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ABSTRACT 

Background: Prostate cancer not responding to androgen deprivation therapy is known as castration-resistant 

prostate cancer (CRPC). Despite rapid increase of treatment options, the disease remains incurable, when 

metastases appear, which might be due to the diverse mechanisms and the heterogeneity and multifocal nature 

of the disease. For this reason, novel and highly effective therapy approaches against metastatic CRPC 

(mCRPC) are required. Exploring combination therapy using existing and novel agents provide better response 

than treatments with single agents. The progression of treated-naïve- prostate cancer is shown to be driven by 

androgen-receptor (AR), along with bromodomain and extra terminal domain (BET) proteins. Thus, inhibition 

of such proteins is an alternative, promising anticancer therapy. Treatments of mCRPC with BET inhibitors, 

JQ1, AZD5153 or AR inhibitor, Enzalutamide (ENZA) in combination with radiopharmaceuticals, are not 

being investigated. Aim: Evaluating the preclinical therapeutic efficacy of combining BET or AR inhibitors 

with radiopharmaceuticals, α-emitting 223Ra targeting bone metastases or ẞ-emitting 177Lu-PSMA-617 in the 

prostate cancer C4-2 cells grown in cell monolayers (2D) and multicellular spheroids (3D).  

Methods: Prostate cancer C4-2 cells growing 2D and 3D culture models were treated with selected 

concentrations of JQ1, AZD5153 or ENZA in combination with various activities of 223Ra. In 2D model, the 

treatment effects were assessed by counting colonies after 10-14 days and assessing cell survival fraction 

curves. Growth rates of the spheroids after treatments were evaluated by following the morphological changes 

and measurement of the cross-sectional area of the spheroids. Flow cytometry analysis was used to study cell 

apoptosis/necrosis, DNA damage and cell cycle distribution 72 h after combination treatment. In addition, C4-

2 spheroids were treated with a combination of a selected concentration of AZD5153 and various activities of 

177Lu-PSMA-617). 

Results: The studied BET inhibitors, JQ1, AZD5153 had antiproliferative effects as mono-treatment in C4-2 

monolayer cells and decreased C4-2 spheroid growth in a dose and time-dependent manner. ENZA did not 

inhibit C4-2 cell survival in a dose-dependent manner. The combination of AZD5153, JQ1 or ENZA with 

223Ra showed the synergistic decrease in C4-2 spheroid growth. The combination treatments reduced the 

percentage of C4-2 cells in S and M phases of the cell cycle. However, the reduction was not statistically 

significant. However, the combination treatments had no proapoptotic activity. Additionally, the combination 

of AZD5153 with 177Lu-PSMA-617, synergistically decreased C4-2 spheroid growth. Conclusion: The 

combination treatments of JQ1, AZD5153 or ENZA and 223Ra or AZD5153 and177Lu-PSMA-617 induced 

synergistic inhibition of C4-2 spheroids growth. These preclinical combination therapies provide rational for 

clinical evaluation of these combinations for treatment of mCRPC patients. 
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SAMMENDRAG 

Bakgrunn: Prostata kreft, er en av de hyppigste formene for kreft hos menn (etter lungekreft). Denne 

sykdommen utvikler seg i prostata kjertelen. Når prostata kreft utvikler seg til et stadie, hvor hormon 

behandling (androgensuppressiv terapi, også kalt androgen deprivation therapy,ADT) ikke gir 

tilfredsstillende effekt, er den ikke helbredelig, siden det finnes ingen andre effektive behandlingsformer. 

Derfor er helt nye måter for å helbrede denne sykdommen på nødvendige for pasienter som lever med denne 

sykdommen. Kombinasjonsbehandling kan være en måte å bekjempe denne sykdommen på. Kombinasjonen 

av to eller tre behandlingsformer kan øke overlevelse og bedre livs kvaliteten for pasienter. Studier har vist at 

utviklingen av prostata kreft fra ikke-aggressive typer til denne aggressive typen er drevet frem av androgen 

reseptor, i lag med Bromodomain og extra terminal domain proteiner. Dette indikerer på at hemming av slike 

proteiner, virker som en lovende anti-kreft terapi. Med tanke på dette ble BET hemmereneAZD5153 og JQ1 

benyttet i kombinasjon av radiofarmasøytisk som Radium-223 for behandling av kastrasjonsresistent 

prostatakreft, noe som ikke har blitt undersøkt tidligere som et behandlingsalternativ i vår kunnskap. Mål: Å 

utforske effekten av BET-bromodomain protein hemmere AZD515 og JQ1 eller androgen-reseptor 

hemmeren Enzalutamide (ENZA) i kombinasjon med radiofarmasøytisk 223Ra eller 177Lu-PSMA-617.   

Metoder: In vitro kombinasjonsbehandling av prostatakreft C4-2 celler ble utført ved å kombinere bestemte 

konsentrasjoner (basert på MTT, CellTiter Glo og klonogenisk celle levedyktighet assayer) av AZD5153, 

JQ1 eller ENZA med varierende aktiviteter av Radium-223 (Xofigo) i både 2-dimensjonell -og 3-

dimensjonell (multicellulære sferoider) kultur modeller. Effekten av kombinsjonsbehandling ble evaluert ved 

å tele kolonier 10-14 dager etter behandling og overlevelse kurver ble laget. Effekten av 

kombinasjonsbehandlingen i sferoider ble evaluert 7 og 14 dager etter initiert behandling ved å studere 

morfologiske endringer og måling av tverrsnittsareal av sferoider. Flow cytometery analyse for deteksjon av 

apoptose (programmert celledød), DNA skade-og cellesyklus distribusjon ble gjort 72 timer etter 

kombinasjonsbehandling. I tillegg ble kombinasjonsbehandling med en bestemt konsentrasjon av AZD5153 

og varierende aktiviteter av radiofarmasøytisk ẞ-emitter177Lu-PSMA-617 utført i C4-2 sferoider.  

