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Abstract 

Prostate cancer (PCa) remains a leading global health issue for men, with androgen 

deprivation therapy and chemotherapy or androgen receptor signalling inhibitors being 

the main treatments. However, these treatments show peripheral toxicity or resistance. 

Although therapeutic strategies have arisen in the last decade, there is still a necessity 

to improve PCa treatments due to limited overall survival. Peptide drug conjugates 

(PDC) that can selectively deliver drugs to cancer cells using peptides, while reducing 

the cytotoxicity to healthy cells, represent a valuable option. Due to its cell selectivity 

for cancer cells and ease of drug conjugation, the cationic G3 peptide is a suitable 

choice to generate PDC. This thesis aimed to explore the therapeutic capacity of G3 

as part of PDC in PCa. 

This thesis demonstrates the PCa cell specificity and enhanced uptake of G3. 

The peptide was non-toxic to PNT2 cells, but had a high-dose-dependent cytotoxic 

impact in PCa cells. The subcellular localization of G3 was situated in endo-

lysosomal compartments. Our RNA interference (RNAi) and colocalization data 

suggest that G3 is internalized through scavenger receptors-mediated (SR-F1, 

SR-F2, and SR-B1) endocytosis, and to our knowledge this is the first time 

that SR-F1 and SR-F2 have been identified in the entry of CPP. The protein 

expression analysis corroborated the RNAi KD of target SR genes. G3 PDC coupled 

with LSD1 inhibitors resulted in PDC-2 and PDC-4 producing cell impairment at 

low doses. It appears that the PDC escape the endosomes releasing the drugs, 

since PDC-2 and PDC-4 show signs of LSD1 inhibition via the accumulation 

of H3K4me2 marks. G3 was successful in delivering functional siRNAs, however 

it was less efficient than commercial transfection reagents. In conclusion, 

our research provides the first evidence of the therapeutic delivering capacity of 

G3, as a PDC, since it shows efficient LSD1-epigenetic inhibition in PCa. 
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LMWP Low molecular weight protamine 

MAO Monoamine oxidases 

MalBSA maleylated BSA  

mCRPC Metastatic castration resistant prostate cancer 

mCSPC Metastatic castration sensitive prostate cancer 

MEF2 Myocyte enhancer factor 2 

MEFD2 Myocyte enhancer factor 2D 

MEGF10 Multiple EGF like domains 10 

MHC Major histocompatibility complex  

mHSPC Metastatic hormonal sensitive prostate cancer 

MIP Maximum intensity projection 

MLH1 MutL homolog 1  

MMAE Monomethyl auristatin E 

MMP-2 Matrix metallopeptidase 2 

MMP-9 Matrix metallopeptidase 9 

MMR Mismatch repair 

mpMRI  Multiparametric magnetic resonance imaging 

MRSA Methicillin-resistant Staphylococcus aureus 

MSH2 MutS homolog 2 

MSH6 MutS homolog 6 

MSKCC Memorial Sloan Kettering Cancer Center 

MTA1 Metastatic tumor antigen 1  

MWCS Multi Wavelength Cell Scoring 

MYC MYC proto-oncogene, bHLH transcription factor 

MYO5A Myosin Va 

MYO5B Myosin Vb  

MYO5C Myosin Vc 

MYPT1 Myosin phosphatase targeting subunit1  

NaN3 Sodium azide 

NaOH Sodium hydroxide 

NEPC Neuroendocrine prostate cancer 

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B  

NF1-pDNA NickFect1-pDNA  

NF51-pDNA NickFect51-pDNA  

NGR Neovasculature-specific peptide 

NKX3.1 NK3 Homeobox 1  
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NLS Nuclear localization sequences  

nmCRPC non-metastatic castration resistant prostate cancer 

nMDP Normalized mean deviation product 

NSE  Neuron-specific enolase   

NS3 Non-structural Protein 3  

NuRD Nucleosome remodelling and deacetylase  

NURF Nucleosome remodelling factor 

OCT4 Octamer-binding transcription factor 4  

OLR1 Oxidized low density lipoprotein receptor 1 

oxLDL Oxidized LDL  

PALB2 Partner and localizer of BRCA2  

PAMPs Pathogen-associated molecular patterns 

PAP Prostatic acid phosphatase 

PARPi Poly (ADP ribose) polymerase inhibitors 
PARP1/2 Poly (ADP ribose) polymerase 1 or 2 

PBS Phosphate Buffered Saline 

PCa Prostate Cancer 

PDC Peptide drug conjugates 

PD-L1 Programmed death-ligand 

pDNA Plasmid DNA  

PD-1 Programmed cell death protein 1 

PF32-pDNA PepFect32-pDNA  

PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit type 3 

PIN Prostatic intraepithelial neoplasia  

PI3K Phosphoinositide 3-kinase  

PI3Kβ Phosphoinositide 3-kinase β  

PI(3)P Phosphatidylinositol 3-phosphate  

PMSF Phenylmethylsulfonyl fluoride 

PMS2 Postmeiotic segregation increased 2  

PRR Pattern recognition receptors 

PSMA Prostate-specific membrane antigen 

PSMA-PET Prostate-specific membrane antigen positron emission tomography   

PSA Prostate-specific antigen 

PTEN Phosphatase and tensin homolog  

PXN Focal adhesion protein paxillin 

p62 Autophagy receptor p62  

p63  Tumour protein 63  

RAB5 Ras-related protein Rab-5 
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RAB7 Ras-related protein Rab-7 

RAB14 Ras-Related Protein Rab-14 

RAC Ras-related C3 botulinum toxin substrate 1 

RACK1 Receptor for activated C kinase 1 

RANKL Receptor activator of nuclear factor kappa-B ligand 

RB Running Buffer  

RB1 Retinoblastoma tumour suppressor gene 1 

RIPA Radio-Immunoprecipitation Assay 

RISC RNA-induced silencing complex  

RNAi RNA interference 

ROI Region of interest 

RT Room temperature 

SD Standard deviation 

SEM Standard error mean 

SERCA Sarcoplasmic or endoplasmic reticulum calcium adenosine 

triphosphatase 

SETD7 SET domain containing 7, histone lysine methyltransferase 

siRNA Small interference RNA 

SNAIL1 Snail family transcriptional repressor 1 

SPOP  Speckle type BTB/POZ protein 

SR Scavenger receptor 

SR-A1 Scavenger receptor class A member 1 

SR-A3 Scavenger receptor class A member 3 

SR-A5 Scavenger receptor class A member 5 

SR-B1 Scavenger receptor class B member 1 

SR-B2 Scavenger receptor class B member 2 

SR-B3 Scavenger receptor class B member 3 

SR-E1 Scavenger receptor class E member 1 

SR-F1 Scavenger receptor class F member 1 

SR-F2 Scavenger receptor class F member 2 

SR-F3 Scavenger receptor class F member 3 

SR-G1 Scavenger receptor class G member 1 

SR-H2 Scavenger receptor class H member 2 

SR-K1 Scavenger receptor class K member 1 

SR-L1 Scavenger receptor class L member 1 

STAT3 Signal transducers and activators of transcription 3 

SUVs Small unilamellar vesicles  

SV40 Simian Virus 40  
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SYN Synaptophysin 

TAM Tumour associated macrophages 

TBS Tris-Buffer Saline 

TBST Tris-Buffer Saline Tween 

TCP Trans-2-phenylcyclopropylamine 

TEB Triton extraction buffer  

TEM Transmission electron microscopy  

TF Transferrin  

TLR Toll-like receptors  

TMPRSS2-ERG Transmembrane protease serine 2:v‑ets erythroblastosis virus E26 

oncogene homolog  

TNF Tumour necrosis factor 

TP53 Tumour protein p53 

TRAMP Transgenic adenocarcinoma of mouse prostate 

TRT Targeted radionuclide therapy  

UBB Ubiquitin B 

UBE2C Ubiquitin conjugating enzyme E2 C 

UHRF1 Ubiquitin like with PHD and ring finger domains 1 

VEGF Vascular endothelial growth factor 

VEGF-A Vascular endothelial growth factor A 

VIM Vimentin 

WB Western blot 

ZNF217 Zinc finger protein 217  
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CHAPTER 1 
 

 

 
 
 
1. BACKGROUND  
 
 
 
1.1 Prostate function, structure and cellular components 

 
The prostate is an exocrine male gland that is situated under the bladder. It is 

responsible for producing a protective liquid that enhances the durability of the sperm 

and corresponds to approximately the 30% of the seminal fluid (Duncan & Thompson, 

2007; Verze et al., 2016). It has an endodermal origin and its development and function 

are well documented to be govern by androgens (Kellokumpu-Lehtinen & Pelliniemi, 

1988; Kellokumpu-Lehtinen et al., 1981). The anatomical structure of the prostate is 

classified in 4 areas, from which 3 of them have a glandular composition, namely 

central, peripheral and transitional zones, while the fourth one, called anterior zone is 

formed mainly of fibrovascular stroma (Figure 1) (McNeal, 1981).  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig.1. Anatomical zones of the prostate. The gland is divided in 4 zones: central, 
peripheral, transitional and anterior. PCa initiates usually in the peripheral zone. The 
periurethral area corresponds to the small glandular section surrounding the urethra. Based 
on McNeal’s anatomical model. Created with BioRender.com 
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Figure 2 illustrates the 3 cellular lineages present in the prostatic epithelium, namely 

basal, luminal and a limited quantity of neuroendocrine cells, which is bordered by 

stroma (McNeal, 1988; Van Leenders & Schalken, 2003). Each cell type is 

characterized by specific differentiation markers including the presence of specific 

cytokeratin (CK) or cluster of differentiation (CD) proteins. Basal cells have a high rate 

of proliferation and are outlined by the expression of tumour protein 63 (p63), CK5, 

CK14 and CD44 (Bonkhoff et al., 1994b; Liu et al., 1997; Okada et al., 1992; Signoretti 

et al., 2000; Terpe et al., 1994). Luminal cells have secretory functions and are 

distinguished by very high amounts of androgen receptor (AR), as well as by the 

presence of CK8, CK18, prostate-specific antigen (PSA) and CD57 (Liu et al., 1997; 

Okada et al., 1992). Whereas the luminal layer requires androgens, especially 

dihydrotestosterone (DHT) to survive, the basal layer is not reliant on them.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic representation of the prostate cell diversity. The pseudostratified 
epithelium is arranged in a luminal layer and a basal layer with neuroendocrine cells scarcely 
scattered, followed by the basement membrane and the stroma. The biomarkers of each cell type 
are indicated: tumour protein 63 (p63), cytokeratin 5/8/14/18 (CK5/CK8/CK14/CK18), androgen 
receptor (AR), prostate-specific antigen (PSA), synaptophysin (SYN), neuron-specific enolase 
(NSE), chromogranin A (CgA), α-Smooth muscle actin (α-SMA) and vimentin (VIM) Created with 
BioRender.com 
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The small population of neuroendocrine cells that constitute approximately 1% of the 

prostatic epithelium, are located slightly more in the transitional and peripheral zone 

of the gland, however they are distributed at random sites as single cells in the luminal 

and basal layers of all zones (Santamaría et al., 2002). Synaptophysin (SYN), neuron-

specific enolase (NSE) and chromogranin A (CgA) are the most common 

differentiation markers for neuroendocrine cells, which are specialized cells with non-

proliferative profiles that lack AR and PSA (Bonkhoff et al., 1994a; Huang et al., 2006; 

Huttner et al., 1991; Krijnen et al., 1993). Among the diversity of peptides that 

neuroendocrine cells produce, some of them are bombesin, calcitonin, serotonin, 

somatostatin and vasoactive intestinal peptide (Abdul et al., 1994; Abrahamsson et 

al., 1987; Aprikian et., 1997; Di Sant’Agnese & De Mesy Jensen, 1984; Di 

Sant’Agnese et al., 1989; Gkonos et., 1996; Shah et al., 1994; Solano et al., 1996). 

 

The cellular diversity in the prostatic stroma comprises large amounts of smooth 

muscle cells, as well as, vascular cells, fibroblasts, myofibroblasts, nerve cells, 

lymphocytes, macrophages and neutrophiles (Farnsworth, 1999). The cellular 

diversity within the gland is preserved via a complex dynamic of hormonal regulation, 

adhesion attachments with the basement membrane and growth factors. It is thought 

that stromal fibroblasts produce specific paracrine signals that contribute to the 

development of the duct’s patterning, however their main function in the adult prostate 

is to sustain the ducts (Hayward & Cunha, 2000; Prins & Putz, 2008; Timms, 2008). 

 

 

1.2 Prostate cancer: symptoms, risk factors, mortality and incidence 
 

After lung cancer, prostate cancer (PCa) has the most global incidence in men, with 

approximately 1.4 million diagnosed cases, and the fifth place in worldwide mortality 

rates (Sung et al., 2021). Considering the past 30 years, the urological cancer that has 

had the most worldwide incidence growth is PCa (Zi et al., 2021). In American male 

populations, PCa represents the most common diagnosed tumour, and it occupies the 

second place regarding cancer-associated mortality estimations, accounting for 11% 

of fatalities per year (Siegel et al., 2023). The UK displays similar trends in prostate 

cancer-associated death rates, as PCa is the second most frequent reason for male 

cancer fatalities. Although the incidence of PCa varies among ethnic groups and 
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geographical locations, it is estimated that annually 1 of 25 men all over the world will 

have been diagnosed with PCa at some point (Bray et al., 2018; Culp et al., 2020).  

 

Clinically, PCa is a very heterogeneous illness; many individuals manifest an 

aggressive disease with metastasis, whilst other patients exhibit a reluctant disease 

with modest progression (Testa et al., 2019). Although the national guidelines often 

associate urinary symptoms, such as slow urinary flow, frequency, nocturia, and a 

feeling of incomplete bladder emptying, with PCa, research over the past 30 years 

does not support this connection (Gnanapragasam et al., 2022). Some studies have 

even suggested an inverse association between urinary symptoms and the disease 

(Engel et al., 2020; Collin et al., 2008; Franlund et al., 2012). Recognizing that PCa is 

frequently asymptomatic in its curable stages is necessary since relying only on these 

urine symptoms might result in a diagnosis of late-stage disease (Gnanapragasam et 

al., 2022). Furthermore, the etiology of PCa is not entirely defined, but numerous 

epidemiological studies have identified some of the most important risk triggers, 

including age, diet, family history, genetic predisposition, and ethnicity (Figure 3) (Giri 

& Beebe-Dimmer, 2016; Pernar et al., 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Key risk factors in PCa. The main components that 
contribute towards the onset in the disease. Germline mutations in 
DNA damage response (DDR) and mismatch match repair (MMR) 
are associated to PCa predisposition.  
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The occurrence of PCa rises with age independently of living in high-income and low-

income countries. Men younger than 40 years have less probability of acquiring PCa, 

while the incidence rate augments drastically for males older than 55 years (Bray et 

al., 2018; Ferlay et al., 2015). The intrinsic mechanism for aging’s role in PCa 

predisposition is unresolved, however several theories have been stated, such as 

impairments in the DNA damage response that are unique to the prostate (Kiviharju-

af Hällström et al., 2007). 

 

It has been reported that the highest heritable cancer in male populations is PCa 

(Rebbeck, 2017). Accordingly, in a Nordic Twin Study of Cancer, they revealed that 

PCa displayed the largest projection of heritability, accounting for approximately 57% 

of the total population (Mucci et al., 2016). The chance of acquiring PCa is more for 

men that have a direct relative who suffers from the disease, the more members in the 

family are diagnosed, and if relatives are affected before the age of 55 (Barber et al., 

2018; Chen et al., 2008; Nelson et al., 2013). Associated-genes of the Lynch 

syndrome or the hereditary breast and ovarian cancer syndrome, have been 

correlated to the risk of developing PCa (Bhanji et al.,  2021; Dominguez-Valentin et 

al., 2020; Ren et al., 2019). Precisely, over 160 single nucleotide polymorphisms and 

mutations in key genes, such as Ataxia-telangiectasia mutated (ATM), breast cancer 

genes 1 or 2 (BRCA1/2), checkpoint kinase 2 (CHEK2), partner and localizer of 

BRCA2 (PALB2), and homeobox protein Hox-B13 (HOXB13); as well as genes 

involved in mismatch repair (MMR) signalling, including postmeiotic segregation 

increased 2 (PMS2), MutL homolog 1 (MLH1), MutS homolog 2 (MSH2), and MutS 

homolog 6 (MSH6), have been linked to PCa susceptibility (Daly et al., 2021; Vietri et 

al., 2021). 

 

According to studies, it has been proposed that at least partly, the differences in PCa 

incidence and mortality estimates in different geographical territories, is associated 

with ethnicity and race. It has been identified that Asians present the lowest rate of 

PCa, exhibiting a 3 fold difference from African-Americans, who have been reported 

to have the highest disease prevalence (Lloyd et al., 2015). In contrast to European 

and Asian males, the onset of hereditary PCa is 2 and 3 times greater in cohorts of 

African Americans (Kohaar et al., 2019; Zhen et al., 2018). However, social variables 

like racial discrimination and economic disadvantages, as well as coexistent medical 
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problems, like heart disease; or environmental factors including obesity and diet, may 

all influence to obtain less favourable results for African American males (Dess et al., 

2019; Zhen et al., 2018). 

 

Other non-genetic factors that impact the probability of PCa initiation have been 

recognized. One of them is obesity, which has been proposed to cause predisposition 

to lethal PCa, as well as to reduce chances of biochemical efficacy after standard 

therapies and hence increasing mortality rates (Wilson et al., 2022). Another factor is 

tobacco smoking, which has been suggested to enhance PCa mortality and relapse; 

however, it is considered to have a negative association with PCa prevalence (Al-

Fayez & El-Metwally, 2023; Darcey & Boyle, 2018; Rohrmann et al., 2013). Western-

based diet has also been correlated to PCa emergence (Lin et al., 2015). 

 

 

1.3 Prostate cancer development 
 

PCa is a complex condition that involves a multifocal and multistep progression. Over 

80% of malignant tumours initiate in the peripheral zone, which corresponds to the 

70% of the whole organ (Haffner et al., 2009; McNeal, 1981; Zlotta et al., 2013). PCa 

neoplasms normally develop from prostate gland cells, most typically at late age 

(Attard et al., 2016). Controversial studies have postulated either basal or luminal cells 

as tumour-originating cells (Chua et al., 2014; Goldstein et al., 2010; Lee & Shen, 

2015). The main drivers of PCa are acquired mutations and environmental influences 

at a micro and macro scale, that together facilitate the shift from benign to malignant 

state in the prostatic epithelium, along with a sequence of morphological alterations 

and intrinsic tumorigenic signalling pathways (He et al., 2022; Sandhu et al., 2021; 

Sfanos et al., 2018). 

 

It is well-known that the oncogenesis and development of PCa is substantially 

regulated by AR signalling (Tindall & Lonergan, 2011). PCa induction is hypothesized 

to be influence by long-term infection and sustained inflammation, particularly through 

the production of reactive oxygen species and oxidative stress reaction, that causes 

harm to the DNA and mutagenesis (Sfanos et al., 2018). In general terms, PCa starts 

with a malignant transformation of the gland into a condition known as prostatic 
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intraepithelial neoplasia (PIN), that is chtaaracterized by lower quantities of basal cells 

and excessive amounts of luminal cells (Shen & Abate-Shen, 2010). PIN is 

categorized as low or high-grade, and the latter develops into an androgen-dependant 

adenocarcinoma that is initially dormant, but over time gets activated, giving rise to 

local invasion in the immediate vicinity, due to the absence of the basal cell stratum. 

From this stage, the oncogenic tumour may either continue enclosed in the prostate 

or might start proliferating and migrating beyond the gland, ending up in metastasis 

(Rebello et al., 2021; Testa et al., 2019). The adenocarcinoma can be recognized from 

the high-grade PIN (HGPIN), by the lack of basal markers, including p63, CK5 and 

CK14; as well as the expression of the luminal markers CK8 and CK18, and elevated 

expression of alpha-methylacyl-CoA racemase (AMACR) (Hameed & Humphrey, 

2005b, 2005a; Shen & Abate-Shen, 2010).

Some PCa subtypes display diverse morphological characteristics and atypical 

cytological profiles, that implicate a different clinical relevance than HGPIN (Kweldam, 

van Leenders, & van der Kwast, 2019). PIN-like carcinoma, ductal adenocarcinoma, 

and intraductal carcinoma of the prostate (IDCP) are some of these malignant lesions 

that present a "large gland" pattern (Zhou, 2018). The structural architecture of PIN-

like carcinoma is similar to HGPIN as it is lined with pseudostratified cells, however 

the cells are more closely packed together with flat and tufted patterns, and complete 

absence of basal cells (Hameed & Humphrey, 2006). Both, ductal adenocarcinoma 

and IDCP, occur rarely and descend from a shared cellular clone ancestor with 

adenocarcinoma, and present elevated genetic variability, encompassing DNA 

damage response (DDR) mutated genes (Chua et al., 2017; Schweizer et al., 2019). 

Basal cell density is low in ductal adenocarcinomas, which are identified by papillary, 

cribriform, solid formations, and necrosis, as well as frequent haemorrhage and 

inflammation as signs of stromal response (Zhou, 2018). Loose or dense cribriform 

formations or solid tumour deposits sometimes with necrotic core, and sparse 

surrounding basal cells, are characteristics of IDCP (Zhou, 2018). Neuroendocrine 

prostate cancer (NEPC) is another severe AR-independent PCa subtype conformed 

mostly of neuroendocrine cells, that is characterized by the expression of 

synaptophysin and chromogranin A, as well as presenting a pure small cell carcinoma 

phenotype and mixed histopathology (Beltran et al., 2014; Parimi et al., 2014). Rare 
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prostate sarcomas have also been identified, largely constituted by myofibroblasts 

populations (Sexton et al., 2001; Sohn et al., 2014). 

 

 

1.4 Prostate cancer diagnosis  
 

There is no specialised single test for diagnosis of PCa, but rather a combination of 

tools are used. Disease diagnosis initially consists of a digital rectal examination in 

conjunction with a laboratory test to determine PSA levels (Catalona et al., 1991). 

Despite PSA amounts in human serum typically fluctuate and augment with age, it has 

been suggested that there is around 25% chance of developing PCa, if PSA readings 

range from 4 to 10 ng/mL; and more than 50%, if the levels are higher than 10 ng/mL 

(Mohler et al., 2010). However, a biopsy of the prostate can provide a stronger 

diagnosis, followed by grading of the tumour stage using the standardized Gleason 

Scoring System (Munjal & Leslie, 2023). This useful grading platform employs a 

system that rates the level of differentiation of the glandular tissue based on 

histological features and general architecture of the PCa cells (Gleason, 1966).  

 

In addition, nomograms have been developed to improve the assessment of risk 

severity, taking into account the Gleason score, PSA screening, and tumour staging; 

for reinforcement on patient advice, especially in ambiguous cases. These 

nomograms are available at no cost through academic institutions, such as the Cancer 

of the Prostate Risk Assessment (CAPRA) score, the Partin tables, and the Memorial 

Sloan Kettering Cancer Center (MSKCC) nomogram (Basourakos et al., 2021; 

Stephenson et al., 2005; Zhao et al., 2008). 

 

Currently, more individual-tailored strategies are improving the field of diagnosis and 

management of PCa, encompassing molecular indicators exams and next-generation 

imagine techniques, such as prostate-specific membrane antigen positron emission 

tomography (PSMA-PET) scans and multiparametric magnetic resonance imaging 

(mpMRI) (Kasivisvanathan et al., 2018; Porzycki & Ciszkowicz, 2020). In patients that 

have had a confirmed diagnosis, further commercial tissue-derived biomarkers tests 

can be performed, to contribute in treatment stratification and risk classification 

(Basourakos et al., 2021). The generation of artificial intelligence software to support 
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and enhance the reliability and quality of PCa scoring already exists, however its 

employment is not open to the general public (Steiner et al., 2020). 

 

 

1.5 Genetic landscape in prostate cancer 
 
The genetic component of initial and advanced PCa is vastly diverse. It is 

characterized by the progressive build-up of somatic mutations throughout a patient’s 

lifespan (Figure 4) (Rebello et al., 2021). The spectrum of genetic alterations involves 

the dysregulation of several molecular pathways, including those common in other 

human cancers such as DDR, cell cycle control, cell proliferation, and apoptosis, but 

also some pathways that are tissue specific, like the androgen signalling and 

chromatin regulation (Abeshouse et al., 2015; Robinson et al., 2015).  

 

The majority of early genetic modifications are rearrangements of gene organization 

and copy number alterations (CNAs), while the mutational landscape corresponds to 

a 3 to 6% of the primary cancer genetic composition (Baca et al., 2013; Ciriello et al., 

2013; Hieronymus et al., 2014). A high frequency of gene fusions among AR-regulated 

promoters and erythroblast transformation specific (ETS) transcription factors, such 

as ETS-related gene (ERG) and  ETS translocation variant 1 (ETV1) genes, is 

common in early stages of PCa (Carver et al., 2009). Specifically, transmembrane 

protease serine 2:v‑ets erythroblastosis virus E26 oncogene homolog (TMPRSS2-

ERG) fusions make for 40 to 60% of the initial genetic profile, whereas forkhead box 

A1 (FOXA1) gain-of-function mutations for 3 to 5% of them, and speckle type 

BTB/POZ protein (SPOP) loss-of-function mutations account for 5% to 15% of the 

cases (Armenia et al., 2018; Fraser et al., 2017). In fact, mutations in the AR gene are 

unusual in the onset of the disease (Fraser et al., 2017). The genetic variability of 

localised PCa presents the following 3 features in nearly a third of them: 

chromothripsis, which is a process that results in chromosome shattering, kataegis, 

that refers to contained gene hypermutations, and chromoplexy, which refers to 

intricate patterns of rearrangements (Hieronymus et al., 2014; Lalonde et al., 2014; 

Rubin & Demichelis, 2018). 
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Fig. 4. Spectrum of genetic alterations in PCa development. Starting from a benign 
prostate, a precancerous state is induced via malignant transformation into a prostatic 
intraepithelial neoplasia (PIN), that evolves from low to high grade, and eventually into 
an adenocarcinoma that gets activated. In confined PCa, the main genetic profile is 
distinguished by TMPRSS2-ERG fusions, mutation in FOXA1 and deletion of SPOP. In 
advanced stages, tumour suppressors (TP53 and RB1 mutations, MYC amplification, 
and PTEN loss) and transcription factors (GATA2 mutations and HOXB13 
overexpression) are disturbed. AR overexpression/amplification, mutations, AR splicing 
are common in castrate resistant prostate cancer (CRPC). At mCRPC, aberrations in 
ATM, BRC1 and BRC2, as well as CTNNB1 amplification and loss of APC are 
characteristic (Rebello et al., 2021). Created with BioRender.com. 
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Abnormal alterations of the AR signalling axis contribute to the progression of PCa. In 

50% of castration-resistant tumours, it has been reported that the AR is 

overexpressed, accounting for an increase in receptor numbers by a factor of three to  

five (Feldman & Feldman, 2001; Gelmann, 2002). Approximately in 20 to 30% of 

castration resistant prostate cancer (CRPC), gene amplification of the AR has been 

detected, causing a doubling of AR mRNA levels, protein stabilization, and a rise in 

sensitivity towards testosterone (Bubendorf et al., 1999; Harris et al., 2009; Visakorpi 

et al., 1995). More than 150 mutations in the AR have been identified in the disease, 

comprising deletions, insertions, pre-termination and mostly single point mutations in 

its ligand binding domain (LBD), which consequently impairs ligand selectivity and 

promotes trans-activation (Fujita & Nonomura, 2019). Among them, the most 

predominant mutations are W742C, W743L, L702H, T878A, and H875Y (Ledet et al., 

2020).  

 

Also as a result of single or accumulated mutations and rearrangements, PCa exhibits 

AR alternative splicing, including more than 20 variants, the majority of which are 

truncated versions missing LBD (Brooke & Bevan, 2009; Van der Steen et al., 2013). 

The androgen receptor splice variant 7 (AR-V7), highly prevalent in CRPC, has been 

recognized to stimulate the expression of cell cycle genes, such as ubiquitin 

conjugating enzyme E2 C (UBE2C), as well as to block the transcription of tumour 

suppressor genes (Cato et al., 2019; Hu et al., 2009; Hu et al., 2012). Likewise, in 

metastases of CRPC patients, several studies have detected elevated expression of 

AR-V7, in contrast to less than 1% of its expression in primary PCa (Hörnberg et al., 

2011; Qu et al., 2015; Sharp et al., 2018). As LBD is the main target of AR-based 

therapies, the truncated variants of AR that do not have a functional LBD (e.g. AR-V7) 

have demonstrated sustained activity, as they induce ligand-independent AR 

signalling, causing resistance to androgen receptor signalling inhibitors (ARSI) in 

CRPC (Antonarakis et al., 2014). All these anomalies in the AR axis, including AR 

point mutations, AR amplification and truncated variants, as well as, the substitution 

of androgens supplies through intratumoral synthesis and AR-independent processes, 

such as overstimulation of additional signalling pathways, such as phosphoinositide 3-

kinase and protein kinase B (PI3K/AKT) or nuclear factor kappa-light-chain-enhancer 

of activated B (NF-κB) and neuroendocrine differentiation, are all regarded as 
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resistance mechanisms to AR-targeted drugs (Galletti et al., 2017; Nakazawa et al., 

2017).  

 

Genetic modifications in several transcription factors of the AR have been linked to 

advancement to metastatic CRPC, which are involved in genetic stability and tumour 

growth regulation. Among them, mutations in tumour suppressors are recurrent in 

PCa, such as the loss or deletions of phosphatase and tensin homolog (PTEN), that 

promotes resistance and metastasis via the stimulation of the PI3K-AKT pathway 

(Mulholland et al., 2012; Wang et al., 2012). In fact, PTEN mutations have been 

identified in approximately 60% of CRPC, while in 30% of primary PCa (Batra & 

Winquist, 2018). Mutations in tumour protein p53 (TP53) and retinoblastoma tumour 

suppressor gene 1 (RB1), which are tumour suppressors that control cell cycle arrest, 

have been reported in 20 to 50% of metastatic CRPC (Abida et al., 2019; Armenia et 

al., 2018). Early stages of PCa often exhibit enhanced MYC proto-oncogene, bHLH 

transcription factor (MYC) expression, which triggers the production of genes that 

disrupt cell growth and proliferation and its overexpression is retain until metastasis 

(Gurel et al., 2008; Quigley et al., 2018). Mutations in the AR transcription factor, 

FOXA1 also persists in late stages of the disease, which enriches the transactivation 

of AR and development of CRPC (S. Gupta et al., 2017). Specifically, the WNT 

signalling gets activated as a result of the increase DNA affinity that mutated FOXA1 

exhibits (Parolia et al., 2019).  

 

The enhanced expression of the transcription factor HOXB13 has been reported in 

PCa (Edwards et al., 2005). The reprogramming of the AR cistrome in transformed 

prostate epithelial cells, into a tumour-mimicking configuration is mediated through 

HOXB13 and FOXA1 (Pomerantz et al., 2015). HOXB13 has been recognized to 

restrain p21 expression causing activation of RB-E2F pathway, that in turn stimulates 

androgen-independent PCa proliferation (Y.-R. Kim et al., 2010). In addition, HOXB13 

suppression has been revealed to prevent CRPC cell proliferation via an AR-V7-

dependent mechanism, since the transactivation of AR-V7 key genes need HOXB13 

(Chen et al., 2018). There is a genetic variation of HOXB13 that codes for the 

substitution G84E that increases the risk of developing PCa (Ewing et al., 2012).  
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Poor prognosis for patients was initially associated with enriched expression of the 

transcription factor GATA-binding factor 2 (GATA2), in tissues derived from metastatic 

PCa (Chiang et al., 2014; He et al., 2014). Furthermore, the crucial functions of GATA2 

in different stages of the disease has been demonstrated. In early PCa, it was 

identified that GATA2 increase tumour motility and invasiveness by stimulating 

androgen responsive gene expression, while in late stages it is involved in the 

regulation of androgen-independent signalling pathways that contribute to the disease 

progression (Rodriguez-Bravo et al., 2017). Also, the androgen-regulated NK3 

Homeobox 1 (NKX3.1) has been found consistently down-regulated or even 

completely lost in 78% of metastases, while 6 to 22% was recognized in primary PCa 

(Bowen et al., 2000). 

 

WNT pathway has been extensively investigated in PCa. In localized PCa, WNT 

signalling is not commonly disturbed, however WNT-associated mutations have been 

detected in approximately 18% of mCRPC tumours, including gene amplification in 

catenin beta 1 (CTNNB1) and loss of function in adenomatous polyposis coli protein 

(APC) (Robinson et al., 2015).  

 

DDR and MMR genes are involved in PCa. ATM, BRCA1, BRCA2, and checkpoint 

kinase 2 (CHK2) are amongst the most common DDR genetic aberrations in 

metastatic stages of CRPC (Abida et al., 2017; Robinson et al., 2015). Even though 

these mutations can have a somatic origin, there is a germline-based prostate cancer 

risk and lethal phenotype linked to BRCA1, BRCA2, and ATM mutations (Mijuskovic 

et al., 2018; Na et al., 2017; Y. Wei et al., 2020). Increased microsatellite instability 

and hypermutation can be caused by loss of function in MMR genes, due to the 

disruption in the preservation of genomic integrity throughout DNA replication and 

recombination (Beltran, 2013; Sedhom & Antonarakis, 2019). Although MMR 

mutations have a hereditary component related to PCa susceptibility, these alterations 

are scarce in PCa, accounting for 2 to 5% of the cancers, being MSH2 and MSH6 the 

most prevalent (Guedes et al., 2017; Pritchard et al., 2014; Vietri et al., 2021). For the 

small subset of mCRPC that exhibit microsatellite instability and MMR deficiency, 

immune checkpoint blockade (PD-1 inhibitors) has been exploited to profit these 

patients, however more research is required in the subsequent resistance routes 

(Abida et al., 2019; Antonarakis et al., 2019; Le et al., 2017). 
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The chromatin remodelling factor known as, chromodomain helicase DNA binding 

protein 1 (CHD1), mainly supports DNA transcription and replication, and participates 

in the adjustment of nucleosome placement (Farnung et al., 2017). CHD1 is 

considered a tumour suppressor in PCa and its deletion (8%) has been identified 

through large-scale cancer genome studies, in initial and metastatic PCa (Burkhardt 

et al., 2013; Grasso et al., 2012; Huang et al., 2012; Liu et al., 2012). Interestingly, 

PTEN inactivation and TMPRSS-ERG translocations are not commonly presented in 

subjects that harbour CHD1 loss, instead SPOP mutations are typically prevalent in 

this genetic profile (Abeshouse et al., 2015; Zhao et al., 2017). The induction of 

chromatin instability, DNA repair disturbances, transcriptional plasticity, AR 

redistribution and malfunction are events produced by CHD1 deletion in PCa (Augello 

et al., 2019; Kari et al., 2016; Shenoy et al., 2017; Zhang et al., 2020). Conversely, the 

stabilization of CDH1 is promoted in tumours that have PTEN deletion, influencing 

cancer evolution, drug resistance and reconfiguration of the tumour microenvironment 

(Li et al., 2022; Zhao et al., 2017; Zhao et al., 2020).  

  
 

1.6 Current treatments for prostate cancer 
 
The clinical and pathological criteria, including PSA results, cancer staging, and tissue 

morphology classification, based on the latest standardization of the Gleason Score; 

as well as, the patient's own situation, comprising family history, projected lifespan, 

age, overall health and predilections, have an impact on how PCa is therapeutically 

managed (Epstein et al., 2016; Rao et al., 2018; Rebello et al., 2021). Additionally, 

taking into consideration crucial variables, like the number of biopsies yielding a 

positive result, the size of the neoplasm in the biopsy samples, molecular biomarkers 

and imaging outcomes, the disease is categorized into low, intermediate and high risk 

(Eggener et al., 2020). Although, the therapeutic strategies for PCa have progressed 

in the last 10 years, the habitual treatments for low-risk cancerous stages are still 

active surveillance, surgery and radiotherapy, sometimes accompanied with androgen 

depravation therapy (ADT); while advanced and metastatic PCa are always treated 

with ADT in co-therapy with chemotherapy or next generation hormonal medications 

(Rebello et al., 2021; Sandhu et al., 2021; Sekhoacha et al., 2022). In Table 1, a brief 

list of the current therapies against different stages of PCa is provided. 
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Table 1. Current therapies for PCa 
Treatment Stage Main features/types Main adverse effects References 

Prostatectomy Localized  Surgical removal of the prostate Inability to control urination and 
erectile dysfunction 

(Donovan et al., 2016; Kesch et 
al., 2021) 

Radiotherapy 
(In some cases with 

ADT) 

Localized   Brachytherapy: employs radioactive 
seeds 

 External beam radiation therapy 
(EBRT): uses high doses of radiation 

beams 

Chronic bowel irritability, including 
mucus or blood,  urinary discomfort 

and/or frequent urges to urinate, 
and hematuria  

(Baskar et al., 2012; Donovan 
et al., 2016) 

ADT 
(with chemotherapy 

or ARSIs) 

Intermediate 
to advanced; 

mHSPC, 
CRPC/mCRPC 

Chemical inhibition of androgens: 
1. GnRH agonists: leuprolide, 

goserelin, and triptorelin 
2. GnRH antagonists: degarelix 
3. Anti-androgens (First generation): 

Bicalutamide, flutamide, and 
nilutamide 

Cardiovascular disease, stroke, heart 
failure, myocardial infarction, 

hypertension, arrhythmia, diabetes, 
metabolic syndrome, anaemia, 

osteoporosis, fatigue, impotence and 
loss of muscle 

(Cornford et al., 2021; 
Grossmann & Zajac, 2011; Hu 

et al., 2020) 

Chemotherapy 
 

Advanced; 
mHSPC, 

CRPC/mCRPC 

Taxane-based treatments: 
Docetaxel and cabazitaxel 

Alopecia, neuropathy, anaemia, nail 
changes,  chronic fatigue,  diarrhoea, 

nausea, vomiting and taste 
dysfunction 

(James et al., 2016; Omlin et 
al., 2015; Sweeney et al., 2015) 

Cryotherapy 
 

Localized  Focal cryoablation  Potency and lower urinary tract 
obstruction  

 

(Kotamarti & Polascik, 2023) 

Next-generation treatments 
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ARSIs 
(with ADT) 

Advanced; 
mHSPC, 

nmCRPC and 
mCRPC 

Anti-androgens (2nd generation): 
Enzalutamide, apalutamide, and 

darolutamide 

Androgen synthesis inhibitor: 
Abiraterone 

(Armstrong et al., 2019; Chi et 
al., 2019; Davis et al., 2019; 

Fizazi et al., 2017; Graff et al., 
2015; James et al., 2016; Smith 

et al., 2022; von Klot et al., 
2014) 

(McKay et al., 2019) 

PARP inhibitors Advanced and 
mCRPC 

DNA repair inhibitor: 
Olaparib 

Rucaparib 

(Abida et al., 2020; De Bono et 
al., 2020; Fizazi et al., 2023) 

Immunotherapy mCRPC Sipuleucel-T vaccine 

Immune checkpoint inhibitor: 
Pembrolizumab (PD-1) 

(Kantoff et al., 2010; Marcus et 
al.,  2019) 

Targeted 
radionuclide 

therapy 

mCRPC Bone-targeting Radium-223 
177Lu-PSMA 

Seizures, cognitive dysfunction, falls, 
pathological fractures, skin itchiness, 

join pain, constipation and fatigue 

Abiraterone: Cardiovascular events, 
low potassium levels in blood, fluid 
retention, enhanced liver activity 

and hypertension 

Fatigue, nausea, and anemia  

Cell-based vaccine: Fatigue, chills, 
nausea, fever, back pain, diarrhea, 

and anemia 

PD-1: Immune-related adverse 
events, e.g. immune-mediated skin 

reactions or endocrinopathies 

Bone pain flare, fatigue, 
constipation, diarrhea, anemia,  
nausea, thrombocytopenia, and 

neutropenia

(Parker et al., 2013) 

(Sartor et al., 2021; Violet et 
al., 2019) 

Bone-targeting 
agents 

mCRPC Zoledronic acid and Denosumab 
(anti-RANKL) 

Bone pain, anaemia, reduced 
appetite, nausea, fatigue,  back pain, 

and constipation 

(Fizazi et al., 2011; Saad et al., 
2002; Stopeck et al., 2010) 
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Patients with reduced risk are normally subjected to active surveillance. The 

management of PCa through this passive strategy implicates constant monitoring, 

anticipated intervention, repeated biopsies, additional PSA screenings and/or digital 

rectal inspections, to minimize overtreatment (Choo et al., 2002; Mottet et al., 2017). 

Men with confined PCa, who receive an early diagnosis have almost a 100% 

probability of surviving for at least 5 years (Siegel et al., 2020; Wang et al., 2021). For 

enclosed neoplasms, treatment choices are usually radiotherapy or radical 

prostatectomy. Although the surgical removal of the prostate and adjacent tissues is 

effective for localized PCa, it is usually accompanied by severe effects, mainly erectile 

dysfunction and urinary incontinence (Kesch et al., 2021). Radiotherapy is a suitable 

treatment for affected men that are not eligible for surgery (Baskar et al., 2012). Three 

main types of radiotherapy exist for PCa. Brachytherapy consists in the insertion of 

radioactive agents into the affected gland via a catheter into the rectum or urethra; 

while external beam radiation therapy (EBRT) targets the cancer tissue with potent X-

ray laser. Targeted radionuclide therapy (TRT), which consists in the employment of 

radionuclides in conjugation to cancer-targeting molecules, is relatively new and still 

in development (Muralidhar et al., 2023). In patients with local intermediate and high-

risk PCa, it has been reported that surgery or EBRT paired with ADT, offers a more 

effective response; nonetheless more standardization and considerations are required 

(Mottet et al., 2021; Ventimiglia et al., 2019).  

Cryotherapy is another contemporary option to treat focal PCa, that has offered 

optimistic functional results, however there is a lack of long-term tracking studies to 

evaluate the overall clinical impact (Kotamarti & Polascik, 2023).  

In order to proliferate, grow and survive, prostate cells, whether benign or oncogenic, 

crucially rely on androgens (Tindall & Lonergan, 2011). Thus, for patients with 

intermediate to high risk PCa, including advance and recurrent disease, hormonal 

therapy or ADT is still the most conventional treatment, however administered in 

combination with other therapies (Cornford et al., 2021). Hormonal therapy was 

initiated by Huggins research in the 1940s (Huggins & Hodges, 1941). The basic 

mechanism in ADT is to decline testosterone levels via surgical or chemical 

suppression, using gonadotropin-releasing hormone (GnRH) agonists (e.g. leuprolide, 

goserelin, and triptorelin) or antagonists (e.g. degarelix), anti-androgens or a mixture 
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of them, in order to diminish tumour growth and delay disease progression (K. Desai 

et al., 2021; Huggins & Hodges, 1941). The disruption of endocrine-associated 

pathways intrinsic to ADT therapy promotes a vast range of adverse effects, 

comprising severe cardiovascular events, such as cardiovascular disease, stroke, 

heart failure, myocardial infarction, hypertension and arrhythmia, as well as other 

complications such as diabetes, metabolic syndrome, anaemia, osteoporosis, fatigue, 

impotence and loss of muscle (Grossmann & Zajac, 2011; Hu et al., 2020). 

 

ADT accomplishes castrate testosterone levels, that in turn declines tumour burden 

and enhance survival and mitigation of the symptoms for several months up to 2 or 3 

years (Sumanasuriya & De Bono, 2018; Tucci et al., 2015). Unfortunately, most 

tumours will become resistant to ADT through underlaying mechanisms that adapt or 

re-activate AR signalling, leading to the development of CRPC (Klotz et al., 2015; 

Scher & Sawyers, 2005; Wadosky & Koochekpour, 2016). Patients treated with 

prolonged ADT, that suddenly present biochemical and radiological deterioration, as 

a reflection of 3 continuous PSA upsurges with a gap of at least a week, along with 

castrate serum levels of testosterone lower than 50 ng/dL, are considered in CRPC 

stage (Cornford et al., 2021). Death rates related to PCa are mostly consequence of 

CRPC (Feldman & Feldman, 2001). In rare cases, similar to CRPC, NEPC can 

develop following ADT due to an androgen resistance mechanism, although it can also 

develop spontaneously (Beltran et al., 2014).  

 

CRCP is normally divided in metastatic CRPC (mCRPC) and non-metastatic CRPC 

(nmCRPC), while the term metastatic hormonal sensitive prostate cancer (mHSPC) or 

also known metastatic castration sensitive prostate cancer (mCSPC), refers to a 

phenotype that is responsive to androgens but either has developed de novo 

metastases or presents disease recurrence following confined treatment, typically with 

radiotherapy or radical surgery (Hofmann et al., 2021; Kenrick et al., 2020). 

 

Taxane-based treatments are the main chemotherapeutic drugs used for metastatic 

CRPC, such as docetaxel and cabazitaxel. Taxanes cause microtubule stability, which 

leads to cell cycle arrest followed by cell death (Kraus et al., 2003; Kroon et al., 2016). 

Since 2004, the most ad hoc treatment for metastatic PCa was prolonged ADT with 

GnRH agonists/antagonists all throughout disease advancement, in combination with 
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periodic docetaxel and prednisone (Tannock et al., 2004). After docetaxel resistance, 

cabazitaxel has been proposed for patients with mCRPC as a follow up treatment 

(Crawford et al., 2015). In dual therapy with ADT, docetaxel is still used to treat 

mCRPC or mHSPC, since it has demonstrated for more than 20 years to provide 

adequate effectiveness (James et al., 2016; Sweeney et al., 2015). However, in terms 

of overall survival for mCRPC de novo patients, cabazitaxel did not provide a better 

overall survival outcome in initial-line treatment when compared to docetaxel, as 

revealed in the FIRSTANA trial (Oudard et al., 2017). 

 

In the previous ten years, the therapeutic approaches for metastatic PCa have 

diversified. Flutamide, nilutamide, and bicalutamide were the first generation of Food 

and Drug Administration (FDA)-approved AR antagonists, and their use started as 

monotherapy in the late 1980s and early 1990s (Airhart et al., 1978; Cockshott et 

al.,1990; Eri & Tveter, 1993; Jacobo et al., 1976; Namer et al., 1988; Navratil, 1987). 

Novel second-generation ARSIs were developed, including enzalutamide, 

abiraterone, apalutamide, and darolutamide, to overcome the challenges in CRPC 

(Crawford et al., 2018). While the first-generation of anti-androgens worked by directly 

associating to the AR to block testosterone or DHT, ARSIs not only exhibit stronger 

binding affinity to AR, but also suppress the translocation of AR to the nucleus, prevent 

its DNA binding, and inhibit the recruitment of transcription co-activators (K. Desai et 

al., 2021). From a mutagenic screen of the non-steroidal agonist RU59063, 

enzalutamide was the first ARSI discovered (Tran et al., 2009). The administration of 

enzalutamide is normally well accepted, and it has been confirmed to avoid androgen 

withdrawal syndrome in patients, however it also induces adverse events including 

constipation, fatigue, arthralgia, and enhanced risk of seizures (Graff et al., 2015; von 

Klot et al., 2014).  

