., 2022). The expression level of miR-27a-5p was shown to be decreased
in Wilms’ tumor tissues. Proliferation and migration of cells were decreased, while
apoptosis was promoted by decreasing expression of PBOV1 when WiT49 and STA-
WT3ab cells were transfected with miR-27a-5p mimics. Furthermore, Guo et al. (2022)
indicated the tumor suppressive function of miR-27a-5p also in vivo. They found that
miR-27a-5p overexpression inhibited tumor development; tumors generated with Wilms’

tumor cells transfected with miR-27a-5p mimics showed smaller tumor sizes. Chen et al.
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(2022) demonstrated that MALAT1 downregulated miR-27a-5p, causing to upregulation
in the expression level of PBOV1 and promoting resistance of NSCLC cells to

gemcitabine.

In head and neck squamous cell carcinoma (HNSCC), miR-27a-5p was identified as a
tumor suppressor by targeting and downregulating EGFR, Aktl, and mTOR, all of which
are well-known tumor drivers (X. Wu et al., 2013). Moreover, they did not only evaluate
the tumor suppressor role of miR-27a-5p in the HNSCC, but also determined its function
on the viability of PC3 PCa cells, HEC1A human endometrial adenocarcinoma cells, MIA
PaCa pancreas cancer cells, and MDA-468 breast cancer cells. They found that when
these cell lines were transfected with miR-27a-5p mimics, their viability decreased.
Furthermore, they showed that overexpression of miR-27a-5p was able to increase
apoptosis and decrease migration of HNSCC cells through suppressing the EGFR
signaling pathway (X. Wu et al., 2013). In a more recent HNSCC study, a feedback loop
between TP53 and miR-27a-5p was hypothesized. Chari et al. indicated in vitro and in
vivo that mutated TP53 suppressed the miR-27a-5p promoter to downregulate its

expression, promoting tumor growth (Chari et al., 2020).

PTEN, a negative regulator of PI3K/AKkt signaling and tumor suppressor, was reported to
be a target gene of miR-27a-5p in acute pancreatitis research, and they demonstrated that
apoptosis was promoted and inflammatory response was suppressed when miR-27a-5p
was upregulated (L. Kong et al., 2019). He et al. (2021) identified apyrimidinic
endodeoxyribonuclease 1 (APEX1), which promotes gastric cancer development, as a
target of miR-27a-5p. They observed significant downregulation in miR-27a-5p level in
gastric cancer tissues and overexpression of this miRNA reduced the viability and
migration of SGC-7901 cells. Moreover, decreased expression of miR-27a-5p, correlated
with enhanced levels of APEX1 was shown to contribute to doxorubicin resistance in
gastric cancer. This resistance was attributed to the activation of RAS/MEK/FOS and
Akt/SMAD? signaling pathways. The chemokine receptor CX3CR1 was reported to be
targeted by miR-27a-5p in natural killer cells. They also clarified that the miR-27a-5p
level was increased by TGF-B1 which was found to induce expression of the miR-
23a27a24-2 cluster (Regis et al., 2017).
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1.7.5. miR-27a in Prostate Cancer

There is limited and conflicting knowledge on the function of miR-27a in PCa. As it is
clear in the literature, miR-27a may act differently in various types of cancers, and even
for a single type of cancer, there are conflicting suggestions on its role. In the case of PCa,
a part of the literature has resulted in miR-27a as an oncogene while the other part has

been suggesting its tumor suppressive roles.

In 2012, Fletcher et al. first time showed that miR-27a acts as an oncomiR in PCa by
directly targeting Prohibitin (PHB), which is known to negatively regulate AR activity,
acting as a tumor suppressor (Fletcher et al., 2012). They also showed that miR-27a is
both transcriptionally and post-transcriptionally regulated by androgen. AR itself was
reported to bind to the miR-23a-27a-24-2 cluster promoter for transcriptional regulation
of miR-27a. In addition, post-transcriptional regulation of the cluster was shown to be
directed by androgens; with the active AR signaling, the Drosha-mediated conversion of
pri-miR-23a-27a-24-2 to pre-miR-27a was determined to be increased. Furthermore, it
was clarified that the oncogenic role of miR-27a is androgen-dependent since there was
no PCa cell growth when miR-27a was induced in an androgen-depleted medium. In
another research, transcriptional regulation of miR-27a by AR was confirmed in LNCaP
cells treated with DHT, and miR-27a was found to be directly up-regulated by AR (Mo
et al., 2013). It was also revealed that miR-27a supported PCa cell proliferation by
promoting malignant phenotype by directly targeting ABCA1 and PDS5B, suggesting an
oncogenic role for miR-27a. After radical prostatectomy, in the tumors of PCa patients
who progressed into metastatic PCa, the miR-27a expression level was found to be
overexpressed (Nam et al., 2018). Gao et al. demonstrated the diagnostic and prognostic
potential of miR-27a in prostate cancer in which, they found that in the tumor tissues and
sera of PCa patients, miR-27a was significantly overexpressed and this upregulation was
found to be correlated with poor prognosis of the PCa patients (Gao et al., 2018). They
further revealed that the proliferation of PCa cells was increased with miR-27a mimics,
targeting SPRY2, while miR-27a inhibitors were able to suppress their proliferation.
Additionally, miR-27a was also found to be related to chemotherapy resistance in PCa.
Cao et al. showed that miR-27a was significantly overexpressed in tissues of PCa patients
who were treated with chemotherapy agents compared to tissues of non-treated prostate
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cancer patients (Cao et al., 2019). Moreover, they concluded that chemotherapy resistance
is due to exosomal miR-27a produced by prostate fibroblasts, negatively regulating p53
expression. More recently, miR-27a expression was determined to be upregulated in a
Brazilian cohort of PCa tumor tissues (Bernardes et al., 2022). Prigol et al. demonstrated
that when HUVEC endothelial cells were exposed to PC3 exosomes, an increase in their
angiogenic behavior was observed, which was attributed to the overexpression of miR-
27a (Prigol et al., 2021).

On the other hand, Lin et al. demonstrated that primary prostate cancer tissues had
reduced levels of miR-27a compared to normal-matched tissues where metastatic prostate
cancer exhibited further decreased miR-27a levels, suggesting a tumor suppressive
function (S. C. Linetal., 2016). The in vitro data from the study further support the tumor-
suppressive function of miR-27a. The enhanced expression of miR-27a significantly
suppressed migration and invasion of PCa cell lines through negatively regulating COUP-
TFIl, FOXM1, and CENPF. These factors are known to be upregulated in PCa and further
elevated in metastatic PCa, thus playing a role in regulating metastasis in PCa (Aytes et
al., 2014; Laoukili et al., 2005; Qin et al., 2013; J. R. Testa et al., 1994). Furthermore,
they showed that enzalutamide-resistant LNCaP cell clones had significantly decreased
expression of miR-27a. Correlated with this, there was increased expression of COUP-
TFIl, CENPF, and FOXM1, compared to parental cell lines. When miR-27a is
overexpressed and COUP-TFII, CENPF, or FOXML1 is suppressed, the efficacy of
enzalutamide treatment was shown to be increased in these clones. This study highlights
the role of miR-27a in drug resistance in PCa. Similarly, it was revealed that miR-27a
expression level is decreased in PCa and metastatic PCa tumors (Ku et al., 2021).
Consistent with this tumor-suppressive function, Wan et al. (2016) also showed miR-27a
to act as a tumor suppressor. When miR-27a was overexpressed, the growth rate of PCa
cells decreased, apoptosis induced, and migration repressed, whereas lower levels of miR-
27a were observed in primary and metastatic PCa samples, especially tumors with high
Gleason scores showed lower expression (Wan et al., 2016). Additionally, they reported
that miR-27a is negatively regulated by oncogenic signaling PI3K/Akt in CRPC cells.
LY294002, a PI3K/Akt pathway inhibitor, was shown to increase the expression of miR-
27a and this in turn decreased the level of MP2K4 which was determined to be a direct
target of miR-27a. Consistent with Fletcher et al. (2012) and Mo et al. (2013), they also
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found that miR-27a expression is increased in response to androgen treatment as an early
event. In another study, overexpression of miR-27a was reported to decrease the
proliferation and invasion of PCa cells through suppressing KDM3A, YAP1, and
TEADL, all of which are c-myc regulators (Cui et al., 2020). They found that miR-27a is
downregulated in response to ZNFX1 anti-sense RNAL (ZFASL1), a novel IncRNA shown
to be overexpressed in PCa tumors, contributing to poor clinical outcomes. The in vivo
data from the study underlines the tumor-suppressive role of miR-27a through ZFAS1;
when miR-27a agomir is intratumorally injected twice per week, tumor growth due to

ZFAS1 overexpression was observed to be partially repressed.