Resultat: BET protein hemmerene JQ1 og AZD5153, viste antiporoliferativ aktivitet som monoterapy i C4-2 

celle monolayer og reduserte sferoid vekst på dose-og tidsavhengig måte. Celldyktihget ble ikke redusert av 

ENZA på en dose-avhengig måte. Kombinasjonsbehandling av C4-2 sferoider med JQ1, AZD5153 eller 

ENZA og Radium-223 viste synergistisk reduksjon i spheorid vekst, i tillegg ble reduksjon av celler i S og M 

faser av cellesyklusen observert, dessuten var denne reduksjonen ikke statsistisk signifikant.Videre, førte 

kombinasjonsbehandling  til økning i DNA skade og ingen signifikant propapotisk aktivitet ble observert. 

Videre, resulterte kombinasjonsbehandling av C4-2 sferoider med AZD5153 og 177Lu-PSMA-617 i 

synergistisk effekt og reduserte sfeorid vekst. Konklusjon: Kombinasjonsbehandling med JQ1, AZD5153 

eller ENZA og 223Ra eller AZD5153 og 177Lu-PSMA-617 induserte synergistisk hemming av C4-2 sferoid 

vekst. Disse prekliniske resultatene gir en rasjonal for klinisk evaluering av disse kombinasjonene for spredt 

kastrasjonsresistent prostata kreft pasienter.  
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ABBREVIATIONS 

α   Alpha 
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1 Introduction 
 

1.1 Prostate cancer 

Prostate cancer is a heterogeneous disease resulting from mutations in the genome and dysregulation of the 

transcriptional machinery, which leads to dynamic alterations of gene expression, uncontrolled and abnormal 

cell growth (1, 2). Prostate cancer cells have the potential to invade surrounding tissues and further spread to 

other organs. Benign prostate cells transform into cancer cells through a multistep process, generally starting 

from a pre-cancerous lesion which leads to a malignant tumor (1) Alterations that lead to this transformation 

a normal prostate cell to a cancer cell are known as classical cancer hallmarks and known as sustaining 

proliferative signaling, evasion of growth suppressors, replicative immortalization, cell death resistance, 

inducing angiogenesis, activating invasion and metastasis, genome instability and mutation, metabolic 

reprograming, avoidance of immune destruction (1). Androgen-receptor (AR) mediated signaling, androgen 

independence and castration resistance, are prostate cancer specific hallmarks. 

1.1.2 Epidemiology of prostate cancer 

Prostate cancer  is the second most frequent cancer in men, and the fifth leading cause of cancer death in men 

worldwide (3). In 2019, 4877 new cases and 952 death cases were registered in Norway (4). In 2020, 

1414259 new cases and 375304 death cases were registered worldwide (5). Aging, familial and genetic 

factors, ethnicity, environmental factors, metabolism, diet, physical activity, hormonal factors (androgens 

and insulin-like growth factor-1) and lifestyle (smoking, alcohol) are involved in prostate cancer 

development (6, 7). The incidence and mortality rates for prostate cancer correlate with increasing age, and 

the average age of diagnosis is 66 years (3, 7). Hereditary prostate cancer accounts for about 5-15% of all 

prostate cancer cases (8). 

1.1.3 Anatomy and histology of the prostate 

The prostate is a walnut-sized muscular gland and a part of the male reproductive anatomy. The prostate is 

located beneath the urinary bladder and surrounds the so-called prostatic urethra (the first part of the urethra 

canal). The size of the prostate enlarges with age, known as benign prostatic hyperplasia (9). Anatomically, 

the prostate is divided into the following zones: the peripheral zone, transition zone and central zone. The 

peripheral zone makes up about 70% of glandular tissue, the central zone consists of 25% of glandular tissue 

and the transition zone constitutes 5% of the prostate. The rest of the prostate consists of anterior 

fibromuscular stroma, and contains no glandular tissue (9). The peripheral zone is the origin of almost all 

prostate cancers (about 70-85%). The incidence rates of prostate cancer are 24% in the transition zone, and 

5% arising in the central zone (9, 10). Cancer that arises in the central zone is thought to be of a more 

aggressive type and more likely to invade the seminal vesicles (10). The different zones are easily 
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distinguishable by image-guided interventional procedures of the prostate gland, commonly used in prostate 

biopsy (9). 

The prostate gland acinar tissue is mainly deputed to the secretion of prostatic fluid, which is mixed with the 

seminal fluid, protecting spermatozoa. Three histologically differentiated cell types are found in the 

glandular epithelium including; luminal secretory cells (deputed to the production of the prostatic fluid), 

basal cells, and neuroendocrine cells. The stromal cell types surrounding the prostatic acini are made of 

smooth muscle cells and fibroblasts. Stem cells in the prostate gland are thought to reside in the basal layer, 

giving rise to the epithelial cell types of the prostate (11). Interestingly these cells are also found to have 

regenerative potential upon treatment with androgen deprivation therapy (ADT) (12).  