 

Similar in functionality to enzalutamide, apalutamide displays higher binding efficacy 

to the LBD of the AR than other anti-androgens, and has several favourable features, 

such as reduced systemic elimination, long serum half-life, effective oral absorption, 

and elevated tumour to plasma balance (Clegg et al., 2012). Through the production 

of a synthetic molecule library, Darolutamide was created as a distinctive ARSI, that 

has higher AR binding potency than enzalutamide and apalutamide (Moilanen et al., 

2015).  
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Other types of ARSIs disrupt the AR axis by targeting intertumoural androgen 

production. Abiraterone is an irreversible inactivator of the androgen synthesis, that 

promotes the suppression of androgens in the adrenal glands, cancer cells and the 

testes, via the inhibition of cytochrome P450 17A1 (CYP17A1) (Rehman & Rehman, 

2012). It was granted approval by the FDA in 2011, and recommended in combination 

with prednisone for patients with mCRPC (Caffo et al., 2018).  

 

In immunotherapy, novel therapeutic options are recently available for the treatment 

of mCRPCa. In 2010, the cell-based sipuleucel-T vaccine (Provenge) was given 

approval by the FDA (Kantoff et al., 2010). In order to induce PCa cell clearance by T 

cell recognition, the basic mechanism of the sipuleucel-T vaccine involves the 

administration of the patient’s dendritic cells, that were immunized with recombinant 

prostatic acid phosphatase (PAP) (Fong et al., 2001). Although, the dendritic-based 

vaccine provides a 4-month overall survival increase in the IMPACT trial, the treatment 

did not provide a benefit in terms of delaying the advancement of illness (Kantoff et 

al., 2010).  

 

Another immunotherapeutic tactic that has been developed is immune checkpoint 

therapy. This treatment is based on controlling receptors or ligands that have a 

negative regulatory immune role, commonly called immune checkpoints, such as the 

programmed cell death protein 1 (PD-1) and programmed death-ligand (PD-L1) (Claps 

et al., 2020; Elia et al., 2018; Jiao et al., 2019). Multiple checkpoint inhibitory antibodies 

have been assessed in clinical trials, however the general outcomes of monotherapies 

have been poor (H. Liang et al., 2023; Maselli et al., 2023). For specific mCRPC 

patients treated unsuccessfully with recommended therapies, and that have high 

microsatellite instability and MMR malfunction, as well as elevated tumour mutational 

load, the FDA has granted their approval for the anti-PD-1 immunotherapy, named 

pembrolizumab (Marcus et al., 2019). Since the results from single immunotherapies 

trials have been ineffective, ongoing trials are evaluating diverse mixtures of immune 

checkpoint inhibitors or other immune-based strategies with other therapies, including 

ARSIs, cryotherapy, radiotherapy, chemotherapy, and others (Fong et al., 2021; Graff 

et al., 2021; Petrylak et al., 2021; Ross et al., 2020).  
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In metastatic PCa, there have been dramatic improvements in TRT. Strontium-89 and 

Samarium-153 were the first TRT-approved radionuclides exclusively for palliative 

use. These radionuclides did not improved survival but have the capacity to target 

metastatic bone illness (Reddy et al., 1986; Sartor et al., 2004). A α-emitting bone-

targeting radionuclide, radium-223 was exposed to imitate calcium as it was 

internalized by osteoblasts within the bone metastasis (Parker et al., 2013). Radium-

223 therapy has proven to enhance overall survival in the ALSYMPCA trial over 

traditional treatments in cohorts of men with mCRPC (Hoskin et al., 2014). Conversely, 

in the ERA 223 trial it was demonstrated that Radium-223 therapy administered as 

monotherapy was more efficient, than when given as dual medication with abiraterone 

or prednisone, resulting in a bone-associated incidents delay in mCRPC subjects 

(Smith et al., 2019). The imaging biomarker strategy PSMA-PET used for PCa 

diagnosis to visualize PSMA-positive tumour cells, for instance the 68Ga-PSMA PET-

CT, led to the further investigation of different TRT using varied small molecules, 

including antibodies or small molecules with radionuclides. Among them, the FDA-

approved 177Lu-labelled PSMA-617 (177Lu-PSMA), stands out for its clinical effects in 

mCRPC patients following chemotherapy and ARSI, by targeting PSMA in PCa cells 

and delivering beta-particle radiation (Sartor et al., 2021; Violet et al., 2019). 

Additionally, a meta-analysis comprising 6 small trials in mCRPC, testing an α-emitting 

actinium-225 (Ac-225) radionuclide instead of the beta-emitting 177Lu with PSMA-617 

molecule, indicated an efficient and relatively safe profile, however further randomized 

trials are necessary for 225Ac-PSMA-617 (Ma et al., 2022). 

 

A couple of bone-targeting molecules have had FDA approval, particularly for the 

prevention of skeletal-related events and to mitigate bone density depletion, in 

metastatic CRPC that has migrated to the bones. Zoledronic acid represents a third-

generation bisphosphonate, that has demonstrated inhibition of osteoclastic activity 

delaying skeletal-related events for patients with mCRPC (Saad et al., 2002). Among 

the principal adverse events that bisphosphonates generate are enhanced risk of renal 

damage, hypocalcemia, osteonecrosis of the jaw, esophagitis, gastrointestinal 

bleeding, or ulcers (Bartl et al., 2008; Gartrell et al., 2014). Another bone-targeting 

agent, denosumab, that has proven beneficial effects in mCRPC via targeting the 

receptor activator of nuclear factor kappa-B ligand (RANKL) in osteoclasts (Fizazi et 

al., 2011; Stopeck et al., 2010).  
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Furthermore, other innovative therapeutic strategies have emerged that target DNA 

repair signalling. The family of 17 repair enzymes known as Poly (ADP ribose) 

polymerase (PARP) are key to preserve DNA integrity, specially PARP1 and PARP2 

(S. Lang et al., 2019). In cells with a preexisting DDR genetic mutation, PARP 

inhibitors (PARPi) can trigger synthetic lethality interaction by blocking PARP and 

hence causing impairment of the DNA response (Kaelin, 2005; Lord & Ashworth, 

2017). As mentioned in a preceding section, around 20% of subjects with mCRPC 

have mutations in DDR genes (Robinson et al., 2015). First proposed in 2005 as a 

potential approach to treating patients with BRCA-mutant cancers (Bryant et al., 2005; 

Farmer et al., 2005). At this time, two PARPi, namely olaparib and rucaparib are 

available for treatment of mCRPC exclusively for patients that carry BRCA1 or BRCA2 

mutations. Both PARPi were approved by the FDA in 2020, supported by their clinical 

trials success (Abida et al., 2020; De Bono et al., 2020).  

 

Multiple co-therapies have been investigated in recent clinical trials. Even though 

second generation of antiandrogens are more efficient and potent than traditional ADT, 

patients still developed resistance mechanisms. Specifically, the trials of synergistic 

treatments between ADT and enzalutamide, ADT and apalutamide, ADT and 

abiraterone plus prednisone, ADT and darolutamide plus docetaxel, have supported 

a beneficial gain from the therapy amplification in patients suffering from mHSPC 

(Armstrong et al., 2019; Chi et al., 2019; Davis et al., 2019; Fizazi et al., 2017; James 

et al., 2016; Smith et al., 2022). Triple treatment combinations are being tested in 

ongoing trials (Hahn et al., 2018). Combinatorial approaches are under current 

investigation for the use of PARPi (A. Taylor et al., 2023). Other randomised clinical 

trials are evaluating precise molecular therapies in PCa that haven’t had FDA 

approval, such as PI3K/AKT inhibitors. For example, in the IPAtential150, the mixture 

of ipatasertib, an effective AKT inhibitor, plus abiraterone, showing some early 

indications of potential application for patients with PTEN-deletion and mCRPC, 

however it requires further assessment (Sweeney et al., 2021). 

 

There are no specific treatments for rare PCa histological subtypes, such as PIN-like 

carcinoma, ductal adenocarcinoma, IDCP, and NEPC. Intraductal carcinoma and 

ductal adenocarcinoma are more aggressive and have worse oncological results than 

PIN-like carcinoma, which has a better prognosis and is regarded as a histological 
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variant of acinar prostate carcinoma (Marra et al., 2023; Varma, 2023). Under the 

Gleason grading system, PIN-like carcinoma is designated as a pattern 3, while ductal 

adenocarcinoma is classified as a pattern 4 or 5 (Amin, 2018; Zhou, 2018). Their 

therapeutic management generally follows the conventional guidelines for acinar PCa 

depending on their risk classification (Cozzi et al., 2022; Zhou, 2018). In contrast, 

major international urological societies have made controversial recommendations on 

the diagnosis and management of IDCP. There is also an ongoing debate about its 

incorporation into the Gleason scoring system (Epstein et al., 2021; van Leenders et 

al., 2020). Although IDCP frequently denotes a high-grade PCa development pattern, 

it occasionally occurs as a precursor to aggressive PCa that lacks an invasive 

component (Cohen et al., 2007; Guo & Epstein, 2006; Surintrspanont & Zhou, 2023). 

Based on histological and radiological characteristics, it has been proposed that the 

treatment for IDCP should be patient-specific and determined in a multidisciplinary 

setting (Varma, 2023). In the case of NEPC, the most widely used treatment has been 

platinum-based chemotherapy, typically in conjunction with etoposide and cisplatin or 

carboplatin (Aparicio et al., 2013). 

 

 

1.7 Peptide drug conjugates  
 

More than a century ago, a scientist called Paul Ehrlich, who won the Nobel Prize in 

Medicine in 1908, first proposed the concept of targeted therapy. Ehrlich coined the 

term “magic bullet”, which represented a molecule that could potentially avoid 

damaging the body and eliminate pathogens at the same time (Ehrlich, 1901). 

Nonetheless, it took many decades for the field of targeted therapeutics to emerge. 

 

Since conventional drugs against cancer, such as doxorubicin or cisplatin, are 

hindered by their lack of specificity towards malignant cells, displaying high cytotoxicity 

in benign tissues, and subsequent physiological adverse events, selective drug 

delivery therapies initiated in the area of cancer therapeutics (Chabner & Roberts, 

2005; DeVita & Chu, 2008; Tzakos et al., 2013). Currently, molecular targeted therapy 

comprises heterogenous pioneering strategies, that use biological transporting 

agents, such as, small molecules, antibodies, peptides, and other molecules, that 

deliver drugs or other compounds to work at a cellular and molecular level (Lee et al., 
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2018). Among these therapeutics, peptide drug conjugates (PDC) are molecular drug 

delivery complexes that employ small peptides as drug carriers to target specific sites 

(Wang et al., 2017; Zhu et al., 2021). PDC are mostly applied to cancer management, 

however they have been developing for the application of other conditions or diseases, 

including diabetes, COVID-19, inflammation, rheumatoid arthritis, malaria, analgesia 

and bacterial infections (Aguiar et al., 2019; Brankiewicz et al., 2022; Eberle et al., 

2022; Eiselt et al., 2020; Han et al., 2020; Heh et al., 2023; Moreira et al., 2020; 

Zaazouee et al., 2022).  

 

In 1972, a series of chlorambucil N mustard peptides were used to create the first PDC 

to inhibit hormone receptors, by Freer and Stewart (Freer & Stewart, 1972). Their work 

laid the groundwork of the enormous potential of PDC. It was until 1994, when the first 

PDC was widely use on the market, as a diagnostic tool to track tumours, known as 
111In-DTPA-octreotide, which utilizes octreotide peptide to target the somatostatin 

receptor, conjugated with a Diethylenetriamine pentaacetate (DTPA) chelator linker to 

the radioactive payload 111In (Weckbecker et al., 1993). Globally, more than 100 

peptide-based drugs are currently in use for clinical applications (Cooper et al., 2021; 

Lau & Dunn, 2018). The FDA approved the first PDC for cancer treatment in 2018, 

specifically to manage gastroenteropancreatic neuroendocrine tumours by targeting 

the somatostatin receptor with 177Lu-DOTA-TATE (Das et al., 2019).  

 

PDC are characterized by 3 main modules that function synergistically: 1) the peptide 

targeting unit, that guides the drug to the site of interest, 2) the linker, which conjugates 

the other two elements, and 3) the payload, that executes the desired therapeutic 

effect (Figure 5) (Fu et al., 2023; Heh et al., 2023; Hoppenz et al., 2020; Li & Roberts, 

2003; Vrettos et al., 2018). 

 

PDC share similar features and functions with another selective drug delivery system, 

known as antibody drug conjugates (ADC), which uses antibodies instead of peptides 

as targeting unit (He et al., 2021; Wang et al., 2017). Both of them have the same 3 

mayor components, targeting unit, payload and linker. The principal differences 

between ADC and PDC are explained in Table 2. 
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PDC offer multiple benefits over ADC, involving reduced intrinsic immunogenicity, 

enhanced penetration to solid tumours and their microenvironment, due to their 

smaller size, and faster elimination rate (Ahrens et al., 2012; Hoppenz et al., 2020; 

Weiss & Chamberlin, 2003). ADC are known for their extended circulatory half-life and 

increased specificity to antigens, however they are often absorbed in the liver or 

reticuloendothelial system, potentially causing cytotoxicity. Additionally, their large 

size makes infiltration into tumours and adjacent stroma inefficient (Dreher et al., 2006; 

Jain & Stylianopoulos, 2010; Pettinato, 2021; Wagh et al., 2018). Although monoclonal 

antibodies are humanized, they usually accumulate in organs such as the liver or 

kidney, that may trigger immunogenic reactions (Borsi et al., 2002; Carrasco-Triguero 

et al., 2013; van Schouwenburg et al., 2010). PDC can be synthesized in mass 

quantities with relative ease and at a lower cost and their structure enables simple 

customization with synthetic aa. In contrast, ADC manufacture is more expensive, 

requires more certifications, and longer periods of time (Firer & Gellerman, 2012; 

Mäde et al., 2014; Nejadmoghaddam et al., 2019). Furthermore, PDC are more flexible 

in terms of modification and conjugation to a huge range of payloads, while ADC are 

Fig. 5. Overview of PDC configuration. The structure of PDCs is divided in 3 modules, the peptide 
targeting unit, the linker and payload. The diversity of each type of components is illustrated. The PDC 
used as an example is represented by an alpha helical peptide, conjugated with click chemistry to a 
LSD1 inhibitor as payload. Created with BioRender.com. 
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hindered by their lack of ability to transport several cytotoxic molecules and poor 

penetration capacity. Their payload must satisfy specific criteria, like having super 

cytotoxicity to exert an effect even with limited cargo release (Fu et al., 2023; Wagh et 

al., 2018)  

Table 2. PDC vs ADC 
Feature PDC ADC References 

Tumour and 
stromal 

penetration 

High penetration 
and diffusion due 
to their small size 

(2 to 20 kDa) 

(Dreher et al., 2006; 
Hoppenz et al., 2020; 
Jain & Stylianopoulos, 
2010; Pettinato, 2021) 

Specificity It depends, 
however peptides 

targeting receptors 
have high 

specificity to 
cancer cells 

(He et al., 2021; Wang 
et al., 2017) 

Immunogenicity Low intrinsic 
immunogenicity 

(Ahrens et al., 2012; 
Borsi et al., 2002; 

Carrasco-Triguero et 
al., 2013; van 

Schouwenburg et al., 
2010) 

Manufacture Easy modification 
and mass 

production is less 
expensive 

(Firer & Gellerman, 
2012; Mäde et al., 

2014; 
Nejadmoghaddam et 

al., 2019) 

Pharmacokinetics Short half-life, 
rapid clearance and 
less probability of 
cytotoxicity in the 

kidneys 

They are restricted by their 
large sizes (∼150 kDa), that 

affects penetration into solid 
tumours  

Higher specificity to antigens 
on the surface of tumour 

cells 

May have elevated 
immunogenicity, and they  

have the tendency of 
accumulating in excretory 

organs  

Expensive, time-demanding 
and require more validations 

Extended half-life 
circulation. Dose-limiting 

toxicity to the liver and bone 
marrow could occur due to 
non-specific internalization

(Hoppenz et al., 2020; 
Pettinato, 2021) 

Payload Easy conjugation 
and multiple 

options of cytotoxic 
or varied molecules 

Fewer options of cytotoxic 
molecules that meet super 

cytotoxicity criteria 

(Fu et al., 2023; Wagh 
et al., 2018) 
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1.7.1 Targeting peptides 
 

A targeting peptide is the first element of the structure of a PDC. Peptides have 

demonstrated outstanding capacity of transporting cargos (Chatzisideri et al., 2018; 

Gronewold et al., 2018). Selecting the peptide is key for the generation of an effective 

PDC, because it determines the specificity to the site of interest, the efficacy of 

endocytosis and internal unloading, the overall pharmacokinetic profile and 

therapeutic outcome (Fu et al., 2023).  

 

Commonly, the peptide component in PDC can be categorized as cell-penetrating 

peptides (CPP) or tumour-targeting peptide (Fu et al., 2023; Heh et al., 2023; Hoppenz 

et al., 2020). CPP are regarded as small-sized peptides that enter cells via endocytosis 

or direct penetration and are capable of exerting intracellular effects either directly or 

indirectly by carrying other molecules to the desired region (Langel, 2015; Langel, 

2019; Zorko & Langel, 2022). These two classifications tend to overlap; however the 

concept of tumour-targeting peptides refers to peptides that bind with high affinity to 

cell surface receptors that have elevated expression in oncogenic cells, and hence 

may be exploited in cancer therapeutics (Ma et al., 2017b; Reubi, 2003; Vhora et al., 

2014). Numerous receptors have been postulated as molecular targets of peptides, 

including integrins, scavenger receptors, somatostatin receptors, epidermal growth 

factor receptor (EGFR), syndecans, bombesin receptors, vasoactive intestinal 

peptide, PSMA, gonadotropin releasing hormone-receptor (GnRH-R), chemokines 

and others (Vrettos et al., 2018; Worm et al., 2020; Zhu et al., 2021). Peptide targeting 

receptors in cancer cells present binding affinities comparable to those of monoclonal 

antibodies, but with greater tumoral access (Hoppenz et al., 2020). The targeting 

peptide requires a potent binding potential, negligible immunogenicity, stability, a long-

lasting half-life in circulation and efficient uptake (Fu et al., 2023). One favourable 

attribute of peptides is that their pharmacodynamic profile can be improved easily 

through simple modifications that provide more stabilization, such as lipidation 

(Vlieghe et al., 2010; Zhang & Bulaj, 2012). Peptide adjustments can also boost the 

binding affinity. For instance, multimerization can allow more peptide-receptor 

contacts by connecting two or more monomers. Other modifications can enhance the 

resistance of the peptide towards enzyme degradation, such as cyclization (Vivès et 

al., 2008). 
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1.7.2 Linker 
 

In the PDC, the linker basically unifies the peptide and the payload. To guarantee that 

the highest amount of drug dose reaches the target site, the linker requires to provide 

stability to the conjugate (Alas et al., 2021). Factors, such as the whole length of the 

conjugate, the polarity, the desired mode of action, and delivery mechanism influence 

the type of bonding molecule that could benefit the whole drug delivery system (Alas 

et al., 2021; Böhme & Beck-Sickinger, 2015). The unloading of the payload can be 

mediated by linker technologies that take advantage of the biological discrepancies 

inside the tumour and its surroundings (Bildstein et al., 2011; Joubert et al., 2017). 

Based on this, the most typical types of linkers are non-cleavable and cleavable, which 

the latter can be pH-sensitive, redox-sensitive or enzyme-based (Alas et al., 2021; 

Heh et al., 2023). 

 

Linkers that enter the category of non-cleavable are less prone to break down in 

circulation than cleavable linkers, ultimately avoiding early drug delivery. Although 

non-cleavable linkers retain higher stability in plasma, the usual preference is for 

cleavable linkers (Bargh et al., 2019). Amide or ester bonds are commonly used as 

non-cleavable linkers (Finan et al., 2012; Ma et al., 2017a).  

 

One strategy for cleavable linkers is to use the shifts of pH in cellular settings. The 

intrinsic acidity of tumours is consequence of metabolic demands as the malignant 

cells proliferate. The lack of oxygen and nutrients leads the cancer cells to adopt 

anaerobic glycolysis, which produces lactic acid, resulting in an acidification of the 

tumour microenvironment (Zhang et al., 2010). At physiological pH of 7.4 in the 

bloodstream, linkers that are sensitive to pH remain stable, while the bonds of the 

linker will undergo hydrolyzation at acidic pH, such as the pH in the tumour 

surroundings of 6.5 to 6.8, or at lysosomal pH of 4.5–5.0 (Alas et al., 2021; Bargh et 

al., 2019). Imines, acetals, hydrazine, and hemiacetals are examples of the chemical 

bonds employed in pH-sensitive linkers, but the most used is the hydrazone bond 

(Bargh et al., 2019; Langer et al., 2001). 

 

The way redox-based linkers function is by means of the dramatic differences between 

intracellular and extracellular concentrations of antioxidants. For instance, glutathione 
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has concentrations inside the cells that exceed those in the plasma by a factor of 4, 

and this disparity is even more pronounced in tumours due to hypoxic settings (Bansal 

& Simon, 2018; Böhme & Beck-Sickinger, 2015). Disulfide bonds are used to link the 

drug to the peptide, that once inside the cell, cleavage will be induced by the variations 

in glutathione concentrations (Alas et al., 2021). Other chemical bonds can be cleaved 

by glutathione gradients including metal thiols, thioethers-selenium-tellurium and 

ferrocene (Fu et al., 2023). 

 

Linkers that are enzyme-sensitive utilize mostly lysosomal enzymes in cancer cells for 

their cleavage. They incorporate specific amino acid sequences to ester or amide 

bonds, that facilitates the targeting of esterase, amidases or proteases (Alas et al., 

2021). An example of enzyme-sensitive linkers is the cleavable unit (SSKYQ), used in 

a PDC named KCC-TGX, which gets dissociated upon interaction with PSA, a serine 

protease that is overexpressed in PCa cells (W. Tai et al., 2011; Watt et al., 1986). 

 

 

1.7.3 Payload 
 

The active molecule that can cause biological functions in the PDC, is the payload or 

cargo. For cancer therapy the most frequent payloads are chemotherapeutic drugs, 

including doxorubicin and camptothecin, which both function by interfering with DNA 

replication, to induce apoptosis (Z. Chen et al., 2014; Hoppenz et al., 2020; P. Zhang 

et al., 2013). According to their mechanism of action, chemotherapeutic agents are 

often categorized in different groups (Malhotra & Perry, 2003). Other cytotoxic drugs 

that exhibit toxophores, are often integrated as cargos in PDC, which induce their 

cytotoxicity by supressing DNA biosynthesis, such as gemcitabine or the folate 

derivative methotrexate (Böhme et al., 2016; Galmarini et al., 2002). Paclitaxel is also 

frequently used as payload in PDC, like a PDC that was loaded with 3 paclitaxel 

molecules to a blood brain barrier infiltrating peptide called angiopep-2 (Régina et al., 

2008). This chemotherapeutic drug belongs to the group of taxanes that work by 

obstruction of microtubule depolymerization (Xiao et al., 2006). The cytotoxic cargo in 

PDC should have a precise mechanism of action, elevated cellular toxicity, low 

molecular weight, and preserved anti-tumour action after chemically merging with the 

peptide (Zhu et al., 2021). 
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Another common cargo are radionuclides. They are often employed as part of PDC 

for either diagnosis, such as 111In-DTPA-octreotide, or for therapeutic purposes like 
177Lu-DOTA-TATE (Das et al., 2019; Kwekkeboom et al., 2010). For PDC production, 

the most frequently employed radionuclides are lutetium-177 (177Lu), indium-111 

(111In), and yttrium-90 (90Y) (Thundimadathil, 2012).  

 

An alternative type of non-radioactive payload to generate PDC is to use boron-10 

(10B) isotopes for boron neutron capture therapy (BNCT). The underlying mechanism 

behind BNCT is that 10B will be transformed into an active state in cancer cells, via 

exposure to local irradiation of thermal neutrons (X. Cheng et al., 2022). For instance, 

two peptides that target mitochondria, namely KLA and RLA, were coupled to 

dodecaborates (DB), which provided the boron. Notably, DB-RLA showed higher 

boron concentrations in glioblastoma cells, and post-neutron irradiation, a substantial 

increase in cell death was obtained (Nakase et al., 2019). 

 

PDC have been primarily investigated to improve the activity of toxic chemicals and 

radionuclides, however, there are new venues to oncogenic molecular targets by 

targeting altered signalling mechanisms in cancer cells, novel transcription factors with 

altered activity, dysregulated epigenetic mechanisms or upregulated enzymes (Bhat 

et al., 2015; DeBerardinis & Chandel, 2016; Hanahan & Weinberg, 2011; Pfister & 

Ashworth, 2017). In addition, small interfering RNA (siRNA) have been employed as 

payload in PDC to impede translation in tumour cells. For example, a PDC conjugated 

to siRNAs was targeted to bind to αvβ3 integrins in glioblastoma cells and release the 

siRNA to knockdown (KD) the expression of EGFR (He et al., 2017).  

 

Furthermore, next generation drugs are arising as novel payload options for PDC. 

Among them, protein-based medications can yield effective anti-cancer effects by 

restraining intracellular protein synthesis and stimulating apoptosis (Gong et al., 2023). 

Interferon (INF) and tumour necrosis factor (TNF) are the best examples under 

investigation. Peptides linked to protein-based drugs could provide to the payload 

higher in vivo stability, increased bioavailability and target specificity (Gong et al., 

2023).  
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The cytokine IFN has a variety of therapeutic uses due to its antiproliferative, antiviral, 

and immune response-modulating properties, but these uses are restricted by its low 

stability, lack of cancer cell selectivity, and adverse effects, which include 

immunological dysfunction, hepatic effects and neural toxicity (Jonasch & Haluska, 

2001). The fusion of the tumour neovasculature-specific peptide NGR with IFN α2a, 

has led to the production of the PDC known as IFN-α2a-NGR. The targeting efficiency 

of IFN α2a was not only enhanced, with activated apoptosis in vascular epithelial cells 

and a substantial decline in microvessel density, but also vascular endothelial growth 

factor (VEGF) and basic fibroblast growth factor (bFGF) expression were suppressed 

by IFN α2a in cancer cells, preventing tumour invasion, metastasis, and angiogenesis 

(Li et al., 2015).  

 

Additionally, the NGR peptide that specifically recognizes overexpressed cluster of 

differentiation 13 (CD13) in new tumour vessels, was also conjugated to TNF-α, to 

evaluate the PDC, NGR-hTNF. Enhanced concentrations of the pro-inflammatory 

cytokine were delivered by NGR-hTNF, provoking cell death in tumours (Arap et al., 

2000). Subsequently, a combinatorial method was applied in the clinical trial phase II 

and NGR-hTNF was merged with doxorubicin, resulting in elevated anti-tumour activity 

in recurrent small cell lung cancer patients, as well as median survival of 3.2 months 

without disease progression (Gregorc et al., 2018). 

 

Peptide drugs as cargo in PDC pose another novel therapeutic option and several 

studies have been published. For example, the anti-mitotic peptide medication 

monomethyl auristatin E (MMAE) was loaded into cRGD-functionalized lipophilic 

peptide micelles (cRGD-Lipep-Ms) that target integrins, which proved stronger 

tolerance in mice and efficiently minimized the development of colorectal tumours with 

negligible systemic toxicity (Qiu et al., 2018). The exendin-4 peptide imitating the 

glucagon-like peptide 1 (GLP-1) was coupled to the low molecular weight chitosan 

(LMWC), to generate the LMWC-exendin-4 conjugate, which demonstrated high 

hypoglycemic efficacy in a type 2 diabetes mouse model and is expected to be used 

as an orally administered drug (Ahn et al., 2013). 
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1.7.4 Current approved PDC for cancer therapy 

Until now, the FDA has granted its authorization for cancer therapy to only two PDC, 

namely 177Lu-DOTA-TATE and melflufen (Das et al., 2019; Fu et al., 2023). Even 

though melflufen was approved for the treatment of refractory multiple myeloma, its 

production was discontinued in 2021. This happened due to unsatisfactory results in 

the phase III clinical trials, in terms of not lowering the risk of mortality (Flanagan et 

al., 2022; Mateos et al., 2020).  

Regarding radioactive PDC for imaging and diagnosis, some PDC have already been 

granted approval following the development of 111In-DTPA-octreotide, comprising 
68Ga-DOTATATE, 68Ga-DOTATOC, and 177Lu-DOTATATE (Pauwels et al., 2018). At 

the present moment, several PDC are under evaluation at different stages in clinical 

trials, including 77Lu-PSMA-617 for mCRPC, ANG1005 for several solid tumours and 

treatment, CBP-1018 for lung cancer, among others (Gong et al., 2021; Kind et al., 

2022; Kumthekar et al., 2020; O’Sullivan et al., 2016).  

1.8 G3 or G(IIKK)3I-NH2 peptide 

G(IIKK)3I-NH2 (G3) is an α-helix peptide that was engineered as an analogue of the 

natural peptide, magainin. It belongs to a group of small synthetic peptides containing 

the sequence repeats of G(IIKK)nI-NH2 (n = 1−4), which are characterized by their 

cationic and amphipathic attributes (Hu et al., 2011). Their amphipathic feature is 

caused by the 1:1 recurrence index of hydrophobic isoleucine and cationic lysine in 

their sequence (Figure 6). The N-terminus of the peptide is coated with a glycine, while 

an amide group occupies the C-terminus. This arrangement is expected to confer 

more resistance to peptidases and preserve α-helical formation (Tossi et al., 1997; 

2000). The simple structure of G3, which is only 14 aa long, facilitates aa modifications 

at the side chains or in the N-/C-terminals, along with conjugation of other molecules, 

including fluorescent probes (Chen et al., 2016a; Chen et al., 2016b; Cirillo et al., 

2020). Although G3 presents an undefined configuration in aqueous medium like other 

α-helical peptides, it acquires its archetypal α-helical structure upon contact with 

negatively charged mimicking membranes (Gong et al., 2019; Gong et al., 2020; Hu 

et al., 2011).  
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G3 has been proven to exhibit strong antibacterial effects. Gram-positive bacteria 

including, Staphylococcus aureus, methicillin-resistant Staphylococcus aureus 

(MRSA) and Bacillus subtilis; as well as gram-negative bacteria, like Pseudomonas 

aeruginosa, Escherichia coli, and extended spectrum beta-lactamase resistant (ESBL) 

E. coli, were all demonstrated targets of G3's antibacterial action in several studies. 

They also reported that G3 caused minimal cytotoxicity against mammalian host, such 

as human dermal fibroblasts and NIH 3T3 cells (Chen et al., 2015; Gong et al., 2019; 

Gong et al., 2020; Hu et al., 2011).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. G3 peptide main attributes. In the middle, a Schiffer-Edmundson wheel projection 
of the alpha-helical structure of the G(IIKK)3I-NH2 peptide is represented (created in 
http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py) (Based on Hu et al., 2011). Blue 
circles indicate hydrophilic aa and yellow ones denote the hydrophobic aa. The principal 
features of G3 peptide are illustrated, from structural characteristics, potential uptake 
mechanism, key activity and drug delivery. Created with BioRender.com. 

http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py
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Further to its antimicrobial capacity, G3 revealed high affinity and elevated cancer cell 

selectivity, specifically towards HeLa, HL60 and HCT-116 cells (Chen, et al., 2014a; 

Chen et al., 2014b; Cirillo et al., 2021; Hu et al., 2011). Additionally, it was 

demonstrated that G3 induced an anti-proliferative effect on HeLa cell xenografts in 

nude mice displaying minor toxicity to the host (Chen et al., 2014b). Initially it was 

postulated that the selectivity of G3 to cancer cells could be attributed to the negative 

surface charges and high unsaturated lipid chains in the membranes (Hu et al., 2011; 

Chen et al., 2016). Yet, in our lab it was established using RNAi and scanning electron 

microscopy, that G3 is internalized into cells via energy-dependent endocytosis (Cirillo 

et al., 2021).  

 

In congruence with the drug delivery potential demonstrated by other CPP, it was 

revealed that G3 could fusion with siRNAs and facilitate their transport and release 

into colon cancer cells, resulting in the downregulation of gene transcription. In 

addition, the siRNA targeting delivery was also achieved in cancer spheroids (Cirillo 

et al., 2021).  

 

 

1.9 Project rationale 
 

Currently, PCa has no cure and still represents a major health concern for men in most 

countries (Sung et al., 2021). The orthodox treatments for this disease have evolved 

in the last decade, shifting from monotherapy to a synergistic approach. For advanced 

PCa, the most common co-therapy is ADT plus a second generation ARSI and/or with 

taxane-based chemotherapy (Cornford et al., 2021). Commonly, 2 to 3 years receiving 

ADT/ARSI treatment, patients will develop underlying resistance and occurrence of 

CRPC (Klotz et al., 2015; Scher & Sawyers, 2005; Wadosky & Koochekpour, 2016). 

It has been reported that CRPC has an estimated survival period of 8 to 19 months 

(Vellky & Ricke, 2020). In fact, the vast majority of PCa death rates are predominantly 

an outcome of CRPC (Feldman & Feldman, 2001). The therapeutic management of 

CRPC and mCRPC has also improved in the last years and is moving forward to 

combinatorial approaches, including the development of next generation ARSI, PARP 

inhibitors, bone-specific Radium-223, cell-based sipuleucel-T vaccine and immune 

checkpoint inhibitors, however their impact on overall survival has been limited and 



57 
 

linked to additional mechanisms of resistance (Chen et al., 2022; Cornford et al., 2021; 

Kantoff et al., 2010; Liang et al., 2023).  

 

Following this rationale, more research into selective drug delivery is crucial. PDC are 

emerging as an advanced targeted therapy that exploits small peptides for smart drug 

delivery directed to malignant sites (He et al., 2021; Wang et al., 2017). PDC have a 

wide range of advantages over conventional treatments including, reduced cytotoxicity 

to non-cancer tissues, enhanced drug efficacy, improved biocompatibility, excellent 

tumour infiltration, and control of drug unloading to target site (Fu et al., 2023; Heh et 

al., 2023; Hoppenz et al., 2020; Zhu et al., 2021).  

 

Therefore, PDCs could be potentially employed to enhance the effectivity of standard 

drugs for PCa, like androgen inhibitors and taxanes; or to take them a step further to 

target altered signalling mechanisms in the disease (PI3K–AKT, DDR, WNT) or 

dysregulated epigenetic mechanisms, using molecular-based drugs (Bhat et al., 2015; 

Gong et al., 2023; Pfister & Ashworth, 2017). G3 is a CPP that has the key qualities 

to be used as a targeting unit in PDC, including small size, ease for modification and 

conjugation, the capacity of delivering small molecules such as siRNAs, and elevated 

cell selectivity towards some cancer cells (Chen et al., 2014a; Chen et al., 2014b; 

Cirillo et al., 2021; Hu et al., 2011).  

 

Thus, in this PhD research project, G3 peptide was selected to investigate its 

therapeutic potential as part of PDC, specifically on the treatment for PCa. A 

comprehensive examination was conducted from different perspectives and presented 

in Chapters 3 to 5. Chapter 3 tests the hypothesis that the peptide can be internalized 

by PCa cells. Additionally, it is evaluated whether G3 has cell specificity towards PCa 

cells rather than benevolent prostate cells, and in which subcellular compartments G3 

is internalized. In Chapter 4, the idea that scavenger receptors (SR) may actively 

participate in the receptor-mediated endocytosis of G3 in PCa cells is investigated. 

Chapter 5 analyses whether PDC using G3 as a drug carrier of lysine-specific 

demethylase 1 (LSD1) inhibitors, could be more effective than commercial LSD1 

inhibitors for the treatment of PCa. Secondly, it studies G3's potential for siRNA 

delivery to PCa cells.  
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The following main aims were covered: 

 

 To analyse the uptake and cell selectivity of G3 in prostate cancer cells 

in contrast to normal prostate cells 

 

 To investigate the internal distribution of G3 in prostate cancer cells 

 

 To evaluate if G3 is internalized by prostate cancer cells via receptor-

mediated endocytosis and to analyse the role of scavenger receptors in 

the uptake mechanism 

 

 To assess the effectivity of peptide drug conjugates using G3 as 

targeting unit and LSD1 inhibitors as payload against prostate cancer 

 

 To analyse the targeted delivery of siRNA using G3 peptide in prostate 

cancer cells 
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CHAPTER 2 
 
 

 

 

 

2. MATERIALS & METHODS 
 
 
 

2.1 Cell culture 
 
All sterile work was completed in a Esco Airstream Class II Biological Safety 

Cabinet. Cell passaging and live cell experiments were completed in the Esco 

laminar flow cell culture hoods. Briefly, hoods were UV irradiated for 20 minutes, 

then wiped down with 70% industrial methylated spirits (Fisher Scientific, 

#11412884). 

 
 

2.1.1 Cell lines 
 

The metastatic and androgen negative PC-3 cell line (#CRL-1435) and 

the androgen dependent LNCaP cell line (#1740) were acquired from 

American Type Culture Collection (ATCC). The normal prostate PNT2 

cell line was a kind gift from Prof. Steve Winder. PNT2 cells were used 

at early passages (p10) in all assays. 

 
 

2.1.2 Passaging 
 
Prostate cancer cell lines and PNT2 cell line were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO, Thermo Fisher 

Scientific, #11965092), complemented with 10% heat inactivated fetal 

bovine serum (FBS) (GIBCO, Thermo Fisher Scientific, #10082-147) 

and 1% antibiotics (GIBCO, Thermo Fisher Scientific, #15140122). 

Cells were held in an incubator (MCO-20AIC, Sanyo) at standard 

conditions (37 °C, 95% humidity and 5 % CO2). Harvesting was made 
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at 70 to 80% of cell confluency by removing the media, washing them 

once with phosphate buffered saline 1X (PBS 1X) (GIBCO, Thermo 

Fisher Scientific, #20012-019) and adding 2 ml of Trypsin-EDTA 

(GIBCO, Thermo Fisher Scientific, #25300-096) for 5 min at 37 °C. The 

activity of Trypsin-EDTA was stopped by the addition of the double 

amount of DMEM and floating cells were seeded in T-75 flasks (Nunc, 

#156499) at a 1:10 or 1:12 dilutions. 

 

 

2.1.3 Cryopreservation protocol 
 
Batches of frozen prostate cancer and non-cancer cells were prepared 

at low passages. For the freezing procedure, the cells were trypsinized 

and the cell suspension was collected into a 15 ml tube (BD Falcon, 

#352096), and centrifuged at 130 rpm for 5 min in a benchtop 

centrifuge (Eppendorf, #5427000060). Next, the cellular pellet was 

carefully mixed in 1 ml of freezing media, which consisted of 7% of 

sterile dimethyl sulfoxide (DMSO) (Santa Cruz, #sc-358801) in FBS. 

Once resuspended all the content was transferred into a cryovial 

(Starlab, #E3110-6112). The concentration of cells in each cryovial 

was approximately 1×10^6 cells/ml. All cryovials were carefully 

labelled with the number of passage and cell type, and kept in a 

freezing box (Fisher Scientific, Corning 432001, #15552771) at -80 °C 

for at least 24 hours. Afterwards, the cryovials were relocated to the 

liquid nitrogen tank at -180 °C for longer periods of storage. 

 
 

2.1.4 Thawing protocol 
 

The frozen cryovials were transported from the liquid nitrogen to the 

cell culture lab in a freezing box. Before starting the thawing process, 

a sterile 15 ml tube was filled with 4 ml of pre-warm complete media. 

The frozen cryovial was thawed in a 37 °C water bath for a maximum 

of 2 min, followed by a thorough cleansing of the cryovial with 70% 

ethanol and detergent (Starlab, Chemgene HLD4L, #XTM309) to 
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avoid any contamination. The cryovial was opened and the cellular 

content was gradually dispensed into the 15 ml tube with the pre-warm 

complete media. The cells were spun in the centrifuge at a speed of 

130 rpm for 5 min. The pellets were resuspended with 5 ml of full media 

and placed into a T-25 flask (Falcon, #353014). The flasks were 

maintained in the incubator at 37 °C, with 5% of CO2 and cell 

attachment was monitored the next day. Cells were split into T-75 

flasks when high confluency was reached. 

 

 

2.2 Seeding multi-well plates for High Content Screening 
 

Cells were seeded manually using a multichannel pipette or by employing a 

Microplate dispenser (Multidrop Combi, Thermo Fisher Scientific) into clear 96-

well plates (Greiner Bio One, #655088) or 384-well plates (Perkin Elmer, 

#6007460). Optimal seeding concentrations were chosen, depending the cell 

type and the days required for each experiment. Cell counts per ml were 

quantified using the Countess II Automated Cell Counter (Thermo Fisher 

Scientific). To accomplish this, the counting slide (Invitrogen, Thermo Fisher 

Scientific, #C10313) had 10 µl of a 1:1 mixture of cell suspension and Trypan 

Blue Solution (Invitrogen, Thermo Fisher Scientific, #T10282) and was inserted 

into the cell counter. The optimal cell density selected for LNCaP cells was 

6,500 cells per well for 96-well plates and 3,500 cells per well for 384-well 

plates. PC-3 and PNT2, cell density for 96-well plates was 5,000 cells per well 

and for 384-well plates was 2,500 cells for each well. Before placing in the 

incubator, plates were incubated for 20 min at room temperature (RT) and then 

incubated at 37 °C in the cell incubator. Sterilizing of the multidrop was done 

prior and after each experiment, rinsing the 8 channels of the cassette with 

water, then 70% ethanol and then sterile distilled water. 

 

 

2.3 Fixing and staining procedure 
 

Living cells in plates had their media discarded, followed by an incubation of 15 

min with 4% formaldehyde (Sigma-Aldrich, #50-00-00) in 1xPBS and 2 µg/ml 
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Hoechst 333420 (Invitrogen, Thermo Fisher Scientific, # 62249). To prevent 

photobleaching, the cells were incubated and shielded from light during the 

fixation procedure. After removal of the fixation solution using either the Plate 

washer (BioTek, ELx405 Select), or with the multichannel pipette (for the 

LNCaP cells, which were easily detached between washes), plates were 

washed twice with 1X PBS using a Multidrop bulk liquid handling dispensor 

(Thermofisher).  

 

For the G3 peptide uptake experiments, Flash Phalloidin Red 594 (BioLegend, 

#424203) was used as an actin staining at a concentration of 1:100 in PBS 1X. 

The cytoplasmic staining was done for 30 min in the absence of light followed 

by two washes with PBS 1X. Fixed plates were covered with foil and stored at 

4 °C until imaging. 

 
 

2.4 High Content Screening (HCS) 
 
Plates were left at room temperature for at least 15 minutes before acquiring 

the images in the High Content Microscope (ImageXpress Micro, Molecular 

Devices) using the MetaXpress Software (version 6.2.3.733, Molecular 

Devices). The exposure time and imaging settings were selected depending 

the number of fluorescent channels and intensity of the fluorescent molecules. 

The objective used for all plates was 20X and 6 or 9 sites per well were 

collected, depending upon cell density. The exposure time for the 

DAPI/Hoechst channel ranged from 50 to 150 ms and for all the other channels 

ranged from 1,000 to 3,000 ms depending the intensity of each fluorophore. 

The target maximum intensity was set between 1,000 to 3,000 ms. 

 

 

2.5 High content custom module analysis 
 

Images were processed using MetaXpress software (version 6.2.3.733). 

Custom modules were created using the Multi Wavelength Cell Scoring 

(MWCS) algorithm, to measure cell number and the cellular integrated intensity 

(IIC) or average intensity per well. The cell number was quantified as objects in 
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the blue channel by defining the minimum and maximum nuclei sizes of each 

prostate cancer cell type. 

 

Average intensity refers to the mean of the total object’s pixel intensities, while 

integrated intensity denotes the sum of all the intensity values for all pixels 

included in an item. The background fluorescence value was selected in each 

experiment and removed from the scored values.  

 

To avoid measuring clumps of non-specific staining, algorithms were 

developed using the Custom Module Editor (CuME) (version 2.0.33.3, 

Molecular Devices). The CuMEs were designed by creating masks of the cells, 

peptide, and nuclei objects, as presented in Figure A1 in the Appendices. The 

detailed analysis script of the CuME is included in the Appendix A. This 

approach enabled the identification of non-specific clumps by assigning a size 

threshold in the wavelength of interest (green), thereby generating a “clump 

mask”. The positive pits in the green channel were defined using the “transfluor 

objects” tool, creating a “FITC pits” mask. Subsequently, the “logical 

operations” tool was applied to remove the “clump mask” from the “FITC pits” 

mask, creating a new mask designated as the “FITC G3” mask. Finally, to 

obtain the IIC values, the positive puncta or pits inside the cells were selected 

as the objects to measure in the “FITC G3 mask”. 

 

To ensure the accuracy of clump removal using the CuME, some of the images 

were visually inspected, although the process was predominantly automated. 

Challenges such as overlapping cells and varying intensities of staining were 

addressed by refining the algorithm parameters based on these visual 

inspections. 

 

 

2.6 Peptide internalization assay 
 
The cellular internalization of the fluorescein isothiocyanate (FITC) labelled G3 

peptide was investigated to compare prostate cancer cells versus non-cancer 

prostate cells. LNCaP, PC-3 and PNT2 cells were seeded into 384 well plates 
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in triplicates and incubated at 37 °C with 5% CO2 for 24 hours. The stock of 

FITC-labelled G(IIKK)3I-NH2 peptide (FITC-G3) (GL Biochem, #874564) was 

prepared in molecular biology grade water (Sigma, Life Science, #W4502-1L). 

Cells were treated with 4 µM FITC-G3 per well for 24 hours. Cells were fixed 

and stained as previously described and images acquired using the 

ImageXpress Micro.  

 

 

2.7 Anti-proliferative activity 
 
Briefly, LNCaP, PC-3, and normal PNT2 prostate cells were added to 384 well 

plates in triplicate one day before treatment. A concentration curve was created 

by incubating the cells with the following concentrations of FITC-G3: 0.5 µM, 1 

µM, 2.5 µM, 5 µM, 10 µM, 15 µM, 25 µM and 50 µM. After 24 hours incubation, 

the plates were fixed and stained as explained in section 2.3. The anti-

proliferative activity was analysed by measuring cell survival using HCS, by 

automatically counting cells attached to the plates at the end of the assay. Cell 

populations were normalised to the non-treated cells and all experiments were 

done once with 3 replicates for each condition. 

 

 

2.8 Prostate cancer spheroids 
 
LNCaP and PC-3 cells were seeded in a suspension of 1 x 10^5 cells/ml in 20 

ml in a Nunclon Sphera 96 U-shape plate (Thermo Scientific, #174925), using 

the Multidrop. The plate was centrifuged at 1,500 rpm for 10 min at 4 °C and 

placed in the incubator for 10 to 14 days. Spheroid generation was monitored 

daily after the third day until the form and size was homogenous in each well. 

FITC-G3 was added at 4 µM per well for 24 hours before fixing and staining 

with Hoechst and Red Phalloidin. PC-3 spheroids were visualised using 

ImageXpress Micro and the LNCaP spheroids by using an AMG EVOS FL 

inverted microscope. 
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2.9 Immunolabeling of endosomal compartments 
 
Endosomal antibodies were optimized using HCS to examine the internal 

cellular distribution of FITC-G3 in prostate cancer cells, followed by confocal 

microscopy. Cells were seeded in triplicates in a 384 well plate and once the 

cells were attached, the plates were fixed and stained with Hoechst. Plates or 

dishes (for confocal analysis) were blocked with bovine serum albumin (BSA) 

1% for 30 min. The following early endosomal primary antibodies were used at 

1:100: anti-EEA1 (#9367S) and anti-Rab5 (#C8B1) from Cell Signalling 

Technology (CST). Two late endosomal primary antibodies were used: anti-

Rab7 (CST, #9367S) at 1:100, and anti-CD63 (Novus Biotechne, #NBP2-

42225) at 1:200 concentration. Anti-LAMP1, (antibody D2D11 CST, #9091) 

was used as a lysosomal marker at a dose of 1:200. Fixed cells were blocked 

then incubated overnight at 4 °C with the primary antibody. Thereafter, cells 

were washed twice with BSA 1% and incubated for 2 hours in the dark using 

either anti-rabbit IgG (H+L), Fab2 Alexa Fluor 594 (CST, #8889) anti-mouse 

IgG (H+L) or Fab2 Alexa Fluor 594 (CST, #8890). Both secondary antibodies 

were used at 1:500 concentration. Finally, plates or dishes were rinsed 3 times 

with PBS 1X and stored in the cold room. 