The literature has mainly focused on the -3p strand of miR-27a in the context of PCa and
the studies mentioned so far have investigated the function of miR-27a-3p. The
knowledge on the function of miR-27a-5p is even more limited, with few studies. In 2013,
Wu et al. (2013), mentioned in section 1.7.4, was first shown the tumor-suppressive
potential of the -5p strand in PCa. They demonstrated that the viability of PC3 cells
decreases with miR-27a-5p transfection. Similarly, Barros-Silva et al. (2018)
demonstrated a tumor-suppressive function for miR-27a-5p. The expression level of miR-
27a-5p was found to be downregulated in PCa and PIN tissues, compared to normal
tissue. However, the miR-27a-5p expression was shown to be increased in CRPC tumors.
This was attributed to the positive correlation between miR-27a-5p and MY C, which was
found to be increased in CRPC. They demonstrated that the expression of miR-27a-5p is
transcriptionally regulated by MYC; a binding site for c-myc within the promoter region
of miR-27a-5p was identified. This transcriptional regulation by c-myc was found to be
dependent on the methylation status of the miR-27a-5p promoter. It was indicated that in
CRPC, the promoter of miR-27a-5p is hypomethylated and that c-myc can give rise to
miR-27a-5p expression. However, despite the tumor-suppressive function of miR-27a-
5p, the study hypothesized that the increase in the miR-27a-5p may not be sufficient to
suppress tumor growth due to numerous other molecular alterations. Moreover, the level
of miR-27a-5p was found to be lower in LNCaP cells, while PC3 cells, representing
CRPC, have higher miR-27a-5p levels. miR-27a-5p overexpression was found to result
in reduced viability of PCa cells and increased apoptosis rates. (Barros-Silva et al., 2018).
Consistent with Wu et al. (2013) EGFR, Aktl, and mTOR were indicated as targets of
miR-27a-5p.
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1.8.Purpose of The Study

miRNAs are promising therapeutic candidates in cancer research; however, their
functions and the signaling pathways that they regulate still remain to be understood. In
the literature, the role of miR-27a in PCa has mostly been studied through the -3p strand,
whereas the -5p strand was investigated in two studies; miR-27a-5p has been shown to
reduce the viability of PCa cells, increased apoptosis, and its expression levels have been
significantly decreased in PCa tumors (Barros-Silva et al., 2018; Wu et al., 2013). The
function of miR-27a-5p on the development, progression, or drug resistance in PCa has
yet to be fully elucidated, requiring further clarification. The regulatory relationship
between miR-27a-5p and the EGFR/Akt/mTOR signaling pathway has been revealed, but
all the genes targeted by this miRNA and other pathways it regulates have not been
elucidated. The limited knowledge of the role of miR-27a-5p in PCa is not sufficient to

enlighten the molecular mechanism, with its regulatory signaling pathways.

In this context, miR-27a-5p is suggested to act as a tumor suppressor by directly targeting
CCRS5, STAT3, and BCL-2, all of which are components of chemokine signaling, and
downstream, the PI3K/Akt/NF-kB pathway (Figure 14). It is well-known that both
chemokine signaling and the PI3K/Akt/NF-kB pathway promote not only PCa
progression, but also various types of cancer progression by inducing anti-apoptotic
molecules such as BCL-2 or by inducing gene expression through STAT3 to promote
proliferation, migration, and cell survival. The purpose of the current study is to determine
the target genes and molecular mechanism of miR-27a-5p, as well as to demonstrate the
correlation between miR-27a-5p and CCR5/STAT3/BCL-2 signaling in prostate cancer.

Figure 14. Hypothesis of the study. (Created with BioRender.com)
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals and Kits

Table 3. List of the materials used in the study.

Material/ Kit Company Catalog No Application
Dulbecco’s Modified Eagle’s Medium
Gibco 41966-029
(DMEM)
Roswell Park Memorial Institute 1640
Gibco 21875-034
(RPMI 1640)
Keratinocyte serum-free medium (K-
Gibco 10724-011
SFM)
Fetal Bovine Serum (FBS) PAN Biotech P30-3306
Bovine Pituitary Extract (BPE) Gibco 13028-014
Epidermal Growth Factor (EGF) Gibco 10450-013
o . Biological Industrie
Penicillin Streptomycin BI-03-031-1B
(BI)
Non-essential Amino Acids (NEAA) PAN Biotech P08-32100 Cell culture
Dulbecco’s Phosphate Buffered Saline
PAN Biotech P04-36500
(DPBS)
Trypsin-EDTA Gibco 25200-056
Cell culture dishes (25 cm?, 75 cm?) TPP 90026, 90076
) . SP-5-C, SP-
Serological pipettes (5 mL, 10 mL) CAPP L0.C
96-well plates TPP 92096
24-well plates TPP 92024
6-well plates TPP 92006
Cryotubes (2 mL) Isolab 091.11.102
Thoma cell counting chamber
Human Prostate Specific Antigen (PSA)
Elabscience E-EL-H0091 PSA
ELISA Kit
- determination
Formalin
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Viability

Cell viability detection kit-8 (CVDK-8) | EcoTech CVDK-8

assay

. . Invasion

Cell Invasion Assay Kit Merck ECM550

assay

_ o ) Apoptosis

Annexin V-FITC/PI Apoptosis Kit Elabscience E-CK-A211

assay
hsa-miR-27a-5p mimic oligonucleotides | MedChemExpress HY-R00499
hsa-miR-27a-5p inhibitor

] . MedChemExpress HY-RI100499

oligonucleotides
Negative control oligonucleotides MedChemExpress HY-R04602 Transfection
Opti-MEM Gibco 31985062
PolyFast Transfection Reagent MedChemExpress HY-K1014
Lipofectamine RNAIMAX Reagent Invitrogen 13778-030
EcoPure Total RNA Kit EcoTech E2075
Absolute Ethanol Merck 1009832500
2-mercaptoethanol Fisher Scientific BP176
cDNA Synthesis Kit (5X) Abm Good

qRT-PCR
miRNA cDNA Synthesis Kit Abm Good
qPCR SYBR Green Master Mix (2X) Abm Good
U6-2 primers Abm Good MPHO00001
PCR tubes (0.2 mL) Axygen
Filtered tips (10 pnL, 200 uL, 1000 nL) CAPP
Tips (10 pL, 200 pL, 1000 pL) CAPP
Falcon tubes (15 mL, 50 mL) CAPP

General use
Parafilm
Eppendorf tubes (0.5 mL, 1.5 mL, 2.0

CAPP

mL)
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2.2. List of The Instruments
The instruments used in this study are shown in Table 4.

Table 4. List of the instruments used in the study.

Instrument Company Application
HEPA-filter laminar flow cabinet Labconco
CO2 Incubator Binder Cell culture
Inverted microscope Zeiss
Microcentrifuge Thermo Fisher

Scientific

L General
Mini-spin Ohaus
Vortex Ohaus
Nano-drop DeNovix
) gRT-PCR
Rotor GeneQ Qiagen
Flow cytometry CytExpert Apoptosis
assay
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2.3. Methods
2.3.1. Insilico Identification of The Target Genes of miR-27a-5p

Potential target genes of miR-27a-5p were predicted by using publicly available web
servers, TargetScan, miRDIP, miRWalk, and miRDB. Then, in order to determine the
genes predicted by all servers, a Venn diagram was generated with the gene lists. Binding
energies and conformations upon binding between the identified common PCa-related
target genes and miRNAs were determined with the StarMir tool. Pathway analysis was
performed with the predicted target genes through the KEGG tool. The relevant web links

for the utilized tools are shown in Table 5.

Table 5. List of the utilized in silico tools.

in silico tool Web link

TargetScan https://www.targetscan.org/vert_72/

miRDIP https://ophid.utoronto.ca/mirDIP/

miRWalk http://mirwalk. umm.uni-heidelberg.de/search_mirnas/
miRDB https://mirdb.org/

Venn diagram | https://bioinformatics.psb.ugent.be/webtools/Venn/
StarMir https://sfold.wadsworth.org/cgi-bin/starmirWeb.pl
KEGG https://www.kege.jp/kegg/pathway.html

2.3.2. Prostate Cancer in vivo Model

Approximately 4-weeks-old BALB/c nude mice were used in the in vivo experiments.
The ethical approval for the animal experimentation was obtained from Bezmialem Vakif
University. The animals were housed at Bezmialem Vakif University Experimental
Animals Lab in a pathogen-free facility. A group of nude mice was injected with 1.8X10°
PC3 cells (resuspended in saline) subcutaneously (right flank, n=7). Another group of
mice was injected with 2X10° LNCaP cells (resuspended in saline) subcutaneously (right

flank, n=6). The last group of mice (control group) was injected with saline solution
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subcutaneously (right flank, n=3). Body weight and tumor volume (lengthXwidth/2) were
monitored three times a week. Blood samples were collected from the facial vein weekly
to track plasma PSA levels, and plasma was isolated by centrifugation at 3000 rpm for 10
minutes. Approximately 4 weeks after injection, mice were anesthetized and underwent
terminal cardiac bleeds. Tumors, key organs, and prostate tissues were rapidly dissected
and tissues were snap-frozen with liquid N2 or fixed in formalin. Snap-frozen tissues were
stored at -80°C for RNA isolation. Tumors were examined via histopathological analyses

and Gleason scores were determined at Bezmialem Vakif University Histology Lab.