1.1.4 Carcinogenesis of prostate  

The initiating step of the malignant transformation is prostatic intraepithelial neoplasia, which involves an 

abnormal non-invasive neoplastic transformation of the lining of the epithelial tissue along prostatic ducts 

and acini (13). Prostatic intraepithelial neoplasia lesions are normally found in the peripheral zone, and its 

prevalence is high despite its underreported diagnosis since the only method of detection is biopsy. These 

types of lesions are classified into 2 groups: low grade and high-grade prostatic intraepithelial neoplasia, 

based on the immediate precursory of early invasiveness (14). Prostatic intraepithelial neoplasia lesions 

progress to locally advanced prostate cancer, which is a locally invasive carcinoma, characterized by 

degraded basal cell layer and thus cancer cells are able to invade through the basal lamina (14). The disease 

metastasizes at first to lymph nodes, and then to other distant organs, such as bones, lungs and liver (14). 

More than 60% of patients with advanced prostate cancer will develop bone metastases, the most common 

site for prostate cancer metastases (15). Bone metastases are the leading cause of death in prostate cancer 

patients (15). 

1.1.5 Androgen and AR  

Androgens are male sex hormones with characteristic roles under differentiation and development of the 

male reproductive system and secondary sexual characteristics (16). Testosterone is the primary form of 

androgens, making up about 90% of circulating androgens (17). The luteinizing hormone regulates the 

testosterone production by Leydig cells in the testicles. Its release from the pituitary gland is regulated by 

luteinizing hormone-releasing hormone secretion from the hypothalamus (Fig.1.1) (17). Less than 4% of 

testosterone circulates free (not bound to protein), while the major part of testosterone circulates bound to 

serum sex hormone-binding globulin and albumin. Only the free form enters prostate cells (18). 

Intracellularly, testosterone is converted into a biologically active 5α-reduced metabolite of testosterone, 5α-

dihydrotestosterone (DHT), catalyzed by the 5α-reductase enzyme. Testosterone and DHT mediate their 

biological activity through binding to the AR and inducing AR transcriptional activity (Fig. 1.1) (19).  

Androgen signaling through AR is critical for the normal development of the prostate gland (20). The AR 

has three functional domains: the ligand-binding domain, deoxyribonucleic acid (DNA)binding domain 

(acting as a transcription factor) and the NH2-terminal transactivation domain. The DNA binding domain is 
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linked to the ligand-binding domain by a hinge region (20). In the absence of ligand (testosterone or DHT), 

the AR is cytoplasmic, associated with heat-shock and other chaperone proteins (20). AR transcriptional 

activity upon binding DHT is modulated by its interaction with several androgen co-regulatory proteins 

(ARA) in the nucleus, mediating transcription and activation of many AR-targeted genes. 

Some coactivators bind the AR predominantly at DNA regulatory regions called enhancers and promoters. 

These coregulatory proteins are classified into coactivators and corepressors (21). The best-studied AR 

coactivators are p300/CREB-binding protein and the p160/steroid receptor coactivator proteins. These 

coregulatory proteins have been shown to be overexpressed in prostate cancer (22), and regulated by 

androgens (23). There is however a number of other AR coregulators that are deputed to chromatin 

remodeling and that have been found to have multiple functions in both AR-mediated transcription and in 

DNA repair, one such protein is bromodomain-containing protein 4 (BRD4) (24, 25).  

AR target genes encode proteins that exhibit important functions in various cellular pathways, control 

proliferation, differentiation, and anti-apoptotic pathways  (19). In normal prostate cells, the activation of 

these pathways is tightly regulated. In prostate cancer cells, there is an imbalance between cell proliferation 

and apoptosis, caused by an abnormality in AR signaling. The AR can be aberrantly activated for several 

reasons, which include amplification of the AR gene, leading to an overexpression of the AR protein, 

mutations of the AR ligand-domain, and consequent promiscuous activation by multiple ligands including 

growth factors, and cytokines (26). Finally, the aberrant activity of AR coregulatory proteins can also induce 

AR aberrant activity. 

ARs are found in benign prostatic hyperplasia and in all histological types and clinical stage of the prostate 

cancer (27). The AR activity has a significant role in sustaining the development of prostate cancer, 

androgen-dependent prostate cancer and its progression to castration-resistance prostate cancer (CRPC) (28) 
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Figure 1.1. Production of testosterone and activation of AR signaling pathway. Synthesized testosterone 

is transported to target tissue such as the prostate, enters a cell and is converted to 5-dihydrotestosterone 

(DHT) by 5-α-reductase enzyme. DHT binds to AR and promotes the dissociation of heat-shock proteins 

(hsp) from the AR. The AR then translocate into the nucleus, where it binds to androgen receptor 

coregulators (ARA) that enhance its transcriptional activity and binds to the androgen response element 

(ARE) in the promoter region to mediate transcription of AR targeted genes. The figure is modified with 

permission from(29) and  (30), and created using illustrations from Biorender (https://biorender.com) and  

smart SERVIER MEDICAL ART(https://smart.servier.com) 

 

1.2 Diagnosis and classification of prostate cancer 

Diagnosis of prostate cancer and its different disease stages are determined by using different examination 

tools. The primary care setting is a digital rectal examination of the prostate and a serum prostate-specific 

antigen (PSA) blood test. This is followed by a transrectal ultrasound imaging and ultrasound guided needle 

biopsy of the prostate (31, 32). If prostate cancer cells are detected during the investigation by the 

pathologist, the presence of eventual metastases  is determined by magnetic resonance imaging, computed 

tomography (CT) or positron emission tomography (PET) (31). The staging and extra-prostatic extension of 

the cancer are determining factors in the disease prognosis estimation process and choice of treatment for the 

patient (31, 32). 

The prostate cancer clinical staging is assessed by a classification called TNM (T- tumor volume, N – 

involvement of lymph nodes, M –metastasis classification) (33). 