 

 

2.10 Confocal Microscopy 
 

The cellular uptake and internal distribution of the FITC-G3 peptide was 

assessed using confocal laser scanning microscope (CLSM, Nikon Instruments 

Europe B.V.) and the images of the z-stacks were obtained using the NIS 

Element software. 

 

Samples were imaged in the 60X objective of the Nikon 2 Confocal Microscope. 

Images were acquired using 359 nm, 488 nm and 594 nm or 633 nm 

wavelengths. Microscopy was completed using the following settings and were 

applied to all images: control by 1.1, size 1024 and pinhole 1.2 AU. The high 

voltage (HV) and offset settings were determined in every biological repeat to 

adjust the light in the detection of the image. A set of 6 to 12 z-stacks were 

obtained for each control and treated samples. The size of a single z-stack was 
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assigned as 0.15 µm. For the FITC-G3 internalization experiments in PCa cells, 

10 fields of view (FOVs) were analysed per condition, while in the colocalization 

analyses, 6 FOVs were examined. 

 

 

2.10.1 Samples preparation for high resolution imaging 
 

Cells were passaged and counted as usual and a suspension of 9 

×10^5 cell/ml was prepared. An amount of 400 µl of cell suspension 

was added into the interior section of a 35 mm high µ–Dish (Ibidi, 

#81156). The µ–Dishes were left for 20 min at RT without disturbing to 

let the cells distribute evenly on the surface of the well. After cells were 

attached,1.5 ml of complete DMEM was added to each µ–Dish. Dishes 

were maintained in the cellular incubator until required. 

 

 

2.11 Cell selectivity validation analysis 
 
Confocal microscopy was used to validate the cellular uptake of FITC-G3 of 

prostate cancer cells (LNCaP and PC-3) versus normal prostate epithelial cells 

(PNT2) as explained in previous section. Cells were attached to the µ–Dishes 

one day prior to the assay, FITC-G3 was added to each µ–Dish at a final 

concentration of 4 µM and incubated overnight at 37 °C, followed by standard 

fixation and phalloidin staining. After imaging, the superimposed images of 10 

Z-stacks were analysed using ImageJ. Cell objects were selected using the 

cytoplasm staining of Red phalloidin by using the region of interest (ROI) 

selection tools, and the FITC integrated intensity values were measured per 

image within each cell object. The average of the integrated intensity of 3 

random areas of each image without any cells were considered as background 

fluorescence and subtracted from the total integrated intensity values. The 

average of each integrated intensity values per image was calculated and data 

was normalised as percentages. 
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2.12 Co-culture assay 
 
A co-culture experiment was designed to analyse the uptake selectivity of FITC-

G3 peptide in CD44+ cell populations. An antibody against CD44 (CST, 

#3570S) was tested in PC-3 and PNT2 cells using HCS. Then, a co-culture of 

PC-3 and PNT2 cells was prepared in a 1:1 ratio and seeded into an Ibidi µ–

Dish. Approximately a total of 6,000 cells were added per dish and left in the 

incubator for one day. FITC-G3 was added to the co-culture at a final 

concentration of 4 µM and incubated for 24 hours at 37 °C, before fixing with 

4% formaldehyde and nuclear staining solution. The dishes were washed with 

PBS 1X several times and then blocked with BSA 1% solution for 30 min. Then, 

the dishes were incubated with anti-CD44 for 24 hours at 4 °C, without adding 

any permeabilization reagent. The secondary antibody anti-mouse IgG (H+L), 

Fab2 Alexa Fluor 594 was prepared at 1:1000 dilution in BSA 1%. The dishes 

were rinsed 3 times with BSA 1% and the secondary antibody solution was 

added for 2 hours incubation in the absence of light. Lastly, the samples were 

washed twice with BSA 1% and 3 times with PBS 1X and stored at 4 °C until 

imaging by confocal microscopy. The maximum projection of all the Z-stacks 

were analysed using ImageJ. The total number of cells and the percentage of 

CD44+ and CD44- cells were calculated per superimposed image. Data was 

analysed as the percentage of FITC+/CD44+ and FITC+/CD44- cell 

populations.  

 
 

2.13 Colocalization analysis of endosomal markers 
 
The same antibodies used in section 2.9 were selected as early and late 

endosomal markers to analyse their degree of colocalization with FITC-G3 in 

PC-3 and LNCaP cells. Cells were plated in µ–Dishes as explained in section 

2.10.1 and FITC-G3 was added at 4 µM at 37 °C for different time expositions, 

depending on the endosomal compartment that was going to be assessed. In 

the samples for early endosomes labelling, the peptide was incubated for 2 hrs. 

For the late endosomes labelling the peptide was added for 6 hrs. Dishes were 

exposed to the peptide for a total of 18 hrs for the lysosomes labelling 

assessment.  



68 
 

Transferrin (TF) (Biotium, CF 568) was selected as a positive control of 

endocytosis and Dextran (DXT) was tested as a marker for macropinocytosis. 

Positive control and negative control cells were treated with 4 µM FITC-G3 for 

a total of 1 hr and 30 min incubation. TF was given to the cells at 5 µg/ml for 22 

min, then the cells were exposed to FITC-G3 for 1h and 8 min. Negative control 

cells were treated with DXT at 0.25 µg/ml for 40 min incubation after the cells 

have been incubated with FITC-G3 for 50 min. Samples were imaged using 

Confocal Microscopy as explained on section 2.10. 

 

The images were analysed using ImageJ with the Colocalization Colormap 

plugin, to measure colocalization ratio of both channels (Figure 7) (Gorlewicz 

et al., 2020; Jaskolski, Mulle, & Manzoni, 2005). All the z-stack images were 

superimposed using the Maximum projection option in ImageJ. Then, the ROI 

were determined in each Maximum intensity projection (MIP) image by 

selecting the area within cells, removing fluorescent debris from the image. The 

threshold values for both channels (red and green) were defined using the 

Jacob ImageJ plugin that allows to generate a mask of the area of interest. The 

Colocalization Colormap algorithm measures the network of correlation 

between the pixels of the two images using a qualitative and a quantitative 

approach. It automatically applies the following mathematical formula to 

estimate the normalized mean deviation product (nMDP) that gives values from 

-1 to 1: 

 
 

 

 

 

 

 

 

In parallel, the Colormap plugin computes the index of correlation (Icorr), that 

indicates the percentage of colocalized values according the nMDP. The mean 

of all Icorr values per condition were calculated for further statistical analysis. 
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2.14 Macropinocytosis inhibition 

Macropinocytosis was blocked using Ethylisopropyl amiloride (EIPA) (Sigma 

Aldrich, # A3085). Cells exposed to FITC-G3 at 4 µM for 1hr and 40 min were 

used as control. DXT was used as an indicator of activated or inactivated 

macropinocytosis. Cells were incubated with EIPA at 25 µM for 30 min at RT, 

followed by the addition of FITC-G3 at 4 µM for 1 hr incubation at RT and DXT 

was added at 0.25 mg/ml for 40 min before fixing. Samples were imaged by 

confocal microscopy as described in section 2.10. The FITC and DXT 

integrated intensity values of the confocal images were determined using 

ImageJ. The average of the background measurements were calculated and 

deducted from the integrated intensity values.  

2.15 Silencing of gene expression using siRNAs 

A reverse transfection protocol was optimized using siGLO Red (Dharmacon, 

#D-001630-02-20) as a fluorescent transfection indicator and all experiments 

were done in triplicates in 384-well plates. The ubiquitin B (UBB) pooled siRNA 

(siGenome, #M-013382-01-0005) was selected as a functional positive control, 

Fig. 7. Colocalization analysis. (A) Workflow diagram of the colocalization steps using z-
stacks to create MIP 2D images. (B) Representative images show the nMDP values of a PC-
3 prostate cancer cell displaying high colocalization of FITC-G3 and transferrin (left), as well 
as low colocalization of FITC-G3 and dextran red (right). The nMDP colour scale is 
represented, indicating the Icorr colocalization values, which range from -1 to 1. 
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and a combination of non-targeted single siRNAs (siGenome siRNA 2, #D-

001206-14-05; siGenome siRNA 3, #D-001210-03-20; ON-Target siRNA 2, #D-

001810-02-05; ON-Target siRNA 4, #D-001810-04-20) were used as negative 

controls.  

 

All siRNA stocks were prepared at 150 nM in molecular grade water to achieve 

a final concentration of 30 nM per well. The transfection solution was prepared 

maintaining a proportion of 0.06 µl of DharmaFECT 1 (DF1) (GE, Dharmacon, 

#T-2001-03) + 4.94 µl of basal DMEM for each well. Either the siGLO or the 

siRNAs were complexed in a 1:1 ratio with the DF1 solution and incubated for 

25 minutes at RT. Next, 10 µl of DF1-siRNA complex solution was added to 

each well. Prostate cancer cells were prepared at their respective optimal 

seeding concentration using DMEM with 10% FBS but without antibiotics. To 

achieve a total volume of 25 µl, 15 µl of cell suspension were dispensed in 

every well. Plates were left at RT for 30 min and then kept in the cell incubator 

for 48 hrs. 

 

All the control, primary and secondary siRNA knockdowns were done exactly 

the same as for the siGLO transfection except that after 48 hours, FITC-G3 was 

added to the siRNA treated wells at a final concentration of 4 µM, and the assay 

was left for 72 hrs in the cell incubator. The positive control of the siRNA 

knockdowns was determined by assessing the decrease of FITC-G3 

internalization after silencing the following set of genes that are important in 

endocytosis: Myosin Vb (MYO5B) (siGenome, #M-023431-01), Myosin Vc 

(MYO5C) (siGenome, #M-031960-01), Myosin Va (MYO5A) (siGenome, #M-

019321-01) and Caveolin 1 (CAV1) (siGenome, #M-003467-01) (Table 3).  

 



71 
 

 

 

A primary KD in High Content Screening was done using a siGenome siRNA 

library targeting scavenger receptors (SR), as listed in Table 4. SRs were 

selected based on publications. Hits were defined where the FITC integrated 

intensity values were significantly reduced when compared with the integrated 

intensity values in the siRNA non-targeted controls. The FITC integrated 

intensity values were normalised to percentages using the siRNA non-targeted 

controls. The decrease of the FITC integrated intensity percentages was taken 

as a measurement of peptide internalization in the cells. A repeat high content 

KD screenings were done to validate the chosen SR hits. Experiments were 

done in triplicates and with 3 biological repeats. 

Table 3. Endocytosis-related siRNA controls  

Gene symbol Name Cat. number Format Gene ID Other names 

MYO5A 

 

Myosin VA M-019321-01 Pooled 4644  GS1; MYO5; 
MYH12; MYR12 

MYO5B 

 

Myosin VB M-023431-01 Pooled 4645 MVID1; PFIC10; 

DIAR2 

MYO5C 

 

Myosin VC M-031960-01 Pooled 55930  NA 

CAV1 

 

Caveolin 1 M-003467-01 Pooled 857 CGL3; PPH3; 
BSCL3; LCCNS; 

VIP21; 
MSTP085 

*NA not applicable 
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Table 4. Scavenger receptor siRNA library  

Gene symbol Name Cat. number Format Gene ID Other names 

CXCL16 SR-G1 D-007876-01 Single 58191  CXCLG16; SR-PSOX; SRPSOX 

OLR1 SR-E1 D-003804-03 Single 4973  LOX1 

SCARB2 SR-B3 D-012087-01 Single 950  AMRF; EPM4; LGP85; 
CD36L2; HLGP85; LIMP-2; 

LIMPII; SR-BII 

CD163L1 SR-I2 D-008024-01 Single 283316 WC1; M160; CD163B; 
SCARI2 

CD6 SR-I4 D-007850-01 Single 923  TP120 

MARCO SR-A6 D-008025-01 Single 8685 SR-A6; SCARA2 

STAB1 SR-H1 D-014103-01 Single 23166 FEX1; FEEL-1;FELE-1; 
SCARH2; STAB-1; CLEVER-1 

SCARA3 SR-A3 D-013241-01 Single 51435 CSR; APC7; CSR1; MSLR1; 
MSRL1 

CD36 SR-B2 D-010206-03 Single 948  FAT; GP4; GP3B; GPIV; 
CHDS7; PASIV; SCARB3; 

BDPLT10 

MSR1 SR-A1 D-008035-01 Single 4481  CD204; SCARA1; SR-A; 
phSR1 

CD163 SR-I1 D-007847-01 Single 9332 M130; MM130; SCARI1 

CD5 SR-I3 D-007848-02 Single 921  T1; LEU1 

SCARF2 SR-F2 D-017502-01/ 
M-017502-01 

Single/ 
Pooled 

91179 NSR1; SREC2; VDEGS; SREC-
II; SRECRP-1 

SCARB1 SR-B1 D-010592-01/  
M-010592-01 

Single/ 
Pooled 

949  CLA1; SRB1; CLA-1; SR-BI; 
CD36L1; HDLQTL6 

SCARF1 SR-F1 M-017405-00 Pooled 8578  SREC-I 

COLEC12 SR-A4 M-013240-01 Pooled 81035 CLP1; NSR2; SRCL; SCARA4 

CD68 SR-D1 M-011236-01 Pooled 968 GP110; LAMP4; SCARD1 

STAB2 SR-H2 M-015260-01 Pooled 55576 FEX2; HARE; FEEL2; FELL2; 
FELE-2; SCARH1 

SCARA5 SR-A5 M-018056-02 Pooled 286133 Tesr; NET33 
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2.16 Western Blot for siRNA knockdown validation 
 
The siRNA knockdown was adapted to T-75 flasks instead of 384-well plates 

and repeated 3 times. One T-75 flask was used per treatment and non-targeted 

controls. A mix of a 1:1 ratio of 500 µl of siRNA (150nM) and 500 µl of DF1 were 

incubated at RT for 25 min and subsequently transfer to a sterile T75 flask to 

cover the whole surface. Cells were harvested and centrifuged at 130 rpm for  

5 min. Pellets were dissolved in 1.5 ml of DMEM with 10% FBS without 

antibiotics. The 1.5 ml of cell suspension were dispensed to each of the T-

75flask and incubated at RT for 30 min. Cells were maintained in the incubator 

for 3 days ready for protein extraction.  

 

 

2.16.1 Buffers and solutions 
 
Buffers and solutions that were required for western blot (WB) were 

prepared as follows. Run Buffer 1X was diluted in sterile distilled water 

from 10X stock Tris/Glycine/SDS Buffer (Bio-rad, #1610772). The 10X 

TBS (Tris-Buffer Saline) was prepared with 2.42g TRIS (20mM), 8g 

NaCl (137mM) and 3.8ml HCl (1M) in 1 L of distilled water maintaining 

a pH of 7.6. A 5% BSA blocking solution was prepared using 1X TBS 

with 0.1% Tween 20 detergent (TBST) (Thermo Scientific, #85114) 

and mixed in a tube roller for around an hour before using. A 0.1% 

(w/v) Ponceau solution was prepared under the fume hood with 5% 

(v/v) glacial acetic acid in distilled water. 

 
 

2.16.2 Protein extraction of whole cell lysates 
 
T-75 flasks at 80% confluency were trypsinized and centrifuged at 130 

rpm for 5 min. The cellular pellet with approximately 7 x 10^6 cells/ml 

was resuspended in 1 ml of lysis solution composed of Radio-

Immunoprecipitation Assay (RIPA) buffer (SERVA, #39244.02) and 

Complete Mini protease inhibitor cocktail solution EDTA-free (Roche, 

#11836170001). Tubes were incubated on ice in the shaker for 30 min. 
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Samples were centrifuged at 14,000 rpm at 4 °C for 20 min. The clear 

lysates were aliquoted on ice into sterile tubes and kept at -20 °C. 

 

 

2.16.3 Protein quantification 
 
The protein lysates were quantified using the Bradford assay. Serial 

dilutions of BSA were prepared in PBS 1X using Quick Start BSA 

Standard (BIO-RAD, Cat. #5000206) following manual instructions as 

shown in Table 5. The Quick Start Bradford 1X Dye Reagent (BIO-

RAD, Cat. #5000205) was kept at RT for 1 hour before use and 250 µl 

were added to each well in triplicates of a 96 well plate. Next 5 µl of 

either BSA dilutions, or Blank or protein lysates were added 

respectively to each well and incubated for 30 min at RT in the shaker. 

The absorbance was measured at 595 nM in the Skanti software using 

a Microplate Reader (Varioskan Flash™, Thermo Fisher Scientific).  

 

 

 

 

 

 

 

 

 

 

 

 
The quantification analysis of the lysates was done in Excel. The 

average of the 3 absorbance values of all samples was calculated and 

the average of the Blank corresponding to background values was 

Table. 5 BSA standard dilutions 
Dilution Concentration (µg/ml) 

1 2000 

2 1500 

3 1000 

4 750 

5 500 

6 250 

7 125 

8 0 
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deducted from all. A BSA standard curve was created, where the linear 

trendline and R equation were calculated to substitute the “x” for the 

average absorbance values of each unknown sample, to obtain the 

protein concentration per well. If required, the concentrations were 

multiplied by the dilution factor to calculate the final protein 

concentration in each tube. 

 
 

2.16.4 Samples preparation 
 
The whole lysates were thawed on ice and then diluted in RIPA buffer 

at a concentration of 20 µg/µl. The Laemmli buffer 2X (SERVA, 

#42526.01) plus 10% ß-mercaptoethanol (Sigma, #M3148-25ML) was 

prepared in the fume hood. The required volume of protein lysate and 

Laemmli+ ß-mercaptoethanol buffer were mixed together to achieve a 

final concentration of 10 µg/µl. Tubes were heated at 95 °C for 5 min 

on a hot block (Techne, Dri-Block, #DB100/2). The samples were 

centrifuged at 6,000 rpm in a mini centrifuge (Fisher Scientific, #12-

006-901) for a duration of 1 to 2 min and stored at – 20 °C until 

required. 

 
 

2.16.5 Gel run 
 

Lysate samples and the EZ run protein ladder (Fisher Scientific, 

#10638393) were thawed on ice. The Mini Protean TGX precast gels 

(Bio-rad, #456-1093) and the Mini Protean Tetra System (Bio-rad, 

#1658004EDU) were used for all WBs.  

 

The running cassette was assembled with 2 gels and the inner 

chamber was filled up with 1X Running Buffer (RB), avoiding leaking 

from the base. The comb was gently removed from the pre-made gels 

and the samples were loaded into the wells with a P10 micropipette. 

The protein ladder was loaded into the first lane at 5 µg/µl 

concentration. A linear range between the house keeping protein 

(HKP) and the target protein was defined by loading a series of 
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increasing concentrations of lysates up to 100 µg. The gels were run 

at 100 V for 15 min and subsequently at 120 V for approximately 1 

hour and 30 min. 

 

 

2.16.6 Blot transfer run 
 

The gels were taken out of the running unit and carefully separated 

from the plastic holder with a lever (Bio-Rad, #956-0000). Gels were 

maintained humid during the transfer manipulation. The Trans-Blot 

Turbo Transfer System (Bio-Rad, #1704150) was used for all the 

transfers from the gel to the membranes. The Trans-Blot Turbo Mini 

0.2 µm Nitrocellulose Transfer Pack (Bio-Rad, #1704158) was opened 

and the anode stack was placed in the cassette. The gel was gently 

laid on top of the blot and a wet 15 ml tube was used instead of a roller 

to eliminate any bubbles. The electrode stack was positioned on top of 

the gel, the cassette was closed and inserted into the transfer device. 

All transfers were run at 25 V, a constant current (const A) of 1.3 for 7 

min. 

 
 

2.16.7 Ponceau staining and blocking membrane 
 
The blots were recovered and moved to a plastic container and 

covered with 0.1% Ponceau solution for 5 to 10 min incubation in a 

shaker at RT. The stacks and gels were discarded and the transfer 

cassettes were rinsed with distilled water. The 0.1% Ponceau solution 

was recovered in a 50 ml tube for re-use. The Ponceau staining of the 

blots was done to verify the presence of the proteins of the whole 

lysate in each lane by the observation of clear red bands. This step 

also allowed to labelled each blot accordingly with pencil and to cut the 

top and side-edges of the membranes. The blots were rinsed with 

distilled water and subsequently washed 3 to 4 times with 1X TBST for 

5 to 10 min at RT. Next, the blots were moved to a 50 ml tube 



77 
 

containing 15 ml of a 5% BSA-TBST blocking solution and left to 

incubate on a tube roller for one hour at RT. 

 

 
2.16.8 Antibody probing 

 
The blocking solution was removed from the tubes and the blots were 

washed in 3 intervals of 5 to 10 min with TBST 1X in a roller, and at 

RT. The following primary antibodies were utilized and diluted in 3 ml 

of blocking solution: anti-SCARF1 (Proteintech, #13702-AP) 1:1000, 

anti-SCARF2 (Novus biologicals, #NBP1-8340) at 1:800, anti-SRB1 

(Origene, #TA301489) at 1:1000, anti-MYO5C (Antibodies.com, 

#A7597) at 1:1000 and anti-GAPDH (Origene, #TA802519) at 1:1200 

as HKP. The blots were  carefully transferred to a new 50 ml tubes with 

the primary antibody solution and incubated overnight in a roller at 4 

°C.  

 

The primary antibody solution was removed and the membranes were 

washed 3 times with 1X TBST for 5 to 10 min in a roller at RT. The 

secondary antibodies goat anti-Rabbit 680 (LICOR, IRDye680RD) and 

goat anti-Mouse 800 (LICOR, IRDye800CW) were diluted at 1:10,000 

concentration in TBST 1X. The blots were incubated in the dark with 

the 10 ml of secondary solutions for 2 hours at RT. The blots were 

exposed to four last washes with 1X TBST at RT for 5 to 10 min in a 

roller. Finally, the blots were dried out at RT in white wipes (Kimberly-

Clark Kimcare, #3020, and then stored protected from the light until 

imaging. 

 
 

2.16.9 Blot imaging 
 
The blots were imaged using Image Studio software (version is 5.2.5) 

and LICOR Odyssey XF equipment. The blot was situated on the 

imaging tray with the protein side-up and inserted in the imaging 

chamber. In the programme, the western option was chosen, the 700 

and 800 channels were selected and the standard time integration was 
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set at 2. Settings were adjusted according each blot and images were 

exported as TIFF images.  

 
 

2.16.10 Normalization and semi-quantification 
 
In order to semi-quantify the target protein bands in each membrane, 

the HKP was used as a reference for normalization following Licor 

protocol. Initially, a WB of a serial dilution of each protein lysate was 

performed to calculate the linear range of the HKP and the target 

protein. The overlapping of both linear range was considered as the 

working linear range and the median of each protein concentration was 

selected as the ideal concentration for all WBs. 

 
 

2.17 Colocalization analysis of scavenger receptors 
 
A second colocalization analysis was performed using the Colocalization 

Colormap plugin in ImageJ and the same principles as explained in section 

2.13. To test the degree of colocalized signals between FITC-G3 and the next 

antibodies of scavenger receptors: anti-SRB1, anti-SCARF1 and anti-SCARF2, 

Transferrin (TF) and Dextran (DXT) were used as positive and negative 

controls respectively. Cells were treated with FITC-G3 at 4 µM for a total of 85 

min and then fixed and labelled as described previously. Only DXT control was 

treated with FITC-G3 (4 µM) for 1 hour and then exposed to DXT for 40 min. 

The mean of the Icorr values of 6 replicates were analysed per condition. 

 
 

2.18 Peptide drug conjugates analysis in prostate cancer 
 
A series of 5 peptide drug conjugates (PDC) were produced using click 

chemistry to bind customised LSD1 inhibitors to the C-terminal of the G3 

peptide, by Dr Philip Eduard Lane, under the supervision of Dr Simon Turega 

from Sheffield Hallam University. The new LSD1 inhibitors were designed by 

modifying the TCP scaffold by attaching alkyne or azide tags in the para or 

meta positions as illustrated in Figure 8. In Table 6, the peptide drug conjugates 

employing LSD1 inhibitors, named PDC-1 to 5 are listed and associated to their 
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type of LSD1 inhibitors, type of modification and inhibitory activity (IC50), 

reported by Phillip Lane in his PhD thesis. PDCs 1 to 5 were evaluated in this 

thesis. 

Table 6. Peptide drug conjugates using G3 and modified LSD1 inhibitors 

Assigned name Previous name LSD1 inhibitor Modification *IC50 (µM)

PDC-1 PP1 Probe 4 Alkyl-alkyne 46 

PDC-2 PP2 Probe 5 Alkyl-azide 14 ± 2 

PDC-3 PP3 Probe 6 Alkyl-azide 22 ± 14 

PDC-4 PP4 Probe 7 Alkyl-azide 8 ± 3 

PDC-5 PP5 Probe 8 Alkyl-azide 5 ± 1 

*The LSD1 inhibitory values (IC50) correspond to the LSD1 inhibitors without conjugation of the peptide.

PDC-1 PDC-2-5 

TCP Probe 4 Probe 5 

Probe 6 Probe 7 Probe 8 

A. 

B. 

Fig. 8. Chemical structure of peptide drug conjugates. (A) TCP (black) or modified LSD1 
inhibitors 4 to 8 (blue) chemical representations. (B) Chemical structure of peptide drug conjugate 
with LSD1 inhibitors plus alkyne tag (left) and peptide drug conjugates with LSD1 inhibitors plus 
azide tags (right). Inhibitors are shown in blue. Image adapted from Lane, 2021. 
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2.19 Cell viability assay of PDC 

The cell number was assessed after PDC-1 to 5 using trans-2-

phenylcyclopropylamine hydrochloride (TCP) (Sigma, #P8511) as positive 

control. A pilot assessment was conducted in LNCaP and PC-3 using 

increasing concentrations of TCP from 100 µM to 1 mM for 24 hours. The cell 

number was analysed in LNCaP and PC-3 cells after treatment for 24 hours 

with the PDC1-5 at the following concentrations: 0.25, 0.5, 1, 2.5 and 5 µM. 

Cells treated with the G3 peptide alone at the same concentrations were used 

as negative controls. Cell number was assessed by High Content Screening 

and High Content Data Analysis as explained in section 2.5. 

2.20 Hydrogen peroxide assay 

The Amplex Red Hydrogen Peroxide Assay (Molecular Probes, Invitrogen, 

#A22188) was adapted from the manufacturer to measure hydrogen peroxide 

(H2O2) from living cells following the protocol used by Wagner et al. 2005.  

One day before the experiment, cells were left to attached in triplicates in a 96 

well plate at 7x10^4 cells/ml. Cells were treated with the PDC-5 at 5 µM per 

well for 24 hrs. TCP was used at 250 μM as positive control and the G3 peptide 

at 5 µM as negative control.  

All reagents of the kit were warmed up at RT and a stock of Amplex Red reagent 

at 10 mM was prepared in DMSO. The Amplex Red reagent was used on the 

same day of preparation because it is prone to oxidation. The 5X Reaction 

Buffer was diluted to 1X in molecular biology water. The 10 U/ml of horseradish 

peroxidase (HRP) stock solution was prepared in Reaction Buffer 1X and 

aliquots of 50 µl were kept at -20 °C. A 2.5 μM stock of H2O2 solution was made 

to use as a positive control of the experiment.  

The media from wells was disposed and cells were washed twice with 1X 

Hanks Balance Salt Solution (HBSS) (Gibco, Thermo Fisher, #14025092). 

Next, 100 µM Amplex Red plus 0.2 U/ml HRP were prepared in HBSS and 50 
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µl of the Amplex red solution were disposed in each well to start the reactions. 

The plates were incubated at 37˚C for 10 min and 25 µl of H2O2 solution was 

added to the control wells. The fluorescence was measured at 595 nm in the 

Varioskan microplate reader at 30 min, 60 min, 120 min and 180 min. The 

average of the background values was subtracted from the fluorescence 

averages from each condition.  

 
 

2.21 Immunolabelling of histone demethylation marks 
 
The effectivity of the LSD1 inhibitors that were coupled to the PDCs was 

evaluated by immunolabelling of histone demethylation signatures: histone 3 

mono methyl lysine 4 (H3K4me) and histone 3 dimethyl lysine 4 (H3K4me2). 

384-well plates were used to seed the cells in triplicates. Cells with no treatment 

and cells treated with G3 at 5 µM were examined as negative controls. For the 

positive control, the TCP inhibitor was used at 250 µM. Plates were fixed after 

24 hrs and blocked with BSA 1% for 30 min. Plates were treated with 0.3% 

triton solution for 12 min and stained with the primary antibodies H3K4me 

(1:400) and H3K4me2 (1:500) for 24 hrs at 4 ˚C. The next day, plates were 

washed with BSA 1% and exposed to 1:500 of secondary antibody for 2 hours 

in the dark. Plates were washed with PBS1X 3 times and kept at 4 °C until 

image acquisition. 

 
 

2.22 H3K4me2 protein expression analysis 
 
Histone demethylation protein levels were assessed by western blot in LNCaP 

and PC-3 cells after treatment with PDC-2 and PDC-4 conjugates at 5 µM or 

with LSD1 commercial inhibitor TCP at 250 µM as a positive control, for 24 hrs 

incubation. Cells exposed to native G3 at 5 µM and non-treated cells were used 

as negative controls. WBs were performed as described in the previous section, 

but with the following differences:  
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a. An acid histone extraction protocol was performed instead of RIPA 

extraction, that is usually used to obtain whole or cytoplasmic extracts 

(section 2.22.1). 

b. A neutralization step of the acid samples was executed (section 2.22.2). 

c. A higher percentage of SDS gels was due to the small size of histones 

(section 2.22.3). 

d. An extended incubation period with the secondary antibodies (section 

2.22.3). 

 

 

2.22.1 Histones acid extraction 
 
The triton extraction buffer (TEB) was made as reported before with 

0.5% Triton X-100 (v/v) (Sigma-Aldrich, #T8787), 0.02% (w/v) sodium 

azide (NaN3) (Sigma-Aldrich, #71290-10G), 2 mM/L 

phenylmethylsulfonyl fluoride (PMSF) (Thermo Scientific, #36978), in 

PBS 1X. A confluent T-75 flask with approximately 7x10^6 cells/ml 

were trypsinized and centrifuged at 130 rpm for 5 min. Cell pellets were 

resuspended in ice cold PBS and centrifuged again at the same 

conditions two times. The supernatant was discarded and pellets were 

resuspended in 1 ml of TEB buffer for 10 min and kept on ice with mild 

stirring. Tubes were centrifuged at 4,000 rpm for 10 min at 4 ˚C in the 

Eppendorf centrifuge 5417R rotor F45-30-11.  

 

Following the initial centrifugation and removal of the supernatant, half 

the amount of TEB was introduced, and the tubes were centrifuged 

again under the same settings. Then, the acid histone extraction was 

executed by adding 250μl of 0.2N hydrochloric acid (HCL) (Thermo 

scientific, #463965000) for 24 hrs at 4 °C in a tube inversion machine.  

The following day, tubes were centrifuged at the same conditions and 

the supernatant with the histone fraction was recovered, aliquoted and 

stored at -20 °C.  
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2.22.2 Histones sample preparation 
 
The histone extracts were thawed on ice and diluted in Laemmli 2X 

buffer with 10% ß-mercaptoethanol at a final concentration of 10 µg/µl. 

Samples were neutralised with approximately 5 µl of 1M sodium 

hydroxide (NaOH) per approximately 250 µl of lysate. The 

neutralization of the HCL acid is important for the Laemmlli buffer to 

work effectively and for the samples to be visualised while running, as 

the colour of the lysates changed from clear to yellow when adding the 

Laemmlli buffer but recovered the blue colour after neutralizing the 

HCL acid.  

 
 

2.22.3 Western Blot of histone marks 
 
Lysates were loaded onto 4-20% precast gels (BIO-RAD, #456-8093) 

at 4 µg per well, as determined after identifying the optimal working 

concentration from testing the linear range of both, HKP and target 

protein increasing concentrations. The running of the gel was done at 

90 V for 1 hr. The transfer of the gel to a Trans-Blot 0.2 µm 

nitrocellulose was set at 25 V, 1.3 const A for 7 min. After the Ponceau 

staining, blocking of the blot and in between washes, the blots were 

probed with H3K4me2 (CST, #9725S) and the antibody histone 3 (H3) 

(Cusabio, #CSB-RA010418A0HU) as loading protein control. Blots 

were incubated for at least 3 hrs in the absence of light with the Licor 

secondary antibodies, goat anti-Rabbit 680 and goat anti-Mouse 800. 

Same settings and equipment were used to image the blots as 

reported. 

 

 

2.23 LSD1 siRNA knockdown 
 
LSD1 was knocked down using a pooled LSD1 siRNA in prostate cancer cells 

(siGenome, #M-009223-01-0005) following the reverse transfection protocol as 

previously described in section 2.17. A mix of scrambled siRNA 2, 3 and 4 were 

used as negative controls and UBB siRNA as positive control.  
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The KD was analysed by antibody labelling using the anti-rabbit LSD1 

(C69G12, CST, #2184S). Before antibody probing, plates were blocked with 

BSA at 1% for 30 min and cell permeabilization was done by exposing the fixed 

cells to 0.3% Triton X-100 in PBS 1X for 12 min. Plates were incubated with 

the primary antibody overnight at 4 °C. The following day, wells were washed 

twice with 1% BSA and incubated with the secondary antibody for 2 hours at 

RT covered from light. Plates were washed several times with PBS 1X. Both, 

primary and secondary antibody were used at 1:500 concentration. Finally, 

plates were stored at 4 °C until imaging. 

 
 

2.24 Targeted delivery of siRNAs using G3 peptide 
 
The targeted delivery of the siGLO red marker using G3 as a drug vehicle was 

tested in prostate cancer cells. Cells were plated at optimal density 

concentrations a day prior the experiment. The following ratios of siGLO and 

G3 were tested: 1:1 (100 nM siGLO and 100 nM G3), 2:1 (200 nM siGLO and 

100 nM G3) and 1:1 (200 nM siGLO and 200 nM G3) concentrations. Both 

molecules were complexed for 60 min at RT and DF1 plus siGLO were used 

as positive control. The siGLO-G3 or DF1-siGLO were incubated with the cells 

for 24 hours in the cell incubator. Next day, the plates were fixed and stored as 

usual.  

 

Once the most effective condition for complexing G3 peptide and siGLO was 

detected, the targeted delivery of LSD1 siRNA was assessed in triplicates in 

PC-3 and LNCaP cells. The UBB siRNA was used as a functional positive 

control and the same mix of non-targeted siRNAs employed in the previous 

transfections were designated as negative controls. The ratio used for the LSD1 

siRNA and G3 complexes was 2:1, being 200 nM of siRNA and 100 nM of G3 

incubated for 1 hr at RT. At the same time, DF1 was used with the same siRNAs 

as a control for transfection. The G3-siRNA or DF1-siRNA complexes were 

added to each well in a total volume of 10 µl, and then, 15 µl of cells were 
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seeded into each well. Plates were incubated for 30 min at RT and then at 37 

°C for 72 hrs, followed by standard fixation.  

 

In the LSD1 siRNA delivery experiments, the wells corresponding to DF1 

controls and G3-siRNA treatments were labelled with the LSD1 antibody, 

following the same protocol described in section 2.23. The fixed plates 

remained at 4 °C until the siRNA KD was assessed by HCS. 

 
 

2.25 Statistical Analysis 
 
All quantitative data was graphed and statistically analysed using GraphPad 

Prism 9.5.1 software unless specified otherwise. The mean and standard 

deviation (SD) or standard error mean (SEM) values were calculated for all 

assays. Student’s t-test (p<0.05) for two statistical comparisons or one way 

ANOVA analysis (p<0.05) for 3 or more statistical comparisons were calculated 

for all data sets, except for the Scavenger Receptor Library Screening where 

the median was calculated and the non-parametric Kruskal-Wallis analysis 

(p<0.05) with multiple comparisons was applied followed by Benjamini, Krieger 

and Yekutieli test correction. 
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CHAPTER 3 
 

 

 
 
 
3. G3 CELL SELECTIVITY & SUBCELLULAR 

DISTRIBUTION 
 

 
 
3.1 Introduction: CPPs and PDCs 
 
Small peptides are defined by being 4 to 40 aa long and include a group called cell-

penetrating peptides (CPPs), defined by their capacity to enter cells. An interesting 

feature is their ability to induce intracellular effects directly by themselves, or indirectly, 

by delivering active molecules to the site of interest (Langel, 2015; Langel, 2019; Zorko 

et al., 2022). Using aspects of CPPs, PDCs are produced as a single targeted complex 

in which a payload is conjugated to the CPP by means of a linking molecule (Feni & 

Neundorf, 2017; Gayraud et al., 2021; Klimpel et al.,2019; Vrettos et al., 2018).  

 

It has been proven that PDCs can deliver a spectrum of cargos into the cells including 

other peptides, proteins, siRNAs, cytotoxic drugs, and radionuclides (Fu et al., 2023; 

Gong et al., 2023; Heh et al., 2023; Hoppenz et al., 2020). Selection of the peptide is 

important, because it is the vehicle that is going to transport the active molecule to 

specific cell types. That in turn could allow a more effective therapeutic effect and a 

better pharmacokinetic profile along with lower levels of cytotoxicity because the drug 

is in the right place at a higher concentration. Qualities to consider for a suitable 

peptide are increased stability, extended plasma half-life, powerful binding affinity, 

weak immunogenicity and high internalization index (Fu et al., 2023). 

 

One of the most frequent applications of PDCs is in the treatment of cancer (Heh et 

al., 2023; Vrettos et al., 2018), which is the main goal of my work, to upgrade prostate 

cancer therapies through targeted delivery using the G3 peptide. Understanding cell 

selectivity, uptake mechanism, and the underlaying internal subcellular distribution of 
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the drug delivery peptide represents the first crucial steps for the development of safe 

and competent PDCs. Chapter 3 investigates if the G3 peptide displays affinity 

towards prostate cancer cells and its subcellular location. 

 

 

3.1.1 Cell-penetrating peptides 
 
CPPs have been a subject of study in the last 30 years. Details of validated CPPs can 

be found in a free database, CPPsite 2.0 (https://webs.iiitd.edu.in/raghava/cppsite) 

(Agrawal et al., 2016). Due to the diversity within CPPs, it has been difficult to 

categorized them, however the most common classifications are defined by their origin 

and physicochemical features (Agrawal et al., 2016; Derakhshankhah & Jafari, 2018; 

Zorko et al., 2022).  

 

Depending on their origin, CPPs are grouped into protein-derived, synthetic and 

chimeric (Lindgren et al., 2000). The first ones refer to peptides that originate from a 

portion of a natural protein, e.g. the Tat peptide, which was the earliest CPP identified, 

that was derived from HIV-1 transcriptional activator protein (Frankel & Pabo, 1988; 

Green & Loewenstein, 1988); and in comparison, synthetic CPPs are usually designed 

based in aa sequences of natural peptides, e.g. G3 and MAP, from the alpha helical 

amphipathic peptide family (Hu et al., 2011; Oehlke et al., 1998). Chimeric peptides, 

such as Transportan, include protein-derived sequences with engineered 

modifications (Pooga et al., 1998). 

 

CPPs are also classed as cationic, amphipathic or hydrophobic depending on their 

physicochemical attributes, however these properties usually overlap (Milletti, 2012).  

Having at least 5 positively charged aa, like lysine or arginine, renders the cationic net 

charge of the majority of CPPs at physiological pH. The quantity and location of 

positively charged aa in their structure can influence their activity (J. Xu et al., 2019). 

It has been stated in several studies that peptides with many arginines allows the most 

effective cellular internalization (Alhakamy & Berkland, 2013; Liu et al., 2012; Melikov 

& Chernomordik, 2005; Tung & Weissleder, 2003). Nuclear localization sequences 

(NLS) embody a set of tiny cationic CPPs that contain either poly-lysine or poly-

arginine or poly-proline sequences, which are recognized for translocating to the 

https://webs.iiitd.edu.in/raghava/cppsite
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nucleus via the nuclear pore complex (Ragin et al., 2002). However, NLS present a 

moderate cationic charge, restraining biological membrane penetration. To balance 

this disadvantage, NLS are usually joined to other hydrophobic sequences, creating 

new amphipathic CPP with higher transfection efficiency, e.g. vectors such as Pep-1 

and MPG (Lee et al., 2014; Yang et al., 2005). This brings us to the second class of 

CPPs, the amphipathic peptides, that can be either alpha-helical or beta-sheet 

configurations, due to their hydrophobic and hydrophilic regions. Depending how the 

amphipathicity is achieved, they can be divided into primary or secondary. The 

peptides that are amphipathic because of their sole sequence or due to their stable 

arrangement of alpha-helical structure are considered as primary, while the peptides 

that become amphipathic after interaction with the negatively charged plasma 

membrane are classified as secondary (El-Andaloussi et al., 2007; Pooga & Langel, 

2015; Ziegler, 2008). Peptides like C105Y and K-FGF, are examples of hydrophobic 

CPP, which are characterized by having mostly non-polar residues with scarce polar 

aa (Carnevale et al., 2018; Rhee & Davis, 2006).  

 

Another classification is based in their conformation, that splits CPP into linear or cyclic 

forms. The latter revealed better capacity to cross the cellular membrane, enhanced 

linking affinity to receptors, and greater resistance to enzyme breakdown, whereas 

linear peptides are more prone to proteolytic cleavage (Dougherty et al., 2019; Qian 

et al., 2016).  

 

CPPs can also be categorized in two groups, depending their cellular affinity: cell-

specific peptides, such as tumour penetrating peptides, and non-cell-specific peptides, 

where they are internalized by many cells types (Langel, 2015; Zahid & Robbins, 

2015). Cancer penetrating peptides are selected to be either tailored to the tumour 

microenvironment, the cancer cells, the stroma or the blood vessels within the tumour, 

and are normally used for drug administration or as a tool for diagnosis (Ruoslahti, 

2017; Teesalu et al., 2013). Also, peptides that have the competence to selectively 

detect overexpressed membrane receptors in cancer cells are typically known as 

tumour-targeting peptides (Ma et al., 2017b; Reubi, 2003; Vhora et al., 2014). 
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3.1.2 Internalization mechanisms of CPPs 
 
Many internalization mechanisms have been proposed for CPPs, but still have not 

been completely elucidated. Several reviews discussing this field have been 

published, and the current consensus has reported that CPPs use one or both of the 

following routes for cellular internalization: direct penetration and/or endocytosis 

(Gestin et al., 2017; Madani et al., 2011; Ruseska & Zimmer, 2020; Tashima, 2017; 

Trabulo et al., 2010; Yang et al., 2019). Figure 9, illustrates a representation of both 

energy-based and energy-independent internalization mechanisms for CPPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. CPP internalization mechanisms. Upper section includes endocytic-based uptake mechanisms 
and lower panel indicates direct mechanisms. CPP are represented as red helical peptides, that are 
internalized in endosomal vesicles after energy-dependant mechanisms. Some CPP are hypothesized to 
escape from lysosomal route, however other might undergo proteolytic disintegration in lysosomes. 
Created with BioRender.com 
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The direct translocation hypothesis, which is an energy-free mechanism, that was 

proposed after some CPPs were absorbed by cells at 4 °C, and later tested using 

drugs that block endocytosis (Derossi et al., 1996; Kosuge et al.,  2008; Pooga et al., 

1998; Vivès et al., 1997). In this mechanism, the interaction between the CPPs and 

the bilayer of phospholipids implies electrostatic contact and hydrogen bonding, that 

ends up in temporary membrane distortions or pore induction. Diverse strategies have 

been proposed to explain the membrane destabilization, prior to peptide translocation 

into the cytoplasm, including transmembrane pores and inverted micelle formation, 

and the carpet-like and membrane thinning models (G. Grasso et al., 2018; Hirose et 

al., 2012; Islam et al., 2018).  

 

The generation of pores comprises the toroidal and barrel-stave models. In the barrel-

stave model, the transmembrane opening is created by the incorporation of the 

amphipathic peptides into the lipid bilayer in an arrangement comparable to staves in 

a barrel, where their polar regions face the inward part of the pore (Baumann & 

Mueller, 1974; Pieta et al., 2012). While in toroidal model, a hole forms from peptides 

and the lipid headgroups (Matsuzaki et al., 1996; Yang et al., 2001). The binding 

between cationic aa, such as lysine or arginines with the phosphate groups of the 

phospholipids, within the membrane, leads to the pore seeding (Herce et al., 2009; 

Herce & Garcia, 2007). 

 

Entrance to the cell via micelle inversion was originally described for penetratin, and 

then confirmed for several poly-arginine peptides (Derossi et al., 1998; Kawamoto et 

al., 2011). The penetration of peptides through the generation of inverted micelles 

happens when the lipid heads of the bilayer and the non-polar residues of the peptides 

display a strong interaction that induces an infolding of phospholipids. The CPPs enter 

the cell restrained in the micelles and then are liberated into the cytoplasm. 

 

The carpet-like model consists in the parallel accumulation of cationic peptides along 

the exterior of the membrane, similar to a carpet, which triggers provisional fluidity of 

the lipid bilayer (Pouny et al., 1992; Thennarasu et al., 2010). The thinning membrane 

model arises in a comparable way to the carpet-like model, where the connections 

among the phospholipids and cationic peptides also produce the reduction of the 

thickness of the membrane that permits their translocation (M.-T. Lee et al., 2005). 
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This tactic was initially reported for magainin, an amphipathic peptide (Ludtke et al., 

1995). The thinning and carpeting of the cellular membrane can only take place when 

the concentration of the peptides gets to a specific threshold. 

 

Endocytosis can be defined as an energy supported mechanism in which diverse and 

complex modular molecules are moved in vesicles or invaginations from the plasma 

membrane into endosomes inside the cell (F. Zhao et al., 2011). In 2003, endocytosis 

was first proposed as an uptake mechanism for CPPs (Richard et al., 2003). Currently, 

four endocytic pathways have been identified for drug delivery peptides: clathrin-

mediated endocytosis (CME), caveolae-mediated endocytosis (CvME), 

macropinocytosis and endocytosis independent from clathrin and caveolin (Ruseska 

& Zimmer, 2020). 

 

Briefly, CME is engaged after ligand-receptor interactions on the cell surface, involving 

membrane tension and forces, inducing the membrane into a vesicle. Adaptor proteins 

such as adaptor protein complex 2 (AP-2) interact with phospholipids, enabling the 

recruitment and association of clathrins into a polyhedral coating structure that 

prompts an invagination, termed the “clathrin-coated vesicle” as illustrated in Figure 9 

(Kaksonen & Roux, 2018). The GTPase, dynamin 1 (DNM1), is responsible for the 

separation of the clathrin-coated vesicle from the membrane through guanosine-5'-

triphosphate (GTP) hydrolysis (Antonny et al., 2016). Then clathrin and dynamin are 

depolymerized, the vesicles are uncoated, followed by their transfer to intracellular 

trafficking endosomes. The cargoes are involved in a myriad of physiological 

processes, including nutrient uptake, which are continuously internalised into the cells 

through this process, e.g. transferrin and cholesterol etc. 