2.3.2.1.Determination of PSA Levels

A human PSA ELISA kit (Elabscience) was used to determine plasma PSA levels in the
PCa mouse model. The manufacturer’s protocol was followed with minor modifications.
Briefly, 100 pL of previously serial diluted Standard Working Solution (Concentrations:
10 ng/mL -> 5 ng/mL -> 2.5 ng/mL) -> 1.25 ng/mL -> 0.63 ng/mL -> 0.31 ng/mL) were
added in duplicates. 100 pL of plasma samples were added to corresponding wells and
the plate was incubated overnight at 4°C. After incubation, the liquids were removed from
the wells and 100 pL of previously diluted Biotinylated Detection Ab working solution
was added to all wells. The plate was covered with the sealer and gently mixed. The plate
was incubated on the shaker at 37°C for 75 minutes. Then, the liquids were removed from
the cells and 350 pL of wash buffer was added to each well. The wash buffer was soaked
for 1-2 minutes, liquids were aspirated and the plate was patted against a clean absorbent
paper. The wash step was repeated 3 times. 100 puL previously diluted HRP conjugate
working solution was added to each well and the plate was incubated on the shaker at
37°C for 30 minutes. The solution in each well was aspirated and the wash step was
performed 3 times. 90 uL of substrate reagent was added to each well in the dark. It was
incubated on the shaker at 37°C for approximately 25 minutes in the dark. Finally, 50 puL
of Stop Solution was added to each well, and optical density (OD) was immediately
determined with the microplate reader at 450 nm. By using the data from OD values of
the Standard Working Solution, a standard curve was generated and PSA concentrations

of samples were calculated using the equation obtained from the standard curve.
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2.3.3. Cell culture

The cell lines used in this study were all maintained at 37°C, under 5% CO: in a
humidified culture incubator. PC3 (CRL-1435, ATCC) and LNCaP (CRL-1740, ATCC)
cell lines were maintained in RPMI 1640, the DU145 cell line (HTB-81, ATCC) was
maintained in DMEM, RPMI and DMEM media were supplemented with 10% FBS and
1% penicillin-streptomycin and the Cells were washed twice with 2 mL PBS. Cells were
detached from the surface of the flask by incubating with 1 mL of Trypsin-EDTA at 37°C
for 3 minutes and then, trypsin was inactivated with 3 mL of complete medium. Cells
were collected in a falcon tube and centrifuged at 1200 rpm for 5 minutes. The supernatant
was discarded and the pellet was resuspended with fresh medium. Cells were seeded in
new flasks, according to the desired dilution ratio and the media were renewed once in

three days.

2.3.4. Transfection of PCa cells with miRNA Oligonucleotides

The oligonucleotide tubes were briefly centrifuged to ensure that the dried miRNA was
at the bottom of the tube. The oligonucleotides were resuspended using nuclease-free
water to generate a 20 uM stock solution. For 5 nmol oligonucleotide: 250 pL nuclease-
free water was added. The resuspended oligonucleotides were stored at or below -20°C
or -80°C.

According to the manufacturer’s protocol, 0.3X10° cells were seeded in a 6-well plate and
incubated for 24 hours for the cells to reach 60-80% confluence before transfection. For
duplicated wells, 9.37 uL Lipofectamine reagent will be diluted in 146.87 pL Opti-MEM
medium. For each duplicate, 6.25 uL (200 nM per well) negative control oligonucleotides
and 25 pL miRNA inhibitor and miRNA mimic (200 nM per well) were diluted in 150
uL Opti-MEM medium. Diluted miRNA was added to the diluted Lipofectamine reagent

in a 1:1 ratio. The mixture was incubated for 5 minutes at room temperature. 125 pL of
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the miRNA-lipid complexes were added per well. Cells were incubated for 24 hours at
37°C. qRT-PCR was performed to assess transfection efficiency.

2.3.5. RNA Isolation from Cell Culture

Total RNA was isolated from cells using the Total RNA Isolation Kit (EcoPure)
according to the manufacturer’s protocol. All procedure was performed on ice. Briefly,
cells were trypsinized and centrifuged at 1200 rpm for 5 minutes. The pellet was lysed
with 400 pL Lysis Binding Buffer supplemented with 4 uLL. B-mercaptoethanol. 400 pL.
of absolute ethanol was added to the lysate and mixed well by the vortex. The mixture
was transferred to the columns and centrifuged at maximum speed for 30 seconds at room
temperature. 400 pnL Wash Buffer 1 was added to the column and centrifuged for 30
seconds at maximum speed. 500 uL. Wash Buffer 2 was added to the column and
centrifuged at maximum speed for 30 seconds. The flow was discarded. 200 uL Wash
Buffer 2 was added to the column and centrifuged at maximum speed for 2 minutes. The
columns were transferred to two 1.5 mL Eppendorf tubes. 75 uL of elution buffer was
added to the center of the column and incubated for 1 minute at room temperature. Finally,
it was centrifuged for 30 seconds at maximum speed to obtain RNA. Isolated RNA
samples were quantified with the NanoDrop spectrophotometer. Samples that have an
A260/A280 ratio greater than 2 were used for further protocols. RNA samples were stored
at -80°C.

2.3.6. RNA Isolation from Frozen Tissue

Total RNA was isolated from cells using the Total RNA Isolation Kit (EcoPure)
according to the manufacturer’s protocol. All procedure was performed on ice. Briefly,
up to 30 mg of frozen tissue samples were ground with the help of liquid nitrogen by
using pre-cooled mortars and pestles. The ground tissues were lysed with 400 puL Lysis
Binding Buffer supplemented with 4 pL p-mercaptoethanol. For complete

homogenization, lysates were passed through a 25-gauge needle several times.
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Homogenized lysates were centrifuged at maximum speed for 2 minutes at room
temperature. Each supernatant was transferred to another Eppendorf tube and their
volumes were recorded. The same volumes of absolute ethanol were added to the lysate
and mixed well by vortex. The mixture was transferred to the columns and centrifuged at
maximum speed for 30 seconds at room temperature. 400 uL. Wash Buffer 1 was added
to the column and centrifuged for 30 seconds at maximum speed. 500 uL. Wash Buffer 2
was added to the column and centrifuged at maximum speed for 30 seconds. The flow
was discarded. 200 uL Wash Buffer 2 was added to the column and centrifuged at
maximum speed for 2 minutes. The columns were transferred to 1.5 mL Eppendorf tubes.
75 uL of elution buffer was added to the center of the columns and incubated for 1 minute
at room temperature. Finally, it was centrifuged for 30 seconds at maximum speed to
obtain RNA. Isolated RNA samples were quantified with NanoDrop spectrophotometer.
Samples that have A260/A280 ratio of equal to or greater than 2 were used for further
protocols. RNA samples were stored at -80°C.

2.3.7. Reverse Transcription for cDNA Synthesis

Complementary DNA (cDNA) was synthesized with the OneScript Plus cDNA Synthesis
Kit. Synthesis was performed according to the manufacturer’s protocol. Reaction tubes
containing, 4 pL 5X RT Buffer, IuL random primers, 1uL ANTP, 1uL RTase and 250 ng
total RNA, were prepared, and nuclease-free HO (NFH20) were added to bring up the
total volume to 20 uL. Tubes were briefly centrifuged. By using the Thermal Cycler
(BioRad), the mixture was incubated at 52°C for 15 minutes for reverse transcription, and
then, it was incubated at 85°C for 5 minutes for inactivation of reverse transcriptase.
Synthesized cDNA was quantified with the NanoDrop spectrophotometer and cDNA
samples that have an A260/A280 ratio of approximately 1.8 were used for gRT-PCR.
cDNA samples were stored at -20°C.

Complementary DNA (cDNA) was synthesized with miRNA All In One cDNA Synthesis

Kit. Synthesis was performed according to the manufacturer’s protocol. Reaction tubes
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containing, 10 uL 2X ¢cDNA Super Mix, 2 uL Enzyme Mix, and 250 ng total RNA, were
prepared and NFH>O was added to bring up the total volume to 20 uL. Tubes were briefly
centrifuged. By using the Thermal Cycler (BioRad), the mixture was incubated at 37°C
for 30 minutes, at 50°C for 15 minutes, and then, at 85°C for 5 minutes. Synthesized
cDNA was quantified with the NanoDrop spectrophotometer and cDNA samples that
have an A260/A280 ratio of approximately 1.8 were used for gRT-PCR. cDNA samples

were stored at -20°C.

2.3.8. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

gRT-PCR was performed by using gqPCR SYBR Green Master Mix (2X) with Rotor
GeneQ (Qiagen) machine, according to the defined protocol and condition in Table 6 and

Table 7. Sequences of used forward and reverse primers are given in Table 8.

Table 6. gRT-PCR conditions.

Step Temperature Duration
Enzyme Activation ‘ 95°C 15 min
Denaturation ‘ 95°C 15 sec
Annealing/ Extension ‘ 60°C 60 sec

Table 7. gRT-PCR protocol.

Component Amount
gqPCR SYBR Green Master Mix (2X) | 10 uL
Forward Primer (10 uM) 0.5 uL
Reverse Primer (10 uM) 0.5 uL
Template cDNA 1000 ng
Nuclease free H,O Up to 20 uL
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Table 8. Primer sequences. hsa; human, mmu; mouse

Primer

Sequence

hsa-miR-27a-5p

F: 5 GGCTTAGCTGCTTGTGA 3°

mmu-miR-27a-5p

F: 5 GGCTTAGCTGCTTGTGAG 3’

F: 5> TCTCTTCTGGGCTCCCTACAAC 3’

hsa-CCR5

R: 5> CCAAGAGTCTCTGTCACCTGCA 3’

F 5> GTCTACTTTCTCTTCTGGACTCC 3’
mmu-CCRS5

R 5 CCAAGAGTCTCTGTTGCCTGCA 3°

F 5 CTTTGAGACCGAGGTGTATCACC 3’
hsa-STAT?3

R 5 GGTCAGCATGTTGTACCACAGG 3’

F 5 AGGAGTCTAACAACGGCAGCCT 3’
mmu-STAT?3

R 5> GTGGTACACCTCAGTCTCGAAG 3’

F 5 ATCGCCCTGTGGATGACTGAGT 3’
hsa-BCL2

R 5 GCCAGGAGAAATCAAACAGAGGC 3’

F 5° CCTGTGGATGACTGAGTACCTG 3’
mmu-BCL2

R 5 AGCCAGGAGAAATCAAACAGAGG 3’
Y F 5> ATGGTGAGCAGAGTGCCCTATC 3’

sa-

R 5’ ATGGTCCCTGGCAGTCTCCAAA 3’

F 5 CCTTGGATGGAGAACTACTCCG 3’
mmu-AR

4 5> TCCGTAGTGACAGCCAGAAGCT 3’

B-actin Forward/Reverse

purchased from Applied Biological Materials

RNU6 Forward

purchased from Applied Biological Materials

Universal miRNA Reverse

purchased from Applied Biological Materials
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2.3.9. Cell Viability Assay

The effect of miR-27a-5p on PCa cell viability will be determined by using CVDK-8
(EcoTech). According to the manufacturer’s protocol, 3X10* cells were seeded in a 96-
well plate and incubated for 24 hours for the cells to reach 60-80% confluence before
transfection. For each triplicate, 1.5 uL Lipofectamine reagent was diluted in 25 pL Opti-
MEM medium. For each triplicate, 0.75 puL negative control oligonucleotides (200 nM
per well) and 3 uL miRNA inhibitor and miRNA mimic (200 nM per well) were diluted
in 25 pL Opti-MEM medium. Diluted oligonucleotides were added to the diluted
Lipofectamine reagent in a 1:1 ratio. The mixtures were incubated for 5 minutes at room
temperature. 10 uL of miRNA-lipid complexes were added per well. Cells were incubated
for 24-48-72 hours at 37°C. 10 pL of CVDK-8 reagent was added to each well and the
plates were incubated for 3 hours at 37°C. Absorbance was measured at 450 nm in the

microplate reader.