Prostate cancer aggressiveness is determined by the Gleason Score (GS), a prostate-specific score system 

based on characteristics of the histological arrangement pattern of prostate cancer cells obtained from a 

needle biopsy (34). The scoring system ranges from 1-5, where score 1 is highly differentiated and resembles 
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the prostate tissue of origin, and score 5, constitutes a significant difference from normal glandular tissue 

(34, 35). Because prostate cancers are highly morphological heterogeneous (36), two different patterns in a 

biopsy sample are assigned; a primary predominant pattern and a second most prevalent pattern. The sum of 

these two patterns obtains the total GS, for example, 3+4= 7, where the primary score is 3 (most predominant 

pattern) and the secondary is 4 (second most predominant pattern) (37). The GS is used together with PSA 

level test to determine disease prognosis and treatment options.  

1.2.1 Prostate-specific antigen  

PSA is a proteolytic serine protease enzyme produced by the epithelial cells of the prostate glandular 

structures (prostatic acini). PSA protease activity liquefies the gel-formed semen, into smaller polypeptides, 

making motility of sperm possible. PSA is encoded by the kallikrein-related peptidase 3, which is a well-

known AR target gene (38). 

Production of PSA occurs in both normal prostate cells and cancerous prostate tissue. In normal prostate 

gland, PSA is confined to the gland, thus only small amount leaks into the blood circulation, while in 

pathological conditions of the prostate such as beningn prostatic hypertrophy, infection, prostatitis and 

prostate cancer, PSA enters the blood circulation, therefore elevated levels of PSA can be detected. The PSA 

level in a blood test is reported as nanograms of PSA per milliliter (ng/ml) of blood, and a 4.0 ng/ml is 

considered normal level (39). The PSA values of greater than 4.0 ng/ml is the consensus standard at which 

further evaluation for prostate cancer should occur(40). However, an elevated level of PSA is not a specific 

marker for prostate cancer, since the elevated PSA in the blood also can be detected in other pathological 

condition. For this reason, age and other risk factors must be taken into consideration upon diagnosing a 

patient with an increased level of serum PSA (23, 39).  

PSA tests are the most widely used noninvasive diagnostic tests for prostate cancer. PSA is also widely used 

in the management of patients with diagnosed prostate cancer such as in surveillance following diagnosis, 

monitoring response to therapy and in combination with both clinical and histological criteria in risk 

stratification for recurrence. Serum PSA values greater than 20 ng/ml has a positive predictive value of 65% 

for metastatic skeletal involvement (40).  

1.3 Treatment for prostate cancer 

1.3.1 Treatment options and strategy for localized prostate cancer 

Choice of treatment strategy among different treatment options for prostate cancer depends on the staging of 

the disease progression, diagnostic results (e.g. PSA levels and the GS), a patients age and general health 

conditions (41). Specific clinical guidelines (evidence-based recommendations) are presented by the 

European Association of Urology, which can be used for evidence-based treatment of different prostate 

cancer scenarios. It is, however, not a replacement for clinical expertise in the treatment-making decision 

process for each case since individual values, preferences, or circumstances also must be taken into account 

in the treatment process (42).  
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For localized prostate cancer (defined as no identifiable nearby tissue or distant metastases), there are three 

treatment options available; active surveillance, surgery (radical prostatectomy), and radiation therapy (43) . 

1.3.1.1 Active surveillance 

Active surveillance is a viable treatment option for prostate cancer patients with clinically low-risk (T1/T2a, 

PSA<10, GS <6 or group 1)and limited intermediate-risk (T2, PSA of 10-20 ng/ml and GS 2 (Gleason 3+4)) 

(44). It involves close surveillance of patients intending to avoid unnecessary treatments. Then, patients are 

followed up regularly through structured surveillance programs, including PSA testing, clinical examination, 

and repeated prostate biopsies (42).  

1.3.1.2 Surgery  

The second treatment option for localized prostate cancer is radical prostatectomy, which is an assisted 

surgical approach used as a means of definitive treatment of localized prostate cancer. The procedure 

involves the removal of the entire prostate gland and seminal vesicles (45), and results in a drastic reduction 

of PSA levels. Thus, prostate cancer recurrence after surgery is easily detectable clinically by the rise of 

serum PSA levels. A biochemical recurrence is considered if the PSA is rising above 0.2 ng/ml in three 

consecutive tests with 1 week apart, which can signify emergence of castration resistance (46). Although 

radical prostatectomy is a curative treatment in many patients, some patients experience increased 

biochemical recurrence (47). Prostate cancer recurrence after definitive therapy of radical prostatectomy is 

usually treated with radiotherapy (RT) (48), defined salvage RT radical prostatectomy. 

1.3.1.3  Radiotherapy 

Approximately 25% of all prostate cancer patients receive  radiotherapy (external beam (EB), brachytherapy 

and targeted radionuclide therapy (TRT)) as definitive treatment (49). Radiotherapy is used as a first 

treatment option in primary localized prostate, alone and in combination with other therapies depending on 

the cancer stage and risk factors (50).  

In EB radiation therapy (EBRT), radiation is delivered to localized tumors from an X-ray radiation source 

outside the body. High X-ray radiation beams leave a linear accelerator (source of electronic induced 

irradiation) from a collimator built in a gantry (51). Commonly, the entire prostate gland is irradiated by 

EBRT because of the multifocal nature of prostate cancer, as well as the inability to target localized 

malignant foci by imaging (52). Irradiation of the entire prostate by EBRT means it harms the targeted tumor 

and surrounding tissues. Thus, EBRT cannot be used for patients with multiple cancer metastasis. However, 

EBRT is an effective option in the treatment of localized prostate cancer (53).  