 

A variety of peptides have been reported to enter the cells via CME. The TAT peptide 

without any cargo employs CME to gain access to Hela cells (Richard et al., 2005). 

The peptide known as MPG, was originally employed by Morris and collaborators. The 

structure of MPG is composed of a hydrophilic region obtained from the nuclear 

localization sequence of SV40 T-antigen, merged with the N-terminal fusion sequence 

of the HIV-1 glycoprotein 41, which has hydrophobic nature (Morris, 1997). However, 

MPGα is an analogue of MPG, that has helical configuration due to the addition of 6 

aa in its hydrophobic region. The MPGα/siRNA complex has been confirmed to use 
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CME to transport siRNAs, however in a previous study, it was reported that MPG enter 

the cells in an energy-free mechanism in the absence of cargo (Laufer et al., 2010; 

Veldhoen et al., 2006). Although the uptake mechanism of MPG and its derivative is 

controversial, they hypothesized that the type of cargo could have had an impact on 

their internalization route, as they had confirmed that the amount of MPGα/siRNA 

conjugates was decreased by CME inhibitors. Octa-arginine R8 peptide has been 

validated to target syndecan-4, which then prompts the internalization by CME 

(Kawaguchi et al., 2016a). And it has been suggested that syndecan transmembrane 

receptors are implicated in multiple uptake mechanisms as contradictory results have 

identified R8 peptide using macropinocytosis (Futaki & Nakase, 2017). Another 

example that uses CME is NickFect1 peptide conjugated with plasmid DNA (Arukuusk 

et al., 2013). 

 

CvME represents another strategy employed by some CPP. This process starts after 

receptor recognition on the lipid rafts, which are hydrophobic areas rich in 

sphingomyelin and cholesterol, encouraging the interaction of caveolin and cavin-1, 

that will eventually generate a caveolin-coated vesicle (Yang et al., 2019). Caveolae, 

first characterized in numerous cell types in the 1950s, contain invaginations with a 

size of 50 to 100 nm in diameter (Palade, 1953; Pelkmans & Helenius, 2002). 

Caveolae not only participates in the endocytosis of a set of molecules, but also in lipid 

regulation and cell signalling (Branza-Nichita et al., 2012).  

 

TAT conjugated proteins were the first CPPs confirmed to be internalized via CvME, 

where the coupled proteins seem to define the uptake mechanism (Fittipaldi et al., 

2003). The internalization of transportan and transportan 10 were reduced after Cav1 

knockdown and cholesterol depletion, as well as their colocalization in caveosomes 

(Säälik et al., 2009). In both cases, TAT and transportan conjugates, the larger size 

due to conjugation of cargo might benefit their engulfment through CvME (Rejman et 

al., 2004). Proline-rich amphipathic peptides are internalised through CvME, in a 

glycosaminoglycans dependent manner (Pujals & Giralt, 2008). The scavenger 

receptor, SCARA, has also been proven to mediate the internalization via CvME of 

PepFect14 DNA conjugates (Veiman et al., 2013). CvME has been pointed out in the 

uptake of azurin-derived alpha helical peptides, namely p18 and p19 (Mehta et al., 
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2011; B. Taylor et al., 2009); and in the case of CVP1, an alpha helical peptide derived 

from chicken anemia virus, consisting of the N-terminal of VP1 (Hu et al., 2018). 

 

A few CPPs use alternative routes to entering cells other than caveolin or clathrin. For 

instance, p18 and p19 azurin originated fragments and transportan conjugates have 

been identified as using alternative entry methods (Mehta et al., 2011; Säälik et al., 

2009; B. Taylor et al., 2009). The peptide, low molecular weight protamine (LMWP), 

conjugated to siRNAs has shown to be not reliant on clathrins, caveolae, nor dynamin, 

as treatment with inhibitors of the recognised endocytic mechanisms and GTPase 

blockers did not affect its endocytic uptake significantly (Ye et al., 2018).  

 

Macropinocytosis is a quick endocytic process which relies upon lipid-rafts. This 

mechanism initiates after the binding of the CPP to the proteoglycans in the lipid 

bilayer. The activation of the ras-related C3 botulinum toxin substrate 1 (RAC) protein 

in turn stimulates F-actin configurations in combination with growth factors, which 

facilitates the deformation of the membrane into large vesicles (Lim & Gleeson, 2011). 

These vesicles are termed macropinosomes which are distinguish by the absence of 

protein-coating and heterogenous dimensions with diameters between 0.2 to 5μm 

(Swanson & Watts, 1995). The reconstruction of the cytoskeleton prior to the 

development of macropinosomes is regulated by a series of molecules: GTPases, 

including the Ras, Rho and Rab families, kinases such as PI3K, and growth factors 

like the epidermal growth factor (Haigler et al., 1979; Lim & Gleeson, 2011).  

 

Bulky peptides with huge cargos are more commonly internalised through 

macropinocytosis, for instance TAT peptide fused to conjugates (Kaplan et al., 2005; 

Wadia et al., 2004). This uptake mechanism has also been identified for poly-arginine 

peptides, such as octa-arginine R8, nona-arginine R9, dodeca-arginine R12 and the 

Flock-House-Virus-derived peptide (Duchardt et al., 2007; Nakase et al., 2004; 

Nakase et al., 2007; Tanaka et al., 2012). The C-X-C Motif Chemokine Receptor 4 

(CXCR4) has been suggested as a receptor target of R12 peptides that could lead to 

macropinocytosis (Tanaka et al., 2012). The anionic peptide called NickFect51 has 

been confirmed to use macropinocytosis to enter the cells through the interaction of 

two SR, specifically SR class A3 (SR-A3) and SR class A5 (SR-A5) (Arukuusk et al., 

2013). 
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3.1.3 Key factors in the cellular uptake of drug delivery peptides 
 
The preference of drug delivery peptides to different ways of entry to the cells can be 

delimited by several key aspects. One of the most influential factors is the 

concentration of the peptides, which can directly affect the mechanism of entry into 

cells; e.g. direct penetration is often presented with elevated concentrations, while 

endocytosis is more usual to be associated with reduced concentrations (Fretz et al., 

2007; Jones & Sayers, 2012; Kosuge et al., 2008). At elevated concentrations, some 

amphipathic and cationic CPPs have been demonstrated to provoke pores in the 

plasma membrane (Saar et al., 2005). Penetratin is an exception to this argument, as 

it is internalized via endocytosis at high concentrations but turns to direct translocation 

at low concentration (Alves et al., 2010). 

 

The structure of CPPs is important in their uptake because the arrangement, number, 

and composition of aa define their precise physicochemical traits, necessary for 

interactions with the membrane and its components (Ruseska & Zimmer, 2020). 

Among the physicochemical characteristics, amphipathicity is known to have an 

impact on the route of entry, being common for amphipathic peptides to use direct 

penetration (Milletti, 2012). The cationic property of CPPs has been exposed to be 

another aspect to determine direct translocation, for example arginines are more 

successful than lysines (Futaki et al., 2001; Mitchell et al., 2000).  

 

The conjugated molecule to the peptide has also been confirmed as an important 

parameter, due to the difference in size from the original molecule (Rejman et al., 

2004; Tünnemann et al., 2006). For instance, the naked TAT peptide is internalized 

via clathrin-mediated endocytosis, however TAT conjugates shift to caveolin-mediated 

endocytosis (Ferrari et al., 2003; Fittipaldi et al., 2003; Richard et al., 2005). 

 

The dependency on the cell type is another key aspect that contributes to the 

internalization mechanism for peptides. This is probably linked to the interaction with 

the components in the negatively charged plasma membrane. The peptide-to-cell ratio 

was found to impact the internalization efficiency of CPPs in CHO cells, which could 

have been a result of the membrane constituents per se or the cellular behaviour 

(Hällbrink et al., 2004). In another study, the internalization of 22 known peptides was 
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analysed in the following cell lines: HEK293, Cos-7, MDCK and HeLa; and what they 

demonstrated was that some peptides display cell dependency, such as penetratin 

having preference for HeLa cells (Mueller et  al., 2008). Cell selectivity towards 

tumorigenic cells is another recognized characteristic of some CPP. For instance, the 

CPP, sC18 that is derived from an antimicrobial peptide, has been shown to display 

cancer cell selectivity, since it is only internalised by several cancer cell lines but not 

by non-cancer cell lines (Gronewold et al., 2017). In Table 7, several examples of 

peptides with cancer cell specificity are presented. 

 

The composition of the biological membrane has been suggested as another valuable 

factor. Usually, the direct penetration of CPPs is promoted by membrane components 

such as fatty acids and lipids but obstructed by the presence of cholesterol (Herce et 

al., 2014; Lorents et al., 2018; Sharmin et al., 2016; Swiecicki et al., 2014; Terrone et 

al., 2003; Via et al., 2018). For instance, in one study, they used membranes with 

different constituents to assess the uptake of a peptide rich in arginines, and they 

discovered that only membranes containing cholesterol prevented the peptide uptake 

(Crosio et al., 2019). Other external elements that can also impact in the internalization 

dynamics are the temperature, pH gradient and presence of ions (Fretz et al., 2007; 

Herce et al., 2014; Kauffman et al., 2015). 
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Table 7. Cancer cell specific peptides 

Peptide Targeted Receptor Cancer expression References 

RGD-based 
peptides, e.g. 
c(RGDfK) and 

iRGD 

Integrins (ανβ3, 
ανβ5, ανβ6, ανβ8, 

and α5β1) 

PCa, glioblastoma, breast 
cancer, and melanoma 

(Chen & Chen, 2011; 
Desgrosellier & Cheresh, 

2010; Sugahara et al., 
2009) 

GE11 peptide 
(YHWYGYTPQNVI) 

EGFR Glioblastoma, PCa , 
colorectal, breast, lung, 

bladder, ovarian, head and 
neck cancer 

(Ai et al., 2013; Li et al., 
2005; Salomon et al., 
1995; Yarden & Pines, 

2012) 

Bombesin 
peptide analogs 

Bombesin 
receptors 

(NMBR, GRPR and 
BRS-3) 

Neuroblastoma, 
glioblastoma, PCa, 

pancreatic, lung, breast, 
colon, ovarian, uterine, 
head/neck, renal cell, 

intestinal, and bronchial 
cancer  

(Hoppenz et al., 2019; 
Jensen et al., 2008; 
Mantey et al., 1997; 

Reubi et al., 2002; Sancho 
et al., 2011; Schroeder, et 

al., 2009) 

SST peptide 
analogs, e.g. 

octreotide and 
lanreotide 

Somatostatin 
receptors 

(SSTR2 and SSTR5) 

PCa, neuroendocrine 
tumor, small cell lung, 

breast, gastric, colorectal, 
and hepatocellular cancer 

(Sun & Coy, 2011; Volante 
et al., 2008) 

NAPamide Melanocortin 
receptor 1 (MC1R) 

Melanoma (Froidevaux et al., 2005; 
Froidevaux & Eberle, 
2002; Miao & Quinn, 
2008) 

G-202 Prostate-specific 
membrane antigen 

(PSMA) 

PCa, hepatocellular, renal, 
ovarian, bladder, breast 

cancers, melanoma 
samples  

(Chang et al., 1999; 
Denmeade et al., 2012; 

Liu et al., 1997; 
Mahalingam et al., 2016; 

Silver et al., 1997) 

BT5528 Hepatocyte 
receptor A2 

(EphA2) 

PCa, glioblastoma ovarian, 
pancreas esophagus cancer 

(Bennett et al., 2020; Gan 
et al., 2022; Lindberg & 
Hunter, 1990; Mudd et 
al., 2020; Walker-Daniels 

et al., 2003) 

BT1718 Membrane type-1 
matrix 

metalloproteinase 
(MT1-MMP) 

Melanoma, ovarian, breast, 
colon, pancreatic and lung 

cancers 

(Gifford & Itoh, 2019; 
Gowland et al., 2021; 

Knapinska & Fields, 2019) 
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3.2 Results 
 

3.2.1 G3 uptake in prostate cancer vs non-cancer prostate cells 
 
As mentioned in chapter 1, studies have confirmed that G(IIKK)3I-NH2 or G3 peptide 

has internalization preference towards cancer cells, including HCT-116, HeLa and 

HL60, while there is minimal uptake in healthy cells, such as HDF (Chen et al., 2012; 

Chen, et al., 2014; Cirillo et al., 2021). However, the internalization pathway and cell 

specificity of G3 has never been investigated in prostate cancer cells before.  

 

LNCaP and PC-3 are some of the most employed cell lines in PCa research. PC-3 is 

a highly differentiated cell line that was formerly obtained from a biopsy of a 62 year-

old man with aggressive metastasis in the bones, that is characterized by atypical 

nuclei and nucleoli, frequent microvilli, irregular mitochondria and being not responsive 

to AR, nor express PSA (Kaighn et al.,1979; van Bokhoven et al., 2003). Conversely, 

LNCaP constitutes a more indolent adenocarcinoma cell line that was originated from 

a 50-year-old man's lymph nodes and has high expression of AR and PSA 

(Horoszewicz et al., 1983; van Bokhoven et al., 2003). 

 

PC-3 and LNCaP were used to examine whether prostate cancer cell lines, 

representatives of different stages of the disease, could internalize the FITC-labelled 

version of the peptide at the same or different extent than the prostate cell line, PNT2. 

Phalloidin (594 nm) was used to stain F-actin filaments that facilitate the imaging of 

the structure and dimensions of the cell. FITC-G3 uptake was analysed using High 

Content Microscopy (Figure 10A). After 24 hours treatment with the peptide, PCa cell 

lines presented significantly higher uptake when compared with PNT2 cells, shown in 

Figure 6C. The internalization of FITC-G3 was measured as FITC integrated intensity 

values and a one-way ANOVA test was calculated (***p < 0.001).  

 

The total number of cells in each condition was counted and normalised to the negative 

control. The cellular populations of the 3 cell lines were not affected after the treatment 

with FITC-G3 at 4 µM for 24 hrs (Fig. 10B), demonstrating that FITC-G3 over 24 hours 

of treatment had no effect on cell viability.  
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Fig. 10. FITC-G3 uptake in prostate cancer vs non-cancer prostate cells. (A) High content 
images of prostate cancer cell lines, LNCaP and PC-3, and prostate normal cells, PNT2, exposed to 
FITC-G3 at 4 µM for 24 hrs. The Nuclei was stained with Hoechst 33342 and the cytoplasm was 
delimited with Flash Red Phalloidin. Scale bar 50 µm, 20X magnification. (B) Data was normalised 
against the PNT2 control, and the cell populations were analysed after 24 hrs of FITC-G3 exposure. 
(C) FITC integrated intensity values are representative of 3 different experiments with 3 replicates 
each. All data is displayed as means and ±SD and the statistical significance was calculated using 
one way ANOVA test (***p < 0.001). 
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Although red phalloidin was used to determine the cellular morphology, that in turn 

can help in the estimation of FITC puncta inside the cells, it is not possible to assess 

the internalization of the peptide, due to the resolution of the microscope. Thus, the 

same experimental conditions were repeated and analysed using confocal microscopy 

to validate the cell specificity of FITC-G3 in PCa cell lines.  

 

Samples were exposed to FITC-G3 at 4 µM for 24 hrs. Consecutive sections of the 

cells were taken and saved as a compilation in z-stacks. The z-stacks were 

transformed to maximum projection images to measure the FITC signal inside the 

cells. Weak internalization of FITC-G3 was observed in PNT2 cells, in contrast to the 

high green fluorescence puncta inside of LNCaP and PC-3 cells (Fig. 11A). Hoechst 

was used as nuclear staining and red phalloidin for the cytoplasm. In the merging 

images of the 3 channels, it is possible to observe which green fluorescence from 

FITC-G3 is inside the cells and which is not. ROI (Regions of Interest) were delimited 

based on the phalloidin localising with the cell’s actin. FITC integrated intensity values 

were plotted as the mean of each z-stack (Fig. 11B). Statistically significant differences 

between FITC integrative intensity values were obtained for PCa cells when compared 

to PNT2 cells after analysed by ANOVA (***p<0.001), confirming previous data 

obtained by HCS. 
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Fig. 11. Z-stacks of prostate cancer cells after FITC-G3 treatment. (A) Superimposed Z-stack 
images of prostate cancer cells and healthy prostate cells treated with FITC-G3 at 4 µM for 24 hrs. 
Hoechst and Flash Red Phalloidin were used to stain the nuclei and cytoplasm respectively. Scale 
bar 25 µm, 60X objective. (B) FITC integrated intensity values were measured in 10 FOV. Data is 
shown as means with ± standard error mean (±SEM) of one biological experiment. The statistical 
significance was determined using one way ANOVA test (***p<0.001). 
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3.2.2 Cytotoxic analysis 
 

Elevated concentrations of G3 have demonstrated the concentration-dependant 

cytotoxic effect of the peptide in several cancer cell lines including, HCT-116, HeLa, 

HL60 and HepG2 cells (Chen et al., 2014a; Chen et al., 2014b; Chen et al., 2015; 

Cirillo et al., 2021; Hu et al., 2011). To test if each cell type can take up FITC-G3, at 

each concentration tested, cells were incubated with peptides and images were 

acquired by HCS. Figure 12 depicts the plot of integrated intensity of FITC-G3 for each 

concentration tested over the three cell lines. Both, PC-3 and LNCaP cells followed 

the same rising tendency of the FITC integrated intensity values, while there was a 

clear difference with PNT2 cells, even more than a 2-fold difference at high 

concentrations. These data confirmed that PCa cells internalized the G3 peptide at a 

much higher degree than PNT2 cells. 
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Fig. 12. FITC-G3 uptake at increasing concentrations. Normalised FITC 
integrated intensity log 10 values at increasing concentrations of FITC-G3 in 
either prostate cancer cells (LNCaP and PC-3) or non-cancer cells (PNT2), 
after 24 hrs exposure. One biological experiment was done in 3 replicates. 
Data is displayed as means and ±SD . 
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Either declines in cell counts or increased cell death are direct indicators of cell 

viability. Thus, the cytotoxic activity was analysed by acquiring nuclei images with High 

Content Microscopy and by counting nuclei automatically using the Multi Wavelength 

Cell Scoring (MWCS) algorithm. The MWCS algorithm functions by detecting the 

Hoechst nuclear staining in the cells. To investigate whether FITC-G3 peptide could 

affect the cell populations of LNCaP, PC-3 or PNT2 cells, a set of serial dilutions were 

analysed from 1 to 50 µM concentrations.  

 

The data revealed that even though PNT2 prostatic epithelial cells positively 

internalised G3 at high concentrations, from 10 to 50 µM, the cell viability was not 

particularly affected at any point of the treatments, as observed in Figure 13A, and the 

data from the image analysis in 13B. PNT2 cells at reduced concentrations did not 

uptake FITC-G3 as shown in the images up to 5 µM. The normalization of the data 

was done to the non-treated control and represented as percentages.  

 

Surprisingly, LNCaP and PC-3 cell populations were reduced significantly after 25 and 

50 µM concentrations of the peptide, as measured in Figure 14B and Figure 15B 

respectively. The statistical significance was calculated using one way ANOVA 

(***p<0.001) for both LNCaP and PC-3 IIC values. The internalization of FITC-G3 was 

observed in the high content images of LNCaP and PC-3 increasing exponentially from 

the lowest concentration to the highest concentration (Figure 14A & Figure 15A). At 

the highest concentration, FITC images represent high levels in PCa cells and a 

drastic reduction in the number of cells at 50 µM was also showed in their 

representative images. From 25 to 50 µM concentrations of FITC-G3, the actin staining 

revealed morphological alterations in LNCaP and PC-3 cells, characterized by 

reduced size, a round shape, and membrane blebbing. These observed changes in 

LNCaP and PC-3 cells may suggest apoptosis. In contrast, PNT2 cells maintained 

their structure under these concentrations.  
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Fig. 13. FITC-G3 cell viability analysis in PNT2. (A) High content images of PNT2 cells after 
addition of FITC-G3 at increasing concentrations for 24 hrs. Scale bar 50 μm, 20X magnification. 
Hoechst and red Phalloidin were used for staining of nuclei and cytoplasm, respectively. (B) 
Normalised cell population after 24 hrs of FITC-G3 treatments. Data is represented as means and 
±SD of one biological experiments with 3 replicates. 
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Fig. 14. FITC-G3 cytotoxic analysis in LNCaP. (A) High content images of LNCaP cells treated 
with FITC-G3 increasing concentrations for 24 hrs. Scale bar 50 μm, 20X magnification. Hoechst 
and red Phalloidin were used for staining of nuclei and cytoplasm respectively. (B) Cell population 
normalised to the untreated control after 24 hrs of FITC-G3 treatments. Data is represented as 
means and ±SD of one biological experiment with 3 replicates. One way ANOVA analysis was 
calculated (***p<0.001). 
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Fig. 15. FITC-G3 cytotoxic analysis in PC-3. (A) High content images of FITC-G3 increasing 
concentrations. Scale bar 50 μm, 20X magnification. Hoechst and red Phalloidin were used for 
staining of nuclei and cytoplasm respectively. (B) Normalised cell population after 24 hrs of 
FITC-G3 treatments. Data is exemplified as means and ±SD of one biological experiment with 
3 replicates. One way ANOVA analysis was calculated for normalised cell populations 
(***p<0.001). 
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Previously, our laboratory has investigated the ability of FITC-G3 peptide to penetrate 

and deliver siRNA molecules in colon cancer spheroids (Cirillo et al., 2021). To 

complement the FITC-G3 uptake assays, and to establish whether G3 could be 

suitable for potential tumour treatment, the penetration of the peptide was tested in a 

3D model using prostate cancer spheroids. In Figure 16, the uptake of FITC-G3 

peptide treatment is visualised in both cell line models, using PCa spheroids. From the 

images taken of the spheroids, it can be seen that the morphology of PC-3 spheroids 

was not as homogenous as LNCaP spheroids, which has been reported before in the 

literature (Hedlund et al., 1999; Ivascu & Kubbies, 2006; Mittler et al., 2017). However, 

both spheroid models show that FITC-G3 can be visualised throughout the spheroids. 
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Fig. 16. FITC-G3 internalization in PCa spheroids. (A) LNCaP and (B) PC-3 spheroids treated 
with FITC-G3 at 4 µM or 0.1% of DMSO for 24 hours. Cells were stained with Hoechst and Red 
Phalloidin. Scale bar 100 µM. Image represents data from a single biological experiment. 
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3.2.3 Co-culture assay 
 

CD44 is considered a prostate cancer stem cell marker (Hiraga et al., 2013; Hurt et 

al., 2008; Tang et al., 2007). CD44 is highly expressed in PC-3 cells, while there is a 

lack of expression in LNCaP cells (Desai et al., 2009; Dhir et al., 1997; Gupta et al., 

2012; Liu, 1994; Stevens et al., 1996; Tai et al., 2011). PNT2 cells have been reported 

as a normal prostatic epithelial cell line, that have a luminal phenotype, and low levels 

of CD44 expression (Cussenot et al., 1991; Jung et al., 2020; S. H. Lang et al., 2001). 

To get a deeper understanding of the cell selectivity to prostate cancer cells, a co-

culture experiment was designed using PNT2 and PC-3 cells in a 1:1 ratio. The 

rationale behind this experiment was to use CD44 antibody to discriminate PC-3 from 

PNT2 populations in the co-culture environment to quantify the number of cells that 

internalized FITC-G3. 

 

First, the antibody labelling of CD44 was tested independently in both cell lines, using 

HCS, resulting in PC-3 cells being the only ones that exhibit the positive signal (Fig. 

17). Integrated intensity values, corresponding to the CD44 antibody, were measured 

and normalised individually. PNT2 and PC-3 negative controls were treated only with 

the secondary antibody in absence of the primary antibody. A student t-test 

(***p<0.001) was executed to compare integrated intensity values between the two 

cell lines. 

 

Both cells were simultaneously exposed to 4 µM of FITC-G3 for 24 hrs and acquired 

using confocal microscopy in the co-culture experiment. The nuclei staining of both 

populations was done with Hoechst. Total cell populations were calculated and divided 

into two clusters, namely CD44+ and CD44-, followed by the calculation of the total 

number of FITC+ cells in each cluster and presented as percentages. Statistical 

significance was calculated using student t test (***p<0.001). Figure 18 shows images 

from the co-culture analysis and it can be seen that FITC-G3 was mainly internalized 

by CD44+ cells showing a preferential uptake by the CD44+ cell line, which represent 

the PC-3 populations in the co-culture assay.  
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Fig. 18. Cell selectivity analysis in co-culture system. (A) Confocal images of PNT2 normal 
cells and PC3 cancer cells co-cultured in a 1:1 ratio. The CD44 ab with Alexa Red 595 secondary 
ab was used to define CD44+ populations. All cells without red fluorescence were counted as 
CD44- populations. Scale bar 25 µm, 60X objective. (B) FITC positive cells were calculated for 
both CD44+ and CD44- groups in 6 FOV. Data is presented as means of 1 experiment with 7 
replicates and ±SD. Statistical significance was calculated using a student-t test (***p<0.001). 
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Fig. 17. CD44 antibody specificity test. (A) High content images of CD44 antibody 
labelling of PNT2 and PC-3 cells. The controls were treated with Alexa Red secondary 
ab. Scale bar 50 µm, 20X magnification. (B) Normalised integrated intensity percentages 
of CD44 staining between PNT2 and PC-3 cells. Data is presented as mean and ±SD, 
representative of one experiment with 3 replicates. Statistical significance was calculated 
using student t test (***p<0.001). 
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3.2.4 Colocalization analysis and endosomal distribution 
 
A colocalization analysis was executed to investigate the distribution of peptides or 

molecules that gain access to the cell by hijacking endocytic machinery. Previously, 

the first evidence of G3 using endocytic pathways was identified in colon cancer cells. 

Specifically, the peptide was observed inside vesicular compartments in colon cancer 

cells using transmission electron microscopy (TEM), and later on, using RNAi 

screenings of the endocytic machinery, which resulted in poor uptake of the peptide 

(Cirillo et al., 2021). However, no subcellular colocalization imaging has been done. 

To identify if FITC-G3 was present in early and/or late endosomes in LNCaP and PC-

3 cells, antibodies that label endocytic proteins were used. The colocalization analysis 

was done using the Colocalization Colormap plugin and superimposed images were 

obtained by confocal microscopy.  

 

Transferrin (TF) is an iron-complexing protein that uses CME after engaging with the 

TF receptor, enabling the absorption of iron into cells. (Pearse & Robinson, 1990). 

Conversely, one of the most representative markers for macropinocytosis is Dextran 

(DXT) (Falcone et al., 2006; Nakase et al., 2009). Based on this, an analysis was done 

to determine the extent of colocalization of TF and DXT with FITC-G3. TF was selected 

as a positive control for endocytosis, and DXT as a negative control of CME. 

 

In Figure 19A and Figure 20A, the representative images of the colocalization analysis 

are displayed for LNCaP and PC3, respectively. FITC-G3 is shown in the green 

channel and TF or DXT in the red channel. By contrast, FITC-G3 and TF both localise 

together as defined by yellow puncta, indicating colocalization, whereas in FITC-G3 

and DXT images there is almost none. The index of correlation (Icorr), that is based 

on the nMDP values, meaning above 0 to 1 for positive colocalization and below 0 to 

-1 for no colocalization. High Icorr values from 0.5 to 0.6, were obtained for TF and 

FITC-G3, while low Icorr values, around 0.2 to 0.3, were calculated for DXT and FITC-

G3 in both cell lines, as presented in Figure 19B and Figure 20B. Student t test were 

performed to compare the statistical differences between Icorr means. In both cell 

lines, p values <0.001 were obtained between TF and DXT groups. These data 

indicate that the peptide, at 4 µM, might enter the cell via CME rather than using 

macropinocytosis.  
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Fig. 19. Colocalization analysis of FITC-G3 and key markers of endocytosis in 
LNCaP. (A) Confocal images of LNCaP cells treated with FITC-G3 for 1 hr followed 
by 25 min exposure to Transferrin (TF) or 45 min with Dextran (DXT). Hoechst was 
used as a nuclear staining. Scale bar 25 µm, 60X objective. (B) Mean Icorr values 
were calculated where negative values represent no colocalization and positive 
values complete colocalization. Statistical significance was calculated using a T test 
(***p<0.001). Data is presented as means and ±SD of one biological experiment 
with 6 FOV. 
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Fig. 20. Colocalization analysis of FITC-G3 and key markers of endocytosis in 
PC-3. (A) Confocal images of PC-3 cells treated with FITC-G3 for 1 hr followed by 
25 min exposure to Transferrin (TF) or 45 min with Dextran (DXT). Hoechst was 
used as a nuclear staining. Scale bar 25 µm, 60X objective. (B) Mean Icorr values 
were calculated where negative values represent no colocalization and positive 
values complete colocalization. Statistical significance was calculated using a T test 
(***p<0.001). Data is presented as means and ±SD of one biological experiment with 
6 FOV. 
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The important function of the Rab-GTPase protein family in intracellular vesicular 

trafficking is well established (Pfeffer, 2013; Stenmark & Olkkonen, 2001). Among 

them, Ras-related protein Rab-5 (RAB5) is widely used as an early endosomal marker, 

due to its interaction with varied effectors to mediate vesicle fusion, biogenesis and 

maturation (Bucci et al., 1992; Gorvel et al., 1991; Hutagalung & Novick, 2011; Rink 

et al., 2005). Early-endosomal autoantigen 1 (EEA1) is another well-known marker for 

early endosomes, which is a RAB5 effector that participates in the endosome fusion 

(Christoforidis et al., 1999; Mishra et al., 2010; Mu et al., 1995). To establish whether 

endosomal markers could colocalize with FITC-G3 in PCa cells, we examined in the 

context of these two early endosomal markers, RAB5 and EEA1. 

 

Figure 21 and Figure 22 present the colocalization analysis between early endosomal 

markers and FITC-G3 peptide in LNCaP and PC-3, respectively. Images of FITC-G3 

in the green channel, RAB5 or EEA1 in the red channel and the merging of both 

channels are depicted (Fig. 21A and Fig. 22A). In some images the yellow puncta is 

evident, and even though in others is not as clear, the colocalization algorithm is 

capable of detecting colocalised values that are not as visible by naked eye. Similar 

mean Icorr values were obtained for EEA1 and RAB5 in both cell lines (Fig. 21B and 

22B). Statistical significance was obtained with p values of less than 0.001, between 

mean Icorr values of early endosomes against DXT, using one way ANOVA analysis 

with multiple comparisons in both PCa cell lines. Overall, these data indicates that 

FITC-G3 initiates an endosomal pathway, since it is localized in early endosomes of 

LNCaP and PC-3 cells. 
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Fig. 21. Colocalization analysis of FITC-G3 and early markers of 
endocytosis in LNCaP. (A) Confocal images of LNCaP cells treated with 
FITC-G3 and EEA1 or RAB5 abs. TF and DXT were used as positive and 
negative controls of clathrin-mediated endocytosis. Hoechst was used as a 
nuclear staining. Scale bar 25 µm, 60X objective. (B) Mean Icorr values of 
early endosomal markers and FITC-G3. The statistical significance was 
calculated using one way ANOVA analysis (***p<0.001). Data is presented 
as means and ±SD of one biological experiment with 6 FOV. 
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Fig. 22. Colocalization analysis of FITC-G3 and early markers of 
endocytosis PC-3. (A) Confocal images of PC-3 cells treated with FITC-
G3 and EEA1 or RAB5 abs. TF and DXT were used as positive and 
negative controls of clathrin-mediated endocytosis. Hoechst was used as a 
nuclear staining. Scale bar 25 µm, 60X objective. (B) Mean Icorr values of 
early endosomal markers and FITC-G3. The statistical significance was 
calculated using one way ANOVA analysis (***p<0.001). Data is presented 
as means and ±SD of one biological experiment with 6 FOV. 
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The recognition of late endosomes often utilizes Ras-related protein Rab-7 (RAB7), 

another Rab GTPase family member, which is implicated in the formation of 

lysosomes and mostly in late endosome trafficking (Guerra & Bucci, 2016; T. Wang et 

al., 2011). It has been reported in the literature that during the maturation process of 

endosomes, RAB5 gets replaced by RAB7 in late endosomes (Poteryaev et al., 2010; 

Rink et al., 2005). Another recognized indicator of late endosomes and multi-vesicular 

bodies, is cluster of differentiation 63 (CD63) (Kobayashi et al., 2000). 

 

To test for late endosomal localization, RAB7 and CD63 antibodies were analysed in 

the colocalization analysis with FITC-G3 (Fig. 23A, for LNCaP, and 24A for PC-3). 

Positive colocalization was obtained between Rab7 and FITC-G3, and between CD63 

and FITC-G3 in LNCaP and PC-3 cells. There was a statistical significance between 

Icorr mean values of the late endosomal markers when compared with DXT control in 

both prostate cancer cell lines (Fig. 23B and 24B). The high colocalization of FITC-G3 

and late endosomal markers in both PCa cell lines, is consistent with the positive 

colocalization in early endosomal compartments.  
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Fig. 23. Colocalization analysis of FITC-G3 and late markers of 
endocytosis LNCaP. (A) Confocal images of LNCaP cells treated 
with FITC-G3 and RAB7 or CD63 abs. TF and DXT were used as 
positive and negative controls of clathrin-mediated endocytosis. 
Hoechst was used as a nuclear staining. Scale bar 25 µm, 60X 
objective. (B) Mean Icorr values were calculated and the statistical 
significance was calculated using one way ANOVA analysis  
(**p<0.01;***p<0.001). Data is presented as means and ±SD of one 
biological experiment with 6 FOV. 
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Fig. 24. Colocalization analysis of FITC-G3 and late markers of 
endocytosis in PC-3. (A) Confocal images of PC-3 cells treated with FITC-
G3 and RAB7 or CD63 abs. TF and DXT were used as positive and 
negative controls of clathrin-mediated endocytosis. Hoechst was used as 
a nuclear staining. Scale bar 25 µm, 60X objective. (B) Mean Icorr values 
of late endosomal markers and FITC-G3. The statistical significance was 
calculated using one way ANOVA analysis (***p<0.001). Data is presented 
as means and ±SD of one biological experiment with 6 FOV. 
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Lysosomal-associated membrane protein 1 (LAMP1) represents a well-recognized 

marker of lysosomes (Eskelinen, 2006; Kornfeld & Mellman, 1989; Wartosch et al., 

2015). Finally, in the analysis of endosomal pathways, the analysis of LAMP-1 was 

done. The representative images of the colocalization analysis between LAMP1 and 

FITC-G3 is presented in Figure 25A for LNCaP and Figure 26A for PC-3 cells. LAMP1 

fluorescent marker displayed positive colocalization with FITC-G3, in LNCaP and PC-

3 cells. In Figure 25B and Figure 26B, mean Icorr values are presented and the 

statistical significance was calculated using ANOVA analysis in both prostate cancer 

cell lines. The p values for LNCaP were less than 0.01 and less than 0.001 for PC-3. 
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Fig. 25. Colocalization analysis of FITC-G3 and LAMP1 in LNCaP. (A) 
Confocal images of LNCaP cells treated with FITC-G3 and LAMP1 ab. TF and 
DXT were used as positive and negative controls of clathrin-mediated 
endocytosis. Hoechst was used as a nuclear staining. Scale bar 25 µm, 60X 
objective. (B) Mean Icorr values of LAMP1 and FITC-G3. The statistical 
significance was calculated using one way ANOVA analysis (**p<0.01;***p<0.001). 
Data is presented as means and ±SD of one biological experiment with 6 FOV. 
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Fig. 26. Colocalization analysis of FITC-G3 and LAMP1 in PC-3. (A) 
Confocal images of PC-3 cells treated with FITC-G3 labelled with LAMP1 ab. 
TF and DXT were used as positive and negative controls of clathrin-mediated 
endocytosis. Hoechst was used as a nuclear staining. Scale bar 25 µm, 60X 
objective. (B) Mean Icorr values were calculated and statistical significance 
was analysed using ANOVA analysis (***p<0.001). Data is presented as 
means and ±SD of one biological experiment with 6 FOV. 
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3.2.5 Macropinocytosis Inhibition 
 

Diverse CPP employ macropinocytosis as an internalization mechanism, which is 

characterized by using macropinosomes to swallow substantial volumes of solute and 

non-selective molecules (Lim & Gleeson, 2011). To provide more evidence about the 

uptake mechanism of G3, an experiment was designed to measure whether the FITC-

G3 peptide is capable of entry inside cells after inducing the chemical inhibition of 

macropinocytosis in prostate cancer cells. Control and treated cells were exposed to 

equal amounts of FITC-G3 (4 µM) and DXT, and EIPA inhibitor, used to block 

macropinocytosis only in treated dishes.  

 

In Figure 27A for LNCaP and Figure 28A for PC-3, images of the inhibition of 

macropinocytosis are presented. In the red channel images, the reduction of DXT 

marker is visualized in the cells that were treated with EIPA inhibitor. FITC-G3 

internalization is observed in both, controls and treated images. Red integrated 

intensity values were acquiered for the two cell lines and as expected, DXT signal was 

drastically decreased in treated dishes (Fig. 27B and Fig. 28B). A student t test was 

executed to compare mean differences against the control. The FITC integrated 

intensity was plotted in Figure 27C for LNCaP and Figure 28C for PC-3, however no 

difference was obtained for FITC-G3 values between the ones with EIPA inhibitor and 

the control. These data support the conclusion that FITC-G3 internalization is not 

affected after macropinocytosis inhibition in PCa cells and thus FITC-G3 is not 

internalised through macropinocytosis, at least at 4 µM.  
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Fig. 27. Macropinocytosis inhibition analysis in LNCaP. (A) Confocal 
images of LNCaP cells, either only exposed with FITC-G3 and Dextran (DXT) 
as control or cells treated with EIPA inhibitor as well. Nuclei were labelled using 
Hoechst. Scale bar 25 µm, 60X objective. (B) DXT-red integrated intensity 
values presented as percentages. A T-test was done to analyse significant 
differences between means (**p<0.01). (C) FITC integrated intensity values 
were graphed. Data is presented as means and ±SD of one biological 
experiment with 6 FOV. 
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Fig. 28. Macropinocytosis inhibition analysis in PC-3. (A) Confocal 
images of PC-3 cells, either only exposed to FITC-G3 and Dextran (DXT) 
as control or cells treated with EIPA inhibitor as well. Nuclei was labelled 
using Hoechst. Scale bar 25 µm, 60X objective. (B) DXT-red integrated 
intensity values are presented as percentages. A T-test was done to 
analyse significant differences between means (**p<0.01). (C) FITC 
integrated intensity values were graphed. Data is shown as means and 
±SD of one biological experiment with 6 FOV. 
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3.3 Discussion 
 
In summary of Chapter 3, the prostate cancer cell selectivity of FITC-G3 peptide was 

demonstrated, as well as its cytotoxic effect at high dosages. On the contrary, normal 

prostate cells displayed poor internalization of the peptide and they did not show a 

cytotoxic effect in response to any of the given concentrations. These findings are in 

alignment with prior studies in the literature that have confirmed the cancer cell 

selectivity and cytotoxic activity at high concentrations of G3 (Chen et al., 2014a; Chen 

et al., 2014b Cirillo et al., 2021; Hu et al., 2011). Furthermore, the chemical inhibition 

of macropinocytosis did not affect the internalization of the peptide, and all endosomal 

markers tested, together with the lysosomal marker, indicate that FITC-G3 colocalizes 

with them, agreeing with previous siRNA screen data and provide further evidence of 

G3 being internalized via the canonical CME (Cirillo et al., 2021).  

 
 
3.3.1 Does G3 have prostate cancer cell selectivity? 
 
For tumour targeting peptides, it is vital to initially demonstrate their discrimination of 

normal cells and selective preference to malignant cells. Due to the lack of prior 

research on G3 uptake in PCa, two cell lines were chosen based on their disease 

phenotypes. LNCaP represents a prostate adenocarcinoma cell line that is AR 

responsive, while PC-3 characterizes a more aggressive metastatic cell line that is 

non-responsive to AR (Horoszewicz et al., 1983; Kaighn et al., 1979; van Bokhoven 

et al., 2003). FITC-labelled G3 was used to quantify and compare their cellular uptake 

with PNT2, a cell line that was derived from a 33-year-old man's non-cancerous 

prostate tissue (Cussenot et al., 1991). 

 

The results of the G3 internalization assays show that FITC-G3 enters PCa cells, and 

displays enhanced cell affinity against PC-3 and LNCaP cells, compared with marginal 

uptake in PNT2 cells, which was further validated by high resolution imaging. These 

results are in alignment with previous studies that have reported G3 being internalized 

preferentially by HCT-116 colon cancer cells, Hep-G2 liver cancer cell, HeLa cervical 

cancer cells and HL60 leukemia cells, in comparison with their negligible 

internalization in benign cells, such as HDF and NIH 3T3 cells (Chen et al., 2014a; 

Chen et al., 2014b; Cirillo et al., 2021; Hu et al., 2011). The exposure of the peptide in 

the internalization assays was determined as 24 hrs based on the mentioned study in 
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colon cancer cells, and the dose used was 4 µM. PNT2 cells were tested at early 

passages as differences in morphology were observed at late passages, that could 

hint to accumulation of mutations and changes in gene expression (Chang-Liu & 

Woloschak, 1997; Kim et al., 2017). According to the findings of the cell counts by 

HCS, neither the PCa cells nor the control cell’s viability were impacted by FITC-G3 

exposure at the specified dose. Due to the low spatial resolution of the HCS 

microscope, Z-stacks compilations using confocal microscopy helped to confirm the 

uptake discrepancies between PCa and normal cells. Given phalloidin stains F-actin 

filaments in cells, it was utilized to outline cells by ROI, to facilitate the FITC-G3 puncta 

measurements. In agreement with prior experiments, in which FITC-G3 was 

demonstrated to access and unload siRNA into colon cancer spheroids, in this work it 

was shown the positive penetration of FITC-G3 in PCa spheroids (Cirillo et al., 2021). 

These observations highlight a consistency in the behaviour of FITC-G3 in colon and 

prostate cancerous tissues, which raises the possibility of a wider applicability across 

various cancer types. Images of the spheroids depicted that, according to previous 

reports in the literature, the morphology of PC-3 spheroids was not as uniform as that 

of LNCaP spheroids (Hedlund et al., 1999; Ivascu & Kubbies, 2006; Mittler et al., 

2017).  

 

A co-culture experiment was designed based on the fact that CD44 has been found 

highly upregulated in PC-3 cells, while poor or lack of expression has been reported 

in PNT2 cells (B. Desai et al., 2009; Dhir et al., 1997; Draffin et al., 2004; A. Gupta et 

al., 2012; Jung et al., 2020; S. H. Lang et al., 2001; Liu, 1994; S. Tai et al., 2011). The 

goal of this experiment was to count the number of cells that internalised FITC-G3 by 

using CD44 antibodies to distinguish PC-3 from PNT2 populations in a 1:1 co-culture 

environment. The important function of CD44 in metastasis, invasion, and progression 

in cancer has been documented (Senbanjo & Chellaiah, 2017). In particular, high 

expression levels of CD44+ cells have been associated with metastatic features and 

PCa stem cell potential (Patrawala et al., 2006). Also, CD44 has been proposed as a 

PCa stem cell marker (Collins et al., 2005; Hiraga et al., 2013; Hurt et al., 2008; Tang 

et al., 2007). The CD44 antibody specificity was tested in PNT2 and PC-3 cells 

independently by HCS, which confirmed the CD44+ fluorescence intensity exclusively 

in PC-3 cells. Thus, the results of the co-culture test revealed that the PC-3 

populations, which were represented by CD44+ cells, demonstrated the majority of 
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the FITC-G3 uptake. These results align with the stated studies that have 

demonstrated high expression of CD44, specifically in PC-3 cells and with low or 

absence of CD44 in PNT2 cells. In a similar way, the specificity of G3 has been 

evaluated in other co-culture experiments with different settings that are consistent 

with our findings. For instance, in a co-culture of HCT-116 and HDF it was possible to 

observed the G3-mediated internalization of siGLO mostly in colon cancer cells (Cirillo 

et al., 2021), or in another dual culture the uptake of FITC-G3 was clearly observed in 

HL60 but not in NIH-3T3 fibroblasts (Hu et al., 2011). The co-culture experiment's 

findings in this work added to the body of data supporting G3 uptake preference for 

metastatic PC-3 cells over normal prostate PNT2 cells. 

 

 
3.3.2 Does G3 exhibit a cytotoxic effect in prostate cancer cells? 
 
Cytotoxicity to non-cancer cells is an undesired effect for drug delivery systems. 

LNCaP, PC-3, and PNT2 cells were treated with various doses ranging from 1 to 50 

µM of FITC-G3 with the intention to assess if it has cytotoxic action against PCa. In 

these assays, the internalization of FITC-G3 by LNCaP and PC-3 cells was 

substantial, without impairing their viability at low concentrations (4 µM), but at high 

concentrations (20 to 50 µM), the peptide exerted a drastic cytotoxic effect, as 

evidenced by significant cell death. Conversely, the normal PNT2 cell viability 

remained largely unaffected throughout the treatment process. Even though PNT2 

cells, did internalized the peptide at high concentrations (10 to 50 µM), the 

internalization of G3 was more markedly pronounced in PCa cells, since the difference 

between them was more than two-fold. The elevated cytotoxicity obtained in PCa cells 

at 25 to 50 µM dosages of FITC-G3 is in accordance with earlier reports, as at 25 µM 

there was a decrease of around half of the cellular populations. Accordingly, using 

MTT assays it was shown that HL60 and HpeG2 cells presented an IC50 of ~25 µM 

of G3 and an IC50 of ~15 µM for Hela cells. In agreement with our research, these 

analyses also showed little toxicity to the fibroblasts, a non-malignant control (Chen et 

al., 2014a; Chen et al., 2014b; Hu et al., 2011). In line with our experiments, the IC50 

reported for HCT-116 cells is ~50 μM for non-conjugated G3 and ~60 μM for FITC-

G3, while they calculated an IC50 of 86 μM for FITC-G3 being more sensitive towards 

fibroblasts than naked G3 which no cytotoxicity was detected (Cirillo et al., 2021). 
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While we did not evaluate the cytotoxic effect of naked G3 on PCa cells, based on 

observed trends in the cited cancer cell lines and our results with FITC-G3, it's 

tentatively speculated that a similar IC50 difference might be seen in PCa cells. 

Nonetheless, it would be necessary to evaluate the cytotoxicity of non-conjugated G3 

in PCa cells to corroborate this.  

 

 
3.3.3 Is the subcellular localization of G3 in clathrin-associated compartments? 

CPP can gain access to the interior of the cells by two different mechanisms: direct 

penetration without energy input or by an energy-mediated endocytic pathway (Gestin 

et al., 2017; Madani et al., 2011; Ruseska & Zimmer, 2020; Tashima, 2017; Trabulo 

et al., 2010; Yang et al., 2019). In our laboratory, several pieces of evidence have 

indicated that the uptake of G3 occurs through endocytosis. Using TEM, Cirillo and 

collaborators treated HCT-116 cells with FITC-G3, that was linked to an antibody anti-

FITC and gold nanoparticles, which allowed the visualization of the internalization of 

the peptide in vesicles. Following this experiment, they exposed the peptide to cold 

temperature (4 °C) to impede energy-dependent cellular functions, including 

endocytosis; the internalisation of G3 was entirely inhibited and it could only resume 

when the temperature was raised to 37 °C. Moreover, impairment of the internalization 

of G3 resulted after knocking down the endocytic machinery using RNAi (Cirillo et al., 

2021).  