2.3.10. Wound Healing Migration Assay

The effect of miR-27a-5p on PCa cell migration will be determined by a scratch wound-
healing assay. 0.5X10° cells were seeded in media containing 1% FBS into a 24-well plate
and incubated for 24 hours for the cells to reach 60-80% confluence before transfection.
For each duplicate, 3 pL Lipofectamine reagent will be diluted in 50 uL Opti-MEM
medium. For each duplicate, 1 uL negative control oligonucleotides (200 nM per well)
and 4 pL miRNA inhibitor and miRNA mimic (200 nM per well) were diluted in 50 pL.
Opti-MEM medium. Diluted oligonucleotides were added to the diluted Lipofectamine
reagent in a 1:1 ratio. The mixtures were incubated for 5 minutes at room temperature. 50
uL of miRNA-lipid complexes were added per well. Cells were incubated for 24 hours
for the cells to reach 95% confluence. A linear wound was generated with a 200 pL pipette
tip. Wells were washed with PBS and fresh media were provided. Wound closure was
determined by an inverted microscope at 6-hour time intervals (0-6-12-18-24 hr) with the
help of the ImageJ program by using a plugin named Wound Healing Size Tool (Suarez-
Arnedo et al., 2020).
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2.3.11. Transwell Cell Invasion Assay

The effect of miR-27a-5p on PCa cell invasion was determined with the transwell cell
invasion assay. Invasion chambers were placed in a 24-well plate and remained in the
tissue culture hood for a while to adjust them to room temperature. 300 puL of serum-free
medium was added to the interior of the inserts and invasion chambers were left for 1-2
hours at room temperature for the rehydration of the ECM layer. After that, the media in
the inserts were carefully removed and 500 pL of media containing 10% FBS was added
into the lower chamber. Cell suspensions containing 0.5X10° DU145 or LNCaP cells/mL
were prepared in the Opti-MEM medium and 300 pL of cell suspension was added into
each insert. The chambers were incubated for 24 hours in the incubator. After 24 hours,
cells were transfected with miR-27a-5p mimics and negative control oligonucleotides as
stated in section 2.3.10. For each duplicate, 3 uL Lipofectamine reagent will be diluted
in 50 uL Opti-MEM medium. For each duplicate, 1 uL negative control oligonucleotides
(200 nM per well) and 4 L. miRNA inhibitor and miRNA mimic (200 nM per well) were
diluted in 50 uL Opti-MEM medium. Diluted oligonucleotides were added to the diluted
Lipofectamine reagent in a 1:1 ratio. The mixtures were incubated for 5 minutes at room
temperature. 50 pL of miRNA-lipid complexes were added per well. Cells were further
incubated for 24 hours and then, non-invading cells from the interior of the inserts were
carefully removed by using a cotton-tipped swab. This step was repeated two times,
without disturbing the polycarbonate membrane. 500 pL of staining solution was added
to the unoccupied well of the plate and inserts were dipped into this solution for 20
minutes to stain invasive cells on the lower surface of the membrane. After 20 minutes,
inserts were dipped in a beaker of water several times to rinse and inserts were air dried.
Invaded cells were observed under the inverted microscope and counted by using the
ImageJ program for quantitation (Schneider et al., 2012).. In addition, invaded cells were
dissolved in 200 uL 10% acetic acid and 100 pL of the mixtures were transferred into a

96-well plate for colorimetric reading of OD at 560 nm.
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2.3.12. Annexin V-FITC/PI Apoptosis Assay

The effect of miR-27a-5p on apoptosis of DU145 and LNCaP cells was assessed with an
Annexin V-FITC/PI apoptosis assay. 1X10° cells were seeded into a 24-well plate and
incubated for 24 hours for the cells to reach 60-80% confluence before transfection. For
each duplicate, 3 pL Lipofectamine reagent will be diluted in 50 pL Opti-MEM medium.
For each duplicate, 1 pL negative control oligonucleotides (200 nM per well) and 4 puL
miRNA inhibitor and miRNA mimic (200 nM per well) were diluted in 50 uL Opti-MEM
medium. Diluted oligonucleotides were added to the diluted Lipofectamine reagent in a
1:1 ratio. The mixtures were incubated for 5 minutes at room temperature. 50 uL of
mMiRNA-lipid complexes were added per well. Cells were incubated for 24 hours at 37°C
and then, they were collected by trypsinization. The cell pellets were collected by
centrifugation at 1300 rpm for 5 minutes. A group of cells were dissolved in PBS and
they were not dyed to use them to determine the gate in the flow cytometry. The remaining
group of cells were resuspended in 100 uLL 1X Annexin V Binding working solution. 2.5
uL of Annexin V-FITC and 2.5 pL of PI were added to each tube. The tubes were gently
vortexed and incubated at room temperature for 15-20 minutes in the dark. The, 400 pL
of 1X Annexin V Binding working solution was added to each tube, and mixed. The cells
were analyzed immediately in CytExpert flow cytometry. Annexin V-FITC was detected
in the FITC channel and Pl was detected in PerCP/Cy5.5 channel.

2.3.13. Statistical Analyses

Experiments were performed in duplicates unless otherwise stated. Statistical analyses
were performed by using GraphPad Prism 9.0 software. Comparisons between the two
groups were performed using Student’s t-test. Correlations between miRNA expression
and predicted target gene expressions were evaluated by the Pearson correlation
coefficient (r) test. P-values <0.05 were considered as statistically significant .
Significance is shown as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 and

ns — non-significant.
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3. RESULTS

3.1. CCRS, STAT3, and BCL-2 were Identified as Potential Target Genes of miR-
27a-5p in silico

2458 genes from TargetScan, 181 from miRDIP, 3610 from miRWalk, and 251 from
miRDB were obtained as potential target genes of miR-27a-5p in silico. 28 genes that
were predicted by each of the servers, were identified by the generation of the Venn
diagram (Figure 15). 9 of them were found to be related to prostate cancer through the
literature search, and the binding potential of miR-27a-5p to the 3’UTR sequence of these
genes was determined by using StarMir and TargetScan tools. Binding regions at 5’UTR
and coding sequence were ignored and the genes that have not 3’UTR binding were
excluded, because of the fact that a miRNA should bind to the 3’ UTR region of an mRNA
for efficient mRNA suppression. According to the StarMir and TargetScan scores,
NPM1, CCR5, STAT3, BCL-2, and BDNF were found to have a potential binding
sequence in the 3’UTR for miR-27a-5p (Table 9). TRH mRNA did not show binding
potential.

Figure 15. Venn diagram showing the number of target genes predicted by all
servers.
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Table 9. Binding scores of potential targets between miR-27a-5p.

StarMir Scores TargetScan Scores
Gene Logistic
Free Energy | Context ++ Score  Context ++
Probability )
(AG kcal/mol) Percentile Score
Value

NPM1 0.849 -23 99 -0.62
CCRS5 0.829 -25.2 98 -0.43
STAT3 0.803 -26.7 84 -0.2
BCL-2 0.741 -24.2 87 -0.22
BDNF 0.732 -254 93 -0.27
CYP1941 0.666 -24.3 94 0.28
GIPC3 0.434 -29 68 -0.13
NF2 0.28 -29.7 90 -0.24
TRH No 3’ UTR binding

The genes with Logistic Probability Values (StarMir) greater than 0.7 and Context ++
Score Percentile greater than 80 were subjected to pathway analysis. Consistent with
pathway enrichment analysis (Figure 16), JAK-STAT and CCL5/CCR5 chemokine
signaling pathways were found to be the most related pathways with target genes and also
PCa. At the downstream of CCL5/CCRS5 signaling STAT3 and BCL-2 were identified.
Therefore, CCR5, STAT3, and BCL-2 genes were selected for further investigation
(Table 10).

Figure 16. Pathway enrichment analysis.
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Table 10. Predicted binding conformations between selected targets and miR-27a-5p.
Red-colored nucleotides are seed sequences of miR-27a-5p.
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3.2.In vivo Prostate Cancer Model

There was not a significant change in the weights of both tumor and control groups
throughout the experiment. Similarly, there were no significant changes in the weights of
LNCaP-transplanted animals. On the other hand, animals transplanted with PC3 cells

showed a significant decrease in body weight (p<0.05) (Figure 17).

Subcutaneous

—-o- CTL
LNCaP
—4— PC3

Weight (g)

15
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Days

Figure 17. Body weight change of mice subcutaneously injected with either
saline, PC3 cells, or LNCaP cells.