Brachytherapy is internal radiotherapy, and includes implantation of permanent or temporary radioactive 

seeds/capsules into the prostate tumor site and can be used for low-risk disease and selective intermediate-

risk prostate cancer (54). The implanted radioactive seeds irradiate the prostate at the site of the tumor. There 

are two types of brachytherapy in clinical use, depending on whether the radioactive source is implanted 
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permanently (low dose rate brachytherapy) or temporary (high dose rate brachytherapy). Both of these types 

can be used alone or in combination with EBRT (51).  

Radical prostatectomy and RT for localized prostate cancer are in many instances highly curative. However, 

about 20% to 30% of the patients eventually relapse (55). The treatment options for recurrent localized 

prostate cancer following radiation therapy include: salvage surgery, salvage cryoablation of the prostate, 

and hormone therapy (56). In high-risk localized or metastatic prostate cancer cases, accounting for 

approximately 15% of prostate cancer diagnosis (T2c, PSA> 20 ng/ml, GS >8 or 2), treatment options used 

are typically EBRT without or in combination with ADT (57).  

1.3.2 Androgen deprivation therapy (hormone therapy) 

The initial and gold standard treatment for hormone-sensitive metastatic prostate cancer is ADT, either 

surgical or chemical castration. Surgical castration is done by bilateral orchiectomy. Medical castration is 

castration via administration of gonadotropin-releasing hormone (agonists or antagonists), suppressing 

testicular androgen synthesis, induces disease regression, and prolongs survival until the tumor cells acquire 

selective mechanisms allowing for growth in androgen-depleted conditions (58).   

Advanced metastatic prostate cancer disease (metastases to, e.g., bones) are usually treated with ADT, 

despite its ability to prolong overall survival and alleviate bone pain and disease progression(59).  

1.3.3 Molecular and cellular mechanisms of castration resistant prostate cancer 

Progression of prostate cancer to CRPC despite regression of the disease by ADT or surgical castration 

occurs eventually in most patients within 2 to 3 years (60).  

CRPC is defined as cancer progressing while the patient is on ADT, despite castrate levels of serum 

testosterone. Eventually, CRPC emerges after initial ADT, with an expected survival period of only 16-18 

months, and only 5-10% of patients with the disease live ten years after initiating ADT (61). CRPC is the 

most challenging prostate cancer form because hormone-depriving therapy that once was effective no longer 

has any therapeutic effect on CRPC patients. Thus, treatment options are limited (62).  

Several molecular mechanisms are proposed to be involved in CRPC, the disease remain sensitive to low 

level of hormones in circulation and still relies on the AR signaling pathways (63, 64). In fact, despite tumor 

cell adaptation to androgen-depleted conditions in CRPC, the disease remains dependent on androgen and 

still relies on the AR signaling pathway (60, 64).  

CRPC AR-dependent resistance mechanisms include AR gene amplification and AR overexpression, AR 

mutation, AR co-factor activity imbalance, AR variants and intra-tumoral steroid hormone synthesis.(60, 63). 

A summary of these mechanisms and AR-independent resistance mechanisms is described below. 

AR amplification and AR mutations 

Overexpression of AR is found in 80% of CRPC cases (65). In the microenvironment of a tumor with low 

levels of AR despite androgen blockade by ADT, a subpopulation of cells develop sensitivity to the low level 



  INTRODUCTION 
 

8 
 

of androgen conditions through upregulation of the AR gene. The gene becomes overexpressed for several 

reasons. The most well-known is the AR gene locus amplification(66). AR overexpression results in 

hypersensitivity of prostate cancer cells to residual androgens in circulation (60). 

Several point mutations of the AR gene can lead to in increased AR activity in androgen-depleted conditions 

(63). For instance mutations of the AR ligand binding domain, resulting in activation by other molecules 

other than androgen activation of the AR mechanisms (60). 

Mutations found in the AR gene, especially in the AR ligand-binding domain, are commonly point 

mutations. An example of such mutation is widely studied T877A (67) , first found in the ligand binding 

domain  of AR in LNCaP cell lines. This mutation results in change in the steroid binding specificity of AR, 

resulting in activation of AR by other steroid hormones other than testosterone and provides insensitivity to 

anti-androgens (67).  

AR variants 

The resistance mechanisms mentioned above are dependent on androgen, while recently identified splice 

variants of AR (AR-Vs) in CRPC lack the C-terminal ligand binding domain (caused by a deletion), thus 

binding of ligand are no longer required for the translocation of AR to the nucleus, which further promotes 

transcription of target genes (60). Examples of such splice variants of AR lacking ligand binding domain are 

ARV7 and ARV567 (60) . Translocation of AR and AR-V7 to the nucleus requires dimerization. Recent 

studies have shown that these receptors translocate to the nucleus together by heterodimerization, which is 

significant since dimerization cannot occur due to the lack of ligand binding domain in the AR-V7. 

Consequently, translocation to the nucleus of the receptors in castrated conditions must occur in other ways, 

such as heterodimerization (63).Additionally, the ligand-independent variants of AR, are also associated with 

resistance to current anti-androgen agents such as ENZA and Abiraterone (60).  

Co-factors activity imbalance 

The transcriptional activity of AR is mediated by several other transcriptional cofactors, known as co-

activators or co-repressors; many of them are enzymes (60) . The cofactors may be involved in the 

transcriptional activation or repression of specific targets of AR by modifying proteins in the coregulatory 

complex through mechanisms such as phosphorylation, acetylation, methylation or ubiquitylation, as well as 

working as chaperones, ribonucleic acid (RNA) splicing regulators, and recruiters of transcriptional 

machinery (60).  