 

In this work, a colocalization study using the Colormap Colocalization Image J plugin 

was done to provide a more comprehensive understanding of the intracellular 

localization of the peptide. The results demonstrated high degree of colocalization of 

FITC-G3 with the markers of the endo-lysosomal system in PCa cells, which enriches 

the previous body of evidence reported by Cirillo and colleagues, that supports G3’s 

uptake via clathrin-mediated endocytosis. There was an overlap of puncta of both 

FITC-G3 and TF, which is used typically as an standard indicator of CME (Pearse & 

Robinson, 1990). The colocalization assessment resulted in high Icorr values for 

LNCaP and PC-3, clearly suggesting that the peptide enters the cells using CME. In 

both cell lines, DXT a widely recognized macropinocytosis marker (Falcone et al., 

2006; Nakase et al., 2009), demonstrated poor colocalization with FITC-G3 and the 
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internalisation of the peptide was unaffected by the chemical suppression of 

macropinocytosis using EIPA, indicating that the peptide is not internalized through 

this mechanism, where EIPA is considered the most potent and specific 

pharmaceutical agent to prevent macropinocytosis (Commisso et al., 2013; Ivanov, 

2008). EIPA activity was verified by the reduction of DXT puncta observed in PCa cells 

and its integrated intensity estimations.  

 

Furthermore, the analysis applied to Z-sections of the confocal images, revealed that 

FITC-G3 highly colocalizes with the biomarkers EEA1, RAB5, RAB7, and CD63 at a 

similar degree, which indicates the accumulation of the peptide in early and late 

endosomes. Fusion and fission processes are commonly experienced by endosomes 

during endocytosis (Gautreau et al., 2014). In early endosomes, RAB5 is stimulated 

by Rabex-5, facilitating the synthesis of phosphatidylinositol 3-phosphate (PI(3)P) 

through the recruitment of phosphatidylinositol 3-kinase catalytic subunit type 3 

(PIK3C3) (Murray et al., 2016). EEA1 takes part in endosome fusion through its 

interaction with Rab5 and PI(3)P (Christoforidis et al., 1999; Mishra et al., 2010; Mu et 

al., 1995). As endosomes mature, Rab5 is eventually substituted by Rab7 in late 

endosomes (Poteryaev et al., 2010; Rink et al., 2005). Rab7 encompasses pivotal 

functions including, modulation of lysosome creation and transport and maturation 

from late endosomes to lysosomal organelles (Guerra & Bucci, 2016; Wang et al., 

2011). Thus, following an energy-dependant endocytic route, it was logical to find G3 

colocalized with EEA1 and the two Rab GTPase family members, Rab5 and Rab7.  

 

Although CD63 is not implicated in endosomal trafficking regulation per se, it is an 

established component of both late endosomes and lysosomal membranes 

(Kobayashi et al., 2000). Due to the location of CD63 in late endosomes, multivesicular 

bodies, and lysosomes, the positive colocalization that resulted with G3 peptide 

supports the premise of being routed to these organelles. In addition, CD63, as other 

tetraspanins, is also typically utilized as a marker for exosomes, which may suggest 

that the peptide is associated with or packaged within exosomes into multivesicular 

bodies (Escola et al., 1998; Logozzi et al., 2009; Yoshioka et al., 2013). This might 

have implications of the extracellular release of the peptide, which would be interesting 

to investigate in future experiments. However, the fact that it was found in our analysis 

that FITC-G3 positively colocalizes with LAMP1, a standard lysosomal marker 
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(Eskelinen, 2006; Kornfeld & Mellman, 1989; Wartosch et al., 2015), suggests that at 

least some of the peptide goes directly to the lysosomes and potentially be exposed 

to proteolytic degradation in both PCa cell lines. The maturation of Lamp1-positive 

lysosomes requires Rab7, which G3 was discovered to colocalized as well (Lee et al., 

2011; Yap et al., 2018). However, latest research shows that LAMP1-labelled pits 

aren't always degradative as some of them lack acid hydrolases, such as cathepsin B 

and D; or even if they contain acid enzymes, they might not display the correct pH for 

their activity (Cheng et al., 2018; Trofimenko et al., 2021a; Yap et al., 2018). Also, the 

presence of LAMP1 has been detected in late endosomes, LAMP transient vesicles 

and at the cellular membrane (Baba et al., 2020; Pols et al., 2013). Thus, the positive 

colocalization of G3 with LAMP1 doesn't necessarily mean it undergoes lysosomal 

degradation. 

 

The subcellular localization of several CPP or cell targeting peptides has been 

investigated using colocalization analysis with varied endosomal markers. In a 

comparable way to our study, a cancer targeting peptide called Pep42 was revealed 

to localize in CME compartments, testing transferrin in combination with endocytic 

inhibitors, a marker for lipid rafts and organelle-focused fluorescent tracers through a 

colocalization analysis (Liu et al., 2007). Lack of colocalization with clathrin-related 

endosomal markers such as transferrin and EEA1 have been reported for the HIV-1 

TAT peptide, while increased colocalization with cholera toxin B, indicating a cavelae-

mediated mechanism (Fittipaldi et al., 2003). Differing from our observations, one 

research identified a distinct endocytic mechanism for certain cationic CPPs, including 

Transportan, TAT, Penetratin, R9, and MAP, using live colocalization with pulse-chase 

experiments. Their data supports a Ras-related protein Rab-14 (RAB14)-dependent 

mechanism for endosomal progression, bypassing the usual RAB5/RAB7 GTPases. 

Remarkably, they reported the engagement of EEA1 to early endosomes even without 

the presence of RAB5 (Trofimenko et al., 2021a). Their study is the first one that has 

reported such endocytic process for cationic CPP and for other positively charged 

molecules. Considering that these CPP are cationic but have diverse physicochemical 

properties, it leads to the question of whether a cationic CPP, such as G3, might also 

utilize a RAB14-based endocytic mechanism in cells where RAB14 is inactive. 

Nevertheless, our colocalization findings are in agreement with a RAB5/RAB7-

associated pathway which is the leading endosomal route for CPPs that are up taken 
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via CME (Bechara & Sagan, 2013; Madani et al., 2011; Ruseska & Zimmer, 2020; 

Trabulo et al., 2010). 

 

In addition, potential upcoming experiments to expand our knowledge on the subject 

could involve testing G3’s colocalization with markers of the recycling machinery such 

as RAB11 (Ullrich et al., 1996; Wandinger-Ness & Zerial, 2014), or tracers of 

intracellular organelles. Currently there are commercial probes designed for specific 

organelles, for example the use of ER-tracker for endoplasmic reticulum identification, 

MitoTracker for mitochondria, and Golgi-targeted ceramides with fluorescent labels. 

Although LAMP1 localizes mostly in lysosomes, it can also be present in lysosomal-

associated compartments that do not have enrichment of proteolytic enzymes (Cheng 

et al., 2018; Trofimenko, et al., 2021a; Yap et al., 2018), therefore future experiments 

could be done to corroborate whether G3 locates precisely in lysosomes, and hence 

is susceptible to lysosomal degradation. For instance, an approach that could be 

tested to verify G3’s location in lysosomes is determining the pH of the lysosomal-

related compartments where G3 was colocalized using a LysoSensor Dye, which 

fluorescence rises in acidic settings (Diwu et al., 1999; L. Ma et al., 2017a). 
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CHAPTER 4 
 

 

 

 

 

4. ROLE OF SCAVENGER RECEPTORS IN THE 
UPTAKE MECHANISM OF G3 

 
  
 
4.1 Introduction 

 

4.2 Scavenger receptors diversity and classification 
 

Scavenger receptors (SR) embody a supergroup of cell surface receptors, diverse in 

both structure and functionality, that are classified into 12 classes, from A to L 

(Alquraini & El Khoury, 2020; PrabhuDas et al., 2017). Their protein structure and aa 

sequences set the parameters for their classification (PrabhuDas et al., 2017; Zani et 

al., 2015). They were identified for the first time on the surface of macrophages in the 

70s  (J. Goldstein et al., 1979). Goldstein and collaborators discovered that the altered, 

acetylated or oxidized, low-density lipoprotein (LDL) undergoes internalization and 

degradation after binding to SR, while the native LDL stays unaffected. SR are 

particularly flexible in their responses due to their capacity to bind with various co-

receptors. Their functions are quite heterogeneous including, lipid transportation, and 

metabolism, cell adhesion, cargo delivery, pathogen removal, host defense, 

immunological reaction, inflammation and presentation of antigens (Canton et al., 

2013; Taban et al., 2022).  

 

Damage-associated molecular patterns (DAMPs) are defined as a cluster of molecules 

with unintended alterations, which can be lipids, proteins or even DNA, that jeopardize 

an organism's ability to function adequately (Hartvigsen et al., 2009; Matzinger, 2002). 

DAMPs can be modified self-molecules, like oxidized or acetylated LDL. SR are 

capable of interacting, not only with DAMPs, but also with a huge repertoire of ligands, 

such as apoptotic cells, endogenous proteins, and polyionic ligands; including 
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lipoproteins, phospholipids, proteoglycans, ferritin, carbohydrates, and cholesterol 

ester (Taban et al., 2022). In addition, they are classified as pattern recognition 

receptors (PRRs) owing to their capacity to detect specific components present in 

bacteria and other pathogens. SR play a vital role in the innate immune response by 

identifying pathogen-associated molecular patterns (PAMPs). PAMPs are molecular 

motifs of tiny size that are conserved in diverse microorganisms, such as 

lipopolysaccharide (LPS), lipoteichoic acid (LTA), and beta-glucan (Areschoug & 

Gordon, 2008; Areschoug & Gordon 2009; Mukhopadhyay & Gordon, 2004; 

Plüddemann et al., 2007).  

 
For the scope and context of this chapter, brief introductory sections of SR class B 

and class F are covered, since SR from these classes are relevant to the experimental 

results. 

 

 
4.2.1 SR Class B 

 
The structure of SR class B is distinguished by having an extracellular loop, 

with 2 transmembrane domains and the N- and C- terminals in the cytoplasm 

(Figure 29) (Asch et al., 1987). Class B has 3 members, SR class B1 (SR-B1) 

also called SCARB1, SR class B2 (SR-B2) also known as CD63, and SR class 

B3 (SR-B3). Factors that help SR-B1 and SR-B2 in their tasks in cell signaling 

and lipid exchange, are their location in caveolae-like areas of biological 

membranes and their sequence homology (Patel et al., 2008). 

 

SR-B1 was identified to bind modified LDL and native LDL with high affinity 

(Acton et al., 1994). Later, SR-B1 and SR-B2 were shown to bind to anionic 

phospholipids and high-density lipoprotein (HDL) (Acton et al., 1996; Rigotti et 

al., 1995); which opened the doors to several studies that revealed its function 

in lipid trafficking and uptake. SR-B1 can carry cholesteryl esters from HDL or 

various lipoproteins and deliver them inside the cells through a process known 

as selective uptake (Azhar et al., 2003; Brundert et al., 2005; Connelly & 

Williams, 2004; X. Gu et al., 1998; Krieger, 1999; Rigotti et al., 2003; W.-J. Shen 

et al., 2018). The selective uptake differs from the typical endocytic route; where 
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the lipoprotein stays outside the membrane avoiding lysosomal degradation, 

while the cholesterol ester is internalized in a non-endocytic manner (Glass et 

al., 1983; Pittman et al., 1987). The function of SR-B1 is bidirectional since it is 

required for influx or efflux of cholesterol from the cells to HDL (De la Llera-

Moya et al., 1999; X. Gu et al., 2000; Ji et al., 1997; Jian et al., 1998). 

Additionally, SR-B1 is involved in reverse cholesterol transport, which entails 

the removal of free cholesterol from peripheral cells, e.g., epithelial cells or 

macrophages, to ship it to the liver for disposal or redistribution (Ji et al., 1999; 

Out et al., 2004). In cultured endothelial cells, it has been demonstrated that 

SR-B1 controls the activation of endothelial nitric oxide synthase (eNOS) 

through HDL (Mineo et al., 2003; Yuhanna et al., 2001).  

 

Although SR-BI is expressed at modest levels throughout the body in multiple 

tissues, it is concentrated mainly in the liver, adrenal glands, and gonads, which 

are involved in the metabolism of cholesterol (Landschulz et al., 1996; 

Nakagawa-Toyama et al., 2005). Infertility, atherosclerosis, and compromised 

innate immune response, have been associated to allelic variants or mutations 

in the SR-B1 gene (Yates et al., 2011).  

 

SR-B1 is among the most versatile SR since it cooperates with a wide spectrum 

of ligands, comprising maleylated BSA, carotenoids, vitamin E, silica, 

unesterified cholesterol or reconstructed phospholipid elements that include 

apolipoproteins, e.g. apoA-I/II, apoC-III, or apoE (During et al., 2005; Li et al., 

2002; Reboul et al., 2006; Rigotti et al., 2003; Tsugita et al., 2017; Xu et al., 

1997). SR-B1 has also been proven to participate in the recognition and 

phagocytosis of cells that undergo apoptosis (Fukasawa et al., 1996; Imachi et 

al., 2000; Murao et al., 1997; Shiratsuchi et al., 1999). Furthermore, binding to 

bacterial constituents, such as LPS, LTA, and amphipathic helix, has been 

reported (Bocharov et al., 2004; Vishnyakova et al., 2003). SR-B1 associates 

to viruses as well, easing their access into the cells. For instance, it is a key 

participant in the entry of the hepatitis C virus (HCV) via recognition of viral 

envelope units (Barth et al., 2008; Catanese et al., 2007; Catanese et al., 2010; 

Scarselli et al., 2002); as well as, its novel role in the internalization of SARS-

CoV-2 virus in cells expressing angiotensin converting enzyme-2 (ACE2) 
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receptor, in which SRB1 increases the virus attachment because the virus binds 

to its ligands such as cholesterol and probably to HDL (C. Wei et al., 2020).  

 

Another B SR family member is SR-B2 identified as a receptor for 

thrombospondin and to have a function as a down regulator of angiogenesis 

(Asch et al., 1987). However, now it is well documented that it can also bind to 

a variety of molecules including, altered lipid particles, fatty acids, oxidized 

phospholipids or lipoproteins, apoptotic cells, and pathogens (Silverstein & 

Febbraio, 2009). Diverse cell types express SR-B2, including macrophages, 

microglia, dendritic cells, monocytes, and endothelial cells from various tissues, 

such as kidney, adipose tissue, gut, breast, adrenal glands and testis (Febbraio 

et al., 2001). Several co-receptors have been credited to interact with this 

receptor, including integrins, toll-like receptors (TLRs) and tetraspanins (W.-M. 

Miao et al., 2001). Specifically, it triggers a proinflammatory cascade as a 

reaction to modified LDL, that happens when SR-B2 collaborates with TLR4 or 

TLR6 (Stewart et al., 2010).  

 

SR-B2 is a dynamic player in processes such as lipid buildup, inflammatory 

damage, oxidative stress and programmed cell death (X. Yang et al., 2017). 

Consequently, it has also been implicated in the development of numerous 

diseases, principally atherosclerosis, non-alcoholic fatty liver disease and 

diabetes (Miquilena-Colina et al., 2011; Moon et al., 2020; Nicholson et al., 

2000).  

 

The final family member, SR-B3 is a surface receptor not only present in 

macrophages and smooth muscle cells, but in other tissues, e.g. heart, liver 

and brain (Ishikawa et al., 2009). SR-B3 contributes in the restructuring of 

endosomes and lysosomes, and in membrane trafficking, since it is one of the 

most prevalent proteins in the membrane of lysosomes (Kuronita et al., 2002). 

Furthermore, its involvement in the exportation of cholesterol from the 

lysosomal compartments has been postulated (Heybrock et al., 2019). 

Together with another protein known as P-selectin glycoprotein ligand-1, they 

serve as receptors for the enterovirus 71 and some Coxsackievirus family 

members, contributing in binding and internalization, however only SR-B3 
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participates in the uncoating of the virus (Yamayoshi et al., 2009; Yamayoshi 

et al., 2013). 

 

4.2.2 SR Class F 
 
Three are the members of SR class F, namely SR class F1 (SR-F1) or 

SCARF1/SRECI, SR class F2 (SR-F2) or SCARF2/SRECII and SR class F3 

(SR-F3). SR class F are denoted by the presence of epidermal growth factor–

like (EGF-like) domains followed by a transmembrane region, and ending in an 

elongated tail in the cytoplasm (Fig. 29).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The initial identification of SR-F1 was as a receptor that could recognize altered 

LDL specifically in endothelial cells (Adachi et al., 1997). While SR-F1 contains 

regions in its cytoplasmatic tail that are enriched with serine and proline 

followed by a poly-glycine region, SR-F2 possess positively charged arginine 

Fig. 29. Representation of SR class B and F structure. A loop-shaped CD36 domain with 
two transmembrane domains and the N- and C-terminal ends in the cytoplasm are 
characteristics of SR class B. The architecture of SR class F is composed of varying numbers 
of EGF-like domains, followed by a transmembrane domain and their cytoplasmic domain is 
abundant in serine, proline, glycine, and/or arginine and lysine residues. The extracellular N-
glycosylation sites are illustrated for both classes. Created with BioRender.com.  
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and lysine residues as well (J. Ishii et al., 2002). SR-F1 and SR-F2 share 

structural similarities, to a degree of roughly 50% in their extracellular domain, 

but only to a lesser level (20%) in their cytoplasmic domains. A soluble, 

shortened form of SR-F1 (~60 kDa) has been identified in serum from human 

samples (Patten et al., 2017). The trans-interaction between both receptors is 

possible via their ectodomains blocking their binding sites and any scavenger 

functionality (J. Ishii et al., 2002). Even though the distribution of expression of 

SR-F1 and SR-F2 is widely expressed in different tissues, the two receptors 

are located principally in lung, spleen, placenta, heart, ovary and small intestine 

(J. Ishii et al., 2002).  

 
The ligand diversity of SR-F1 is abundant, involving molecules from 

endogenous and exogenous sources. SR-F1 can bind and transport 

glycoprotein 96 (Gp96) and calreticulin (CRT), chaperones of the major 

histocompatibility complex (MHC) class 1 antigen presentation system (Berwin 

et al., 2004). SR-F1 can associate with proteins from Klebsiella pneumonia, in 

a TLR2-dependent mechanism, triggering proinflammatory signals (Jeannin et 

al., 2005). Furthermore, SR-F1 has roles in pathogen infection, through binding 

of yeast ß-glucans, and bacteria, such as Staphylococcus aureus and Neisseria 

gonorrhoeae, and viral antigens, such as the non-structural Protein 3 (NS3) 

from the hepatitis C virus and viral double stranded RNA (Baur et al., 2014; 

Beauvillain et al., 2010; Means et al., 2009; Rechner et al., 2007). The 

attachment of SR-F1 to two endogenous molecules, namely granule protein 2 

(GP2) and the Tamm–Horsfall protein, has been reported in which the receptor 

may indirectly contribute in the capture and absorption of bacteria (Hölzl et al., 

2011; Pfistershammer et al., 2008).  

 

Several heat shock proteins (HSP), such as HSP70, HSP90, HSP110 and 

glucose-regulated protein 170 (GRP170) have been identified as ligands of SR-

F1 (Facciponte et al., 2007; Murshid et al., 2010; Thériault et al., 2006). In the 

work of Murshid and collaborators, it was identified that SR-F1 facilitated a 

dynamin and clathrin-independent mechanism to internalize HSP90 

complexes. In this pathway the GTPase, cell division cycle 42 (Cdc42), 

controlled internalization via GPI-enriched endosomal compartment (GEEC) to 
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recycling compartments. The removal of dying cells through complement factor 

C1q interaction has been reported as another function of SR-F1 in 

macrophages, dendritic cells and epithelial cells (Ramirez-Ortiz et al., 2013).  

 

There is a lack of studies regarding the functionality, ligands-interaction, protein 

expression and signalling pathways of SR-F2. Currently its precise functions 

have not been determined yet, however mutations in the SCARF2 gene are 

directly connected to fatal conditions such as Van den Ende–Gupta Syndrome 

and the 22q11.2 deletion syndrome (Anastasio et al., 2010; McDonald-McGinn 

et al., 2015). Apart from the tissues previously mentioned for SR-F1, SR-F2 is 

also predominantly present in the prostate, endometrium, gall bladder, fat and 

kidney (Ishii et al., 2002).  

 

In contrast to SR-F1, SR-F2 exhibits limited scavenging activity as its binding 

capacity to modified LDL is absent, and it has only been detected to adhere to 

maleylated BSA (MalBSA) and acetylated BSA (AcBSA) (Wicker‐Planquart et 

al., 2021). In addition, it could be possible that SR-F2 has different binding 

domains because when tested in soluble form it can associate with CRT and 

C1q, both ligands of SR-F1 (Wicker‐Planquart et al., 2021).  

 

SR-F3, also known as multiple EGF like domains 10 (MEGF10), is mainly 

expressed in astrocytes and myosatellite cells in the brain (Cahoy et al., 2008; 

Nagase, 2001). It has been proposed that SR-F3 is internalized through CME 

after binding to AP50 subunit and cooperating with the AP-2 complex. This 

receptor has also been related to Alzheimer's disease as it is capable of 

associating to amyloid-β peptide and facilitating its internalization (Singh et al., 

2010). In the mouse cerebellum, MEGF10 is a receptor for the C1q similar to 

SR-F1, and thus involved in efferocytosis (Iram et al., 2016). Its purpose is to 

be a phagocytic receptor for astrocytes, both in development or ischemic 

damage (Chung et al., 2013; Morizawa et al., 2017). 
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4.3 Scavenger receptors in prostate cancer 

It is not surprising that SR are active contributors to cancer biology due to their 

multifunctional involvement in normal physiological processes and its vast interactome 

network. The role of SR in the development and malignancy of PCa is still not entirely 

clear, however the impact and overexpression of several SR in disease has been 

examined (Figure 30). 

SR class A1 (SR-A1) is an essential receptor for the management of tissue 

homeostasis and it has been implicated in disease pathogenesis, such as 

neurodegeneration, atherosclerosis and cancer (Frenkel et al., 2013; Khoury et al., 

1996; Kuchibhotla et al., 2008; Kzhyshkowska et al., 2012; Suzuki et al., 1997; Yu et 

al., 2015). Similar to several cancers, poor prognosis has been correlated to 

expression of SR-A1 in tumour associated macrophages (TAMs) in PCa (Yang et al., 

2004).  

Fig. 30. Scavenger receptors involved in prostate cancer. Colour circles represent SRs and 
dotted circles their main features in the disease.  
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Inherited PCa has been associated with chromosome 8p22, the location of SR-A1 

(Bova et al., 1996; Suzuki et al., 1995). Other cancers have been connected with the 

deletion of this region as well (Low et al., 2011). In addition, high risk of PCa has been 

linked to specific genetic variations or mutations of SR-A1 (Miller et al., 2003; Xu et 

al., 2002; Xu et al., 2003). However, contradictory studies suggest that there is no 

causal association between them, because their data suggest that SR-A1 alone is not 

enough to determine PCa risk and there could be other unknown genes or factors 

involved (Hope et al., 2005; Rennert et al., 2005, 2008; Seppälä et al., 2003; Wang et 

al., 2003). In a meta-analysis study, they examined published articles on SR-A1 up to 

2005, and they concluded that even though some variants like D174Y in African-

American people and R293X in Caucasian people, had significant correlation with PCa 

risk, the overall panorama implied a modest risk to PCa, with more susceptibility in 

African-American men, rather than the SR-A1 gene representing a core risk by itself 

(J. Sun et al., 2006).  

 

SR class A3 (SR-A3) is an important player in PCa, where metastasis has been linked 

to the methylation of its gene promoter and to the downregulation of protein 

expression. It has been proposed as a tumour suppressor in PCa as well, since its 

forced upregulation impacts upon tumour development and expansion (Yu et al., 

2006).  

 

Androgens are derived from cholesterol and they are necessary for both normal 

function of the prostate and PCa survival. SR-B1, one of the principal facilitators of 

cholesterol trafficking within the cells and tissues, has been recently verified to be 

implicated in the progression of PCa. High expression levels of SR-B1 were observed 

in a LNCaP xenograft model that exhibited a castration-resistance prostate cancer 

stage, but not in the prostate cancer cell line itself, denoting the key function of this 

receptor in the modulation of cholesterol internalization in PCa aggressiveness and 

advancement (Leon et al., 2010). In another study, they contrasted two diets in 

TRAMP (transgenic adenocarcinoma of mouse prostate) mice, in which a transgene 

governs the expression of the Simian Virus 40 (SV40) large T antigen through a 

prostate-specific promoter, leading to spontaneous multistage PCa that progresses 

from PIN to adenocarcinoma. The TRAMP mice that were fed with a western-based 

diet, presented increased levels of SR-B1 expression and HDL-cholesterol, resulting 



139 
 

in an increment in the incidence of tumour size (Llaverias et al., 2010). In a different 

research, the siRNA-mediated KD of SR-B1 in the PCa cell lines, C4-2 and LNCaP, 

reduced PSA levels and adversely affected cancer cell survival. (Twiddy et al., 2012). 

Additionally, SR-B1 is upregulated in metastatic and high Gleason grade PCa patient 

samples, in comparison with primary PCa or low-grade tumour biopsies (Schörghofer 

et al., 2015). Similarly, SR-B1 expression is highly regulated in primary PCa and 

metastatic CRPC biopsies in comparison with healthy prostate samples (Gordon et 

al., 2019; Traughber et al., 2020). Both studies, demonstrated by different routes that 

PCa proliferation and progression are stimulated via SR-B1 uptake of HDL-

cholesterol.  

 

SR class E1 (SR-E1) is upregulated in diverse cancers, and PCa is not the exemption 

(Hirsch et al., 2010; Murdocca et al., 2021). Lymph node metastasis and aggressive 

late stages of PCa have been related to abundant serum levels of SR-E1 and high 

oxidized low density lipoprotein receptor 1 (OLR1) gene expression (Wan et al., 2015). 

In the same study, they identified that one of the ligands of SR-E1, oxidized LDL 

(oxLDL), endorses the migration, proliferation, and invasion of LNCaP and PC-3 cells. 

The stimulation of SR-E1 upon oxLDL interaction in PCa cells boosted tumour 

angiogenesis as well (González-Chavarría et al., 2014). Moreover, the augmentation 

of invasion and metastasis in PCa cells was detected after oxLDL-dependent 

activation of SR-E1 through alterations in the epithelial to mesenchymal transition 

(González-Chavarría et al., 2018). The study showed that the oxLDL-driven 

stimulation of SR-E1 resulted in a diminished expression of epithelial markers, 

including plakoglobin and E-cadherin, alongside an increase in mesenchymal markers 

such as matrix metallopeptidase 2 (MMP-2) and matrix metallopeptidase 9 (MMP-9). 

This transition lead to cytoskeleton rearrangement, thereby amplifying cellular 

migration potential. These studies support SR-E1 as a tool for PCa prognosis and 

diagnosis.  

 

SR-F2 has been recently proposed as a diagnostic indicator and therapy target in 

glioblastoma, due to its high levels in patient samples and cell lines (C. Kim et al., 

2022). In the same study, they used data from The Cancer Genome Atlas, where they 

identified the upregulation of SR-F2 in numerous cancer tissues, including prostate 
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cancer. Also, SR-F2 has been recognized as a key biomarker in urothelial and renal 

cancer, that could impact the survival rate after diagnosis (Vo et al., 2023). However, 

there is a lack of research about the molecular mechanisms where SR-F2 

overexpression could be contributing to PCa. 

 

Enhanced protein and RNA levels of SR class G1 (SR-G1) have been reported in 

metastatic PCa cells and tissues in comparison to LNCaP or normal prostate cells or 

healthy tissues (Lu et al., 2007; Lu et al., 2008). In vitro studies have revealed that SR-

G1 stimulates PCa cell invasion and migration (Lu et al., 2008). In another large 

analysis they identified that SR-G1 was elevated in late stages and metastatic PCa 

patient samples (Ha, 2011). Also, the promotion of PCa progression after SR-G1 and 

C-X-C Motif Chemokine Receptor 6 (CXCR6) activation was linked to high regulation 

of proangiogenic proteins via the AKT/mTOR cascade, however the article has been 

recently retracted and further confirmation its required (Wang et al., 2008). SR-G1 

overexpression has been recognized in other types of cancers and further 

investigation is needed to understand its further therapeutic implications in PCa (Yu et 

al., 2015). 

 

Interestingly, SR class H2 (SR-H2) has been proposed as a seminal plasma biomarker 

for diagnosis of PCa, based on its contrasting expression levels in PCa patient 

samples compared with controls (Neuhaus et al., 2013). 

 

As mentioned in Chapter 3, CD44 or SR class K1 (SR-K1) is not only considered a 

cancer stem cell marker in PCa (Collins et al., 2005; Hiraga et al., 2013; Hurt et al., 

2008; Tang et al., 2007), but also its overexpression is acknowledged in various 

cancers, including prostate, breast, bladder, colon, lymphoma, lung, gall bladder, and 

endometrial cancer (Fujita et al., 1994; Guo et al., 2017; He et al., 2018; Zeng et al., 

2013; S. Zhao et al., 2016). However, results obtained in a recent study, in which they 

analysed expression levels of SR-K1 in tissues with either high-grade prostatic 

intraepithelial neoplasia or PCa or benign prostate hyperplasia, indicated that there 

were no correlation towards PCa (Kalantari et al., 2017). In other work, it was found 

that in localized PCa, variants of SR-K1 were mis-expressed, with some variants 

associated with better survival outcome and phenotypic behaviour (Hernandez et al., 

2015; Kalantari et al., 2017). Actually, the silencing of CD44 splice form variant 6 
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(CD44v6) caused the downregulation of Wnt/β-catenin and PI3K/Akt/mTOR signalling 

pathways, as well as a decline in tumorigenic capacities, increased chemo-

/radiosensitivity and loss of epithelial mesenchymal transition markers (Ni et al., 2014). 

This study proposed CD44v6 as a cancer stem cell marker. The malignant behaviour 

of PCa cells is associated by increased expression of CD44 splice form variant 9 

(CD44v9) (Omara-Opyene et al., 2004). It has been proposed that the androgen 

receptor's ability to collaborate with CD44v9 is crucial for controlling prostate cancer's 

hyaluronan-mediated invasiveness (Ghatak et al., 2010). 

 

 

4.4 Targeted receptors for peptides uptake 
 

Peptides and PDCs, with their diversity of form and function, is also paralleled by their 

varied routes to passively or actively cross biological membranes. In Chapter 3, the 

multiple uptake mechanisms exerted by peptides were explained in detail. In contrast 

to peptides that directly penetrate membranes or use receptor-independent 

endocytosis, peptides that enter biological membranes through receptor-mediated 

endocytosis could potentially be used for targeted cancer therapy (Reubi, 2003; Vhora 

et al., 2014). The increased targeting of diseased cells relies upon the binding of 

peptides or PDCs to surface receptors and one would expect these to be 

overexpressed, when compared to healthy cells, to guarantee that the drug is 

delivered for the intended therapeutic effect (Reubi, 2003; Vrettos et al., 2018). For 

these receptor-mediated peptides, several cell surface receptors have been proposed 

as active collaborators in their uptake, comprising SR, integrins, membrane type-1 

matrix metalloproteinase, EGFR, bombesin receptors, somatostatin receptors, 

syndecans, neurophilins, melanocortin receptor 1, PSMA, aminopeptidase N, 

hepatocyte receptor A2, chemokine receptor 4, vasoactive intestinal peptide 

receptors, transferrin receptors, melanocortin receptor 1, GnRH-R, and neuropeptide 

Y receptors (Vrettos et al., 2018; Worm et al., 2020; Zhu et al., 2021a).  

 

Multiple SRs are highly upregulated in several cancers, including PCa, which positions 

them as potential targeted receptors that can be used for cancer therapy (Table 8) (Yu 

et al., 2015). It has been proved that oligonucleotide-functionalized gold nanoparticles, 

double-stranded RNA (dsRNA), and nucleic acids are all taken up by SR-As (DeWitte-
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Orr et al., 2010; Limmon et al., 2008; Patel et al., 2010; Pearson et al., 1993; Saleh et 

al., 2006). Using RNAi knockdown, overexpression assays and pharmacological 

drugs, it has been revealed that specifically SR-A3 and SR-A5 are at some extent 

responsible for the internalization of peptides-based complexes (Arukuusk, et al., 

2013; Ezzat et al., 2012; Helmfors et al., 2015; Lindberg et al., 2013; Veiman et al., 

2013). Interestingly, it was discovered that both SRs help internalise different peptide 

conjugates through diverse internalization routes; for instance PepFect14 (PF14) 

complexes with plasmid DNA (pDNA) enter the cells via CvME, NickFect51-pDNA 

(NF51-pDNA) and NickFect1-pDNA (NF1-pDNA) through macropinocytosis, but NF1-

pDNA can also use CME or CvME (Arukuusk et al., 2013; Ezzat et al., 2012; Veiman 

et al., 2013). 

 

 

Table 8. Peptide-binding Scavenger receptors 

Scavenger receptor Peptide or PDC Cancer 
expression 

References 

SR-A3 & SR-A5 NF51-pDNA, NF1-
pDNA, PF14, 
PF32-pDNA 

HeLa cells, brain 
endothelial cells 

(Arukuusk, et al., 2013; Ezzat 
et al., 2012; Helmfors et al., 
2015; Lindberg et al., 2013; 

Srimanee et al., 2016; 
Veiman et al., 2013) 

SR-B1 PF32-pDNA Brain endothelial 
cells 

(Srimanee et al., 2016) 

SR-L1 Angiopep-2 
peptide, 

ANG1005, PF32-
pDNA 

Neurovascular 
endothelial cells, 
brain and breast 

cancer 

(Deane et al., 2008; 
Kumthekar et al., 2020; 

Ruzali et al., 2012; K. 
Sakamoto et al., 2017) 

 

 

 

 

Furthermore, the overexpression of SR class L1 (SR-L1) or most commonly known 

low density lipoprotein receptor-related protein 1 (LRP1), was found in epithelial cells 

lining the capillaries of the blood-brain barrier and in the meninges and choroid plexus 

vasculature (Deane et al., 2008; Ruzali et al., 2012; K. Sakamoto et al., 2017). The 

angiopep-2 peptide was identified to interact with SR-L1 followed by its internalization 
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in blood brain barrier associated cells (Demeule, Currie, et al., 2008; Demeule, 

Régina, et al., 2008). Recently an effective PDC referred to as ANG1005, was 

produced through covalent conjugation between the angiopep-2 peptide and paclitaxel 

molecules, which was created to undergo SR-L1-mediated transcytosis to overcome 

the central nervous system (CNS) barrier (Kumthekar et al., 2020). Intriguingly, SR-

As and SR-B1 are also overexpressed in brain capillary endothelial cells and it was 

demonstrated that the transcytosis and delivery of PepFect32-pDNA (PF32-pDNA) 

nanocomplexes was not only mediated by SR-L1, but also via SR-A3, SR-A5 and SR-

B1 in those cells (Srimanee et al., 2016).  

 

 

4.5 Targeting SR with peptides in PCa 
 

In drug delivery systems, it is essential to determine and understand the internalization 

mechanism to target cells, so as to improve future therapies. G3 peptide revealed high 

binding strength and precision for targeting malignant cells, however its route of 

entrance to cancer cells is not entirely understood. Previous research by Cirillo and 

collaborators provided the first evidence of G3 being internalized by energy dependant 

endocytosis (Cirillo et al., 2021). In images acquired by TEM, they demonstrated that 

the peptide was internalized by colon cancer cells through vesicular compartments. 

Additionally, using siRNA silencing they revealed that G3 enters colon cancer cells by 

means of the endocytic machinery.  

 

As previously described, SR embody a miscellaneous supergroup of promiscuous 

receptors that are involved in multiple biological and tumorigenic events (PrabhuDas 

et al., 2017; Taban et al., 2022; Yu et al., 2015). Given their diverse and vast 

interactome; their involvement in the internalization of PDC, CPP, polyanionic 

molecules and peptide-related nanocomplexes; and their overexpression in 

carcinogenic tissues, SR could potentially be implicated in the uptake of unknown 

peptides and hence PDCs for cancer therapeutics. Following this rationale and based 

in published studies regarding SR as binding receptors of PDC/peptides and in their 

implications and upregulation of some SR in PCa, the role of SR in the internalization 

mechanism of FITC-G3 peptide in PCa cells was explored in this chapter. 
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4.6 Results 
 

4.6.1 Endocytic proteins siRNA knockdown  
 

To analyse if SR are implicated in the internalization mechanism of G3 peptide in PCa 

cells, a series of KD experiments using RNAi were performed and their validation was 

evaluated using HCS and WB. The optimization of the siRNA silencing assays was 

executed using DF1 as a transfection reagent and siGLO red as a fluorescent indicator 

of positive transfection (Appendix B). Cells without any treatment and a pool of non-

target siRNAs were used as negative control, and UBB was selected as positive 

control.  

 

During the optimization process, varying concentrations of DF1 were initially tested to 

determine the optimal conditions for siRNA delivery. Depending on the DF1 

concentration, the transfection efficiency changed, showing minimal siGLO red 

fluorescence at lower levels and increased fluorescence at higher concentrations, 

indicating improved siRNA delivery. However, the balance between cellular viability 

and transfection efficiency became an important factor to consider. Increased DF1 

concentrations improved siRNA transfection, but also generated cytotoxic side effects, 

including morphological changes in cells and impaired cell survival. To address this 

issue, the cellular seeding population was increased to provide a higher cell density, 

which helped mitigate the cytotoxic effects observed at higher DF1 concentrations. 

This adjustment aimed to enhance the overall resilience of the cells to the transfection 

process, thereby allowing for effective siRNA delivery while minimizing cellular stress 

and maintaining overall cell health. Furthermore, because of possible edge effects and 

environmental fluctuations that can compromise the validity of the data, the wells 

located at the edges of the screening plates were deliberately avoided in the 

transfection experiments. Utilizing UBB siRNA as a functional positive control was 

effective, as indicated by gene silencing patterns that were in agreement with siGLO 

red fluorescence. Therefore, the optimal condition for LNCaP and PC-3 cells was 

selected based on both, siGLO and UBB siRNA. This condition was characterized by 

an approximate 50% decrease in cell number and elevated siGLO red fluorescence, 

as presented in Appendix B in Figure B1 for LNCaP and Figure B2 for PC-3 cells. 
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Based on the premise that G3 enters the cells via endocytic vesicles, the following 

genes were selected and silenced using siRNAs: MYO5B, MYO5C, MYO5A and 

CAV1. To assess the uptake of G3, a FITC-labelled peptide was used to measure the 

integrated intensity values after 24 hrs of exposure in PCa cells. The high-content 

images of the KD of the endocytic-related genes in LNCaP and in PC-3 cells are 

presented in Figure 31A and Figure 32A, respectively. The integrated intensity values 

of FITC-G3 uptake were measured and normalized to the scrambled non-targeted 

controls. After the KD of MYO5B and MYO5C in LNCaP cells, a significant decrease 

was obtained in their FITC integrated intensity values, when compared to the non-

targeting siRNA control; while the KD of MYO5A and CAV1 did not exhibit significant 

difference in their uptake of FITC-G3 (Fig. 31B). In PC-3 cells, the KD of MYO5C was 

the only one to exhibit a significant reduction in the internalization of FITC-G3 (Fig. 

32B). Statistical differences were assessed using ANOVA analysis with multiple 

comparisons.  

 

The cell number per condition was calculated after 72 hours of transfection and no 

significant difference resulted between the treated and control samples (Fig. 31C and 

32C). UBB was used as a control of the transfection and presented a significant 

decrease in cell viability in both cell lines. Based on these results, MYO5C was 

selected as positive control for LNCaP and PC-3 in the following SR knockdowns due 

to the reduction in FITC-G3 uptake after it’s silencing. 
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Fig. 31. Endocytic genes knockdown in LNCaP. (A) High content images of LNCaP 
cells after 72 hrs RNAi KD and 24 hrs of FITC-G3 exposure. Scale bar 50 μm and 20X 
magnification. (B) FITC integrated intensity values normalised to the non-targeted siRNA 
control. The statistical significance was calculated using one way ANOVA test (**p < 0.01). 
(C) Normalized cell population after 72 hrs transfection. Data is expressed as mean and ± 
SD of 3 different experiments with 3 replicates each. A student’s t-test was calculated 
between UBB and the control (**p < 0.01). 
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Fig. 32. Endocytic genes knockdown in PC-3. (A) High content images of PC-3 cells 
after 72 hrs RNAi KD and 24 hrs of FITC-G3 exposure. Scale bar 50 μm and 20X 
magnification. (B) FITC integrated intensity values normalised to the non-targeted siRNA 
control. The statistical significance was calculated using one way ANOVA test (***p< 
0.001). (C) Normalized cell population after 72 hrs transfection. Data is expressed as mean 
and ± SD of 3 different experiments with 3 replicates each. A student’s t-test was calculated 
between UBB and the control (***p < 0.001). 
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4.6.2 Scavenger receptor siRNA screen 
 

A few types of SR have been reported to be overexpressed in PCa, however there is 

a lack of information about the degree of expression of additional SR in the disease. 

Based on that premise, LNCaP and PC-3 cells were transfected with a siRNA library 

of 19 SRs was KD from the SiGenome and ON-target collections, to indirectly evaluate 

whether changes in the uptake of FITC-G3 could be reliant on SR silencing. The 

reduction in the integrated intensity values of FITC-G3 could represent the active 

involvement in the internalization mechanism of the peptide.  

 

FITC-G3 integrated intensity values were calculated and normalized to the siRNA non-

targeted control in both cell lines, and presented as percentages in Figure 33, for 

LNCaP cells, and Figure 34 for PC-3 cells. Both data sets were analysed using a non-

parametric test because the Q-Q plots, histogram distributions, and the Shapiro-Wilk 

normality tests, revealed that the values did not follow a normal distribution. A Kruskal-

Wallis test with corrected multiple comparisons was applied to determine statistical 

differences between medians. The correction of multiple comparisons was done to 

avoid False Discovery Rate, using the Benjamini, Krieger and Yekutieli test. A 

significant decrease of FITC-G3 values was obtained for MYO5C in LNCaP and PC-

3 cells, which was used as a positive control of the assays.  

 

For both cell lines, the internalization of G3 peptide was statistically reduced after the 

KD of the following SRs: SR-B1, SR-F1, and SR-F2, as displayed in Figure 33 and 

Figure 34. Based on the degree of significance of their q values being less than 0.05, 

these SR (SR-B1, SR-F1, and SR-F2) were selected as significant hits for validation 

in the subsequent secondary screens for both PCa cell lines.  

 

These results suggest that 3 SR hits could be participants in the uptake of G3 peptide 

in prostate cancer cell lines, thus further RNAi mini screenings were conducted. 
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Fig. 33. Scavenger receptors pool knockdown in LNCaP. FITC integrated intensity 
normalised values. Data is expressed as medians with ranges of one biological repeat with 
3 replicates. A mix of non-targeting siRNAs were used as negative control and MYO5C 
siRNA as positive control. Statistical significance was calculated using Kruskal-Wallis test 
with multiple comparisons, along with False Discovery Rate correction by Benjamini, Krieger 
and Yekutieli test. Significant q values are displayed in the graph.  
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Fig. 34. Scavenger receptors pool knockdown in PC-3. FITC integrated intensity 
normalised values. Data is expressed as medians with ranges of one biological repeat with 
3 replicates. A mix of non-targeting siRNAs were used as negative control and MYO5C 
siRNA as positive control. Statistical significance was calculated using Kruskal-Wallis test 
with multiple comparisons, along with False Discovery Rate correction by Benjamini, Krieger 
and Yekutieli test. Significant q values are displayed in the graph. 
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4.6.3 Validation of scavenger receptors  
 

Validation of the 3 selected SR hits: SR-B1, SR-F1, and SR-F2 were done following 

the same principle of determining differences in the internalization of FITC-G3 after 

siRNA silencing. Experiments were done in LNCaP and PC-3 cells, in triplicate with 3 

independent biological repeats. MYO5C was used as positive control and the non-

targeted siRNAs as negative control. The exact same siRNAs from siGenome and 

ON-target sets were employed. 

 

High-content images of the non-targeted control and the KD of SR-B1, SR-F1, and 

SR-F2 are shown in Figure 35A, for LNCaP cells. Higher degree of FITC integrated 

intensity puncta is visualized in the non-targeted control image than in the 

representative images corresponding to the KD of SR-B1, SR-F1, and SR-F2. FITC 

integrated intensity data for LNCaP cells was normalized to the negative control and 

graphed as percentages (Figure 35B). Integrated intensity data was analysed using 

one-way ANOVA test with multiple comparisons test. For LNCaP cells, the uptake of 

FITC-G3 was significantly decreased in MYO5C (***p<0.001), SR-F1 (***p<0.001), 

and SR-F2 (***p<0.001), while in a lesser extent in SR-B1 (*p=0.027). The cell viability 

of LNCaP values was assessed and normalized to the negative control. Cellular 

impairment was obtained for SR-B1 when compared to the control using Student-t test 

analysis, displaying a p value of less than 0.01 (Figure 35C). The cell number of 

MYO5C, SR-F1 and SR-F2 were not affected when compared with control cell 

population. 

 

In Figure 36A, the high-content images of the secondary screening of PC-3 cells are 

illustrated. Similar to LNCaP images, in the PC-3 cells the non-targeted control 

presented more internalization of the FITC-G3 than in the SR KD images. One-way 

ANOVA test with multiple comparisons was applied to evaluate the integrated intensity 

values. The internalization of FITC-G3 in PC-3 cells was significantly lower, as 

calculated in Figure 36B, for the positive control MYO5C (***p<0.001) and the 3 SR: 

SR-B1 (***p<0.001), SR-F1 (***p<0.001), and SR-F2 (***p<0.001). PC-3 cell 

populations were normalized to the negative control and displayed in percentages. 

PC-3 cell populations were not reduced after SR knockdown in any of the treated 

samples as presented in Figure 36C.  
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Fig. 35. SR hits knockdown in LNCaP. (A) High content images of LNCaP cells after 72 
hrs KD and 24 hrs of FITC-G3 exposure. Scale bar 50 μm and 20X magnification. (B) FITC 
integrated intensity normalised values of 3 independent experiments. Data is expressed as 
means ±SD. Non-targeting siRNAs were used as negative control. The statistical 
significance was determined using one way ANOVA test (*p<0.05,**p<0.01,***p<0.001). (C) 
Normalized cell population after 72 hrs transfection. Significant difference between SR-B1 
cell population and the control were calculated using student’s t-test (*p<0.05). 
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The data from the SR hits screen in LNCaP and PC-3, corroborated the results from 

the previous SR library screens, indicating that SR-B1, SR-F1, SR-F2 might be 

responsible at some degree of the internalization of FITC-G3, since their silencing was 

reflected in a reduction of fluorescence intensity. None of the cell populations were 

Fig. 36. SR hits knockdown in PC-3. (A) High content images of PC-3 cells after 72 hrs 
KD and 24 hrs of FITC-G3 exposure. Scale bar 50 μm and 20X magnification. (B) FITC 
integrated intensity normalised values of 3 independent experiments. Data is expressed 
as means ±SD. Non-targeted siRNAs was used as negative control. The statistical 
significance was determined using one way ANOVA test (***p<0.001). (C) Normalized cell 
population after 72 hrs transfection. 
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altered after transfection, however the KD of SR-B1 in LNCaP cells had a negative 

influence on cell survival.  