Subcutaneously generated PC3 tumors become visible on day 7, while LNCaP tumors
appear on day 9 of post-cellular-transplantation. Tumor volumes of each group were
significantly increased throughout the experiment. The tumor volume of PC3 animals was
found to be significantly more increased than that of LNCaP animals on day 30 (p<0.01).
This trend in tumor volume increase was also continued on day 35 (Figure 18, D).
Therefore, after the animals were sacrificed, the PC3 animals had a significantly greater

volume of tumors, compared to the tumor volumes of LNCaP animals.
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AR expression level was determined in LNCaP tumors by gRT-PCR and it was found
that AR was significantly upregulated in all LNCaP tumors with a fold change of 26.6
(p<0.0001), consistent with the tumor volume data (Figure 18, B).
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Figure 18. Tumors dissected from A. PC3 and LNCaP tumors. B. Expression level of AR in tumors
generated with LNCaP cells. C. Sacrification tumor volume of animals. D. Growth of PC3 and LNCaP
tumors. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and ns-non significant.
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Plasma PSA levels were determined weekly in all animals throughout the experiment
(Figure 19 & Table 11). LNCaP animals had greater PSA levels (674.25 pg/mL) in the
third week, compared to PC3 animals (111.18 pg/mL) and then it was decreased in week
4.
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Figure 19. Plasma PSA levels (pg/mL) of animals throughout the experiment.

Table 11. Plasma PSA levels (pg/mL) of animals.

Group/

0 1 2 3 4
Week
PC3 0 852 2399 1112 118
LNCaP 0 160.4 2055 6742 509.2

Gleason scores of tumors were determined by histopathological analyses stated in Table
12. Muscular invasions with tumor cell infiltrations in the muscle tissues with high
Gleason scores (5+5) were diagnosed in all subcutaneously generated tumors. A benign

tissue was observed in one of the LNCaP animals.
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Table 12. Histological evaluation of tumors with Gleason scores and diagnosis.

Tumor
Route of Cell  Individual Volumein Gleason
Injection Line Mice 4" week Score Diagnasis
(mm’)
LNCaP #1 1370.5 5+5 Muscular invasion
#2 686.9 9]
#3 1065.6 5+5 Muscular invasion
Muscular invasion, necrosis in
#4 909.1 5+5 the muscle tissue, and reactive
cells in the chondroid tissue
#5 480.5 5+5 Muscular invasion
#6 264 5+5 Lymph node metastasis
PC3 Tumor cell infiltration of the
#1 317.5 5+5
muscle tissue
#2 3880.5 5+5 Lymph node metastasis
Tumor cell infiltration of the
Subeutancons #3 2068.8 5+5 muscle ti.ssue, and lymph node
metastasis
Tumor cell infiltration of the
#4 5477.9 5+5 muscle tissue, and lymph node
metastasis
Tumor cell infiltration of the
#5 3331.5 5+5 muscle tissue, and lymph node
metastasis
6 £805.3 0/ 515 Benign muscular tissue/
Lymph node metastasis
#7 2225.1 5+5 Lymph node metastasis
Saline #1 0]
(CTL) #2 0]
#3 0]
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Figure 20. Representative histology images of tumors and healthy prostate tissues.

3.3.Expression Levels of miR-27a-5p and Predicted Target Genes in vivo

Expression levels of miR-27a-5p, CCRS5, and BCL-2 were determined in LNCaP, and
PC3 tumors by gRT-PCR (Table 13). Gene expression analyses showed that miR-27a-5p
was significantly downregulated in LNCaP (p<0.0001), and PC3 (p<0.0001) tumors
(Figure 21, A). There were no significant changes between LNCaP and PC3 tumors in

the expression of miR-27a-5p.

Expression levels of CCRS5, one of the predicted target genes of miR-27a-5p, were found
to be significantly upregulated in both LNCaP and PC3 tumors (Figure 21, B). On the
other hand, BCL-2 was found to be significantly overexpressed in only in LNCaP tumors
(Figure 21, C). However, expression of BCL-2 was also higher in PC3 tumors in a non-
significant way. In addition, STAT3 expression was not detectable in PC3 or LNCaP

tumors.

Table 13. In vivo levels of miR-27a-5p, CCR5, and BCL-2
expressions as fold changes (FC).

Subcutaneous
Tumor Type
Saline  LNCaP PC3
FC in exp. of CCR5 1.0 1.82 1.77
FC in exp. of BCL-2 1.0 4.13 4.53
FC in exp. of miR-27a-5p 1.0 0.57 0.42
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Figure 21. In vivo expression levels of target genes and miRNA. A. Expression level of miR-27a-
5p; B. Expression level of CCR5; C. Expression level of BCL-2. * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001, and ns-non significant.
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To evaluate the correlation between miR-27a-5p and predicted target genes (CCR5 &
BCL-2), the Pearson correlation coefficient (r) was calculated for the expression data of
matched individual animals (Figure 22). According to the statistical analyses and outlier
removal, it was found that there’s a significant incverse correlation between the
expression of miR-27a-5p and that of CCR5 (r = -0.8795, p<0.01). There’s also
significant inverse correlation between the miR-27a-5p and BCL-2 gene expressions (r =
-0.8324, p<0.05). Finally, the correlation between miR-27a-5p and AR was also
significantly inverse (r = -0.9263, p<0.01).
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Figure 22. Correlation between the genes and miRNA. A. CCR5 vs miR-27a-5p; B. BCL-2 vs miR-27a-
5p; C. AR vs miR-27-5p. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and ns-non significant. r;
Pearson correlation coefficient
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3.4.Expression Levels of miR-27a-5p and Predicted Target Genes in Prostate

Cancer Cell Lines

Expression levels of miR-27a-5p were determined with gRT-PCR in PC3, LNCaP, and
DU145 prostate cancer cell lines, and compared to that of healthy prostate RWPE-1 cells
(Figure 25). miR-27a-5p was found to be significantly downregulated in all PCa cell lines
(Table 14). The lowest expression with a fold change of 0.07, was detected in the LNCaP
cell line, even though it is not statistically significant when compared with other PCa cell
lines. On the other hand, the highest expression (Fold Change: 0.27) was found in the
DU145 cell line, though it is also not significant when compared with other PCa cell lines.

The expression levels of predicted target genes were determined with gRT-PCR (Figure
3, A). CCR5 was found to be significantly upregulated in LNCaP (p<0.0001), and PC3
(p<0.05) cell lines, compared to RWPE-1; fold changes are given in Table 14. On the
other hand, the DU145 cell line was found to show the least expression of CCR5, and

downregulation in the CCR5 level showed significance when compared to RWPE-1.

STAT3 was found to be significantly upregulated in DU145 (p<0.01), compared to
RWPE-1. PC3 cells were found to be STAT3 negative, as it has been well-determined in
the literature (Figure 23, B).

BCL-2 expression level was significantly decreased in DU145, compared to RWPE-1
cells (Figure 23, C). Nevertheless, its expression was determined to be significantly
upregulated in PC3 and LNCaP cells, when compared to DU145 cell line, and the
difference in expression of BCL-2 between PC3 and LNCaP cells is not significant.

Since the expression of all three predicted target genes present in DU145 and LNCaP
cells, they were selected as model cell lines in the study to evaluate the role of miR-27a-

5p.
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Table 14. Fold changes in the gene expression of PCa cell lines.

Cell Lines RWPE-1 PC3 DU145 LNCaP
FC in exp. of CCR5 1.0 1.2 0.8 2.6
FC in exp. of STAT3 1.0 0.0 3.9 0.5
FC in exp. of BCL-2 1.0 1.0 0.3 0.9
FC in exp. of miR-27a-5p 1.0 0.08 0.27 0.07
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Figure 23. Expression levels of target genes in various PCa cell lines. A. Expression
level of miR-27a-5p; B. Expression level of CCR5; C. Expression level of STATS;
D. Expression level of BCL-2. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001,
and ns-non significant.
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3.5. Transfection

3.5.1. Transfection Efficiency

Oligonucleotide transfection efficiencies in DU145 and LNCaP cells were determined by
gRT-PCR (Table 15). It was shown that 200 nM miR-27a-5p mimic oligonucleotides
significantly increased the levels of miR-27a-5p in both DU145 (p<0.0001; Figure 24, A)
and LNCaP (p<0.05; Figure 24, B) cell lines when compared to the cells transfected with
sham oligonucleotides. In contrast, 200 nM miR-27a-5p inhibitors significantly decreased
the levels of miR-27a-5p in both DU145 (p<0.01) and LNCaP (p<0.05) cell lines when

compared to the cells transfected with sham oligonucleotides.

Table 15. Fold changes in the gene
expression of transfected PCa cell lines.

Cell Lines DU145 LNCaP
Sham 1.0 1.0
miR-27a-5p mimics 2.8 33.9
miR-27a-5p inhibitors 0.25 0.5
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Figure 24. Expression levels of miR-27a-5p in transfected PCa cell lines. A.
Expression level of miR-27a-5p in DU145 cells; B. Expression level of miR-27a-5p
in LNCaP cells. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and ns-non
significant.
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3.5.2. Target Gene Expression Analyses

The expression levels of miR-27a-5p’s predicted target genes, STAT3, CCRS5, and BCL-
2 were determined in DU145 and LNCaP cells transfected with miR-27a-5p mimic,

inhibitor, and sham oligonucleotides (Table 16).