Changes in these cofactors have shown to affect AR's transcriptional activity, allowing AR activity even in 

androgen-depleted conditions, leading to CRPC development (63). Inhibition of the co-activators 

p300/CREB-binding protein and GATA binding protein 2 decreases AR expression and prostate cancer 

growth. On the other hand, steroid receptor coactivator proteins, a family composed of steroid receptor 

coactivator proteins -1,-2, and -3 (68), influence AR regulation by formatting promoter/enhancer complexes 
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at the transcriptional start site of AR target genes (63). An upregulation of co-activators, including FK506-

bidning protein 51 

and steroid receptor coactivator proteins, are observed in CRPC compared to localized prostate cancer (63). 

Additionally, co-repressors are usually downregulated in CRPC, suggesting that cofactors affect the function 

of AR and allowing for AR activity in CRPC, despite the low androgen levels present (63).   

Intra-tumoral steroid hormone synthesis 

Another AR-dependent resistance mechanism that plays a role in AR reactivation after ADT of primary 

prostate cancer is intratumorally steroid hormone synthesis (69). Increased androgen synthesis (testosterone 

and DHT), by the tumor cells themselves is an important mechanism in the reactivation of AR in castrate 

serum androgen levels (69). The production of androgens intra-tumoral occurs by three different 

mechanisms. One significant mechanism is converting weak adrenal androgens (androstenedione, DHEA) to 

testosterone and DHT. The second mechanism intra-tumoral cells use is de novo to become independent of 

serum androgen, that occurs through cholesterol conversion. Several key transcripts encoding enzymes, 

including CYP11A1 and CYP17A1, are upregulated in prostate cancer cell line. Finally, the third mechanism 

is synthesis of androgens de novo by converting acetic acid to DHT (63, 69).  

Research has also shown that an elevated level of circulating insulin in CRPC is associated with ADT, and 

increased steroidogenesis in prostate cancer cell lines, is associated with an elevated serum insulin level (70). 

The AR-independent resistance mechanisms that do not involve AR singling pathways include the PI3K 

(phosphatidylinositol 3-kinase) pathway (71). Alteration of the phosphatase PTEN (loss of function), a tumor 

suppressor protein normally down regulating the PI3K pathway, results in the activation of the PI3K 

pathway. PTEN has lost its function in several of primary prostate cancers. Further, loss of PTEN is 

associated with prostate cancer's progression to aggressive metastatic prostate cancer and CRPC 

development (71).  

1.3.4 Targeted treatment with AR signaling inhibitors (ARSIs) for castration-resistant prostate 
cancer 
Given the dependence of CRPC on AR signaling, AR signaling inhibitors (ARSI ) are used in the locally 

recurrent setting and also in the metastatic CRPC (mCRPC) (72). Enzalutamide (ENZA), abiraterone and 

apalutamide that target and block the AR-signaling pathways, have been clinically tested and approved by 

the FDA for the treatment of CRPC in the past years because of their contribution in increased lifespan of 

many patients as well as extension of metastasis-free OS (73, 74). 

ENZA (MDV3100, the clinical formulation) is an AR antagonist that FDA approved in 2012. ENZA inhibits 

AR signaling by a three-fold mechanism of action; it blocks androgens from binding to the AR, blocks 

nuclear translocation of activated AR, and inhibits binding to chromosomal DNA and signaling co-activators 

(Fig.1.2) (75, 76).  



  INTRODUCTION 
 

10 
 

 

Figure 1.2. Enzalutamide mechanism of action.T, testosterone, ARE, Androgen-receptor elements. The 

figure is adapted by permission from (77) and created using illustrations from Biorender 

(https://biorender.com). 

 

1.3.5 Treatment for metastatic castrate-resistant prostate cancer 

The treatment for mCRPC has been expanding in the last ten years, and includes chemotherapy, oral targeted 

therapies with ARSIs, immunotherapies, radiopharmaceutical therapy and poly ADP-ribose polymerase 

(PARP) inhibitors, which have demonstrated some improvements in overall survival (Table 1.3) (78). 

However, secondary resistance to these advanced treatment agents arise in approximately 20-40% of 

mCRPC patients. Therefore, medical improvements for mCRPC are highly relevant. New approaches in 

fighting mCRPC are in clinical trials and under development (74, 79). The aim is to target non-AR-driven 

pathways involved in the pathogenesis and progression of mCRPC (80).  
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Table 1.3. Therapeutic agents with an overall survival benefit that have been approved for treatment 

of metastatic CRPC (78). OS, overall survival, PARP, poly (ADP-ribose) polymerase, FDA, Food and 

Drug Administration, EMA, European Medicines Agency. 

Drug and therapy Mechanism of 

action 

OS 

benefit 

(months) 

Approved 

FDA EMA 

Cabazitaxel, Taxane 

chemotherapy 

Microtubule 

inhibitor 

2.4(81) 2010 2011 

Docetaxel, Taxane 

chemotherapy 

Microtubule 

inhibitor 

2.4(82) 2004 2007 

Sipuleucel-T, 

Immunotherapy 

T-cell activation 4.1(83) 2010 2013 

Abiraterone acetate, 

pregnenolone 

analogue 

CYP17 inhibitor 4.6(84) 2011 2011 

ENZA, receptor 

signaling pathway 

inhibitor 

Targeted AR 

inhibitor 

4.8(85) 2012 2013 

Olaparib, PARP inhibitor 3.4(86) 2020 - 

Xofigo, 

α-emitting 

radionuclide therapy 

Bone targeting 3.6(87) 2013 2013 

Rucaparib 

 

PARP inhibitor Not     

available 

2020 - 

 

1.3.5.1 Chemotherapy  

The first chemotherapeutic agent associated with a prolonging survival benefit in patients with mCRPC, was 

Docetaxel, first approved in 2004. Docetaxel induces apoptosis through activation of the intrinsic death 

pathway (Bcl2- phosphorylation), along with inducing cell cycle arrest by interaction with β-tubulin and 

stabilizes microtubule and blocking its activity during cell cycle division (G2/M phase cell cycle-arrest) (88-

90). Several therapeutic agents for CRPC, following docetaxel, have been approved, which has shown 

survival improvement for CRPC patients, such as Cabazitaxel (approved in 2010), which was first approved 

for mCRPC patient’s post-docetaxel setting by the FDA (91). 