 

4.6.4 Protein expression RNAi knockdown validation 
 

The RNAi silencing of the SR hits was further validated by two techniques that 

measure protein levels in LNCaP and PC-3 cells: 1) antibody labelling using HCS and 

2) Western blot (WB).  

 

 

4.6.5 SR antibody labelling using HCS 
 

To test if we could detect MYO5C, SR-B1, SR-F1, and SR-F protein and establish 

whether the siRNAs were specific for our target genes a series of experiments were 

done. HCS was used to image and quantitate antibodies to MYO5C, SR-B1, SR-F1, 

and SR-F2 and integrated intensity values of the images were analysed to assess 

protein level and location. The antibodies against SR-F1 and SR-B1 employed in this 

research have been reported in other publications, for immunofluorescence analysis 

(Ramirez-Ortiz et al., 2013; Tsuzuki et al., 2018a ; Tsuzuki et al., 2018b). However, to 

our knowledge, there are no publications for the MYO5C and SR-F2 antibodies that 

were used here. 

 

The MYO5C was KD using siRNA and presented in Figure 37 for LNCaP cells and 

Figure 38 for PC-3 cells. Images of the non-targeted siRNA control and MYO5C KD 

are exhibited in Figure 37A and Figure 38A, for LNCaP and PC-3 cells in that order. 

In Figure 37B for LNCaP and Figure 38B for PC-3, the integrated intensity values 

corresponding to Alexa red antibody labelling of MYO5C were graphed and analysed 

using student-t test. The integrated intensity graph demonstrated at least a 2-fold 

decrease in MYO5C KD for both cell lines. 

 

Similar to MYO5C, SR-B1 expression was KD in LNCaP and PC-3 cells using siRNA 

(Fig. 39 and Fig. 40). Images of the SR-B1 KD assay are represented in Figure 39A 

for LNCaP and Figure 40A for PC-3. In Figure 39B for LNCaP and Figure 40B for PC-

3, the integrated intensity percentages of the SR-B1 KDs were calculated and 
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analysed using student-t test, comparing the treated samples to the siRNA controls. 

The KD of SR-B1 in both cell lines showed a significant decrease in antibody labelling 

values, displaying p values <0.001. 

 

To test the effect of the SR-F1 antibody and siRNA KD, Figure 41 and Figure 42 

present the SR-F1 data. The KD images of SR-F1 in LNCaP and PC-3 cells indicated 

low levels of immunolabelling marks when compared to the higher degree of 

fluorescence in the siRNA controls (Fig. 41A and Fig. 42A). Integrated intensities were 

acquired and statistical comparisons between groups were calculated through 

student-t test. A significant reduction of SR-F1 protein staining levels were obtained in 

the SR-F1 KD in LNCaP and PC-3 cells, when compared to the control (Fig. 41B and 

Fig. 42B). 

 

Again, to test the KD of SR-F2 with the siRNA and to test the specificity of the antibody, 

the SR-F2 experiments were performed on LNCaP and PC-3 cells (Figure 43 and 

Figure 44). The SR-F2 KD images revealed a reduction in antibody staining in contrast 

to the high degree of antibody labelling of the controls (Figure 43A and Figure 44A). 

In Figure 43B for LNCaP and Figure 44B for PC-3, the antibody labelling for controls 

and KD of SR-F2 were represented on a graph as integrated intensity percentages 

and student-t test were performed to determine the statistical difference between the 

groups. At least a 2-fold decline in integrated intensity values were obtained for the 

KD groups for both cell lines. 

 

According to the results of the antibody labelling of the 3 SR (SR-B1, SR-F1, SR-F2) 

and MYO5C following 3 days post transfection, the protein staining levels were 

lowered in both PCa cell lines. These results mean that the target genes were indeed 

downregulated via siRNA silencing. 
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Fig. 37. MYO5C antibody labelling after siRNA knockdown in LNCaP. 
(A) High content images of LNCaP cells labelled with MYO5C ab after 72 
hrs KD. The following channels are shown: Hoechst (nuclei staining), Alexa 
Red (MYO5C ab) and merged. Scale bar 50 µm and 20X magnification. (B) 
Alexa red integrated intensity normalised values to the siRNA control. Data 
is expressed as means and ± SD of 3 different experiments with 3 replicates 
each. A mix of non-targeting siRNAs were used as negative control. The 
statistical significance was calculated using student’s t-test (***p<0.001). 

A. Hoechst MYO5C Merge 

si
R

N
A

 C
on

tr
ol

 
 M

YO
5C

 K
D

 

B. 

siRNA
Control

siRNA
MYO5C

0

50

100

150

In
te

gr
at

ed
 In

te
ns

ity
 (%

)

✱✱✱



156 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 38. MYO5C antibody labelling after siRNA knockdown in PC-3. 
(A) High content images of PC-3 cells labelled with MYO5C ab after 72 
hrs KD. The following channels are shown: Hoechst (nuclear staining), 
Alexa Red (MYO5C ab) and merged. Scale bar 50 µm and 20X 
magnification. (B) Alexa red integrated intensity normalised values to the 
siRNA control. Data is expressed as means and ± SD of 3 different 
experiments with 3 replicates each. A mix of non-targeting siRNAs were 
used as negative control. The statistical significance was calculated using 
student’s t-test (**p<0.01). 
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Fig. 39. SR-B1 antibody labelling after siRNA knockdown in 
LNCaP. (A) High content images of LNCaP cells labelled with SR-B1 
ab after 72 hrs KD. The following channels are shown: Hoechst (nuclei 
staining), Alexa Red (SR-B1 ab) and merged. Scale bar 50 µm and 
20X magnification. (B) Alexa red integrated intensity normalised 
values to the siRNA control. Data is expressed as means and ± SD of 
3 different experiments with 3 replicates each. A mix of non-targeting 
siRNAs were used as negative control. The statistical significance was 
calculated using student’s t-test (***p<0.001). 
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Fig. 40. SR-B1 antibody labelling after siRNA knockdown in PC-3. 
(A) High content images of PC-3 cells labelled with SR-B1 ab after 72 
hrs KD. The following channels are shown: Hoechst (nuclear staining), 
Alexa Red (SR-B1 ab) and merged. Scale bar 50 µm and 20X 
magnification. (B) Alexa red integrated intensity normalised values to 
the siRNA control. Data is expressed as means and ± SD of 3 different 
experiments with 3 replicates each. A mix of non-targeting siRNAs were 
used as negative control. The statistical significance was calculated 
using student’s t-test (***p<0.001). 
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Fig. 41. SR-F1 antibody labelling after siRNA knockdown in 
LNCaP. (A) High content images of LNCaP cells labelled with SR-F1 
ab after 72 hrs KD. The following channels are shown: Hoechst (nuclei 
staining), Alexa Red (SR-F1 ab) and merged. Scale bar 50 µm and 
20X magnification. (B) Alexa red integrated intensity normalised 
values to the siRNA control. Data is expressed as means and ± SD of 
3 different experiments with 3 replicates each. A mix of non-targeting 
siRNAs were used as negative control. The statistical significance was 
calculated using student’s t-test (***p<0.001). 
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Fig. 42. SR-F1 antibody labelling after siRNA knockdown in PC-3. 
(A) High content images of PC-3 cells labelled with SR-F1 ab after 72 
hrs KD. The following channels are presented: Hoechst (nuclei 
staining), Alexa Red (SR-F1 ab) and merged. Scale bar 50 µm and 20X 
magnification. (B) Alexa red integrated intensity normalised values to 
the siRNA control. Data is expressed as means and ± SD of 3 different 
experiments with 3 replicates each. A mix of non-targeting siRNAs were 
used as negative control. The statistical significance was calculated 
using student’s t-test (***p<0.001). 
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Fig. 43. SR-F2 antibody labelling after siRNA knockdown in 
LNCaP. (A) High content images of LNCaP cells labelled with SR-F2 
ab after 72 hrs KD. The following channels are illustrated: Hoechst 
(nuclear staining), Alexa Red (SR-F2 ab) and merged. Scale bar 50 
µm and 20X magnification. (B) Alexa red integrated intensity 
normalised values to the siRNA control. Data is expressed as means 
and ± SD of 3 different experiments with 3 replicates each. A mix of 
non-targeting siRNAs were used as negative control. The statistical 
significance was calculated using student’s t-test (***p<0.001). 
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Fig. 44. SR-F2 antibody labelling after siRNA knockdown in PC-3. 
(A) High content images of PC-3 cells labelled with SR-F2 ab after 72 
hrs KD. The following channels are shown: Hoechst (nuclei staining), 
Alexa Red (SR-F2 ab) and merged. Scale bar 50 µm and 20X 
magnification. (B) Alexa red integrated intensity normalised values to 
the siRNA control. Data is expressed as means and ± SD of 3 different 
experiments with 3 replicates each. A mix of non-targeting siRNAs 
were used as negative control. The statistical significance was 
calculated using student’s t-test (***p<0.001). 
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4.6.6 SR antibody labelling using WB 
 

Furthermore, the siRNA knockdowns of the SR hits, SR-B1, SR-F1 and SR-F2 in PC-

3 and LNCaP cells were validated by analysing the protein expression levels using 

western blots. The house keeping protein (HKP) selected for all immunoblots was  

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), which has been used in other 

studies as HKP for the normalization of SR protein expression, precisely in PCa cells 

(Gordon et al., 2019; Tousignant et al., 2019; Traughber et al., 2020). Graphs depicting 

the linear range of the target SR proteins and the HKP are provided in Appendix C. 

The corresponding blots of the increased amounts of lysates of SR-B1, SR-F1, and 

SR-F2 can be viewed in Figures C1A, C3A, and C5A for LNCaP and Figures C2A, 

C4A, and C6A for PC-3, respectively. The region of linear association between relative 

protein levels for every targeted protein and HKP were created to select optimal lysate 

concentration for LNCaP and PC-3 (Fig. C1B, C2B, C3B, C4B, C5B, and C6B). The 

antibody probing of MYO5C was not possible to accomplish using WB due to the lack 

of specificity from the primary ab (Data not provided).  

 

Confluent LNCaP and PC-3 cells cultivated in T-75 flasks were transfected with the 

corresponding siRNAs for 72 hrs, before protein extraction and WB evaluation. Cells 

treated with the same mixture of non-targeted siRNAs as the ones used in the RNAi 

screens, were used as negative controls. The WB validation analysis of the RNAi KD 

of SR-B1 is depicted in Figure 45, for the two PCa cell lines. Representative blots of 

the SR-B1 control and SR-B1 KD bands (~82 kDa) are displayed in Figure 45A for 

LNCaP and Figure 45B for PC-3. At around 37 kDa, specific bands of the GAPDH 

were detected. Relative levels of SR-B1 expression were semi-quantified using Image 

Studio software and normalized using the HKP following LICOR protocol. Same 

method of normalization was applied for all the WBs. A significant 2-fold decline 

resulted for SR-B1 protein expression after KD when compared to the total protein 

levels in the control, for LNCaP (Fig. 45C) and for PC-3 lysates (Fig. 45D).  
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SR-F1 protein levels were determined using WB in LNCaP and PC-3 cells after siRNA 

transfection (Fig 46). In Figure 46A for LNCaP and Figure 46B for PC-3, the western 

blots indicating the differences amid SR-F1 KD and non-targeted control protein bands 

(~87 kDa) are provided. The HKP bands were detected at approximately 37 kDa. 

Figure 46C for LNCaP and Figure 46D for PC-3, evidenced a significant decrease in 

the relative SR-F1 protein levels after silencing. Student’s t-test was applied between 

siRNA controls and SR-F1 KD groups to assess the significance. 
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Fig. 45. Analysis of SR-B1 protein levels and knockdown using 
siRNA in PCa cells. Representative western blots of 3 different 
experiments for (A) LNCaP and (B) PC-3. Proteins were extracted after 
3 days siRNA transfection with a mix of non-targeting siRNAs or SR-B1. 
GAPDH (~37 kDa) was used as housekeeping protein (HKP) and SR-
B1 bands (~82 kDa) are shown. Relative protein levels were expressed 
as percentages after normalization against the HKP in (C) LNCaP and 
(D) PC-3. Data was used as means and ± SD, 3 biological repeats. The 
statistical significance were determined using student’s t-test (**p<0.01, 
***p<0.001). 
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Figure 47 confirms the KD of SR-F2 in LNCaP and PC-3 cells. Representative images 

of SR-F2 KD immunoblots are depicted in Figure 47A for LNCaP and Figure 47B for 

PC-3. The SR-F2 bands at approximately 90 kDa and GAPDH bands at 37 kDa are 

shown, indicating the correct protein sizes. SR-F2 protein expression was measured 

for both cell lines and normalized using the HKP, in Figure 47C and Figure 47D. To 

ascertain statistical significance, a student's t-test was implemented, and the results 

revealed that diminished transcript levels due to the KD, indeed resulted in lowered 

protein levels of SR-F2 than those of the control groups.  

 

Fig. 46. Analysis of SR-F1 protein levels and knockdown using 
siRNA in PCa cells. Representative western blots of 3 different 
experiments for (A) LNCaP and (B) PC-3. Proteins were extracted after 3 
days siRNA transfection with a mix of non-targeting siRNAs or SR-F1. 
GAPDH (~37 kDa) was used as housekeeping protein (HKP) and SR-F1 
bands (~87 kDa) are depicted. Relative protein levels were expressed as 
percentages after normalization against the HKP in (C) LNCaP and (D) 
PC-3. Data was used as means and ± SD, 3 biological repeats. The 
statistical significance were determined using student’s t-test (**p<0.01, 
***p<0.001). 
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All western blotting experiments demonstrated successful SR-F1, SR-F2 and SR-B1 

KD in both, LNCaP and PC-3 cells, after 3 days transfection. These data in 

combination with the immunolabelling analysis, further validated the RNAi screen 

findings. 

 

Fig. 47. Analysis of SR-F2 protein levels and knockdown using 
siRNA in PCa cells. Representative western blots of 3 different 
experiments for (A) LNCaP and (B) PC-3. Proteins were extracted 
after 3 days siRNA transfection with a mix of non-targeting siRNAs or 
SR-F2. GAPDH (~37 kDa) was used as housekeeping protein (HKP) 
and SR-F2 bands (~90 kDa) are shown Relative protein levels were 
expressed as percentages after normalization against the HKP in (C) 
LNCaP and (D) PC-3. Data was used as means and ± SD, 3 biological 
repeats. The statistical significance were determined using student’s 
t-test (**p<0.01, ***p<0.001). 
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4.6.7 Colocalization analysis of scavenger receptors and FITC-G3 
 

To expand upon SRs possible involvement in the internalization process of G3 

peptide, a colocalization study was performed between FITC-labelled peptide and 

either SR-B1 or SR-F1 or SR-F2 antibody stains. Transferrin (TF) and dextran (DXT) 

were used as positive and negative colocalization controls, respectively. LNCaP and 

PC-3 cells were grown in µ–Dishes and exposed to FITC-G3 at 4 µM for 1 hr and 25 

min (same time as TF control). Meanwhile, DXT samples were subjected to FITC-G3 

for an initial 60 minutes period, followed by an incubation of 40 minutes with DXT. After 

treatment, samples were labelled with the appropriate SR antibodies, following 

previously established procedures. Confocal microscopy was used to image all 

samples and for each control and treated µ–Dishes, 6 to 12 z-stacks (0.15 m each) 

were generated. 

 

The Colocalization Colormap ImageJ plugin was used to determine the Icorr, that is 

based on the normalized mean deviation product (nMDP) (Gorlewicz et al., 2020; 

Jaskolski et al., 2005). The confocal images displaying Hoechst, Alexa Red and 

merged channels of the colocalization analysis are illustrated in Figure 48 for LNCaP 

and in Figure 49 for PC-3. Mean Icorr values were calculated and presented in Figure 

50A for LNCaP and in Figure 50B for PC-3 cells. The Icorr values of the SRs and 

FITC-G3 were contrasted with the negative control using one-way ANOVA analysis. 

These results indicated that FITC-G3 has strong colocalization with SR-F1 and SR-F2 

for both cell lines, while at a lesser extent with SR-B1 for LNCaP cells (Fig. 50A and 

Fig. 50B). No significant colocalization resulted between FITC-G3 and SR-B1 in PC-3 

cells, when contrasted to DXT.  
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Fig. 48. Colocalization of scavenger receptors and FITC-G3 in LNCaP. 
This figure represents a single biological experiment with 6 FOV. Maximum 
projection images of z-stacks were used for the colocalization analysis. 
Control cells were treated with FITC-G3 at 4 μM followed by addition of 
Transferrin (TF) or Dextran (DXT). Treated cells were fixed after FITC-G3 
exposure and labelled with anti-SCARF1, anti-SCARF2 and anti-SRB1 using 
Alexa red 595 as secondary antibody. Scale bar 25 μm.  
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Fig. 49. Colocalization of scavenger receptors and FITC-G3 in PC-3. This 
figure represents a single biological experiment with 6 FOV. Maximum 
projection images of z-stacks were used for the colocalization analysis . 
Control cells were treated with FITC-G3 at 4 μM followed by addition of 
Transferrin (TF) or Dextran (DXT). Treated cells were fixed after FITC-G3 
exposure and labelled with anti-SCARF1, anti-SCARF2 and anti-SRB1 using 
Alexa red 595 as secondary antibody. Scale bar 25 μm.  
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4.7 Discussion 
 

In summary, the data collected in this chapter revealed the potential contribution of 3 

SR, namely SR-B1, SR-F1, and SR-F2, to the internalization of FITC-G3 in LNCaP 

and PC-3 cells. All these findings formed a coherent narrative that supports the role of 

these SR as participants in the receptor-mediated endocytosis of the peptide. From 

the initial RNAi knockdown assays evaluating endocytic genes, resulting in the 

selection of MYO5C as a positive control, to the small screen of the library of SR, in 

which the SR hits were identified by their significant impact in reducing the amount of 

peptide internalized in the two cell lines. Secondary RNAi KD of SR-B1, SR-F1, and 

SR-F2 were repeated 3 times in both PCa cells to corroborate their effect in impairing 

FITC-G3 uptake. Moreover, the validation of the siRNA silencing was executed by two 

techniques, WB and immunofluorescence analysis, which verified the reduction of SR 

protein expression and effectivity of transfections. Lastly, the results of the 

colocalization analysis between FITC-G3 and SR-B1 or SR-F1, or SR-F2, provided 

further insights of their subcellular localization in PCa cells, since SR-F1 and SR-F2 

were found to positively colocalized with the peptide, however SR-B1 did not 

significantly colocalized in PC-3 cells. In the case of LNCaP cells, the degree of 

colocalization was less significant than SR-F1 and SR-F2. These results indicate that 
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Fig. 50. Colormap colocalization analysis of scavenger receptors and FITC-G3. Mean 
Icorr values of (A) LNCaP and (B) PC-3 cells. Data is exhibited as means ±SD of one biological 
experiment with 6 FOV. One way ANOVA analysis was used to compare SR clusters to dextran 
(DXT) negative ctrl (*p= .014,**p<0.01,***p<0.001). 
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at least SR-F1 and SR-F2 in both cell lines, are located in the same compartments as 

FITC-G3, contributing to the argument of them being key players in its endocytic 

pathway. 

 

 

4.7.1 Could scavenger receptors be involved in the uptake of G3? Scavenger 
receptor and G3 internalization: A Possible Connection?  

 
In order to explore the possible role of SR, a series of RNAi screens were conducted 

using FITC-labelled G3 in LNCaP and PC-3 cells. The FITC integrated intensity values 

were quantified and interpreted as indicative of the level of FITC-G3 uptake. Based on 

the premise that G3 is internalized by endocytosis, the initial siRNA KDs were 

performed with the purpose of detecting genes associated to endocytosis that could 

disrupt the internalization of the peptide. The following endocytic-related genes were 

knocked down, MYO5A, MYO5B, MYO5C and CAV1. Among them, the KD of MYO5C 

and MYO5B showed a significant decrease in the internalization levels of FITC-G3 in 

LNCaP cells, but only MYO5C had a similar significant effect in PC-3 cells. Since 

CAV1 is a key player in CvME (Li et al., 2001; Liu et al., 2002), the absence of a 

substantial decrease in FITC-G3 fluorescence intensity following KD experiments, 

suggests that G3 is not internalized via CvME in either LNCaP or PC-3 cells.  

 

Organelle trafficking through actins is facilitated by the family of molecular motor 

proteins encompassed by myosins class V (Berg et al., 2001; Jacobs et al., 2009; 

Trybus, 2008). Although Myo5A is expressed in endocrine cells, where it engages in 

the transport of secretory granules, it is predominately expressed in neurons and 

melanocytes (Desnos et al., 2007; Rosé et al., 2002; Rudolf et al., 2003; Varadi et al., 

2005). MYO5B and MYO5C, the other two members of the family of myosins class V, 

have a broader distribution. MYO5C is highly expressed in exocrine tissues, including 

the prostate, pancreas, colon, breast, and stomach; whereas MYO5B is fairly 

abundant in tissues such as the liver, kidney, and placenta, with lesser expression in 

the prostate (Rodriguez & Cheney, 2002; Uhlen et al., 2010). The RNA expression of 

both, MYO5B and MYO5C has been detected in PC-3 and LNCaP cells, while a lack 

of MYO5A expression in both cell lines was reported, which may account for its non-

significant effect on the uptake of G3 after KD (Makowska et al., 2015). Given that the 
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silencing of MYO5C was the only endocytic-associated gene inducing a clear and 

substantial decline in the fluorescence intensity of FITC-G3 in both PCa cell lines, 

effect that was reported in HCT-116 cells as well, and due to its role in secretory 

pathways, comprising transferrin receptor transport and polarization of epithelial cells 

(Cirillo et al., 2021; Farquhar et al., 2017; Jacobs et al., 2009; Marchelletta et al., 2008; 

Rodriguez & Cheney, 2002), MYO5C served as a valuable positive control to evaluate 

SR possible involvement using RNAi, and evidently supports an energy-dependant 

endocytic pathway for the peptide internalization in prostate cancer cells.  

 

The cell viability after the endocytic-related siRNA transfections was not affected as 

the cell numbers in both populations of LNCaP and PC-3 were not diminished, except 

for the UBB functional control. This observation aligns with the known effects, as the 

silencing of UBB has been reported to stimulate apoptosis and cause significant 

reduction in the proliferation of several cancer cells, including PCa (Oh et al., 2013).  

 

A library of SR was KD using siRNAs from the SiGenome and ON-target collections, 

to evaluate the FITC-G3 uptake in LNCaP and PC-3 cells. The SR RNAi screens 

resulted in the identification of 3 hits, SR-B1, SR-F1 and SR-F2, since their KD induced 

a significant reduction of FITC-G3 internalization, similar to the positive control 

MYO5C. The SR hits were further evaluated in secondary mini screenings using the 

same rationale. The data of the secondary RNAi screens reiterated their impact on the 

internalization of FITC-G3, as in the 3 biological repeats their silencing was correlated 

to a significant reduction of fluorescence intensity. At the same time, cell viability was 

assessed. In LNCaP cells, the silencing of SR-B1 caused a significant reduction in cell 

numbers, impairing their cell viability. This result is consistent with a study that 

demonstrated that the siRNA KD of SR-B1 specifically in PCa cell lines, including 

LNCaP, produces a 2- fold decrease of cell viability  (Twiddy et al., 2012). The KD of 

SR-B1 did not impact the cell viability of PC-3, which in our knowledge that effect has 

not been reported in the literature.  

 

The RNAi screening was employed as an indirect method to assess variations in FITC-

G3 uptake, under the assumption that the genes were effectively knocked down, as 

evidenced by the UBB functional control. However, to directly evaluate the 

effectiveness of the siRNAs in inducing post-transcriptional gene silencing, the 
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expression of SR proteins was confirmed through antibody labelling and Western 

blotting. The basic mechanism of RNAi gene silencing entails Dicer's cleavage of 

dsRNA into siRNAs, followed by their association with the nuclease RISC complex 

and subsequent recognition of the target mRNA sequence. Finally, the degradation of 

the target mRNA its induced by argonaute RISC catalytic component 2 (AGO2), which 

is part of the RNA-induced silencing complex (RISC) (Dana et al., 2017). This, in turn 

results in a significant reduction of the target protein levels (Elbashir et al., 2001). Thus, 

both techniques were employed to evaluate protein levels succeeding the 72-hrs 

siRNA transfections and consolidated previous transfections. The protein expression 

levels of SR-B1, SR-F1, and SR-F2 were found to be significantly diminished, thereby 

corroborating the RNAi results. Although the protein expression of the positive control 

MYO5C after siRNA transfections was not possible to assess by WB, because the 

antibody anti-MYO5C lacked specificity, its reduction of fluorescence intensity was 

verified by antibody labelling using HCS.  

 

As a complementary assessment, the colocalization of FITC-G3 and SR-B1, SR-F1 

and SR-F2 were conducted independently. TF and DXT were used as positive and 

negative control based on the previous colocalization analysis. FITC-G3 positively 

colocalized with SR-F1 and SR-F2 in LNCaP and PC-3 cells. In PC-3 cells, the results 

show that FITC-G3 and SR-B1 did not colocalize in a meaningful way, as it was not 

statistically different from the control (DXT). This indicates that SR-B1 and FITC-G3 

do not share the same endosomal compartments at the time of analysis, which was 

85 min in total. If SR-B1 is involved in the uptake of the peptide, the interaction could 

be transient. There was SR-B1 positive colocalization with FITC-G3 in LNCaP cells, 

but not as statistically significant as SR-F1 and SR-F2 when contrasted to the control. 

These findings support the notion that FITC-G3's endocytic pathway includes SR-F1 

and SR-F2, at the very least, because they are found in the same subcellular regions 

than FITC-G3. 

 

Collectively, the RNAi screenings and their gene-silencing validation by protein 

expression assessments, along with the colocalization analysis of FITC-G3 with SR, 

suggest that SR-F1, SF2-F2 and SR-B1 might be involved in the internalization of the 

peptide. These findings are in alignment with other studies that have reported SR as 

mediators of the internalization of peptides. It has been established that SR-A3 and 
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SR-A5 are to some degree accountable for the internalization of peptide-based 

complexes (Arukuusk, et al., 2013; Ezzat et al., 2012; Helmfors et al., 2015; Lindberg 

et al., 2013; Veiman et al., 2013). However, to our knowledge this is the first time that 

SR from class F are proposed as mediators of a CPP. In PCa, SR-F2 and SR-B1 are 

overexpressed, and the latter has been implicated in a human disease (C. Kim et al., 

2022; Leon et al., 2010). There are no published studies regarding the function of SR-

F1 in PCa. 
 

According to the rationale of the assay, these findings could mean in the most probable 

scenario, that either SR-B1, or SR-F1, or SR-F2 are mediating at some extent the 

endocytic internalization of G3, or that the 3 SR are actively participating in the process 

to some level, as illustrated in Figure 51A. This hypothetical model is based on the 

data obtained in this research, in which the downregulation of the SR reflected on the 

receptors levels on the plasma membrane, and hence disrupted the amount of peptide 

uptake. However, there might be other possible explanations underlying these results.  

 

SR have been recognized to behave as co-receptors for other proteins such as TLR, 

integrins, tetraspanins, and other molecules, to form intricate structures that influence 

the internalization of various antigens or act as signal transduction mediators 

depending the context (Taban et al., 2022). SR-B1 is one of the most notable example 

of a SR functioning as a co-receptor. In cooperation with the main receptor cluster of 

differentiation 81 (CD81), it was discovered that SR-B1 facilitates the internalization of 

the hepatitis C virus via the recognition of the E2 envelop glycoprotein  (Scarselli et 

al., 2002; Zeisel et al., 2007). Similarly, SR-F1 is also known to partner with TLR 

receptors (Beauvillain et al., 2010; Jeannin et al., 2005; Means et al., 2009b; Murshid 

et al., 2016).  

 

Moreover, it has been reported on the literature, that SR-F1 and SR-F2, have around 

50% structural similarity in their ectodomain, and precisely through that domain they 

can trans-interact with each other (Ishii et al., 2002). Although it has been postulated 

that their ligand recognition properties are blocked through the heterodimerization of 

SR-F1 with SR-F2 (Ishii et al., 2002). Homophilic and heterophilic protein-protein 

interactions have been associated with the EGF-like regions of SR-F in their 

extracellular domains. In particular, SR-F1’s EGF-like domains have been claimed to 
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contribute to protein oligomerization or to operate as the ligand binding domain 

(Adachi et al., 1997; Ishii et al., 2002). Also, in a study, they show that SR-F2 doesn't 

bind to C1q and CRT on the cell surface, but its soluble version can do so 

extracellularly. Thus, they hypothesized that SR-F2 may act as mediator of SR-F1 by 

influencing its access to certain proteins, due to its higher association to those ligands, 

combined with its capacity to interact with SR-F1 (Wicker‐Planquart et al., 2021).  

 

All these observations lead to considerate a hypothetical model, in which either SR-

F1, or SR-B1, or even SR-F2 could be possibly acting as co-receptors to intermediate 

G3 internalization. The hypothetical primary receptor could be SR-F1, given it has a 

greater interactome than SR-F2, and SR-F2 could be acting as a co-receptor, 

facilitating ligand recognition or receptor activation, thus its presence would be 

necessary (Figure 51B). Likewise, the 3 SRs could be functioning as co-receptors of 

another unknown main receptor that is in control of the peptide uptake (Figure 51C).  

 

SR-B1 has been recognized as an important target in PCa and previous research has 

discovered that the inhibition of SR-B1 causes cell death in PCa cells (Twiddy et al., 

2012). The role of SR-B1 in G3’s internalization may indicate that the observed 

reduction in fluorescence intensity following SR-B1 downregulation could be an 

outcome of cellular impairment and induction of apoptosis, rather than a direct 

indication of the receptor's role in endocytosis (Figure 51D). This hypothetical model 

could apply to LNCaP cells, as a significant reduction in cell viability resulted after SR-

B1 KD. Although it would not apply to PC-3 cells, because the cell viability was not 

affected after SR-B1 silencing. The latter three theoretical assumptions go beyond the 

available evidence, but their relevance resides in reframing our knowledge of the 

subject matter. 
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Fig. 51. Hypothetical models of SR phenotypes. (A) Our data supports a SR-mediated 
endocytic uptake, that could be partially regulated by either SR-B1 or SR-F1 or SR-F2. Another 
possibility is that the 3 SR are active participants in the endocytic process. (B) Another scenario 
implicates the SR functioning as co-receptors of each other or (C) as co-receptors of an unknown 
main receptor, taking part in the facilitation of ligand recognition or receptor activation. (D) The 
last model explains the reduction in FITC-G3 internalization as a consequence of cell death. The 
knockdown of SR-B1 induces prostate cancer cell impairment and thus could be the reason why 
the peptide uptake was diminished. Created with BioRender.com.  
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CHAPTER 5 
 

 

 

 

 
5. PEPTIDE DRUG CONJUGATES USING G3 AND 

LSD1 INHIBITORS 
 
 

 
5.1 Introduction 

 
5.2 Peptide drug conjugates against prostate cancer  
 
The field of PDC for the targeted administration of chemotherapeutic medications is 

evolving rapidly. As discussed on Chapter 1, multiple PDC are currently on clinical 

trials and some have been FDA approved. The status of ongoing clinical trials can be 

searched at https://beta.clinicaltrials.gov/ (McCray & Ide, 2000). Several radioligand 

conjugates targeting PSMA and gastrin-releasing peptide receptor (GRPR) are either 

on clinical assessment or have been already FDA validated for PCa diagnostic and 

molecular imaging (Liolios et al., 2019; Ristau et al., 2014; Roberts et al., 2023). 

Specifically for PCa therapy, no PDC has been authorized by the FDA at this time, 

nevertheless peptide-based conjugates have been subjected to clinical investigations 

and several are in preclinical development. 

 

Based on the recognition of the RGD motif (Arg-Gly-Asp), a series of cyclic peptides 

with high binding affinity to αv integrins were conjugated to camptothecin derivatives, 

to create tumour specific PDC (Dal Pozzo et al., 2010). Even though the RGD 

peptides-CPT displayed high uptake in the following cancer cell lines: PC-3, ovarian 

carcinoma A2780 and renal carcinoma A498; their activity was restricted due to poor 

solubility when tested in a mouse xenograft with ovarian carcinoma.  

 

One study investigated a PDC, named KCC-TGX, that consisted of a phosphoinositide 

3-kinase β (PI3Kβ) inhibitor conjugated to a peptide specific to human epidermal 

https://beta.clinicaltrials.gov/


178 
 

growth factor receptor 2  (HER2) and a PSA cleavable linkage unit (W. Tai et al., 2011). 

KCC-TGX displayed increased internalization in PCa cells and similar inhibition activity 

to the parent drug, that was reliant on PSA to free the active molecule. The same 

research lab identified a peptide, designated as KYLAYPDSVHIW (KYL) that binds 

exclusively to LNCaP cells (Qin et al., 2011). They demonstrated that the KYL peptide 

facilitated the uptake of fluorescein-labelled siRNA and proapoptotic peptides. 

Additionally, they generated a PDC known as KYL-TGX, combining the LNCaP-

targeting KYL peptide, a PSA detachable peptide-based linker and TGX-D1, a PI3K 

inhibitor as payload (Barve et al., 2016). Their biodistribution analysis using mouse 

tumour xenografts exposed that KYL-TGX gathered in high concentrations specifically 

in the tumour area and that the cellular internalization in PCa cells increased 

considerably.  

 

Another example of a PDC that targets PSMA in PCa cells is mipsagargin (G-202), 

that upon receptor binding it induces detachment of the peptide, allowing the inhibition 

of the sarcoplasmic or endoplasmic reticulum calcium adenosine triphosphatase 

(SERCA) protein via a thapsigargin analogue ( Denmeade et al., 2003; Denmeade et 

al., 2012). The SERCA pump is vital for cell survival and due to its function of Ca2+ 

exchange from the cytosol to the lumen of the endoplasmic and sarcoplasmic 

reticulum, it represents a molecular target for PCa (Denmeade & Isaacs, 2005; Furuya 

et al., 1994). Thus, the cytotoxic effect of G-202, consequence of prolonged SERCA 

blockage, is directed to tumour cells expressing PSMA, and it is being tested in clinical 

trials (Mahalingam et al., 2016).  

 

A GnRH-R peptide (EHWSYKLRPG) was conjugated with a derivative of gemcitabine 

to treat androgen independent prostate cancer (Karampelas et al., 2014). The delivery 

of the cytotoxic compounds was achieved by the PDC in vivo and in vitro. 

 

Other unconventional PDC have been developed using superparamagnetic iron oxide 

nanoparticles or liposomal agents coupled to a PCa-targeting peptide named SP204, 

which was discovered after a phage screening (Yeh et al., 2016). These PDC revealed 

possible synergetic applications as diagnostic and biodistribution cancer tools, as well 

as directed drug delivery against PCa. Also, other study reported the application of 

multi-drug PDC using the peptide P12 (Bashari et al., 2017). They identified that PDC 
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conjugated to both, Combretastatin, an inhibitor of tubulin polymerization and 

Chlorambucil, a DNA alkylator, presented the highest cytotoxic profile in PCa cells, 

including PC-3 and LNCaP cells.  

 

Furthermore, PDC were produced using peptides that recognize the extra-domain B 

fibronectin (EDB-FN) and coupled with docetaxel or doxorubicin to target PCa cell 

lines (Park et al., 2019). The cytotoxic effect caused by the PDC, conjugate 13, was 

minimal in the control RWPE-1 cells, when compared to the enhanced cell death 

induced in PCa cells.  

 

In 2018, the FDA granted their approval of the PDC referred to as 177Lu-DOTA-TATE, 

which effectively targets the somatostatin receptor and has been tested in patients 

with gastroenteropancreatic neuroendocrine tumours (Das et al., 2019). For PCa and 

castration resistant prostate cancer therapy, numerous PDC based on Lu-177 peptide 

technology have been developed to recognize PSMA receptor, which are currently in 

different phases of clinical trials (Heh et al., 2023). 

 

 

5.3 Understanding LSD1 demethylation of histones and non-histone proteins 
 

DNA is enclosed as chromatin into nucleosomes, that are basic structural units formed 

by an octamer core of four recurring histones, H2A, H2B, H3 and H4 (Onufriev & 

Schiessel, 2019). Gene expression and chromatin organization can be controlled in 

an environment-specific manner by histone post-translational modifications, such as 

methylation, acetylation, ubiquitination, phosphorylation, butyrylation, sumoylation, 

propionylation, glycosylation, crotonylation, malonylation, lactylation, among others; 

that together form the histone code (Jenuwein & Allis, 2001; R. Liu et al., 2023).  

 

Demethylation targets the removal of methyl groups from arginine or lysine in the 

amino-terminal tails of histones. Lysine-specific demethylase 1 (LSD1) is capable of 

demethylating, histone 3 lysine 4 (H3K4) via an oxidative reaction using the cofactor 

flavin (Shi et al., 2004). It was established that in collaboration with the complex co-

repressor for element-1-silencing transcription factor (CoREST), LSD1 could induce 

transcriptional repression through the demethylation of either H3K4me1 or H3K4me2 
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(Forneris et al., 2006; M. G. Lee et al., 2005; Shi et al., 2004). In a similar way, LSD1 

works as a transcriptional co-repressor with other complexes, such as the nucleosome 

remodelling and deacetylase (NuRD) and C-terminal-binding protein 1 (CtBP) (Shi et 

al., 2003; Wang et al., 2009).  

 

Further studies discovered that LSD1 could also enable gene activation by binding to 

AR and demethylating histone 3 mono lysine 9 (H3K9me1) and/or histone 3 dimethyl 

lysine 9 (H3K9me2) (Laurent et al., 2015; Metzger et al., 2005; Wang et al., 2007). 

Additionally, LSD1 acts as a context-specific transcriptional activator by demethylating 

mono- or dimethyl H3K9 marks in association with estrogen receptor (Garcia-Bassets 

et al., 2007; Perillo et al., 2008). In 2015, histone 4 dimethyl lysine 20 (H4K20me2) 

was identified as a histone substrate for demethylation via a neuronal isoform of LSD1 

(LSD1n), in cooperation with transcription factors such as myocyte enhancer factor 2 

(MEF2) or cAMP-response element-binding protein (CREB), LSD1n functions as a co-

activator of neuronal-linked gene expression (Wang et al., 2015). Thus, LSD1 

represents a crucial transcriptional regulator that modifies gene expression through 

histone demethylation, depending upon the contextual setting (Fig. 52) (Højfeldt et al., 

2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. B. C. 

Fig. 52. LSD1 serves as an epigenetic regulator. (A) LSD1 promotes gene suppression 
through interaction with NuRD, CtBP or CoREST complex leading to the removal of methyl 
groups from H3K4me1/2. (B) By binding to AR or ERα, LSD1 demethylates H3K9me2 and 
induces gene activation. (C) By association with CREB or MEF2, the neuronal-specific 
isoform, LSD1n catalyses the demethylation reaction of H4K20me2 enabling the activation 
of neuronal gene network. Adapted from Gu et al., 2020. 
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LSD1 interacts with a vast number of non-histone proteins, exposing its functional 

plasticity. Some of the most important LSD1 substrate partners that are not 

categorized as histones, are listed in Table 9. It is understood that LSD1 coordinates 

a variety of biological and malignant processes via altering methylation shifting 

patterns not only of histones, but of approximately 60 protein targets, some within 

protein complexes, as well as of long coding RNAs (lncRNAs) (F. Gu et al., 2020; 

Majello et al., 2019; Martinez-Gamero et al., 2021). The identification of LSD1 

interacting with multiple lncRNAs is relatively new. Among them, some of the most 

common are HOX antisense intergenic RNA (HOTAIR), steroid receptor RNA activator 

(SRA) and telomeric repeat-containing RNA (TERRA), which in collaboration with 

LSD1 provoke distinct oncogenic phenotypes (Majello et al., 2019). The regulatory 

function of LSD1 has been detected in a plethora of biological and pathological events, 

including cancer progression, neurodegenerative conditions, epithelial-mesenchymal 

transition, autophagy, stem cell pluripotency, senescence, metabolism, development, 

chromosome allocation, cell growth and differentiation (Ambrosio et al., 2017; 

Ambrosio et al., 2019; Ambrosio & Majello, 2018; Amente et al., 2013; Castex et al., 

2017; Lan et al., 2008; Sakamoto et al., 2015; Whyte et al., 2012).  

 

Initially it was discovered that LSD1 could associate with p53 in cancer cells and 

demethylate its K370 residue, triggering the suppression of p53 gene expression (J. 

Huang et al., 2007). In p53-negative cancer cells, LSD1 is involved in cell death in 

response to DNA damage by demethylation K185 of the transcription factor E2 

promoter binding factor 1 (E2F1) (Kontaki & Talianidis, 2010). The stabilization of 

proteins through LSD1 mediation has been exposed not only for E2F1, but also for 

hypoxia-inducible factor 1-alpha (HIF-1α), AGO2, ubiquitin like with PHD and ring 

finger domains 1 (UHRF1) and DNA methyltransferase 1 (DNMT1); whilst LSD1 

regulates the opposite effect for myosin phosphatase targeting subunit1 (MYPT1) 

causing its instability after K442 demethylation, which in turn contributes to cell cycle 

dynamics in cancer cells by enhancing  the phosphorylation of RB1 (Baek & Kim, 2016; 

Cho et al., 2011; Hahm et al., 2019; Sheng et al., 2018; Wang et al., 2009; Zhang et 

al., 2019). In the case of AGO2, protein stability and T cell tumour reactivity are 

achieved after LSD1 demethylation of K726 by building up dsRNA (Sheng et al., 

2018). Also, the demethylation of K270 from FOXA1 mediated by LSD1 has been 

recently demonstrated in PCa (Gao et al., 2020).  
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Three different routes have been proposed for the improvement of HIF-1α stability 

under hypoxia exerted by LSD1. First, LSD1 counteracts the methylation of K32 or 

K391 by SET domain containing 7, histone lysine methyltransferase (SETD7) and 

consequent protein breakdown, by direct demethylation sustaining HIF-1α stability and 

hypoxia-related genes transcription (Baek & Kim, 2016; Kim et al., 2016; Lee et al., 

2017). The second involves the stabilization by an indirect mechanism in which LSD1 

blocks hydroxylation of prolyl hydroxylase domain (PHD) enzymes and further 

degradation, enabling deacetylation of K532 residues of HIF-1α (Lee et al., 2017). 

Third, the K271 of the receptor for activated C kinase 1 (RACK1) is demethylated by 

LSD1, which inhibits the association with HIF-1α and hence its posterior proteolytic 

degradation (Yang et al., 2017). LSD1 interaction with HIF-1α and its regulatory effects 

have been linked to the metabolic reprogramming favouring glycolysis, as well as to 

angiogenesis and cancer (A. Sakamoto et al., 2015). 

 

LSD1 is also implicated in the transcriptional control of several protein targets. For 

instance, the gene expression of myocyte enhancer factor 2D (MEFD2) and the 

differentiation of skeletal muscle cells is facilitated by LSD1 demethylation of its K267 

(Choi et al., 2014). LSD1 also associates with signal transducers and activators of 

transcription 3  (STAT3), altering the expression of STAT3-related subset genes, by 

the removal of methyl groups from its K140 (Yang et al., 2010). Also, following 

estrogen stimulation, LSD1 demethylates estrogen receptor alpha (ERα) at K266 site 

in order to allow the p300 and cAMP response element-binding protein-binding protein 

(CBP) to acetylate ERα at the same location (X. Zhang et al., 2013). The stimulation 

of ERα genes of interest is caused by this acetylation, which encourages ERα 

transactivation. Even though it was identified that LSD1 demethylates HSP90 in its 

K615 site, the effect is not entirely understood as it was hypothesized that it might be 

inducing protein degradation (Abu-Farha et al., 2011). Additionally, LSD1 

demethylates the metastatic tumor antigen 1 (MTA1) at residue K532, which causes 

the destabilization of the NuRD repressor complex, that in turn favours the acetylation 

via p300/CBP H3K9me2 (Nair et al., 2013). Due to the cycle of methylated and 

demethylated MTA1, the NuRD or nucleosome remodelling factor (NURF) complexes 

are created inducing contrary effects.  
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Table 9. LSD1 non-histone substrate partners 

Protein Lysine site General effect/Outcome References 

p53 370 Impairs p53 function in apoptosis by 
suppressing its transcriptional activity 

(Huang et al., 2007) 

E2F1 185 Enables protein stability, leading to the 
stimulation of proapoptotic genes 

(Kontaki & Talianidis, 
2010) 

HIF1α and 
RACK1 

32 and 391 in 
HIF1α /271 in 

RACK1 

Induces HIF1α stability, which enhances 
hypoxia-induced tumor angiogenesis and 

cancer progression 

(Baek & Kim, 2016; 
Kim et al., 2016; Lee 
et al., 2017; Yang et 

al., 2017) 

MYPT1 442 Sustains protein instability, improving rates 
of cell cycle phosphorylation via RB1  

(Cho et al., 2011) 

AGO2 726 Causes protein stability and T cell response 
to cancer cells 

(Sheng et al., 2018) 

DNMT1 1096 (mouse), 
1094 (human), 

and 142 

Strengthens stability to preserve DNA 
methylation patterns 

(Leng et al., 2018; 
Wang et al., 2009) 

FOXA1 270 Increases optimal chromatin binding  
promoting PCa advancement 

(Gao et al., 2020) 

MEF2D 267 Boosts its gene expression and regulates 
skeletal muscle differentiation 

(Choi et al., 2014) 

STAT3 140 Modulates its transcriptional activity, 
which influences subsets of STAT3-related 

genes 

(Yang et al., 2010) 

ERα 266 Stimulates ERα-associated genes, however 
the general outcome is unclear 

(X. Zhang et al., 
2013) 

UHRF1 385 Induces protein stability regulating its 
activity in DNA damage repair 

(Hahm et al., 2019; 
Zhang et al., 2019) 

HSP90 615 It might have a regulatory mechanism via 
HSP90 degradation 

(Abu-Farha et al., 
2011) 

MTA1 532 Disrupts the creation of the NuRD complex 
and unmethylated MTA1 supports 
acetylation of demethylated H3K9 

contributing to transcriptional dynamics 

(Nair et al., 2013) 

OCT4 222 Facilitates PORE-motif gene expression 
maintaining pluripotency 

(Dan et al., 2021) 
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In stem cells, the stabilization of octamer-binding transcription factor 4 (OCT4) and the 

preservation of their pluripotency capacity is triggered by LSD1 demethylation of K222 

(Dan et al., 2021). This can be accomplished by limiting OCT4 homodimer binding in 

a 'locked-in' status and thus enabling the transcription of a set of PORE-motif-

containing genes. Further actions in stem cells endorsed by LSD1 demethylation of 

these non-histones targets have been identified, however for purposes of this chapter 

they are not covered in the section.  

 

 

5.4 LSD1 structural components 
 

LSD1 has the synonyms, flavin-containing amine oxidase domain-containing protein 

2 (AOF2) and lysine-specific demethylase 1A (KDM1A). Lysine-specific demethylase 

2 (LSD2) is a homolog of LSD1 belonging to the same FAD-dependant demethylase 

family and having around 30% of sequence resemblance (Yang et al., 2010). As 

characterized by crystallography studies, LSD1 comprises 3 main domains and a total 

length of 852 aa (Fig. 53).  