DU145 cells transfected with miR-27a-5p mimic oligonucleotides showed a significant
decrease in STAT3 and BCL-2 expression levels with fold changes of 0.18 (p<0.01) and
0.37 (p<0.05), respectively (Figure 25, A and C). On the other hand, DU145 cells
transfected with miR-27a-5p inhibitor oligonucleotides showed a significant increase in
STAT3 expression level with a fold change of 1.3 (p<0.01), whereas miR-27a-5p
inhibitors did not cause any significant change in the expression of BCL-2. In contrast,
the CCR5 expression level was found to be significantly increased in DU145 cells
transfected with miR-27a-5p mimics and inhibitors with fold changes of 3.18 (p<0.01)
and 2.48 (p<0.001), respectively (Figure 25, B).

LNCaP cells transfected with miR-27a-5p mimic oligonucleotides were determined to
have significantly decreased STAT3, BCL-2, and AR levels with fold changes of 0.53
(p<0.01), 0.27 (p<0.0001), and 0.34 (p<0.0001), respectively (Figure 26, A, C, and D).
Transfection of LNCaP cells with miR-27a-5p inhibitors did not cause any significant
changes in the expressions of STAT3, BCL-2, and CCRS5, while miR-27a-5p inhibitors
significantly increased the expression of AR (p<0.05). In addition, overexpression of
miR-27a-5p led to a significant increase in the expression of CCR5 (p<0.0001) (Figure
26, B).

Table 16. Fold changes in the expression of target genes.

Cell Lines DU145 LNCaP

Genes STAT3 CCR5 BCL-2 | STAT3 CCR5 BCL-2 AR
Sham 1.0 1.0 1.0 1.0 1.0 1.0 1.0
miR-27a-5p mimics 0.18 3.18 0.37 0.53 1.36 0.27 0.34
miR-27-5p inhibitors 1.3 2.48 0.94 1.17 0.87 1.14 1.77
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Figure 25. Expression levels of target genes in transfected DU145 cell line. A. Expression
level of STAT3; B. Expression level of CCR5; C. Expression level of BCL-2. * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001, and ns-non significant.
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Figure 26. Expression levels of target genes in transfected LNCaP cell line. A. Expression
level of STAT3; B. Expression level of CCR5; C. Expression level of BCL-2; D. Expression
level of AR. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and ns-non significant.
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3.6. The Effect of miR-27a-5p on The Viability of PCa Cell Lines

The effect of miR-27a-5p on the viability of PCa cell lines was determined by the CVDK-
8 cell viability assay. Overexpression of miR-27a-5p significantly decreased the cell
viability of DU145 and LNCaP cells in 24 hours to 54.3% (p<0.0001) and 60.7%
(p<0.05), respectively (figure 27, A). A significant change was not observed in the
viability of DU145 cells between 24 hours and 48 hours of transfection with miR-27a-5p
mimics (Figure 27, B). Even though it is non-significant, miR-27a-5p mimics showed a
higher anti-proliferative effect on DU145 cells than LNCaP cells. In contrast, the viability
of PC3 cells was not affected by miR-27a-5p overexpression (Cell viability = 93.8%,
p=0.5509). DU145 (p<0.01) and LNCaP (p<0.05) cell lines were found to be significantly
more sensitive to the miR-27a-5p overexpression, compared to PC3 cells.
Downregulation of miR-27a-5p did not cause any significant change in the viability of
DU145 and LNCaP cells. Moreover, inhibition of miR-27a-5p in PC3 cells resulted in
significantly increased cell viability to 120.4% (p<0.01) in 24 hours.
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Figure 27. The effect of miR-27a-5p on the cell viability of PCa cell lines. A. Cell viability
of DU145, LNCaP, and PC3 cell lines transfected with miR-27a-5p mimics; B. Cell viability
of DU145 cells at 24-48 hours. C. Quantification of cell viability of DU145 and LNCaP cell
lines through counting cells/visual field. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001,
and ns-non significant.
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Figure 28. Representative images of PCa cells transfected with miR-27a-5p mimic, inhibitor, and sham
oligonucleotides. A. Cell viability of DU145 cells; B. Cell viability of LNCaP cells.
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3.7. The Effect of miR-27a-5p on The Migration of PCa Cell Lines

The wound-healing scratch assay was performed to quantify the role of miR-27a-5p in
suppressing the migration of PCa cell lines. DU145 and LNCaP cells transfected with
miRNA mimics and sham were incubated for 24 hours after a wound was induced, and
migration of the cells was determined under the microscope with 6-hour time intervals
for 24 hours.

Migration of both DU145 and LNCaP cells was impaired with miR-27a-5p
overexpression. Wounds generated in the miRNA mimic groups did not heal for 24h, at
which time sham and non-transfected groups were healed more. It was revealed that
wound closure between 6 and 24 hours in DU145 and LNCaP cells transfected with miR-
27a-5p mimics was significantly less than that of the cells transfected with negative
control oligonucleotides. At 24 hours, the wound closure percentages of DU145 and
LNCaP cells transfected with sham were 21.4% and 40.3%, respectively, whereas the
wound closures of the cells transfected with mimics were 12.4% (p<0.05) and 20.14%
(p<0.05), respectively (Figure 29, A and C).

Likewise, the migration rate of both cell lines was decreased with miR-27a-5p
overexpression, compared to the sham group. The migration rate of DU145 cells
transfected with miR-27a-5p mimics was significantly less than the migration rate of the
sham group between 6 and 24 hours (Figure 29, B). On the other hand, the decrease in
migration rate of LNCaP cells transfected with miR-27a-5p mimics was only significant

in the 12 and 18 hours, compared to the sham group (Figure 29, D).

In addition, the migration ability of LNCaP cells was significantly greater than that of
DU145 cells, in which the wounds generated in untransfected LNCaP cells and LNCaP
cells in the culture medium with 10% FBS were near-completely healed after 24 hours;
while the wound closure of untransfected DU145 cells and DU145 cells in the culture
medium with 10% FBS were 35.7% and 25.3%, respectively (Figure 30 and 31).
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Figure 29. The effect of miR-27a-5p on the migration of PCa cell lines. A. Wound closure of DU145
cell line; B. Migration rate of DU145 cell line; C. Wound closure of LNCaP cell line; D. Migration
rate of LNCaP cell line. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and ns-non significant.
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Figure 30. Representative images of DU145 cells’ migration in response to miR-27a-5p
overexpression at 0-6-12-18-24 hours.
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Figure 31. Representative images of LNCaP cells’ migration in response to miR-27a-5p
overexpression at 0-6-12-18-24 hours.
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3.8. The Effect of miR-27a-5p on The Invasion of PCa Cell Lines

The invasion-suppressor potential of miR-27a-5p in PCa cell lines was evaluated with a
transwell cell invasion assay. For this purpose, cells were seeded into the inserts in serum-
starved media, containing an 8 um pore size polycarbonate membrane with an ECMatrix
and transfected with miR-27a-5p mimics and negative control oligonucleotides. The
invaded cells were visualized, counted, and dissolved after 24 hours for quantification. It
was found that miR-27a-5p overexpression was able to suppress invasion of both DU145

and LNCaP cells, compared to sham (Figure 33, A, and B).

After 24 hours, the invaded number of DU145 cells was significantly less in the mimic
group (Cells/Visual Field = 1527.5, p<0.05) than in the sham group (Cells/Visual Field =
4868.5) (Figure 32, B). Also, the absorbance percentage of the dissolved cells was less in
the mimic group than sham (Figure 32, A). Similarly, after 24 hours, there were
significantly fewer invaded cells in the LNCaP mimic group (Cells/Visual Field =
7264.25, p<0.01) than in the sham group (Cells/Visual Field = 18254.4) (Figure 32, D).
In accordance with this, the absorbance percentage of the dissolved cells was less in the
mimic group (Figure 32, C). In addition, the invasion potential of LNCaP cells was

observed to be greater than DU145 cells.
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Figure 32. The effect of miR-27a-5p on the invasion of PCa cell lines. A. Absorbance of invaded
DU145 cells; B. Invaded cell number of DU145 cells; C. Absorbance of invaded LNCaP cells; D.
Invaded cell number of LNCaP cells. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and ns-
non significant.
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Figure 33. Representative images of PCa cells’ invasion in response to transfection with miR-
27a-5p mimic, and sham oligonucleotides. A. Invasion of DU145 cells; B. Invasion of LNCaP
cells.
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3.9. The Effect of miR-27a-5p on The Apoptosis of PCa Cell Lines

Annexin V-FITC/PI apoptosis assay was utilized under flow cytometry, to identify
apoptotic and necrotic cells in response to miR-27a-5p overexpression. By Annexin V-
FITC and PI staining analysis, induced miR-27a-5p overexpression resulted in an
increased number of early and late apoptotic cells and also necrotic cells in both DU145
and LNCaP cell lines. The early and late apoptotic cell percentages in DU145 cells
transfected with sham were 16.92% and 7.32%, respectively, whereas these apoptotic cell
percentages increased to 18.17% and 11.88% in DU145 cells transfected with miR-27a-
5p mimics (Figure 34, A, and B). Furthermore, apoptosis induction in response to miR-
27a-5p overexpression was found to be greater in LNCaP cells; the early and late
apoptotic cell percentages in LNCaP cells transfected with sham were 10.5% and 2.79%,
respectively, while these apoptotic cell percentages increased to 17.93% and 9.13% with
miR-27a-5p overexpression (Figure 34, C, and D).
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Figure 34. The effect of miR-27a-5p on the apoptosis of PCa cell lines; A. Apoptotic cells in
DU145 cells transfected with sham oligonucleotides; B. Apoptotic cells in DU145 cells transfected
with miR-27a-5p mimics; C. Apoptotic cells in LNCaP cells transfected with sham
oligonucleotides; D. Apoptotic cells in LNCaP cells transfected with miR-27a-5p mimics.
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4. DISCUSSION