1.3.5.2 Targeted radionuclide therapy  

TRT is a growing treatment approach for mCRPC because of its ability to deliver a highly concentrated 

radiation dose selectively targeted tumor cells while minimizing damage to surrounding tissues (92). TRT 

comes under the internal radiation category and involves the administration of radioisotopes or radiolabeled 

molecules that either naturally accumulates in metastatic bone tumors (such 223RaCl2 (Xofigo), 89SrCl2 
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(Metastron)) or are designed to target and deliver radiation to tumors (153Sa-EDTMP (Quadramet), 177Lu or 

225Ac labelled small molecule ligands targeting prostate-specific membrane antigen (PSMA) (92). In this way, 

ionizing radiation is delivered selectively to targeted areas.  

1.3.5.2.1 Radiation biology 

Radiobiology refers to the biological response of cells to ionizing radiation(93). That is classified into 

electromagnetic and particulate radiation (94). X- and γ-rays (no charge) are electromagnetic radiation, with 

low linear energy transfer (LET), while protons, neutrons  and α-particles are particulate radiation with high-

LET (94). LET is a particle's average energy lost over a certain distance; expressed as keV/µm. Furthermore,  

LET of a particle is dependent on the energy of the particle (95). Ionizing radiation damage to the cell can be 

caused through either direct or indirect ionization of the DNA molecule. Direct damage of DNA occurs when 

ionizing radiation interacts directly with the DNA molecule, disrupting the molecular structure and further 

leading to cell damage and might result in cell death. The indirect damage of DNA occurs by ionization of, 

for example, a water molecule (H2O) in the cell, thereby producing free radicals such as hydroxyl radical 

(OH•) (94). Ionizing radiation induces various DNA lesions in cells, including single-strand breaks (SSBs) 

and double-strand breaks (DSBs). A SSB is break in the sugar-phosphate backbone of a single strand of 

DNA that can be efficiently repaired using the undamaged complementary strand as a template (94).  

However, in DSBs lesions both DNA-strands are broken, and thus, there is no undamaged template 

available. Consequently, this type of DNA lesion is complex for the cell to repair and is considered the most 

lethal among the wide range of DNA lesions(94, 95). Despite the lack of a complimentary template, cells try 

to repair DSBs by two central repair mechanisms, known as non-homologous end joining (NHEJ) and 

homologous recombination (HR). DNA repair by NHEJ occurs by joining DNA ends without any template. 

Therefore, the original DNA sequence is not restored. Still, this pathway is the most common pathway that 

cells use in DSBs repair and plays an essential role in DSBs repair during all cell cycle phases (95, 96). The 

homologous recombination mechanism plays a major role in the repair of DSBs during S-and G2-phases, 

since homologous sister chromatids are used as repair templates (95).  

Radionuclides with high LET radiation (e.g., α-particles) induce more cell death by producing DSBs that are 

difficult to repair than radionuclides emitting low LET radiation (such as ẞ-particles). Therefore, high LET 

radionuclide particle emitters are preferred in radionuclide therapy (93). 

α-particles are positively charged and relatively large particles, generally emitted by the decay of heavy 

radioactive nuclides, such as uranium, radium, and actinium. α-particles can travel relatively short distances 

because of the heavy weight and size of the helium nucli, and thus is stopped by a thin layer of paper or the 

human skin, and presenting no external radiation danger to humans. In the decay of an unstable heavy parent 

radioactive atom, emission of α-particle occurs, resulting in a daughter nuclide with two fewer protons and 

two fewer neutrons than the parent nuclide (Fig.1.4) (97, 98). 
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 Figure 1.4 Decay of an α and β -particle. The figure is inspired by the references (97, 98), created using 

illustrations from Biorender (https://biorender.com). 

ẞ-particle occurs when the neutron to proton ratio in an atom is too high. These particles can travel further in 

the air but can easily be stopped by a piece of clothing or this ẞ-sheet like aluminum (97, 98). ẞ-particles 

can also penetrate the protective layer of skin, thus are somewhat of external danger, but as α-particles, 

overall, they constitute an internal hazard (97). β-radiation is commonly emitted from particles including 14C 

and 90Sr (97, 98). ẞ-decay is either (ẞ-) decay or (ẞ+) decay, also known as positron decay. When the 

proton and neutron ratio of a particle is too high, it decays by ẞ-particle emission, in which a neutron is 

transformed to a proton by emission of an electron along with an antineutrino (Fig.1.4). The antineutrino is 

an almost massless and charge less particle that conserves energy released in the decay. When a proton and 

neutron ratio of a radioactive nuclide is too low, the unstable radionuclide decays by ẞ+-decay. In ẞ+-decay, 

emission of a positively charged beta particle (a positron) and a neutrino occur, which is resulted from the 

conversion of a proton in the nucleus into a neutron. In case of contact between a positron and a free 

electron, the positron combines with the electron and is annihilated, which gives rise to two 511 keV γ -rays 

in the opposite direction. ẞ-particles, compared to α-particles, are more penetrating but have low LET, thus 

cause minor damage due to their ionization being less localized and deliver energy to a large area (97, 98). 