 

The FAD-binding subdomain (aa 271-416), which has a high affinity to the cofactor 

flavin adenine dinucleotide (FAD), and the substrate-binding subdomain (aa 522-852), 

which is responsible for the efficient association and detection of LSD1 substrates, are 

both located within the amine oxidase-like (AOL) domains, which are distinguished for 

their catalytic properties (Chen et al., 2006; Yang et al., 2007b). The Tower domain 

placed in the middle of the AOL, is elongated into 2 alpha helical structures that 

supplies a binding region for key protein interactions, including CoREST (M. G. Lee et 

al., 2005; Stavropoulos et al., 2006). The third domain, SWIRM, is situated in the N-

terminal and it is known for providing structural stability and for its dynamic interactions 

with several proteins (Aravind & Iyer, 2002). 
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5.5 LSD1 demethylation reaction 

 
Histone N-terminal extensions in H3K4, H3K9 or H4K20 are exposed to mono- and di-

methyl groups subtraction by means of the enzymatic activity of LSD1. The 

demethylation process starts by the oxidation of the amino residue of the mono or di-

methylated lysine by FAD, producing an imine intermediate that in turn, is hydrolysed 

to yield the histone tail free of methyl groups and formaldehyde (Fig. 54) (Forneris et 

al., 2008; Forneris et al., 2005). Molecular oxygen is employed as an electron acceptor 

throughout the re-oxidation of the reduced FADH2, regaining the native FAD molecule 

and causing hydrogen peroxide (H2O2) release.  

 

B. 

Fig. 53. LSD1 structure. (A) LSD1 3 structural domains: the catalytic amine oxidase-like (AOL) 
domains are depicted in red and pink, the N-terminal SWIRM domain in blue and the central TOWER 
domain in green. (B) LSD1 crystal structure was obtained from the RCSB Protein Data Bank (PDB 
code 5L3D, https://www.rcsb.org/, accessed on 03/10/ 2023). It maintains the same colour scheme 
for the domains as presented in (A). 

A. 
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5.6 LSD1 demethylase-independent activity 
 

LSD1 is categorized as a transcriptional switch via its demethylation capacity of 

histones and non-histone targets. However, beyond its demethylation functionality it 

has been identified that LSD1 also exhibits demethylase-free activity (F. Gu et al., 

2020). A few studies have reported the interaction of LSD1 with other proteins through 

a non-canonical route leading to varied biological impacts. Among them, the couple of 

proteins that have been determined so far for PCa will be covered in the following 

relevant section. 

 

One of them is the tumour suppressor called F-box and WD repeat domain-containing 

7 (FBXW7), which works through the induction of ubiquitylation and oncoprotein 

destruction after substrate detection (R. Davis et al., 2014; Welcker & Clurman, 2008). 

FBWW7 is recognized by LSD1 though the same C-terminal binding sites as its 

oncogenic substrates, prompting FBXW7 destabilization by self-ubiquitylation 

following proteasomal and/or lysosomal degradation and cancer cell outgrowth (Lan 

et al., 2019).  

 

Another non-canonical binding partner of LSD1 is the estrogen-related receptor α 

(ERRα), which is a nuclear receptor that functions as a gene expression modulator 

(Horard & Vanacker, 2003). In 2017, it was identified that cell invasion was influenced 

Fig. 54. LSD1 demethylation reaction. By transferring 2 hydrogen atoms from the 
methylated H3K4 to FAD, LSD1 catalyses an oxidation reaction that originates an imine 
intermediate. Formaldehyde and an amine are produced after the hydrolyzation of the 
intermediate molecule, while hydrogen peroxide is produced after FADH2 is re-oxidised. 
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by LSD1-mediated transcriptional repression of various genes, though the 

demethylation of H3K9 after interaction with ERRα (Carnesecchi et al., 2017a). The 

same research group uncovered that LSD1 supported the protein steadiness and 

further defence against proteasomal breakdown by interacting with ERRα in a 

demethylase free manner (Carnesecchi et al 2017b). Both non-canonical and 

canonical interactions of LSD1 with ERRα create a reinforcing cycle whose underlying 

mechanisms and interferences still need to be addressed (F. Gu et al., 2020).  

 

A promoter, autophagy receptor p62 (p62), is also destabilized via LSD1 

demethylation-independent interaction, inducing suppression of autophagy in ovarian 

and endometrial cancers (Chao et al., 2017). Despite it was recognized that LSD1 

association with p62 also encouraged its ubiquitylation and protein digestion, the 

molecular mechanism implicated behind it is not clear. 

 

 

5.7 Role of LSD1 in prostate cancer 
 

Elevated expression of LSD1 has not only been documented in numerous types of 

solid and hematologic cancers, including primary PCa, but also it has been linked to 

its development and progression through adjustments of chromatin architecture (Kahl 

et al., 2006; Majello et al., 2019). PCa must have AR signalling in order to survive and 

progress, and if androgens are suppressed by ADT, patients often recover for a brief 

interval of time ultimately developing lethal CRPC (Nuhn et al., 2019). In PCa, the 

central function of LSD1 is to coactivate AR key genes (e.g. including kallikrein 2 or 

PSA) via H3K9me1/2 demethylation (Cai et al., 2014; Metzger et al., 2005; Wissmann 

et al., 2007). It was postulated that the exchange from H3K4me1/2 to H3K9me1/2 

substrate was generated through androgen-promoted phosphorylation of H3T6 and 

H3T11 (Metzger et al., 2010; Metzger et al., 2008). However, genome-wide studies 

verified that LSD1 can still preserve its H3K4me1/2 demethylase activity at AR 

enhancers (Cai et al., 2014). According to their data, LSD1 works as a corepressor of 

AR target genes, as well as a coactivator in prostate cancer cells; and they postulated 

that the co-stimulation could potentially be encouraged not only by H3K9me1/2 

demethylation, but also by other non-histone partners (Cai et al., 2011; Cai et al., 

2014).  
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In 2014, Cai and collaborators also revealed a crucial interaction of LSD1 with the 

transcription factor, FOX1A. This transcription factor is known for enabling chromatin 

access to AR and other steroid-responsive receptors (Gao et al., 2003; Jozwik & 

Carroll, 2012; Yang & Yu, 2015). And in a recent study, it was discovered that in order 

to achieve effective association to the chromatin, the removal of methyl groups from 

K270 residue of FOXA1 by LSD1 is vital (Gao et al., 2020). FOX1A global binding 

capacity was confirmed to be severely disturbed after the suppression of LSD1, 

specifically because FOX1A maintained its methylated status, which in turn reduced 

access to enhancers and altered AR association and signalling.  

 

Furthermore, it has been proven that LSD1 can form a complex with the JMJD2C 

demethylase of tri-methyl lysines, and together control the transcriptional expression 

of AR-driven genes (Wissmann et al., 2007). The LSD1-mediated demethylation of 

p53 has been proven to alter the cell cycle and decrease the cell viability in CRPC  (J. 

Huang et al., 2007; Metzger et al., 2005). Also, it was exposed that LSD1 controls the 

expression of vascular endothelial growth factor A (VEGF-A), which is a proangiogenic 

factor that is necessary for tumour development, in AR-dependent and AR-

independent PCa, as well as of other related genes such as, PSA and TMPRSS2 

(Kashyap et al., 2013). By controlling the transcription of focal adhesion protein paxillin 

(PXN)  and the lysophosphatidic acid receptor 6 (LPAR6), it has been demonstrated 

that LSD1 is also involved in the induction of PCa cells' ability to metastasize in the 

absence of AR (Ketscher et al., 2014). The cell-cycle gene centrosome-associated 

protein E (CENPE) has been found in CRPC cells, upon LSD1 and AR association 

with its promoter, enhanced expression of CENPE was activated leading to 

malignancy evolution (Y. Liang et al., 2017). LSD1 has also been hypothesized to 

promote the PI3K/AKT signalling pathway, by activating the transcription of the PI3-

kinase controlling component, p85α in both AR-related PCa and CRPC (Wang et al., 

2019). 

 

An interesting study revealed that LSD1 in conjunction with zinc finger protein 217 

(ZNF217), is capable of triggering a fatal gene network supporting CRPC cell survival, 

while exhibiting a demethylase-free activity and no apparent interaction with AR 

(Sehrawat et al., 2018) In the same study, they also validated that LSD1 is 

overexpressed not only in initial stages of the disease but in metastatic PCa. Sehrawat 
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and collaborators also tested an allosteric inactivator of LSD1, called SP-2509, which 

succesfully inhibited LSD1 demethylation-independent activity, decreasing the cell 

survival rate of CRPC cells. 

 

Another recent investigation about LSD1 demethylation-independent functions in PCa, 

followed the previous report of LSD1-mediated stability impairment of the tumour 

suppressor, FBXW7 (Lan et al., 2019). The research established that LSD1 increased 

PCa cell endurance by preventing FBXW7 from being expressed at a protein level 

(Qin et al., 2021). Additionally, they discovered that the interaction between LSD1 and 

FBXW7 was inhibited by SP-2509 inhibitor, following the suppression of cancer cell 

survival. 

 

In a RNA-seq study using LSD1 inhibitors that was published this year, they identified 

that LSD1 can target a variety of tumour-promoting pathways including transcriptional 

networks of MYC, FOXA1, and E2F, via super enhancers activation (M. Li et al., 2023). 

The study concluded that patients that suffer from CRPC could potentially benefit from 

dual therapy, by providing reduced doses of LSD1 and bromodomain-containing 

protein 4 (BRD4) inhibitors, to avoid adverse side effects and target the oncogenic 

super enhancers that force CRPC viability and development. 

 

 

5.8 Diversity of LSD1 inhibitors  
 

As covered in prior sections, LSD1 is implicated in many oncogenic signalling 

pathways and its overexpression has been connected to its direct involvement in the 

promotion and spread of multiple cancers. In fact, numerous inhibitors of LSD1 

demethylase activity have been identified and some of them are already being tested 

in clinical trials for cancer treatment or other malignancies (Dong et al., 2022; Fang et 

al., 2019; Hosseini & Minucci, 2017). 

 

The traditional LSD1 inhibitors are monoamine oxidases (MAO) inactivators due to 

their structural homology between the catalytic domains of LSD1 and MAO; 

comprising tranylcypromine, phenelzine, and pargyline (Y. Zheng et al., 2016). Among 

them, tranylcypromine (TCP), or trans-2-phenylcyclopropylamine, also referred to as 
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2-PCP, is the most characterized. In the 1960’s, TCP was used in the clinic as an 

antidepressant drug to treat anxiety and depression (Shih et al., 1999). The irreversible 

inactivation of LSD1 by TCP is achieved by the creation of a covalent adduct within 

the flavin ring, specifically between TCP and LSD1’s FAD cofactor, succeeding the 

aperture of the cyclopropyl loop and one-electron oxidation (Binda et al., 2010; Yang 

et al., 2007a). TCP displays an inhibitory constant (Ki) of 243μM and limited selectivity 

towards LSD1 (Schmidt & McCafferty, 2007). TCP has been analysed for synergistic 

therapy, with other active molecules such as all-trans retinoic acid (ATRA) or 

Azacitidine, which are currently at different clinical phases for treatment of diverse 

oncogenic conditions (ClinicalTrials.gov, Identifier: NCT02717884, NCT02273102, 

NCT02261779). 

 

Several TCP derivatives have been designed based on its scaffold for potency 

enhancement. TCP analogs inactivate LSD1 by employing a single electron reduction 

process that induces varied TCP-FAD bonds through homolytic cleavage routes of the 

cyclopropyl ring (Mohammad et al., 2015; Yang et al., 2007a). In contrast, TCP 

generates the TCP-FAD adduct by weak van der Waals bonds in association with two 

aa, T335 and T810. For instance, the phenyl ring of TCP has been tailored by attaching 

hydrophilic and hydrophobic groups to produce a variety of irreversible LSD1 inhibitors 

(Binda et al., 2010). The same research team produced TCP variants in 2020, by 

adjoining benzamide residues to the phenyl ring's para-position (Fioravanti et al., 

2020). Their results revealed that their compound 3 had an IC50 of 90 nM and effective 

anticancer activity. 

 

The majority of LSD1 inhibitors now undergoing clinical development are TCP N-

alkylated analogs, which are distinguished by the presence of a peptide scaffold on 

the TCP’s amino group (Dong et al., 2022). In clinical assessments (ClinicalTrials.gov 

Identifier: NCT02913443; EudraCT 2013-002447-29, 2018-000469-35, 2018-000482-

36), the LSD1 inhibitor ORY-1001 is a N-alkylated TCP derivative with an IC50 of 18 

nM against LSD1 that was designed by Oryzon Genomics (Maes et al., 2018). 

Because the health risks did not outweigh the efficacy of another TCP N-alkylated 

derivative, known as GSK2879552, the clinical trials were stopped after testing on 

patients suffering from acute myeloid leukemia or small cell lung carcinoma (Bauer et 

al., 2019; Roboz et al., 2022). Currently undertaking four clinical investigations for the 
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treatment of various cancers (ClinicalTrials.gov Identifier: INCB059872, 

NCT02712905, NCT03514407, NCT02959437), INCB059872 another N-alkylated 

TCP-based LSD1 blocker, demonstrated notable efficacy in preclinical analysis by 

diminishing the proliferation of small cell lung cancer cells and hindering the survival 

and self-renewal of prostate cancer stem cells (Civenni et al., 2018; Lee et al., 2016). 

Dual inhibitors have been developed using N-alkylated TCP variants and histone 

deacetylases (HDAC) suppressors, that demonstrated favourable LSD1 inhibition and 

cell growth reduction (Duan et al., 2017). 

 

Reversible inactivators are considered safer and more effective than irreversible 

blockers, due to the creation of a non-covalent adduct to inhibit LSD1 (Stazi et al., 

2016). The first of them, designated as CC-90011, demonstrated high inhibition of 

LSD1 demethylation with an IC50 of 0.30 nM (Kanouni et al., 2020). Either alone or in 

synergy with other compounds, CC-90011 is under three clinical studies for different 

conditions and cancer (ClinicalTrials.gov, Identifier: NCT02875223, NCT03850067, 

NCT04350463). SP2577, another reversible LSD1 inhibitor, is also in clinical testing 

against relapsed Erwin Sarcoma (NCT03600649) and late-stage solid tumours 

(NCT03895684) (Reed et al., 2021).  

 

Peptides that are structurally similar to histones have been discovered to suppress 

LSD1 demethylation activity. As part of co-repressor complexes such as CoREST, 

HDAC1/2, and CtBP, snail family transcriptional repressor 1 (SNAIL1) is a transcription 

factor that has been confirmed to associate with LSD1 via its SNAG domain (Y. Lin et 

al., 2010; Shi, 2007). Lin and collaborators exposed that specifically the SNAG domain 

presents high level of similarity to the N-terminal of histone 3, and that it can work as 

a pseudo-substrate for LSD1. Several SNAIL1-derived or histone-based peptides 

have been synthesized and analysed for LSD1 inactivation (Itoh et al., 2016; Kakizawa 

et al., 2015; Kumarasinghe & Woster, 2014; Kumarasinghe & Woster, 2018; Tortorici 

et al., 2013). 

 

Other antagonists have been discovered that consist of naturally occurring compounds 

that have been found to block LSD1 functionality. Natural LSD1 inhibitors including 

flavonoids, isoquinoline alkaloids, capsaicin, isoquercitrin, derivatives from Salvia 

miltiorrhiza and stilbene byproducts, display diverse mechanisms of anticancer 
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properties (Dong et al., 2022). In addition, various metal-derived LSD1 inhibitors have 

been proposed, such as rhodium (III) complex 1, which was the first LSD1 inhibitor of 

this type to be identified in PCa (Yang et al., 2017). Due to their ability to prevent LSD1 

from attaching to the lysine groups in histones, rhodium (III) complex 1 has a stronger 

selectivity towards LSD1 than other synthetic and natural inactivators. 

 

 

5.9 PDC using G3 and TCP-based LSD1 inhibitors 
 

Peptide drug conjugates unveil specialized molecular machinery in which each 

component has a sole purpose, that together elevates the broad therapeutic outcome. 

Therefore, the selection and thorough evaluation of the delivery unit and the active 

molecule, is rather essential. In previous studies, G3 has revealed high degree of 

cancer cell selectivity and tumour infiltration, as well as modification of gene 

transcription in cancer cells by targeting and delivering siRNAs (Chen et al., 2014a; 

Chen et al., 2014b; Cirillo et al., 2021; Hu et al., 2011). Its small size allows simplicity 

for conjugation and represents lower risk of inducing immune responses in the body. 

Based on this, G3 peptide embodies the necessary qualities to be a strong candidate 

for the production of PDCs. 

 

Under the guidance of Dr. Simon Turega from Sheffield Hallam University, Dr. Philip 

Lane created a series of PDC utilising click chemistry to conjugate their modified LSD1 

inhibitors to G3. Previous reports in the literature have proven that by modifying the 

phenyl ring of TCP derivatives, the selectivity and efficacy towards LSD1 may be 

enhanced (Binda et al., 2010; Fioravanti et al., 2020; Yang et al., 2007a). They 

designed new LSD1 inhibitors by inserting azide tags into the TCP scaffold's para or 

meta motifs, followed by the attachment of the G3 peptide in the C-terminal, via Cu(I) 

catalyzed click reaction. Five of the PDC designated as PDC-1 to 5 were supplied as 

part of a collaboration with Turega’s research group, to test whether G3 could improve 

their effectivity and cell permeabilization through smart delivery into PCa cells. 

 

Despite other PDC have been developed for the treatment of PCa, it is a multifactorial 

disease that could benefit from different targeting strategies. Also, the field of LSD1 

inhibitors in cancer and other malignancies is emerging as a novel class of epigenetic 
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regulators, which modulate gene expression through modification of methylation 

patterns of histone tails and from a huge range of proteins, and multi-protein 

assembles. Based on the aberrant elevated expression of LSD1 in earlier and late 

stages of PCa, and due to its key functions in the disease, including the demethylation 

of either H3K4/H3K9 or other important substrates, and the non-canonical pathway 

that is not related to AR, LSD1 represents a promising biomolecular target. Hence, 

Chapter 5 is focused on investigating if the novel PDC with adjusted LSD1 inhibitors 

and G3 as targeting peptide, could display higher potency than the LSD1 commercial 

inactivator in PCa cells; and to expand upon G3 therapeutic potential, to analyse 

whether G3 is capable of transporting siRNAs into PCa. 
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5.10 Results 
 

5.10.1 Cell viability assays using G3 conjugates 
 

To determine whether the modified LSD1 inhibitors coupled to the G3 peptide, as a 

novel PDC, could have an impact on cell viability in prostate cancer cells a pilot 

analysis was executed using TCP inactivator. As mentioned previously, TCP is a 

standard LSD1 inhibitor that prevents LSD1 action by covalently associating with its 

FAD cofactor (Binda et al., 2010; Yang et al., 2007a) Increasing concentrations of TCP 

from 100 µM to 1 mM were assessed in LNCaP and PC-3 cells, to generate a dose-

response curve (Fig. 55A and 55B). The TCP optimal concentration was selected as 

250 µM for both cell lines, where at least 50% of the population was reduced. TCP at 

250 µM was used as a positive control in the following PDC cell viability assay. The 

degree of statistical significance was assessed through ANOVA analysis with multiple 

comparisons. The fraction of LNCaP and PC-3 viable cells was drastically declined as 

the TCP concentration was increased, demonstrating a dose-dependency cytotoxicity. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 55. Cell viability impairment after TCP treatment. Normalized cell 
population to the non-treated control in (A) LNCaP and (B) PC-3. Cells were 
treated with increasing concentrations of tranylcypromine (TCP) for 24 hrs. Data 
is presented as means of 3 different experiments with 3 replicates each, and 
±SD. One way ANOVA analysis was determined for normalised cell populations 
(**p<0.01; ***p<0.001). 
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In Chapter 2, the chemical structure and type of modification of the five G3 PDC are 

presented on page 80, in Figure 8 and Table 6, respectively. PC-3 and LNCaP cells 

were exposed to PDC-1, PDC-2, PDC-3, PDC-4, and PDC-5 from 0.25-5 µM 

concentrations, to evaluate the cell viability after 24 hrs treatment. Cells treated with 

unconjugated G3 were used as negative control and for data normalization. For 

LNCaP cells, PDC-2 and PDC-4 exhibited a significant decrease in cell populations at 

1 and 5 µM (Figure 56). Similarly in PC-3 cells, PDC-2 exhibited reduced cell numbers 

at 2.5 and 5 µM, while PDC-4 presented substantial decline of cell numbers at 2.5 µM 

only (Figure 57). Statistical significance in both cell viability assays was determined 

from p< 0.01 (**) and p<0.001 (***) using two-way ANOVA with multiple comparisons, 

applying Dunnett’s correction. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

Overall, the cellular impairment induced via PDC-2 and PDC-4 in PCa cells, ranging 

from 2.5 to 5 µM dosage, indicate high potency of the linked LSD1 inhibitors, probe 5 

and probe 7, respectively, and hint to a plausible scenario of LSD1 inactivation. 
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Fig. 56. LNCaP cell viability analysis using PDC. Data was normalized to the negative control 
that corresponded to cells exposed to naked G3 peptide. PDC2 to 5 were added to the cells from 
0.25 up to 5 µM. Data is presented as means and ±SD of one biological experiment with 3 replicates. 
Two-way ANOVA analysis was calculated using multiple comparisons and Dunnett’s correction 
(**p<0.01; ***p<0.001). 
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5.10.2 Hydrogen peroxide assay 

 
A common and straightforward technique to investigate LSD1 functioning is through 

an indirect method that measures hydrogen peroxide (H2O2). The rationale behind this 

assay is that LSD1 enzymatic activity could be evaluated by detecting the H2O2 side-

product of the demethylation reaction. When H2O2 is available, it associates with the 

Amplex Red reagent (10-acetyl-3,7dihyroxyphenoxazine) in a 1:1 ratio, and the HRP 

catalyses an oxidation reaction to produce a red fluorescent molecule, called resorufin. 
Due to its excitation wavelength of 571 nm and emission wavelength of 585 nm, 

resorufin can be fluorescently detected and quantified.  

 
In a few studies, hydrogen peroxide activity has been measured and correlated to 

LSD1 activity using the Amplex Red assay in various cell types (Mohanty et al., 1997; 

Song et al., 2001; Votyakova & Reynolds, 2008; Wagner et al., 2005). Based on these 

studies, the manufacturer protocol of the Amplex Red Assay was adjusted on an 

attempt to evaluate H2O2 from either LNCaP or PC-3 cells after PDC treatment. 

 

H2O2 and TCP were employed as positive controls, while non-treated cells and cells 

supplied with unconjugated G3 were used as negative controls of the assays. Cells 
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Fig. 57. PC-3 cell viability analysis using PDC. Data was normalized to the negative control that 
corresponded to cells exposed to naked G3 peptide. PDC-1 to 5 were added to the cells from 0.25 up to 
5 µM for 24 hrs. Data is presented as means and ±SD of one biological experiment with 3 replicates. Two-
way ANOVA analysis was calculated using multiple comparisons and Dunnett’s correction (**p<0.01; 
***p<0.001). 
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were exposed to PDC-2 at doses ranging from 100 nM to 2.5 µM, and H2O2 levels were 

measured at 60, 120 and 180 minutes. The data in both cell lines indicated that it was 

not possible to evaluate LSD1 activity in PCa cells. There were no significant differences 

between the levels of H2O2 of the non-treated cells or cells with naked G3, and TCP or 

PDC-2 at any of the given concentrations in both PCa cell lines (Figure 58 and Figure 

59).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 58. HRP-coupled assay in LNCaP. Hydrogen peroxide levels were assessed after 60, 
120 and 180 min treatment with increasing concentrations of PDC-2 or TCP. Unconjugated 
G3 and non-treated cells were employed as negative controls. Data was normalized and  
displayed as means and ±SD of one experiment with 3 replicates. 

60 min 120 min 180 min
0

100

200

300

Time (min)

H 2
o 2

 (%
)

H2O2

TCP 250 μM
Control G3
PDC-2 100 nM
PDC-2 250 nM
PDC-2 500 nM
PDC-2 1 μM
PDC-2 2.5 μM
Non-treated cells

Fig. 59. HRP-coupled assay in PC-3. Hydrogen peroxide levels were assessed after 60, 
120 and 180 min treatment with increasing concentrations of PDC-5 or TCP. As negative 
controls, cells were exposed to naked G3 or cells without treatment were used. Data was 
normalized and graphed as means and ±SD of one experiment with 3 replicates. 
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These results strongly implicate that the Amplex Red assay is ineffective in identifying 

increases in hydrogen peroxide as a byproduct of LSD1 demethylation activity, in PCa 

cells. Additionally, the multiple sources of hydrogen peroxide in living cells cannot be 

distinguished using this method, representing another layer of limitation to the assay. 

 

 

5.10.3 Histone demethylation analysis by HCS 
 

The demethylation of mono and dimethyl groups from H3K4 and H3K9 is promoted by 

LSD1 for the epigenetic regulation of gene expression (Cai et al., 2014; Forneris et al., 

2006; Metzger et al., 2005; Yujiang Shi et al., 2004; Wissmann et al., 2007). 

Inactivators of LSD1 demethylation activity operate by preventing both its catalytic 

activity and its attachment to chromatin. Thus, substantial increases in H3K4 or H3K9 

methylation levels are reliable indicators of LSD1 inhibition.  

 

To determine the histone demethylation signature changes by TCP, 

immunofluorescence of H3K4me and H3K4me2 were assessed in LNCaP and PC-3 

cells. In Figure 60A and Figure 61A for LNCaP, and Figure 62A and Figure 63A for 

PC-3, the representative high content images of the H3K4me and H3K4me2 antibody 

labelling of the non-treated controls and the highest concentration of TCP are 

illustrated, respectively. There is a distinct immunofluorescence difference between 

the treated and TCP samples, at 250 µM, being evident in the high content images 

corresponding to H3K4me2 than H3K4me, in both cell lines.  

 

Quantitative data of the immunofluorescence experiment of both histone marks 

revealed similar results for LNCaP and PC-3 cells. In LNCaP cells, TCP treatments 

from 50 to 150 µM, pointed to a minor rise in integrated intensity data in comparison 

to the control. However, after 250 µM TCP exposure there was a dramatic increase of 

both histone marks integrated intensity percentages. Even though the H3K4me 

integrated intensity levels significantly increased at 250 µM in LNCaP cells (p = 

0.0185), the H3K4me2 integrated intensity values were more significantly enhanced at 

250 µM, displaying a p value of 0.005, after ANOVA test with Dunnett’s multiple 

comparisons (Figure 60B and Figure 61B).  
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Fig. 60. H3K4me antibody labelling after TCP treatment in LNCaP. (A) High content images 
of H3K4me red immunofluorescence of the non-treated control cells vs treated cells with TCP at 
250 µM. Hoechst was used to stain the nuclei. Scale bar 50 µm and 20X magnification. (B) 
H3K4me integrated intensity quantification normalized to the control. Cells were treated with 
different concentrations of TCP inhibitor for 24 hrs. Values are expressed as means and ± SD of 
one experiment with 3 replicates. The statistical significance was calculated using one way 
ANOVA with multiple comparisons (*p<0.05). 
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Fig. 61. H3K4me2 antibody labelling after TCP treatment in LNCaP. (A) High content images 
of H3K4me2 red immunofluorescence of the non-treated control cells vs treated cells with TCP at 
250 µM. Hoechst was used to stain the nuclei. Scale bar 50 µm and 20X magnification. (B) 
H3K4me2 integrated intensity quantification normalized to the control. Cells were treated with 
different concentrations of TCP inhibitor for 24 hrs. Values are expressed as means and ± SD of 
one experiment with 3 replicates. The statistical significance was calculated using one way ANOVA 
with multiple comparisons (**p<0.01). 
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For PC-3 cells, the H3K4me integrated intensity data exhibited a trend proportional to 

the higher doses of TCP, however there was no significant difference between the 

treated cells and the control, when examined using ANOVA analysis (Fig. 62B). Also, 

the considerable length of the SD error bars exposed a high degree of variability of the 

H3K4me integrated intensity data. In contrast, the H3K4me2 integrated intensity data in 

PC-3 cells presented a clear and significant enrichment in cells exposed to TCP at 250 

µM, after estimating statistical significance using ANOVA analysis with multiple 

comparisons and Dunnett’s correction method (Fig. 63B).  

 

Taken together, these findings demonstrate that TCP at 250 µM inhibits LSD1 

demethylation activity, as determined by a buildup of dimethyl residues in H3K4 in PCa 

cells. 
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Fig. 62. H3K4me antibody labelling after TCP treatment in PC-3. (A) High content images of 
H3K4me red immunofluorescence of the non-treated control cells vs treated cells with TCP at 250 
µM. Hoechst was used as nuclear staining. Scale bar 50 µm and 20X magnification. (B) 
Quantification of H3K4me integrated intensity normalized to the control. For 24 hours, cells were 
exposed to various TCP inhibitor doses. Values are expressed as means and ± SD of one 
experiment with 3 replicates. No substantial differences were identified after ANOVA analysis with 
multiple comparisons. 
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Based on the previous results, the histone mark H3K4me2 was selected to investigate 

the efficacy of the LSD1 inhibitors that formed part of PDC in PCa cells; and TCP at a 

dose of 250 µM was used as a positive control of the assay. Due to the impact on cell 

viability produced by PDC-2 and PDC-4 in both cell lines, further LSD1 inhibition 

assessments were done just with these 2 PDC. Baseline cells and cells supplemented 

with unlinked G3 at 5 µM were employed as negative controls. 

 

The potency of PDC-2 and PDC-4 was examined by immunofluorescence of H3K4me2 

mark in LNCaP cells and PC-3 cells after one day exposure. H3K4me2 antibody 

labelling of LNCaP cells treated with both, PDC-2 and PDC-4 at 5 µM and the controls 

are presented in Figure 64A. The quantification of H3K4me2 integrated intensity was 

normalized to the control with G3 alone and presented as percentages. Although PDC-

2 and PDC-4 exhibited higher H3K4me2 intensity values than the controls, only PDC-2 

revealed statistical significance when analysed by ANOVA test with multiple 

comparisons (Figure 64B).  

 

Fig. 63. H3K4me2 antibody labelling after TCP treatment in PC-3. (A) High content images of 
H3K4me2 red immunofluorescence of the non-treated control cells vs treated cells with TCP at 250 
µM. The nuclei was labelled with Hoechst. Scale bar 50 µm and 20X magnification. (B) Normalized 
H3K4me2 integrated intensity percentages. For 24 hours, PC-3 cells were exposed to various TCP 
inhibitor concentrations. Data is displayed as means and ± SD of one experiment with 3 replicates. 
The statistical significance was calculated using one way ANOVA with multiple comparisons 
(**p<0.01). 
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Cell number of 3 different experiments was calculated and normalized to the control. 

And in accordance with previous cell viability analysis in LNCaP cells, a meaningful 

decrease of the cell population was obtained using ANOVA analysis for PDC-2 (Fig. 

64C). However, PDC-4 did not exhibit considerable reduction in the cell number in 

comparison to the control.  

 

The antibody labelling of H3K4me2 after PDC-2 and PDC-4 treatment in PC-3 cells is 

depicted in Figure 65A. Normalized integrated intensity values in PC-3 cells were 

calculated and analysed by one-way ANOVA with multiple comparisons (Fig. 65B). The 

IIC data in PC-3 cells revealed that H3K4me2 levels were significantly higher after both, 

PDC-2 (**p<0.01) and PDC-4 (***p<0.001) treatment, as well as obtained for TCP 

(***p<0.001).  

 

In addition, the total cell count was calculated for PC-3 cells after 24 hrs PDC treatment. 

The data reflected 3 different experiments, each with 3 replicates. PDC-2 and PDC-4 

provoked cellular impairment in PC-3 cells at 5 µM, as revealed when compared with 

the control and analysed by ANOVA test (Fig. 65C). The cell viability was more affected 

in cells that received TCP treatment than PDC, displaying a higher statistical difference. 

 

The results of the immunofluorescence of the histone signature in PCa cell lines, 

provided initial evidence of the effectivity of using PDC (5 µM) in contrast to standard 

TCP inhibitor (250 µM), considering that there was a 50 times difference between the 

doses. PDC-2 and PDC-4 demonstrated a discernible increasing effect on the 

H3K4me2 mark, even at far lesser concentrations, that in synergy with their 

considerable impact in cell survival, imply the suppression of LSD1-mediated 

demethylation. 
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Fig. 64. H3K4me2 
labelling after PDC 
treatment in LNCaP. 
(A) Representative 
images of  LNCaP cells 
after 24 hours exposure 
with naked G3 peptide 
(5 µM), or PDC-2/PDC-
4 (5 µM), or TCP (250 
µM). Cells without any 
treatment were used as 
negative control as well. 
The nuclei was stained 
with Hoechst. Scale bar 
50 µm and 20X 
magnification. (B) 
Normalized H3K4me2 
integrated intensity 
values. Means and ± SD 
of 3 biological 
experiments with 3 
replicates each are 
presented. The 
differences between 
treated groups was 
calculated using one- 
way ANOVA with 
multiple comparisons 
(*p<0.05,**p<0.01). (C) 
Normalized cell 
populations of 3 
different experiments 
with 3 replicates each.  
One way ANOVA with 
multiple comparisons 
was calculated to  
determine statistical 
differences between 
control and PDC 
(**p<0.01). 
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Fig. 65. H3K4me2 
labelling after PDC 
treatment in PC-3. (A) 
Representative images 
of PC-3 cells after 24 
hours exposure with 
unconjugated G3 
peptide (5 µM), or 
PDC-2/PDC-4 (5 µM), 
or TCP (250 µM). Non-
treated cells were used 
as negative control 
.The nuclei was 
stained with Hoechst. 
Scale bar 50 µm and 
20X magnification. (B) 
Normalized H3K4me2 
integrated intensity 
values. Means and ± 
SD of 3 biological 
experiments with 3 
replicates each, are 
presented. The 
differences between 
treated groups was 
calculated using one 
way ANOVA with 
multiple comparisons 
(**p<0.01;***p<0.001)(
C) Normalized cell 
populations of 3 
different experiments 
with 3 replicates each.  
One way ANOVA with 
multiple comparisons 
was calculated to  
determine statistical 
differences between 
control and PDC 
(**p<0.01;***p<0.001). 
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5.10.4 Histone demethylation analysis by WB 
 

To corroborate the findings obtained by H3K4me2 immunofluorescence, protein levels 

of the histone mark were evaluated by western blot in LNCaP and PC-3. The technique 

of western blotting is very useful for semi-quantitative analysis of protein levels in 

samples. The optimal load concentration for H3K4me2 was selected as 4 µg per lane, 

as determined by the linear range of relative protein levels for H3 and H3K4me2 for 

LNCaP (Figure 66), and for PC-3 (Figure 67). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 66. H3K4me2 and HKP linear range detection in LNCaP 
lysates. (A) Western blots of lysate dilutions of H3K4me2 and 
Histone 3 (H3) from one biological experiment. The total protein 
load (μg) is indicated in lane labels. (B) Semi-quantification of 
protein relative levels. Cross symbols define the interval of linear 
association between H3K4me2 and HKP. 
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Fig. 67. H3K4me2 and HKP linear range detection in PC-3 
lysates. (A) Western blots of lysate dilutions of H3K4me2 and 
Histone 3 (H3) from one biological experiment. The total protein load 
(μg) is indicated in lane labels. (B) Semi-quantification of protein 
relative levels. Cross symbols define the interval of linear association 
between H3K4me2 and HKP. 
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PCa cells were treated with the same experimental procedure of PDC-2 and PDC-4, 

as well as the same positive and negative controls as employed for the 

immunofluorescence assays. After one day treatment with either PDC-2 or PDC-5, 

proteins were extracted from LNCaP and PC-3 cells. The representative Western blots 

of H3K4me2 expression of 2 biological analyses are illustrated in Figure 68A for 

LNCaP cells, and in Figure 69A for PC-3 cells. PDC-4 exhibited the strongest bands 

as visualized in the LNCaP and PC-3 blots, similarly to the TCP bands. 

 

In accordance with the bands in the blots, H3K4me2 relative levels were semi-

quantified for each cell line. One-way ANOVA test was applied to compare the controls 

to the treated groups, and the protein abundance of the histone mark were revealed 

to be significantly increased for PDC-4 for both LNCaP and PC-3 cells (Figure 68B 

and Figure 69B). The augmentation of H3K4me2 levels after one day treatment of 

PDC-4 at 5 µM indicates that this LSD1 inhibitor probe had a blocking effect in LSD1 

demethylation activity. In contrast to the rise in H3K4me2 integrated intensity obtained 

in the antibody labelling results, PDC-2 did not present significant increase in 

H3K4me2 protein expression in LNCaP cells. Likewise, in PC-3 cells, the protein levels 

of H3K4me2 after PDC-2 exposure were no different from the controls.  

 

Dual protein data analysis in PCa cells, using immunofluorescence and WB, showed 

that at least PDC-4 was effective in delivering the probe 7 inhibitor, as well as, inducing 

cellular phenotypes in PC-3 cells. In both assays, PDC-4 activity induced accumulation 

of H3K4me2 levels, which implicate an impairment in LSD1 and its role of removing 

methyl groups from histones. Even though, the H3K4me2 levels after PDC-2 treatment 

were contradictory, immunofluorescence assays and the reduction in cell viability of 

both LNCaP and PC-3 cells caused by PDC-2, suggest that PDC-2 might have an 

effect in blocking LSD1 activity that would benefit of further assessment. 
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Fig. 68. H3K4me2 protein levels after PDC treatment 
in LNCaP. (A) Representative western blots of H3K4me2 
levels, using H3 as HKP control. Proteins were extracted 
after 24 hours treatment with PDC-2 and PDC-4 at 5 µM, 
or TCP at 250 µM. Cells with no treatment and cells with 
unconjugated G3 were utilized as negative controls. (B) 
Semi-quantification of relative protein levels from 2 
biological experiments. Data were normalized presented 
as means and ± SD. The statistical significance was 
determined using one way ANOVA with multiple 
comparisons (**p<0.01). 
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Fig. 69. H3K4me2 protein levels after PDC treatment 
in PC-3. (A) Representative western blots of H3K4me2 
levels, using H3 as HKP control. Proteins were extracted 
after 24 hours treatment with PDC-2 and PDC-4 at 5 µM, 
or TCP at 250 µM. Cells with no treatment and cells with 
unconjugated G3 were utilized as negative controls (B) 
Semi-quantification of relative protein levels from 2 
biological experiments. Data were normalized presented 
as means and ± SD. The statistical significance was 
determined using one way ANOVA with multiple 
comparisons (**p<0.01, ***p<0.001). 
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5.10.5 Targeted delivery of siRNAs into prostate cancer cells using G3 
 

Following the assessment of PDC using G3 peptide as drug delivery agent of LSD1 

inhibitors, the targeted delivery potential of G3 was investigated from another 

perspective using RNAi. RNAi silencing is an excellent tool to modulate the 

transcription of specific genes. In one previous study, it has been reported that G3 can 

associate to anionic siRNAs due to G3’s cationic nature, and successfully delivered 

them into colon cancer cells (Cirillo et al., 2021). Thus, to analyse if G3 peptide is 

capable of transporting siRNAs and to regulate gene expression in PCa cells, which 

has not been evaluated before, siGLO red transfection reagent and UBB siRNA were 

tested using DF1 transfection agent as positive control. The KD of UBB has been 

shown to strongly reduce cell growth and increase cell death. 

 

In Figure 70A for LNCaP and Figure 71A PC-3, images of the effective siGLO delivery 

by G3 are exhibited. Images of the negative and positive controls are shown as well. 

The siGLO integrated intensity values were calculated and normalized to the negative 

control as previously stated. In both cell lines, the IIC of siGLO (100 nM) was higher 

when using DF1 as transfection reagent (1:1), than when using G3 (100 nM) as a 

nanocarrier of siGLO at 200 nM (Figure 70B and Figure 71B). Previous assessments 

of complexed G3 and siGLO at a 1:1 (100 nM) presented minimal integrated intensity 

values (Data not provided). The cell number was determined to assess the knockdown 

of UBB in both PCa cell lines. Using one-way ANOVA with multiple comparisons, the 

silencing of UBB using either DF1 or G3, was proven as both conditions exhibited a 

significant decrease in LNCaP and PC-3 cell populations, suggesting UBB-related 

apoptosis (Fig. 70C and 71C, respectively). Together, siGLO and UBB results proved 

that siRNAs were successfully delivered into PCa cells by the G3 peptide. 
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Fig. 70. G3 siGLO targeted delivery in LNCaP. (A) High content images of 
control cells treated with non-targeting siRNAs and cells with siGLO (100 nM) 
marker transfected with DF1, and cells with siGLO (200 nM) delivery by G3 
peptide. The nuclei were labelled with Hoechst and are represented in blue. Scale 
bar 50 µm and 20X magnification. (B) Normalized siGLO integrated intensity. For 
24 hours, LNCaP cells were treated with non-targeting siRNAs, siGLO or UBB 
siRNA. Data is displayed as means and ± SD of 3 different experiments with 3 
replicates. (C) Cell number normalized to the non-targeted siRNA control. The 
statistical significance was estimated using one way ANOVA with multiple 
comparisons (***p<0.001). 
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Fig. 71. G3 siRNAs targeted delivery in PC-3. (A) High content images of cells 
with a mix of non-targeting siRNAs as control and cells with siGLO (100 nM) 
marker transfected with DF1, and cells with siGLO (200 nM) delivery by G3 
peptide. Hoechst was applied to label the nuclei represented in blue. Scale bar 50 
µm and 20X magnification. (B) Normalized siGLO integrated intensity. For 24 
hours, LNCaP cells were treated with non-targeting siRNAs, siGLO or UBB 
siRNA. Data is displayed as means and ± SD of 3 different experiments with 3 
replicates. (C) Cell number was normalized to the non-targeted siRNA control. 
The statistical significance was estimated using one way ANOVA with multiple 
comparisons (***p<0.001). 
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Furthermore, the targeted siRNA LSD1 delivery by G3 was analysed in LNCaP and 

PC-3 cells, following the same conditions. G3 at 100 nM was complexed to siRNAs at 

200 nM for an hour and 2 biological experimental repeats were done. In Figure 72A 

and Figure 73A, the images of LSD1 antibody labelling of LNCaP cells and PC-3 cells, 

respectively, are presented after siRNA KD using either DF1 or G3 as delivery agent. 

LSD1 antibody labelling of the nuclei is indicated in magenta. The graphs indicate the 

mean integrated intensity values of LSD1 antibody labelling are shown in Figure 72B 

for LNCaP, and in Figure 73B for PC-3. When contrast to the control groups using 

ANOVA analysis, both DF1 and G3 demonstrated significant decrease in LSD1 

immunofluorescence, with slightly more reduction in DF1 samples, in LNCaP and PC-

3 cells. G3 transfection efficiency of siRNA LSD1 in both PCa cell lines, was 

comparable to that of the commercial DF1 transfection agent.  

 

The quantification of cell number after LSD1 KDs was calculated using High Content 

data analysis. Nonetheless, when cell numbers were examined after LSD1 KD using 

DF1 or G3, only DF1 revealed a significant reduction in cell numbers for both cell lines, 

suggesting that the knockdown was successful only using DF1 or that the LSD1 

silencing induced by G3 delivery was not as effective, or retarded (Figure 72C and 

Figure 73C). The cell number could have been impacted after the LSD1 KD using G3 

in PCa cells, but as the assays were analysed after 72 hrs, the proportion of non-

transfected cells might have proliferated to a degree it was not possible to determine 

an impact in cell viability. 
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Fig. 72. LSD1 siRNA targeted delivery by G3 in LNCaP. (A) High content images of 
control cells treated with a combination of non-targeting siRNAs. Transfected cells with 
DF1 and LSD1 siRNAs at 100 nM or cells treated with G3 peptide at 100 nM and LSD1 
siRNAs at 200 nM, for 72 hrs. Nuclei were stained with Hoechst and LSD1 nuclei 
labelling is represented in magenta. Scale bar 50 µm and 20X magnification. (B) 
Normalized LSD1 integrated intensity. Data is displayed as means and ± SD of 2 
different experiments with 3 replicates. Statistical significance was assessed by ANOVA 
with multiple comparisons (**p<0.01, ***p<0.001). (C) Cell number was calculated and 
normalized to the non-targeted siRNA control. The statistical significance was estimated 
using one way ANOVA with multiple comparisons (*p<0.05). 
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Fig. 73. LSD1 siRNA targeted delivery by G3 in PC-3. (A) High content images of 
control cells exposed with a mixture of non-targeting siRNAs, and cells transfected for 
72 hrs with DF1 and siRNA LSD1 at 100 nM, and cells with G3 peptide complexed 
with siRNA LSD1 at 200 nM. The nuclei were labelled with Hoechst. Scale bar 50 µm 
and 20X magnification. (B) Normalized LSD1 mean integrated intensity. Data is 
showed as means and ± SD of 2 different experiments with 3 replicates. (C) Cell 
number was normalized to the non-targeted siRNA control. The statistical significance 
of IIC and cell number was estimated using one way ANOVA with multiple 
comparisons (***p<0.001). 
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5.11 Discussion 
 

To summarize, Chapter 5 confirmed that G3 PDC with LSD1 inhibitors holds strong 

potential in comparison to the commercial TCP inhibitor in LNCaP and PC-3 cells. At 

reduced doses (5 µM), the data of the cell viability analysis exposed that PDC-2 and 

PDC-4 prompted cytotoxic activity towards PCa cells, since the cell populations were 

statistically declined. Nonetheless, the immunofluorescence and WB data disclosed 

that PDC-4 exhibited higher effectivity of LSD1 demethylation inhibition than PDC-2. 

The data in PCa cells show enhancement of the histone signature in both analysis 

which is evidence that LSD1 demethylation suppression has occurred.  

 

The capacity of carrying nucleic acids by G3 into prostate cancer cells was verified, as 

siGLO red puncta was localized in the cytoplasmic area and the G3-UBB complexes 

disrupted the cell viability in a comparable way to the DF1 control. The LSD1 siRNA 

targeting was not as efficient as DF1 targeting, based on the results of the G3-LSD1 

siRNA complexes, which indicate a decline in LSD1 antibody labelling values but no 

impact upon cell survival. 

 

 

5.11.1 Cellular impairment after LSD1 inhibition 
 

The abnormal enhanced expression of LSD1 has been detected in PCa (Kashyap et 

al., 2013; Ketscher et al., 2014; Willmann et al., 2012). LSD1 is an epigenetic 

modulator that has been identified as a key target in cancer, including PCa (Kahl et 

al., 2006; Majello et al., 2019). The well-known LSD1 inhibitor, TCP was employed as 

a control at 250 µM, dose at which in our analysis it induced at least a 2-fold reduction 

in cell viability in agreement with its anti-proliferative capacities (Dai et al., 2020). The 

way this inactivator works is through an irreversible mechanism, in which it covalently 

binds to the FAD cofactor to restrain LSD1 from operating (Binda et al., 2010; Yang et 

al., 2007a). TCP has non-selectivity towards LSD1, displaying a Ki of 243 μM (Schmidt 

& McCafferty, 2007), which is consistent with the LSD1-associated cell death obtained 

at 250 µM. The cell viability was assessed in all five G3 PDC, resulting in a significant 

reduction of the PCa cell numbers only for PDC-2 and PDC-4, at concentrations of 2.5 

to 5 µM. Their reduction of cell viability at low doses suggests that the LSD1 inhibitors 

linked to the G3 peptide, displayed strong potency against LSD1. These outcomes are 
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in agreement with earlier studies, which showed that blocking LSD1 using RNAi or 

pharmacological inhibitors induces suppression of PCa cell proliferation (Willmann et 

al., 2012). The LSD1 inhibitors, components of PDC-2 and PDC-4 correspond to probe 

5 and probe 7 in Lane’s unpublished research work, which have the following IC50 

values of 14 ± 2 and 8 ± 3 µM, respectively. Both, IC50 values of the LSD1 inhibitors 

alone and the IC50 of the PDC obtained in Lane’s thesis research are displayed on 

Table 10 (Lane, 2021). The IC50 were calculated using histone methylated H3K4me2 

peptide substrates with an enzymatic assay, not living cells. Even though their 

enzymatic data showed that the insertion of G3 to the LSD1 inactivators resulted in a 

reduction in the selectivity towards LSD1, our findings of those PDC in PCa cells 

exhibited cell growth inhibition at low concentrations. This indicates that the enzymatic 

results may not directly translate to how the inhibitors behave within living organisms. 