In the present era, miRNAs have become promising therapeutic targets in cancer due to
their participation in cellular processes that are crucial for tumor growth and metastasis
to distant organs. The downregulation or upregulation of certain miRNAs favors the
activation of oncogenes, leading to alterations in these pathways that result in
proliferation, cell survival, migration, invasion, angiogenesis, and suppression of
apoptosis. miR-27a family is one of the promising miRNA families with crucial roles in
PCa progression. However, there is limited information on the functions of miR-27a-5p
in PCa, in which most of these studies have been focused on the -3p strand. The
expression of miR-27a, with its cluster miR-23a27a24-2, was shown to be regulated by
AR itself both transcriptionally and post-transcriptionally, highlighting its significance in
PCa (Fletcher et al., 2012). In this work, the -3p strand of miR-27a was identified as an
oncomir. On the other hand, the tumor suppressive role of miR-27a-5p in PCa was stated
in another study. Barros-Silva et al. (2018) showed that forced expression of miR-27a-5p
suppressed malignant phenotype by inhibiting the proliferation of LNCaP and PC3 cells
while promoting apoptosis (Barros-Silva et al., 2018). In addition, the potential target
genes of the miRNA have also been given in the same study, in which they have identified
binding sites for miR-27a-5p in EGFR, Aktl, and mTOR mRNAs in silico. Nevertheless,
it is a fact that a single miRNA can directly target several mRNAs, thus, the genes and
pathways that are directly regulated by miR-27a-5p still need to be fully elucidated.
Therefore, in the framework of this thesis, target genes of miR-27a-5p were investigated
and the pathways that might be potentially regulated by miR-27a-5p were revealed. For
this purpose, potential target genes were predicted with in silico approaches, then the
correlation between these predicted genes and miR-27a-5p was investigated in vivo and

finally, functions of miR-27a-5p were determined in vitro.

The binding potential between miR-27a-5p and predicted target genes was evaluated by
StarMir and TargetScan tools, with the consideration of literature knowledge that the seed
sequence of miRNA should be perfectly complementary with the 3’UTR sequence of
mRNAs. In this manner, the genes that showed seedless complementarity or that showed

complementarity at the coding sequence or 5’UTR sequence were ignored. NPM1, CCRS,
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STAT3, and BCL-2 mRNAs demonstrated the most probability of binding between the
seed sequence of miR-27a-5p and 3’UTR sequences of them. According to the following
pathway analyses, it was observed that STAT3 and BCL-2 are the downstream partners
of CCL5/CCRS5 chemokine signaling that is known to activate various pathways, such as
PI3K/Akt/BCL-2, NF-kB, and JAK/STAT, playing roles in proliferation, apoptosis, and
cell survival. In addition, CCRS, STAT3, and BCL-2 have been determined to play key
roles in prostate cancer, especially in castration or drug resistance. Therefore, it was
hypothesized that miR-27a-5p might act as a tumor suppressor in PCa by directly
regulating components of the CCLS5/CCRS5 signaling pathway, STAT3, and BCL-2,

suppressing proliferation, migration, and survival.

To support this hypothesized regulatory role of miR-27a-5p, which is established by in
silico analyses, expression levels of miR-27a-5p and its predicted target genes were
determined in tumor tissues from in vivo PCa models generated with transplantation of
LNCaP or PC3 cells subcutaneously. According to histopathology examination of tumors,
all malign PCa tumors showed high Gleason scores (5+5) which indicates a very
abnormal cell look and that cancer cells tend to proliferate and metastasize. PC3 animals
showed the most neoplastic characteristics as indicated by, the greatest volumes of
tumors, and the significant decrease in body weight. AR expression level was found to be
significantly upregulated in all LNCaP tumors. As a result, it can be concluded that
subcutaneously generated tumors are prostatic neoplasms. Consistent with this, the
expression level of miR-27a-5p was significantly decreased in all tumors. Since PC3
tumors showed a greater neoplastic characteristic, it was anticipated to have the lowest
expression level of miR-27a-5p. However, no significant difference was determined in
the expression of miR-27a-5p between LNCaP and PC3 tumors, even though its
expression was found to be slightly decreased in PC3 tumors. It was interesting to
demonstrate a significant inverse correlation between AR and miR-27a-5p. Herein, there
might be two hypothetical alternative mechanisms; even though Fletcher et al. (2012)
demonstrated the positive transcriptional regulation of miR-27a with its cluster by AR,
AR might negatively regulate the -5p arm of miR-27a through post-transcriptional
mechanisms; second of all, miR-27a-5p might be directly regulating AR, though, no
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binding potential between seed sequence of miR-27a-5p and 3’UTR sequence of AR was

observed in silico analyses (data not shown).

Expressions of predicted target genes were also determined in these tumors and both
CCRS5 and BCL-2 were found to be upregulated in subcutaneously generated tumors. It
is evident from the gene expression data of tumors that miR-27a-5p was downregulated,
highlighting its tumor suppressive function, while predicted target genes, CCRS and
BCL-2, were found to be overexpressed in these tumors. The Pearson correlation tests
emphasized that there are significant inverse correlations between miR-27a-5p and
predicted target genes CCRS, and BCL-2, as well as AR. These inverse correlations
shown for CCRS5, BCL-2, and AR indicate a direct regulatory function of miR-27a-5p in
these oncogenic signaling pathways. However, gene expressions should be investigated
in a larger sample size of in vivo experiments to confirm whether there is a significant

negative regulation of CCRS, BCL-2, and AR by miR-27a-5p.

Expression levels of miR-27a-5p and its predicted target genes were determined in the
PCa cell lines: PC3, DU145, and LNCaP. All PCa cell lines showed significantly
decreased expression of miR-27a-5p, compared to RWPE-1 cells. As expected, STAT3
expression was found to be significantly upregulated in DU145 cells; PC3 cells were
found to be negative for STAT3, as is clear in the literature. In terms of BCL-2, it is
interesting to find downregulation in its expression level since it is an anti-apoptotic gene
that has been demonstrated to play an oncogenic role in PCa. However, BCL-2 expression
was found to be significantly upregulated in PC3 and LNCaP cells, compared to every
other PCa cell line. Finally, CCR5 expression was detected in all PCa cell lines, though,
it was only significantly upregulated in LNCaP cells. Overall, these expression profiling
in various types of PCa cell lines underlines the inverse correlation between miR-27a-5p
and predicted genes, CCRS5, STAT3, and BCL-2 while also highlighting the potential
tumor suppressive role of miR-27a-5p in PCa. Both in vivo and in vitro gene expression
profiles underline the tumor suppressive potential of miR-27a-5p, as long as its potential
to regulate the CCLS5/CCRS signaling pathway by directly targeting CCRS, STAT3, and
BCL-2.
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The molecular mechanism of miR-27a-5p in PCa and its association with predicted target
genes were evaluated in vitro. Since DU145 cells were found to have overexpressed
STAT3 levels and LNCaP cells showed expression of BCL-2, STAT3, and overexpression
of CCRS, they were selected to investigate the proposed hypothesis further. For this
purpose, PCa cells were transfected with either miR-27a-5p mimics or inhibitors, and
transfection efficiency was determined with qRT-PCR, compared to the cells transfected
with negative control oligonucleotides. We determined that in DU145 cells, when miR-
27a-5p is overexpressed, STAT3 expression is decreased, whereas when miR-27a-5p is
suppressed, STAT3 expression is increased. LNCaP cells also showed a similar response
to the overexpression and suppression of miR-27a-5p, where miR-27a-5p mimics
suppressed STAT3 mRNA levels. However, miR-27a-5p inhibitors resulted in non-
significantly increased STAT3 levels, which might be due to the fact that the growth of
LNCaP cells is not dependent on STAT3, while the growth of DU145 cells is STAT3-
dependent. These results suggest a direct regulation of STAT3 mRNA by miR-27a-5p,
however, it should be further confirmed with a luciferase assay. In a similar manner, BCL-
2 mRNA level was also found to be reduced with miR-27a-5p overexpression in both
DU145 and LNCaP cell lines, highlighting the regulatory correlation between miR-27a-

5p and anti-apoptotic BCL-2, as it was also consistent with in vivo.

On the other hand, CCRS5, which was determined to be the second most probable target
gene of miR-27a-5p in silico and whose expression level was found to be inversely
correlated with miR-27a-5p in vivo, did not show a negative regulation in response to
miR-27a-5p. CCR5S mRNA level showed even a positive regulation in response to miR-
27a-5p. In DU145 and LNCaP cells, when miR-27a-5p is overexpressed, the CCRS level
was determined to be increased, indicating a positive correlation between miR-27a-5p
and CCRS. However, it was also interesting to determine that, in DU145 cells, when miR-
27-5p was suppressed, the CCRS5 level was also increased. This result emphasizes that the
regulation of CCR5 might be independent of miR-27a-5p. The positive correlation
between them might be due to the indirect regulatory mechanisms or a feedback loop that
is caused by the tumor suppressive function of miR-27a-5p, in which CCRS is enhanced
to compensate for the inactivated growth-promoting and anti-apoptotic pathways,

because CCRS is known to activate various growth-promoting pathways, including
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PI3K/Akt, MAPK, JAK/STAT3, and NF-kB (Aldinucci et al., 2020; Hermida et al., 2017;
C.Y. Huang et al., 2009; Jiao et al., 2018).