  

 

 
 

 
5.11.2 The limitations of using hydrogen peroxide assay in PCa cells 

 
As an initial effort to measure LSD1 inhibition by G3 PDC, an Amplex Red Assay was 

done in PCa cells. Extracellular hydrogen peroxide levels have been correlated to 

LSD1 activity using this assay in various cell types (Mohanty et al., 1997; Song et al., 

2001; Votyakova & Reynolds, 2008; Wagner et al., 2005). This assay's underlying 

concept is that the enzymatic activity of LSD1 can be indirectly assessed through 

monitoring of the H2O2 byproduct of the demethylation reaction. Upon its formation, 

hydrogen peroxide combines with the Amplex Red reagent in a 1:1 proportion, leading 

to an HRP-mediated oxidation into the resorufin. Cells without any treatment and cells 

Table 10. G3 PDC-2 and PDC-4 (Lane, 2021)  

Assigned 
name LSD1 inhibitor Modification *IC50 Probes 

(µM) 
**IC50 PDC 

(µM) 

PDC-2 Probe 5 Alkyl-azide 14 ± 2 72 ± 16 

PDC-4 
 

Probe 7 Alkyl-azide 8 ± 3 145 ± 44 

* LSD1 inhibitory values (IC50) refer to the LSD1 inhibitors without conjugation of the peptide. 
** LSD1 inhibitory values (IC50) refer to the PDC. 
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exposed to naked G3 were used as negative controls. TCP and hydrogen peroxide 

(2.5 μM) were employed as positive controls. The PDC-2 was selected for the assay 

and cells were treated with different concentrations (100 nM to 2.5 µM) and resorufin 

values were measured at 3 time points (60, 120 and 180 min). The results conclusively 

showed that the LSD1 activity in PCa cells could not be measured using the Amplex 

Red assay. There were no noticeable differences in hydrogen peroxide levels in the 

media of the controls in comparison with the PDC-2 at any concentration. Hydrogen 

peroxide production occurs during biological processes in the cytosol and other 

organelles (Chance et al., 1979). The method does not allow to differentiate between 

various sources of hydrogen peroxide in PCa living cells and hence is ineffective in 

discriminating hydrogen peroxide as a byproduct of LSD1 demethylation reaction. 

 
 

5.11.3 Does the G3 PDC deliver LSD1 inhibitors in prostate cancer cells? 
 

LSD1 controls gene expression via epigenetics, specifically through the demethylation 

of mono and dimethyl groups from H3K4 and H3K9 (H3K4me1/2 and H3K9me1/2) 

(Cai et al., 2014; Forneris et al., 2006; Metzger et al., 2005; Shi et al., 2004; Wissmann 

et al., 2007). Therefore, the inhibition of LSD1 activity was investigated by assessing 

the protein expression of histone marks using immunofluorescence and WB. In LNCaP 

and PC-3, it was shown that TCP at 250 µM significantly increased H3K4me2 

fluorescence intensity when compared to the non-treated control cells. Thus, TCP was 

set as a positive control at 250 µM to evaluate the potential of the G3 PDC to block 

LSD1, and non-treated cells and cells with naked G3 were employed as negative 

controls.  

 

Due to their anti-proliferative effects, PDC-2 and PDC-4 were selected to test LSD1 

inhibition. Increased H3K4me2 integrated intensity levels were achieved in PC-3 and 

LNCaP cells with PDC-2 and PDC-4 when compared to the G3 naked control. 

However, statistical differences in H3K4me2 in LNCaP were not achieved for PDC-4. 

The H3K4me2 results were consistent with the reduction in cell viability showed for 

PDC-2 and PDC-4 in PC-3 cells, and only for PDC-2 in LNCaP. Further LSD1 

suppression was confirmed by WBs. To our surprise, the only conjugate that increased 

the expression of the H3K4me2 in the LNCaP and PC-3 blots was PDC-4 inhibitor. 
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This findings in combination with the antibody labelling and cell proliferation assays 

indicate that PDC-4 has an increasing capacity of transporting LSD1 inhibitors and 

releasing them into prostate cancer cells, as illustrated in Figure 74. Once internalised, 

the endocytic payload may be transported to other parts of the cell, including 

lysosomes or returned to the cell surface. The data suggests that the inhibitors must 

undergo endosomal escape at some point, or that they are active in conjugation with 

the peptide. Immunofluorescence experiments and the decrease in cell survival 

produced by PDC-2 in both LNCaP and PC-3 cells imply that PDC-2 may have an 

impact in suppressing LSD1 activity, which would profit from further investigation even 

if the H3K4me2 levels after PDC-2 treatment were inconsistent with the WBs. The 

potent delivery capability of PDC-4, could be extrapolated to other cancer cell lines 

where LSD1 has been found to have a role in disease progression, such as breast 

cancer, ovarian cancer and colon cancer, among others (Dong et al., 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our findings are in line with similar studies that evaluate the differences between 

histone signatures of modified LSD1 inhibitors in cancer cells. Fioravanti and 

colleagues tested different analogs of LSD1 inactivators, that were modified by moving 

the 4-phenyl ring to a 3-position and substituting with heterocyclic units (furan, pyridine 

Fig. 74. G3 PDC inhibition of LSD1 in PCa. (A) LSD1 is upregulated in PCa, and it 
regulates transcriptional repression of genes by demethylating H3K4 in combination 
with complexes, such as CoREST. (B) G3 is the targeting peptide of PDC-4 that has 
a LSD1 inhibitor as payload. Our data show that PDC-4 induced the inhibition of 
LSD1 presenting a significant increase of dimethyl residues in H3K4. Adapted from 
Gu et al., 2020.  

A. B. 
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or thiophene), resulting in cell death and elevated levels of H3K4me2 and/or H3K9me2 

as corroborating their inhibition of LSD1 in LNCaP and U937 AML cells (Fioravanti et 

al., 2022). In another research project, they modified the phenyl ring of TCP-based 

inhibitors by adding trifluoromethyl group (CF3) and methoxyl group (OCH3), and in 

particular their compound 29b, trigger H3K4me1/2 accumulation and prevented 

metastasis in MGC-803 cells (Huang et al., 2021).  

 
 
 
5.11.4 G3 facilitates the delivery of siRNAs into prostate cancer cells 

 
The capacity for molecular and gene therapy of siRNA, which specifically repress their 

target genes, is considerable. In the literature multiple CPP have been proven to 

transport siRNA with successful delivery. The ability of G3 peptide to carry and release 

siRNAs that modulate the transcription of genes in PCa cells was studied in Chapter 

5. It has been postulated that the cationic property of G3 can be exploited to complex 

anionic molecules, such as nucleic acids. Thus, the peptide was complexed to siGLO 

and UBB siRNAs by 60-minutes incubation and DF1 transfection agent was employed 

as positive control. High Content Screening was used to assess the RNAi G3 delivery. 

Following optimisation, the 2:1 ratio of 200 nM siRNA to 100 nM G3 was determined 

to be the most effective setting. DF1 was employed at 1:1 as usual, but with higher 

concentration 100 nM of siGLO/UBB. The images exposed fluorescent puncta of the 

siGLO precisely internalised in the cytoplasm for the G3-siGLO complexes. These 

results indicate that G3 was indeed capable of complexing siRNAs and transporting 

them into LNCaP and PC-3 cells. However, G3 was not as effective as transfection 

using DF1, because there was a two-fold difference of the integrated intensity values. 

DF1 is a commercial experimental cell reagent and is not in use for clinical testing. 

Results of the G3-UBB complexes show a significant decrease of cell numbers, similar 

to UBB transfected with DF1. Taken together the siGLO and UBB siRNAs G3-

mediated targeted delivery, was in accordance with prior studies from Cirillo and 

colleagues that demonstrated G3 carrying and loading siRNA into colon cancer cells 

and spheroids (Cirillo et al., 2021). Following the pronounced uptake of G3 peptide in 

LNCaP spheroids, our next steps could be to test G3-siRNA complexes in these 3-D 

models as well. 
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Furthermore, the evaluation of LSD1 siRNA delivery by G3 resulted in a comparable 

drop in integrated intensity values to DF1 delivery in LNCaP and PC-3 cells. However, 

while G3-LSD1 siRNA targeting did not affect cell viability, LSD1 silencing with DF1 

demonstrated a decline in both cellular populations. Cellular impairment in cancer cells 

has been reported as a common outcome of LSD1 inhibition, whether by RNAi or 

chemical drugs (Willmann et al., 2012). This suggests that the knockdown of LSD1 

siRNAs utilising G3 as a delivery vehicle was less successful than DF1, possibly due 

to a slower release of the siRNA. Thus, additional time-points may provide further 

insights in future investigations. The cell viability may have been affected by the G3-

LSD1 siRNA complexes in PCa cells, but because the experiments were performed 

after 72 hours, the fraction of non-transfected cells might have proliferated to the point 

where an influence on cell viability could not be determined. Considering that two 

biological repeats were conducted of the G3-LSD1 siRNA assay, three experimental 

repeats would have been ideal to increase the reliability and statistical confidence.  

 

Other experimental approaches could have provided more insights into the siRNA-

delivering capacity of G3 peptide. LSD1 protein expression could have been evaluated 

through WBs to verify successful delivery by G3. In addition, the use of live cell imaging 

in future experiments could be beneficial to elucidate the differences in cell numbers 

attributable to the delivery of LSD1 siRNA by G3 compared to DF1. 
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CHAPTER 6 
 

 

 
 
 
6.  GENERAL DISCUSSION 

 
 
Peptides are extremely useful in cancer therapeutics, given their biological potency 

and exceptional capacity for tailored transport (Chatzisideri et al., 2018; Gronewold et 

al., 2018). The α-helix synthetic peptide, known as G3, was designed based on the 

following sequence: G(IIKK)3I-NH2 (Hu et al. 2011). Due to its antibacterial, antitumour 

and cancer affinity properties, G3 peptide has been the scope of previous studies 

(Chen et al., 2015; Chen et al., 2014a; Chen et al., 2014b; Cirillo et al., 2021; Gong et 

al., 2019; Gong et al., 2020; Hu et al., 2011). To broaden the horizons of what is known 

of G3’s therapeutic potential, the major aims in Chapter 3 were to analyse whether the 

peptide could be internalized by prostate cancer cells and/or normal prostate cells, 

which could provide evidence of cancer cell selectivity towards the disease; and 

secondly to get a deeper understanding of its intracellular localization in PCa cells.  

 

Chapter 3 presents several key findings related to G3 peptide and its behaviour in PCa 

cells. First, the G3 peptide exhibited elevated selectivity towards prostate cancer cells, 

along with increased uptake. Subcellular localization studies revealed that G3 is 

predominantly situated within endosomal compartments, including lysosomes. 

Additionally, the peptide demonstrated a high dose-dependent cytotoxic effect in PCa 

cell lines, while remaining non-toxic to PNT2 cells. The existing evidence supporting 

clathrin-mediated endocytosis as the primary internalization pathway for G3 was 

further strengthened by colocalization with endosomal and lysosomal markers, a 

minimal colocalization with a macropinocytosis biomarker, and sustained high uptake 

even after the chemical inhibition of macropinocytosis. These findings reinforce the 

idea that G3 is internalized through clathrin-mediated endocytosis (CME), at least 

within the concentration range used in this study.  
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The main findings in Chapter 3 guided the transition into Chapter 4, where the focus 

shifted to explore the role of scavenger receptors (SR) in G3 internalization. The 

massive interactome of SR is indicative of their complex function as membrane-bound 

receptors (Taban et al., 2022). In drug delivery systems, SR have been recognized to 

uptake vectors and cargos, such as oligonucleotide-complexed, nanoparticles, nucleic 

acids, and double-stranded RNA (DeWitte-Orr et al., 2010; Limmon et al., 2008; Patel 

et al., 2010; Pearson et al., 1993; Saleh et al., 2006) Various studies have reported 

that drug delivery CPP uptake is in part controlled by SR (Arukuusk, et al., 2013; Ezzat 

et al., 2012; Helmfors et al., 2015; Lindberg et al., 2013; Veiman et al., 2013). 

Interestingly, PDC have also been discovered to enter the cells through SR 

(Kumthekar et al., 2020a; Srimanee et al., 2016). In addition, the potential of SR as 

targeted receptors of CPP/PDC is highlighted by their substantial upregulation in 

various cancers, such as PCa (X. Yu et al., 2015). Therefore, the main goal of Chapter 

4 was to determine whether SR could have an input in the CME of the G3 peptide in 

PCa cells.  

 

Briefly, the key results from Chapter 4, suggest that 3 SR, namely SR-B1, SR-F1 and 

SR-F2 might contribute towards FITC-G3 internalization in PCa cells. Taken together, 

the data from the RNAi screens, their complementary validation using two independent 

methods (WB and immunofluorescence assays), and their colocalization analysis of 

FITC-G3 with the SR, provided more evidence to support a scavenger receptor-

mediated endocytosis for G3 peptide, precisely in prostate malignant cells.  

 
The use of peptides as molecular drug transporters within the context of PDC offers a 

therapeutic approach that could be beneficial for patients with PCa (Wang et al., 2017; 

Zhu et al., 2021). Given G3’s therapeutic properties that have been established in the 

literature and the findings in this work, including its PCa cell selectivity, the last 

experimental chapter was focused on investigating its delivering capacity as part of 

PDC. Five PDC were obtained as part of a collaboration with Turega’s research team 

from Sheffield Hallam University. By incorporating azide tags to the TCP scaffold's 

para or meta motifs and then coupling our G3 peptide to the C-terminal using a Cu(I)-

catalyzed azide–alkyne 1,3-dipolar cycloaddition (CuAAC) or the “click reaction”, they 

were able to synthesize distinctive LSD1 inhibitors. Therefore, the core aim in Chapter 

5 was to explore the therapeutic potential of these PDC by employing G3 as a targeting 
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unit and customized LSD1 inhibitors as payload. In order to test the effectiveness of 

these PDC against PCa, the impact upon cell viability and differences of histone marks 

were analysed through HCS and WBs. Additionally, another purpose was to examine 

if the G3 peptide had the capacity to carry and deliver siRNA molecules into PCa cells. 

 

In Chapter 5, the most notable findings demonstrated robust treatment potential of the 

G3 PDC in combination with LSD1 inhibitors against both LNCaP and PC-3 cells. The 

results of the cell viability assay revealed that PDC-2 and PDC-4 have a cytotoxic 

effect at reasonably low doses in PCa cells. However, PDC-4 displayed higher 

effectivity than PDC-2, as validated by antibody labelling and WB. PDC-4 caused a 

noticeable increase in dimethyl groups of H3K4 in comparison to the cells exposed to 

the naked G3 peptide, which is clear indication of LSD1 demethylation inactivation in 

PCa cells. The major findings regarding G3 peptide siRNA targeted delivery were 

partially successful. Although, G3 was capable of delivering siGLO and UBB siRNAs 

into PCa, the data exposed that it was not as effective as the commercial transfection 

reagent DF1. Despite the mean integrated intensity values showed a decreased in 

LSD1 labelling, it was not possible to confirmed if G3 peptide successfully delivered 

siRNA LSD1 into PCa, because there was no decrease in the total cell number.  

 

 
6.1 Factors contributing to prostate cancer cell selectivity and uptake 
 
Together, the findings of FITC-G3 uptake using HCS and high-resolution imaging and 

the co-culture assays in PCa cells vs non-cancer prostate cells, support the high 

affinity of the peptide to these cancer cell lines. Multiple factors could explain why PCa 

cells exhibit such selectivity, like the peptide physicochemical properties (e.g. 

cationicity and amphipathicity), experimental settings (e.g. concentration or peptide-

cell ratio), or membrane interactions specific to the cell types. According to the 

literature, it is well recognized that to aid cellular entry, amphipathic peptides can use 

hydrophobic/hydrophilic interactions with the plasma membrane, as well as peptides 

with a cationic nature, due to their lysine or arginine residues, have a tendency to 

greater interactions with membranes that are negatively charged (Madani et al., 2011; 

Ruseska & Zimmer, 2020). The architecture of G3 consists of only 14 aa displayed in 

a 1:1 ratio of cationic lysine (K) and hydrophobic isoleucine (I) residues, organized in 
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three IKK repeated series (Hu et al. 2011). Prior studies have identified that G3 

embraces an α-helical arrangement when associating with synthetic membranes, like 

small unilamellar vesicles (SUVs), that imitate cancer or bacterial surfaces (Gong et 

al 2019; Gong et al., 2020; Hu et al., 2011). In addition, it was suggested that this 

mechanism could be contributing to its favoured uptake, penetrating cells as a result 

of its α-helical configuration and contact between its cationic net charges with the 

anionic charges and high unsaturated lipid content in the membranes of cancer cells 

(Chen, et al., 2014a, 2014b; Hu et al., 2011). In contrast, the findings presented herein, 

combined with findings from Cirillo's previous work, highlight an energy-based 

internalization mechanism evident at lower concentrations of G3 (Cirillo et al., 2021). 

Therefore, the concentration of G3 may have a major role in its internalization 

mechanism. In the analysis done in this research, G3 was generally employed at the 

relatively low dose of 4 µM, close to the concentration reported by Cirillo (6.25 µM) in 

their internalization experiments, which supports a CME pathway (Cirillo et al., 2021). 

In the literature, it has been reported a concentration-based tendency for numerous 

peptides, in which endocytosis is employed at reduced doses, while at elevated 

concentrations there is a shift to direct translocation (Fretz et al., 2007; Jones & 

Sayers, 2012; Kosuge et al., 2008). Thus, it could be possible that this is the case for 

the G3 peptide. This could explain its energy-dependant process at low doses and the 

cytotoxic effect that displays at high concentrations.  

 

A notable study showed the crucial function of the transmembrane potential in the 

direct penetration mechanism of CPP. They engineered a KCNN4 potassium channel 

knockout HeLa cell line that induced membrane polarization decreased that 

demonstrated the complete disruption of CPP uptake (Trofimenko et al., 2021b). 

Furthermore, the same research team use the KCNN4 knockout cell line to verify that 

endocytosis was not affected in the internalization of several endocytic CPP 

(Trofimenko et al., 2021a). This genetic strategy could be applied to verify the 

internalization of G3 by direct penetration at high concentrations. 

 

The cell type with its specific membranal components, such as transmembrane 

receptors, represents another contributing factor to the uptake of CPP reported in the 

literature. For example, in a study they demonstrated the cell-dependent behaviour 

using HeLa, HEK293, Cos-7, and MDCK cells, by testing the uptake efficiencies of 22 



226 
 

recognized CPP, including TAT, Pep-1, transportan, MAP, MPG and penetratin 

(Mueller et al., 2008). They divided the peptides into groups according to how well they 

internalised into the cells, with transportan having a similar efficiency in all cell types 

and penetratin presenting a cell-specific affinity to HeLa cells. In addition, the 

overexpression of several receptors has been reported in different cancers. In the 

existing literature, cancer-targeting peptides are a group of small-sized peptides, and 

their internalization relies on the recognition and connection with transmembrane 

receptors that have a 3:1 prevalence on oncogenic cells versus non-cancerous cells 

(Reubi, 2003; Vrettos et al., 2018). Thus, it could be plausible that the selective uptake 

of G3 into cancer cells at reduced concentrations (4 µM), including PCa cells, could 

have been driven by an underlying mechanism mediated by their interaction with 

overexpressed surface-bound receptors in PCa cells. 

 
 
6.2 Future investigations: Beyond scavenger receptor knockdown in G3 

uptake 
 

The promise of G3 peptide as a drug delivery agent is rooted in its ability to specifically 

target cancer cells. Its remarkable ability to discriminate between prostate normal cells 

and PCa cells, sets the stage for its potential role in PCa therapeutics. For a 

comprehensive understanding of its applicability, further examination of G3 is essential 

to ascertain whether it exhibits selective entry into more cancer cell lines, focusing in 

those that exhibit upregulation of SR. It’s also important to evaluate its specificity and 

drug delivery capacity in diverse oncogenic animal models, which could provide a 

more accurate cytotoxic profile. This will not only broaden our understanding of its 

potential applications but will also provide insights into any unforeseen challenges or 

limitations that might arise in more complex biological systems. The first insight into 

G3's cytotoxic properties in an in vivo setting came from Cirillo's work model, 

specifically observing zebrafish embryos over a period of 72 hours. In their evaluations 

involving FITC-G3 and G3-siRNA complexes, they noted an escalating toxicity pattern 

for the peptide in correlation with its concentration, while they revealed toxicity 

attenuation for the G3-siRNA complexes and minimal toxicity for the scope of dosages 

that were used for drug delivery (Cirillo et al., 2021). 
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HCS is an innovative tool that has a wide range of applications, from drug discovery 

and toxicology to functional genomics (Fraietta & Gasparri, 2016; Li & Xia, 2019). 

Furthermore, the speed and broad screening potential of HCS are of particular 

advantage in scenarios where time is of the essence or where there is a need to 

navigate through extensive libraries of compounds. In this research, the use of HCS 

to analyse RNAi screenings provided an effective and useful method to generate a 

substantial amount of data within a limited time frame. The RNAi-based HCS offered 

an initial unbiased approach to investigating the active players in the uptake of G3 

peptide, and thus represents a suitable technique for application in future experiments 

to identify potential hits. 

 

RNAi silencing is a prevalent approach for understanding the internalization 

mechanism of CPP. Based on the results, SR-B1, SR-F1, or SR-F2 might play 

significant roles in G3 internalization. While our findings are compelling, deeper 

investigations are necessary to strengthen and confirm SR-mediated endocytosis. For 

instance, evaluating the internalization efficiencies of the peptide after stimulating 

overexpression of these SR in cells, that if SR are key players in the uptake of G3, 

one would expect that peptide internalization would be more pronounced. Testing the 

internalization of the peptide in combination with known ligands of the SR could be 

another tentative approach. For instance, SR-F2 displays high affinity towards 

maleylated BSA (Wicker‐Planquart et al., 2021), an experiment could be design by 

treating prostate cancer cells with this ligand and FITC-G3 simultaneously to 

determine if the uptake of the peptide is affected. Likewise, acetylated low-density 

lipoprotein (AcLDL), a ligand with increased affinity to SR-F1 and to a lesser extent to 

SR-B1, could be tested in the same way for both receptors (S. Acton et al., 1994; 

Adachi et al., 1997). This can be paired with a SR-B1 inhibitor like block lipid transport-

1 (BLT-1), which blocks HDL, a ligand known for its non-endocytic route, from being 

transferred (Nieland et al., 2008; Nieland et al., 2002). Prior research utilized BLT-1 to 

validate PF/32pDNA peptide complex uptake via SR-B1, revealing that the 

internalization remained unchanged and distinct from SR-B1-mediated HDL uptake 

(Srimanee et al., 2016). A more robust experimental approach could involve using 

genetically engineered stable cells, lacking functional SR-B1/SR-F1/SR-2 to evaluate 

FITC-G3 uptake.  
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Another reliable approach is through peptide-membrane interaction analysis. The SR 

as potential partners of G3 could be verified by synthesizing a biotinylated version of 

G3 peptide and performing a streptavidin pull-down assay after treatment in PCa cells, 

followed protein identification by mass spectrometry. An alternative strategy to verify 

peptide-protein interaction could be by using proximity ligation assay (PLA), by 

employing a primary ab specific to each of the SR and another one targeted to FITC 

in G3 peptide. Consequently, if the SR and the FITC-G3 peptide are within a proximity 

of 40 nm, the PLA would generate a detectable fluorescence signal, indicating 

interaction (Hegazy et al., 2020). Other techniques have been used to assess CPP-

membrane interactions, including X-ray scattering, differential scanning calorimetry, 

circular dichroism, nuclear magnetic resonance, among others (Liu & Afshar, 2020). 

 
 
6.3 2D Maximum Intensity Projection: A Reliable Approach for Colocalization? 
 
Fluorescence-based methods, such as colocalization analysis are widely used to 

understand the internalization and intracellular placement of CPP. In this research, 

MIPs were employed in all of the colocalization assessments, which involves the 

condensation of a 3D z-stack into a 2D projection image. Although advanced 

fluorescence microscopy generates in-depth 3D data, MIPs are still typically employed 

for 2D colocalization analyses and ROI selection (Dunn et al., 2011; Zinchuk & 

Grossenbacher-Zinchuk, 2009). This technique holds some advantages, including the 

simplicity of ROI identification in 2D images, a faster analysis of the data and the 

enhancement of the visibility of signals; however, MIP possesses restricted 

applicability for accurate colocalization, because it can lead to omission of key data 

points, as well as to addition of extraneous data (Pike et al., 2017; Theart et al., 2018). 

In addition, the MIP-based colocalization assays were performed at fixed time points, 

2 hrs for early endosomal markers, 6 hrs for late endosomal markers, and 18 hrs for 

lysosomal markers, which limits the time-frame of the results. Even though 

colocalization static analysis is still a valuable strategy that is routinely used, it can be 

prone to fixation artifacts (Comeau et al., 2006; Pawley, 2006).  

 

In hindsight, the 2D MIP colocalization studies did offer additional data to support our 

hypothesis. However, this could have been improved by using 3D live cell high-
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resolution microscopy in time-course experiments. This could have guaranteed a more 

robust assessment and a dynamic view into the progression of G3 through the 

endocytic pathway or in the trafficking with SR, potentially revealing intermediary steps 

that might have been missed in the fixed-time point assays or in the MIP analysis 

(Koyama-Honda et al., 2005; Watson, 2009; Wombacher & Cornish, 2011). The 

employment of MIP for colocalization analysis could be convenient mostly in situations 

where the budget or the time are constrained.  

 

 

6.4 Avoiding lysosomal degradation and embracing endosomal escape in 
peptide therapeutics 
 

Endocytosis of peptides and their cargo entails their trafficking into endosomal 

vesicles, which will need to undergo endosomal escape to avoid fusion into the 

lysosome (Bareford & Swaan, 2007; Huotari & Helenius, 2011). Endosomal escape is 

a crucial step in the intracellular delivery of peptides, safeguarding them from 

lysosomal degradation and enabling payload release into the cytoplasm for its 

intended biological action (Lee et al., 2013; Pei & Buyanova, 2019; Voltà-Durán et al., 

2023). The results from the colocalization analysis with endocytic markers support the 

idea of G3 following an endocytic mechanism to enter PCa cells, which progresses 

from early to late endosomes, and its subsequent internalization into lamp1-positive 

compartments that might be lysosomes. Lysosomes owe their acidic surroundings to 

the v-ATPase enzymes that pump protons, using ATP as an energy source (Forgac, 

2007). While the exposure of the G3 peptide to lysosomal enzymes entails proteolytic 

disintegration, this could also be used as an advantage for cargo unloading. As 

mentioned in Chapter 1, multiple PDC, utilize specialized linkers to conjugate the 

peptide vehicle to the cytotoxic agent, that are cleaved specifically by esterase, 

amidases, or proteases in the lysosome or that its detachment relies on acidic 

conditions (Alas et al., 2021; Bargh et al., 2019). G3 PDC could be engineered with 

enzyme-sensitive or pH-sensitive linker technology to deliver their cargo within the 

cell’s cytoplasm.  

 

Peptides that are directed to lysosomes have been applied to target genetic 

deficiencies of lysosomal components, such as lysosomal storage disorders (Bonam, 
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Wang, & Muller, 2019; Ferreira & Gahl, 2017; Urandur & Sullivan, 2023). For example, 

the K10H16 peptide has been successfully employed to deliver and restore a 

recombinant enzyme to lysosomes for the treatment of Fabry disease, a lysosomal 

condition characterized by a defect in the enzyme alpha-galactosidase A (Iwasaki et 

al., 2020). Therefore, if G3 is transported to lysosomes, it might have the capacity to 

be utilized for delivering enzyme replacement therapeutics for lysosomal storage 

disorders. 

 

For endocytic CPP, endosomal escape is key for intracellular drug release. Cargo 

confined inside endosomes remains biologically inactive, which is the principal reason 

for the poor efficacy of some CPP (LeCher et al., 2017; Shete et al., 2014). The notable 

rise in H3K4me2 levels in our study suggests that G3 PDC successfully delivered the 

LSD1 inhibitor that was used as the payload. Likewise, G3 siRNA targeted delivery 

was effectively achieved for siGLO and UBB siRNAs. This implies that, during 

endosomal trafficking, the LSD1 inhibitor and the siRNAs, either on their own or in a 

conjugated state with G3, managed to overcome endosomal confinement. Various 

endosomal escape strategies have been proposed, however it is not fully understood 

how CPPs exit the endocytic organelles and access the cytosolic space. It has been 

suggested that certain CPPs are more adept at compromising the membrane integrity 

of organelles than that on the cytoplasmic membrane. For example, the mechanisms 

of energy-independent internalization into cells of CPP, covered in the introduction of 

Chapter 3 in section 3.1.2, namely barrel-stave, carpet, and toroidal models, have 

been hypothesized to be employed as endosomal escape tactics of cationic endocytic 

peptides (LeCher et al., 2017).  

 

Another strategy and perhaps the most commonly accepted, involves peptides with 

high content of alanine, glycine, and hydrophobic residues, that upon fluctuations of 

pH during endosomal transportation, they undergo conformational changes exposing 

their hydrophobic residues to interact with the organelle membrane (Pei & Buyanova, 

2019; Varkouhi, et al., 2011). This interaction will result in the fusion and 

destabilization of the bilayer membrane and subsequent release of endosomal content 

(Salomone et al., 2012; Yang et al., 2010), which is a technique typically utilized by 

viral-associated proteins (Pal, 2021; Somiya & Kuroda, 2020).  
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The proton-sponge effect is another mechanism that has been postulated to explain 

the endosomal escape of peptides. This applies to histidine-rich peptides that at acidic 

pH they become protonated, which causes protons to reach the interior of the 

endosome, along with the balance of charges by chloride ions. Finally, an increase in 

the osmotic pressure results in endosome lysis and liberation of the content into the 

cytosol (J. He et al., 2020; Váňová et al., 2022).  

 

While G3 peptide could have employed one of the known endosomal escape 

strategies, our findings open new questions about the complexities of understanding 

peptide intracellular behaviours. Specifically, the precise mechanisms G3 employs 

within the context of LSD1-based PDC or siRNA complexes remain a compelling area 

for further research.  

 

 

6.5 G3 PDC wider implications & G3 therapeutic applications  
 
In multiple cancers, LSD1 has been well-established as a key player in epigenetic 

control (Kahl et al., 2006; Majello et al., 2019). LSD1's abnormally enhanced 

expression contributes significantly to the early development and spread of PCa (Kahl 

et al., 2006; H. Lan et al., 2019; Metzger et al., 2005; Metzger et al., 2010; Sehrawat 

et al., 2018). In this research, G3 PDC-4 and to a lesser extent, PDC-2 show evidence 

of suppression of LSD1 demethylation activity and cell viability impairment in two PCa 

cell lines with diverse disease phenotypes. These results emphasize the application 

of G3 PDC as targeted therapies, that in comparison to LSD1 inhibitors alone, their 

biological activity is exerted exclusively in malignant cells. This entails maintaining the 

inhibitor potency at the same time as reducing potential side effects due to unwanted 

cytotoxicity. Thus the therapeutic use of G3 PDCs combined with LSD1 inhibitors 

could extend to a variety of cancers, such as breast, bladder, hepatocellular and small 

cell lung cancer, where LSD1 is implicated in disease advancement. 

 

At present, a lineup of LSD1 inhibitors, which includes TCP, SP2577, IMG-7289, CC-

90011, INCB059872, ORY-1001, and GSK2879552, is under clinical examination for 

the treatment of multiple cancer types, including leukaemias (Dong et al., 2022; Fang 

et al., 2019; Hosseini & Minucci, 2017). G3 PDC might be a potential drug carrier for 
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LSD1 inhibitors that have been previously ruled out from clinical trials because their 

benefits did not justify their health risks. A case in point is GSK2879552, whose clinical 

examinations on patients with acute myeloid leukemia and small cell lung carcinoma 

were discontinued (Bauer et al., 2019; Roboz et al., 2022). Also, PDC using G3 as a 

targeting vehicle could be used for LSD1 inhibitors that have a limited potency towards 

LSD1. For example, TCP is in clinical trials because is not used alone, but in dual 

treatment with all-trans retinoic acid or Azacitidine for cancer therapy. Equally, the 

reintroduction of other drugs that have been previously discarded from clinical 

investigations due to unacceptable results, could be retested in conjugation with G3 

peptide. 

 

Delivering siRNAs into cells efficiently has always been a challenge. The exact 

process by which G3 forms complexes with siRNAs remains elusive, but it has been 

documented that CPPs, due to their elevated positive charge density, can bind to 

negatively charged nucleic acids (Deshayes et al., 2008; Huang et al., 2015; Lehto et 

al., 2016). In cancer therapy, some cationic and amphipathic peptides have been 

reported to efficiently deliver siRNAs in both, in vivo and in vitro models, including G3 

in colon cancer cells, 3D spheroids, and zebrafish embryos (Cirillo et al., 2021; 

Crombez et al., 2009; S. W. Kim et al., 2010; Lundberg et al., 2007). Even though G3 

peptide was not as effective in transporting siRNAs (siGLO and UBB) than DF1 

transfection reagent, its definitive capability to release them into the cytoplasm 

positions it with significant potential for wider applications in PCa therapeutics that 

should be the subject of further evaluations in 3D models and animal xenografts 

models. 

 

The versatility of G3 PDC lies in its capability for precise delivery of personalized 

medicine. PCa is a heterogeneous disease with multiple genetic components, as 

several molecular pathways are disrupted including AR, PI3K–AKT, WNT, and DDR 

(Abeshouse et al., 2015; Robinson et al., 2015). Conjugation of heterogeneous drugs 

to combat prostate cancer cells on several fronts and target key dysregulated 

pathways may be possible as a result of G3's capacity to transport both siRNAs and 

LSD1 inhibitors.  
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Furthermore, G3 PDC with LSD1 inhibitors as cargo could be used in combinatorial 

therapeutics, which might be promising for overcoming resistance mechanisms in 

CRPC through multiple mechanisms. For instance, targeting LSD1 with G3-based 

PDC could potentially suppress EMT dynamics and possibly delay the onset of CRPC 

(Wang et al., 2015). The use of LSD1 inhibitors in docetaxel-resistant CRPC has also 

been proposed. It has been demonstrated that c-MYC can be downregulated using 

the LSD1 inhibitor called HCI-2509, which in turn enhances the sensitivity of resistant 

cancer cells to docetaxel and reduces their proliferation (Gupta et al., 2016). In another 

study, promising evidence was shown for the use of LSD1 inhibitors in co-therapy with 

ADT. Since the therapeutic impact of ADT in hormone-sensitive PCa cells was 

amplified by suppressing LSD1 activity (Wang et al., 2020). Lastly, AR-V7 expression 

contributes to CRPC progression and resistance to therapies, such as abiraterone or 

enzalutamide, however AR-V7 activation can be reduced by approximately 50% with 

the use of LSD1 inhibitors (Antonarakis et al., 2014; Regufe da Mota et al., 2018). 
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CHAPTER 7 
 

 

 
 
 
7.  CONCLUSION & FUTURE PERSPECTIVES 
 
 
 
In conclusion, the research presented in this thesis highlights and contributes to the 

biomedical and treatment potential of the cationic α-helical G3 peptide in PCa, 

specifically as a pivotal component of PDC. Initially, it was hypothesized that the 

peptide would act as part of a targeted delivery system, that could transport and 

release drugs precisely to prostate cancer cells. This assertion was backed by the 

peptide's distinct attributes, including its affinity to cancer cells and high internalization 

rates in other oncogenic cell types, reduced costs of manufacture, and simplicity of 

manipulation and conjugation. Given that overall survival continues to pose a major 

concern in PCa treatments, the incorporation of PDC using G3 stands out as a 

promising addition to emerging tailored therapies. Such advancements could 

potentially mitigate adverse events and enhance treatment efficacy. 

 

The series of High Content Screenings coupled with the confocal microscopy 

experiments confirmed that the G3 peptide exhibits cell preference towards prostate 

cancer cells. This is in contrast to the limited internalization shown in benevolent 

prostate epithelial cells. The factors impacting the cell selectivity of the peptide are not 

entirely clear, however based on our outcomes and previous work, the concentration 

appears to have a key role. The findings also demonstrated that FITC-G3 displayed 

cytotoxicity towards PCa cells in a high-dose dependant fashion, while marginal 

uptake in non-cancer prostate cells. This aligns with prior studies in the literature and 

implies that FITC-G3 might have a favourable safety profile in more extensive clinical 

evaluations and diverse therapeutic settings. Therefore, to broaden its applications in 

prostate cancer research, subsequent experiments should explore whether G3 

exhibits the same cell selectivity pattern in various animal cancer models and in other 

cancer cell types. 
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This work also provided a further understanding of the subcellular localization of G3 

within prostate cancer cells. The presence of G3 was detected in both early and late 

endosomes, and in lysosomal compartments of PCa. This aligns with the RAB5/RAB7-

associated pathway in the presence of EEA1, a predominant endosomal route for 

CPPs. Therefore, these results reinforced its uptake via clathrin-mediated 

endocytosis. Since G3 was located in LAMP1-labelled lysosomal compartments which 

might lack acidic conditions and proteolytic enzymes, future experiments to verify 

whether the peptide goes into the lysosome would be beneficial. 

 

The subsequent RNAi screens and the SR colocalization tests provided promising 

evidence that supports 3 SR: SR-F1, SR-F2 and SRB1, as potentially responsible at 

some degree for the internalization mechanism of G3 peptide in PCa cells. To the best 

of our understanding, SR-F1 and SR-F2 have never previously been acknowledged 

as CPP endocytosis facilitators. Although the siRNA-mediated suppression of target 

SR genes was successfully validated through two protein detection techniques, more 

investigation, such as peptide-membrane interaction studies, is necessary to confirm 

the role of these SR in the uptake of G3 peptide. 

 

Furthermore, the evaluation of G3 PDC with customised LSD1 inhibitors yielded 

encouraging results. In PCa cells, PDC-2 and PDC-4 demonstrated a reduction in 

cellular survival at low concentrations, which is a typical effect of LSD1 restriction in 

cancer cells. According to the protein expression analysis, PDC-4 demonstrated LSD1 

inactivation through an increase in H3K4me2 levels, while PDC-2 presented only the 

accumulation of the H3K4me2 mark by antibody labelling and not by WBs. At the very 

least, the overall results show an excellent delivery capacity for PDC-4. Prospective 

experiments could involve evaluating its activity in other cancer cell lines that have 

LSD1 overexpressed and where LSD1 has been reported as an epigenetic target. 

Wider implications of G3 as a delivering agent of PDC is for its conjugation with LSD1 

inhibitors that have been withdrawn from patient’s trials as a result of an unfavourable 

risk-benefit ratio. On a similar note, it was revealed that G3 is capable of delivering 

siRNAs to prostate cancer cells. Despite the transfection efficiency of the commercial 

transfection reagent was higher than G3, DF1 is not in use for clinical testing. 
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The cellular trafficking of peptides and their associated cargo, from endocytosis to 

lysosomal degradation or cytosolic release, is a dynamic and intricate process. The 

prominent surge in H3K4me2 levels is a clear indication of the effective delivery of 

LSD1 inhibitor, as well as the G3-tailored release of siGLO and UBB siRNA in PCa 

cells. Both results support the notion that the peptide or the cargo must have 

successfully avoided endosomal entrapment, which is an unknown mechanism that 

could be explored in upcoming research. 

 

The field of peptide therapeutics continues to develop, and so does the imperative to 

deepen our understanding of these processes. Together all these findings established 

the groundwork for a novel alternative to treating PCa in which G3, may be employed 

as a carrier for siRNA-based medications or epigenetic personalized medicine, such 

as LSD1 inhibitors. At the core of the therapeutic applications of G3 PDC is the smart 

transport of personalized medicine. Such molecular-based drugs could benefit 

patients in PCa that have a particular genetic profile, targeting dysregulated signalling 

pathways, such as PI3K–AKT, DDR, WNT, or the imbalanced epigenetic landscape. 
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8. APPENDICES 
 
 
Appendix A. Analysis of non-specific staining removal in High Content 
Screening.  
 
In some of the HCS analysis, a custom module editor (CuME) was designed using 

MetaXpress software, to identify cells and eliminate spurious staining, particularly 

focusing on issues like clumps and non-specific staining. This section provides a 

detailed description of the parameters used in the CuME and the representation of 

each step is illustrated in Figure A1. 

 

1. Image selection: Random images from different wells were  visually inspected 

to detect the presence of clumps or non-specific staining in the green channel. 

One image that exemplifies these features was selected for the generation of 

the CuME. This step is critical for ensuring that the CuME is designed against 

typical anomalies encountered in the dataset. 

 

2. Cells Mask: Nuclei were identified by 

setting the approximate minimum and 

maximum width in µM, using the “Find 

Blobs” tool in the blue channel. The 

detected nuclei are delineated by the 

“Cells” mask produced by this 

process. The value of intensity above 

local background refers to the background fluorescence that was subtracted. 

 

3. Clump Mask: FITC clumps were 

identified using the “ Find Blobs” tool 

in the green channel. Similar to the 

nuclei detection, the minimum and 

maximum widths of these clumps 

were specified by setting the 

approximate minimum and maximum 
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width in µM. The outcome of this step is a “clump mask” that isolates these 

larger and irregular formations. 

 
4. Transfluor Objects: This step 

entails the identification of FITC pits 

or/and vesicles that is executed in 

the green channel. In this CuME, 

only the pits were chosen, which 

were defined by setting the 

minimum and maximum width 

parameters. The value of intensity 

above local background was 

subtracted to emphasize these 

fluorescent features. The result is a 

“FITC mask” that highlights the positively identified pits/puncta. 

 
5. Logical Operations: The “clump 

mask” was removed from the 

“FITC mask” with the “Logical 

operations” tool using the 

“ANDNOT” operation. This step 

effectively removes any 

overlapping areas between the two masks, resulting in a new mask termed 

“FITC G3” mask. This mask represents the specific areas of interest, excluding 

clumps and focusing on individual FITC-positive objects. 

 
6. Cellular Integrated Intensity 

(IIC): In this final step, the IIC of 

the FITC fluorescence within the 

cellular boundaries is quantified 

employing the “FITC G3” mask. 

The quantification is performed in 

the green channel, providing a 

measure of the positive pits 

associated with each cell that correspond to the FITC G3 peptide.  
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Fig. A1. Visual representation of CuME steps for non-specific staining 
removal. (Step 1) An image that shows the presence of FITC large clumps for 
the generation of the custom module editor (CuME). (Step 2) A representation 
of the "Cells" mask presenting the detected nuclei in white colour on the blue 
channel. (Step 3) The "Clump Mask" is represented in white, isolating large FITC 
clumps within the green channel. (Step 4) The identification of FITC Pits is 
depicted in white puncta in the “FITC” mask, highlighting these features after the 
subtraction of intensity values above local background levels. (Step 5) The 
“Logical Operations” tool utilizing the “ANDNOT” option, demonstrates the 
exclusion of the “Clump Mask” from the “FITC mask”, resulting in the “FITC G3” 
mask that isolates individual FITC-positive objects. (Step 6) The quantification 
of the cellular integrated intensity (IIC) within the positive pits of the “FITC G3” 
mask is represented in blue over the green channel. A data table is automatically 
generated, listing individual IIC values. 

Step 1. Image selection Step 3. Clump mask Step 2. Cells mask 

Step 5. Logical operations 

Step 6. FITC G3 pits - integrated intensity 

Step 4. FITC mask 



240 
 

Appendix B. Optimization of siRNA transfections. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. B1. Red-siGLO transfection optimization in LNCaP. (A) High content 
images of red siGLO transfection indicator inside LNCaP cells. Scale bar 50 μm, 
20X magnification. Nuclei is stained with Hoechst. (B) Integrated intensity values 
of red fluorescence expressed in percentages. Data is presented as means and 
±SD of one biological experiment with 3 replicates. Non-targeting siRNAs were 
used as a negative control. (C) Normalized cell population after UBB siRNA 
transfection. The statistical significance was established using student’s t-test 
(*p=0.0204). 
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Fig. B2. Red-siGLO transfection optimization in PC-3. (A) High content images 
of red siGLO transfection indicator inside PC-3 cells. Scale bar 50 μm, 20X 
magnification. Nuclei is stained with Hoechst. (B) Integrated intensity values of 
red fluorescence expressed in percentages. Data is presented as means and ±SD 
of one biological experiment with 3 replicates. Non-targeting siRNAs were used 
as a negative control. (C) Normalized cell population after UBB siRNA 
transfection. The statistical significance was established using student’s t-test 
(**p=0.0027). 
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Appendix C. Optimization of Western Blots. 
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Fig. C1. SR-B1 and HKP linear range detection in LNCaP lysates. (A) 
Western blots of lysate dilutions of SR-B1 and GAPDH. Total protein load (μg) 
is indicated in lane labels. (B) Semi-quantification of protein relative levels. Cross 
symbols confines the interval of linear association between SR-B1 and HKP. 
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Fig. C2. SR-B1 and HKP linear range detection in PC-3 lysates. (A) 
Western blots of lysate dilutions of SR-B1 and GAPDH. Total protein load (μg) 
is indicated in lane labels. (B) Semi-quantification of protein relative levels. 
Cross symbols confines the interval of linear association between SR-B1 and 
HKP. 
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Fig. C3. SR-F1 and HKP linear range detection in LNCaP lysates. (A) 
Western blots of lysate dilutions of SR-F1 and GAPDH. Total protein load (μg) 
is indicated in lane labels. (B) Semi-quantification of protein relative levels. 
Cross symbols confines the interval of linear association between SR-F1 and 
HKP. 
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Fig. C4. SR-F1 and HKP linear range detection in PC-3 lysates. (A) 
Western blots of lysate dilutions of SR-F1 and GAPDH. Total protein load (μg) 
is indicated in lane labels. (B) Semi-quantification of protein relative levels. 
Cross symbols confines the interval of linear association between SR-F1 and 
HKP. 
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Fig. C6. SR-F2 and HKP linear range detection in PC-3 lysates.  (A) 
Western blots of lysate dilutions of SR-F2 and GAPDH. Total protein load 
(μg) is indicated in lane labels. (B) Semi-quantification of protein relative 
levels. Cross symbols confines the interval of linear association between 
SR-F2 and HKP. 

Fig. C5. SR-F2 and HKP linear range detection in LNCaP lysates.  (A) 
Western blots of lysate dilutions of SR-F2 and GAPDH. Total protein load 
(μg) is indicated in lane labels. (B) Semi-quantification of protein relative 
levels. Cross symbols confines the interval of linear association between 
SR-F2 and HKP. 
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