In addition to above findings, the significant inverse correlation found between AR and
miR-27a-5p in the tumors generated with the LNCaP cell line was confirmed in vitro. We
demonstrated that LNCaP cells transfected with miR-27a-5p mimics had significantly
reduced AR mRNA levels, while when the miRNA is suppressed, AR mRNA level was
increased, emphasizing a negative regulation of AR by miR-27a-5p. A positive correlation
between AR and miR-27a has been shown, in which AR induces the expression of miR-
27a cluster in PCa and miR-27a-3p directly targets and suppresses PHB, a negative
regulator of AR (Fletcher et al., 2012). On the other hand, for the first time, we showed
that AR mRNA is suppressed in PCa by the -5p strand of the miR-27a, a miRNA with
multifaceted functions involving both strands. Thus, it can be concluded that miR-27a-5p
is not only a promising therapeutic candidate for primary PCa, but also CRPC and drug-
resistant PCa, since the development of resistance in PCa involves the induction of AR-
variants and current lack of effective inhbitors of these variants is the main issue today.
The decrease found in the AR mRNA level by miR-27a-5p overexpression also suggests
a potential for the suppression of AR-variants with this miRNA.

For the first time, we demonstrated that miR-27a-5p negatively regulates the genes that
are identified to participate in the growth, migration, invasion, and apoptosis of PCa cell
lines. Therefore, the function of miR-27a-5p in these cellular processes was also
confirmed. Anti-proliferative effect of miR-27a-5p was determined with the cell viability
assay and it was found that both DU145 and LNCaP cells transfected with miR-27a-5p
mimics showed decreased cell viability. Consistent with the study of Barros-Silva et al.
(2018), the viability of LNCaP cells was decreased when miR-27a-5p was overexpressed,
while the viability of PC3 cells was increased by transfection with miR-27a-5p inhibitors.
The viability of PC3 cells was not affected by miR-27a-5p overexpression, which is a
conflicting result considering the study of X. Wu et al. (2013). They have found that miR-
27a-5p overexpression resulted in decreased viability of PC3 cells, which was attributed
to the downregulation in EGFR, Aktl, and mTOR signaling (X. Wu et al., 2013).
However, in that study, EGFR, Aktl, and mTOR signaling downregulation by miR-27a-

88



5p was not shown in PC3 cells, but in HNSCC cells. Regarding our hypothesis that is
inhibiting cell viability through negative regulation of STAT3, BCL-2, and AR, and
considering that PC3 cells are negative for STAT3 and AR, it was anticipated that miR-
27a-5p would not have any anti-proliferative effect on PC3 cell line. Furthermore, this
result also suggests that the anti-proliferative effect of miR-27a-5p might be dependent
on STAT3, which is expressed in both DU145 and LNCaP cells and was suppressed in

response to miR-27a-5p overexpression.

STAT3 signaling is activated by growth factors and cytokines and upon phosphorylation,
STAT3 is dimerized, translocating into the nucleus to induce the expression of genes that
regulate cell death, apoptosis, migration, and invasion (Sadrkhanloo et al., 2023). STAT3
is not only crucial to promote the proliferation of cancer cells, but it is also crucial to
sustain cell survival mechanisms and migration. Therefore, targeting STAT3 signaling has
been attracting attention to suppress cancer progression. Due to the role of STAT3 in
promoting migration and invasion of the cancer cells, we have investigated the function
of miR-27a-5p, which targets and suppresses STAT3 mRNA, in these processes. For the
first time, we demonstrated that miR-27a-5p inhibits migration and invasion of DU145
and LNCaP cells. However, we did not reveal that this effect of miR-27a-5p in repression
migration and invasion of PCa cells is STAT3 dependent or independent. Yet, we
demonstrated its anti-proliferative effects in two STAT3-positive cell lines, DU145 and
LNCaP, whereas it did not show any antiproliferative effect in the STAT3-negative cell
line, PC3. Therefore, this supports the idea that the tumor suppressor function of miR-
27a-5p is STAT3 dependent. On the other hand, overexpression of miR-27a-5p in DU145
cells resulted in a 42% and 68% decrease in migration and invasion, respectively, while
in LNCaP cells, there were 50% and 60% decreases in migration and invasion
respectively. We have shown that even though STAT3 expression is present in LNCaP
cells, it is not overexpressed. Thus, the growth or migration of these cells is not only
dependent on STAT3. The finding that miR-27a-5p is nearly equally effective in
suppressing migration and invasion of DU145 and LNCaP cells might be attributed to the
evidence of AR suppression by miR-27a-5p. AR acts as a transcription factor and it has
been shown to induce the expression of genes that play crucial roles in PCa metastasis

(Imamura & Sadar, 2016; Ko et al., 2015). Regarding this knowledge and consistent with the
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effect of miR-27a-5p in cell viability, it can be concluded that miR-27a-5p suppresses
migration and invasion of PCa cell lines in an AR-dependent manner, in addition to
STAT3. Therefore, it can be concluded that the function of miR-27a-5p is context-
dependent, where it can function as a tumor suppressor in the presence of STAT3 or AR

expression.

BCL-2 family proteins mediate mitochondrial apoptosis and anti-apoptotic BCL-2 has
been shown to be upregulated in PCa patients, preventing apoptosis, and promoting cell
survival. Enhanced levels of BCL-2 in PCa patients have been demonstrated to be
correlated with aggressive disease formation, metastasis, resistance to therapies, and high
Gleason score (Pilling et al., 2019; Soliman et al., 2021). Well-documented oncogenic
signaling pathway PI3K/Akt suppresses the phosphorylation of BAD, which is a negative
regulator of BCL-2, and activated BCL-2 represses BH3-only proteins, inhibiting
activation of BAX and BAK to prevent cells from undergoing apoptosis. Our target gene
expression findings signify a regulatory role for miR-27a-5p in apoptosis through
suppressing anti-apoptotic BCL-2 mRNA. Thereby, we assessed the apoptotic response
of the PCa cell lines to miR-27a-5p overexpression. We demonstrated that both early and
late apoptotic cell percentages are increasing with miR-27a-5p upregulation in both
DU145 and LNCaP cells. Nevertheless, the early apoptotic cell percentage of DU145
cells transfected with miR-27a-5p mimics slightly increased. Whereas, late apoptotic cell
percentage increased by a considerable amount in the DU145 cell line. In contrast to
DU145 cells, miR-27a-5p upregulation was found to be more successful at increasing
early and late apoptotic cells in LNCaP cells. Similar to DU145 cells, the increase in the
late apoptotic cell percentage was greater in also LNCaP cells. This different apoptotic
response of two PCa cell lines might be due to AR status, in which the growth and survival
of LNCaP cells are dependent on AR. AR has been identified to regulate intrinsic
apoptosis pathways by the repression of apoptotic genes. AR has been determined to
inhibit apoptosis in LNCaP cells through enhancing anti-apoptotic p21 mRNA and protein
levels (S. Lu et al., 1999). In addition, AR signaling has also been shown to suppress pro-
apoptotic BAD by activating MAPK and enhancing the phosphorylation of ERK-1/2,
leading to apoptosis inhibition (Nguyen et al., 2005; Simdes et al., 2013). Therefore, it

was anticipated to determine a higher apoptotic response in AR-positive LNCaP cells,

90



compared to AR-negative DU145 cells. Furthermore, this higher apoptotic response in
LNCaP cells might also be due to the BCL-2 expression level, where LNCaP cells were
found to have significantly higher BCL-2 levels compared to DU145 cells.

In conclusion, according to the findings of this study, miR-27a-5p acts as a tumor-
suppressor miRNA in PCa through negatively regulating STAT3, BCL-2, and AR. We
highlighted that miR-27a-5p suppresses proliferation, migration, and invasion, while
promoting apoptosis of PCa cells, which underlines its potential to be used as a novel
miRNA therapeutic in primary PCa. Besides primary PCa, it also has the potential to
inhibit the growth of CRPC and drug-resistant PCa due to its AR-suppressive function.
The molecular mechanism of miR-27a-5p in PCa was revealed in this study, however, its

function in resistant and more aggressive forms of PCa should be further clarified.
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5. CONCLUSION

To conclude, we revealed the molecular mechanism of miR-27a-5p with its target genes
and its context-dependent tumor-suppressor function in PCa. It was demonstrated that
STAT3, BCL-2, and AR are negatively regulated by miR-27a-5p. We identified binding
regions for miR-27a-5p in 3’ UTR regions of STAT3 and BCL-2 mRNAs in silico and the
direct targeting potential was further confirmed in vitro by qRT-PCR. However, it should
also be clarified with luciferase assay that STAT3 and BCL-2 are the direct targets of
miR-27a-5p. In addition, the regulatory correlation between miR-27a-5p and AR should
be studied extensively. We could not identify a binding region for miR-27a-5p in the 3’
UTR region of AR in silico, whereas, we showed that AR mRNA is negatively regulated
by miR-27a-5p. It should be clarified whether this miRNA directly targets AR mRNA, as
well as its binding regions. If AR is a direct target of miR-27a-5p, then this miRNA
becomes an important therapeutic not only for primary PCa but also CRPC and drug-
resistant PCa. In addition, the effect of miR-27a-5p should also be investigated on AR-
variants in the future, because since it negatively regulates AR, it has a high potential in

regulating variants.

Ultimately, a tumor-suppressive function was demonstrated for miR-27a-5p by
suppressing STAT3, BCL-2, and AR in PCa. We determined that miR-27a-5p suppresses
3 out of the 6 hallmarks of PCa; proliferation, migration, and invasion, and resisting cell
death. We underline the therapeutic importance of miR-27a-5p in PCa, while shedding
light on the molecular mechanisms behind this tumor-suppressor function. This
comprehensive in silico, in vitro, and in vivo work provides a promising therapeutic

candidate in PCa with a precise molecular basis.
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