Table 1.5 gives a summary of the physical and biological differences between ẞ, α and γ rays. 
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Table 1.5. Summary of physical and biological differences between α, β and γ radiation (92, 97). DBS; 

double-strand breaks, SSB; single-strand breaks.  

Properties Radiation sources 

α-particle ẞ-particle γ ray 

Identity 4He nucleus Electron Photon 

Charge 2+ 1- Chargeless 

Mass 4 0.0005 Massless 

Penetrative power Low Medium High 

Linear energy transfer 50-230 keV/µm 0.1-1.0 keV/µm 0.2 keV/µm 

Range in tissue 0.04-01 mm 0.05-12 mm Centimeters 

Ionizing ability High Medium Low 

DNA damage DSB SSB SSB 

Irradiation field Whole body Whole body Limited area 

Bystander effect Yes Yes Yes 

Cross-fire effect Yes Yes Yes 

 

1.3.5.2.2 Radioactivity  

A radioactive nucleus may decay through spontaneous fission, α-particle, β-particle, photon emission (γ -ray 

emission) or electron capture to become more stable (98).The decay process of a radionuclide is a random 

spontaneous process. The disintegration rate (A) for a radionuclide is defined as the number of 

disintegrations per unit time (generally seconds) and is proportional to the number of radioactive atoms 

present (N) and the disintegration constant (λ). The disintegration constant is defined as the probability of 

disintegration per unit time for a specific radioactive nuclide. The disintegration rate (A) is given by the 

equation:  

                                        𝐴 =λN                (Eqn.1) 

          

A is radioactivity, and its SI-unit is Becquerel (Bq), 1 Bq equals 1 disintegration per second (98).  

The time it takes for a certain radionuclide to reduce its original activity to one half, in the process of 

becoming more stable, is called the half-life (T1/2) (98). The half-life for all radionuclides is unique and 

varies among different radionuclides, and it is also related to the disintegration constant. The equation is 

given by: 

                                        λ =
In(2)

𝑇1/2
                                              (Eqn. 2) 

1.3.5.2.3 Cross fire and bystander effect   

The crossfire effect describes a situation in which a radiopharmaceutical affects not only directly targeted 

cells but also the cells which are surrounding the targeted cells (99). The radiation path length in biological 

tissue of a radiopharmaceutical is a deciding factor in inducing such a crossfire effect. This means ẞ-

particles are more efficient in inducing crossfire irradiation effect than α-particles due to their longer range in 
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tissue (100). The cells that are not directly bound to the radiopharmaceutical are in the crossfire of the 

radiation (Fig 1.6). The crossfire effect can be particularly beneficial for large and highly heterogeneous 

tumors since not all tumor cells can be reached by a radiopharmaceutical directly. The α-particle’s highly 

energetic (5-9 MeV) and short path length (50-100 µm) features make it a suitable candidate for bone 

marrow malignancies and small solid tumors (93). 

An irradiated cell can release chemical and cytotoxic signals, causing biological effects in non-irradiated 

cells. The effect is called the bystander effect (Fig.1.6). This effect is smaller for cell monolayers than for 

cells that are in gap-junction with the directly radiated cells, due to the distance separating monolayer cells 

from each other (101).  

 

Figure 1.6. Illustration of targeted cell irradiation by radiopharmaceutical agents, and producing 

crossfire irradiation and bystander effect in non-targeted cells. The figure is adapted with permission 

from (102), and created using illustrations from Biorender (https://biorender.com) 

 

1.3.5.2.4 Radium-223 

The natural bone-targeting 223Ra with the half-life of 11.4 days, is the first and only α-particle emitting 

radiopharmaceutical approved by the FDA for the treatment of mCRPC patients with symptomatic bone 

metastases and no known extra skeletal metastatic disease. Ra-223 therapy with its overall survival benefit 

(Table 1.2) has revolutionized the field of TRT. It decays via a chain of five short-lived daughter radionuclides 

to stable 207Pb, emitting four  particles and two - particles (Fig.1.7). α-particle emitting radionuclides are 

particularly effective in killing cancer cells by breaking DBSs in cell nucleus, because they can deliver a high 

amount of energy at short range without damaging surrounding healthy tissue. The approved single dose 

activity of 223Ra is 50 or 55 kBq/kg of body weight (103). This alpha-emitter holds great promise and has 

potential in treating bone mCRPC, additionally combinational treatments with other therapeutic agents for 

mCRPC is under investigation (103). Because of the bone-seeking characteristics of 223Ra, its clinical use is 



  INTRODUCTION 
 

16 
 

limited to prostate cancer patients with osteoblastic metastases. Chelate complex formation is essential to treat 

extraskeletal cancer metastases Ra-223, like other alkaline earth metals, forms very weak complexes (92).  

Figure 1.7. Simplified decay chains of 223Ra into a stable isotope of lead 207 Pb. Alpha particle (α), Beta-

particle (β--electron). Figure is inspired by (92).  

 

1.3.5.2.5 Lutetium-177-PSMA-617 

PSMA is a transmembrane glycoprotein, that consists of 750 amino acids. PSMA is overexpressed in 

prostate cancer cells, which makes it an excellent molecular target for both diagnostic imaging and TRT. 

Various PSMA-targeting ligands and antibodies labeled have been developed, labeled with β-emitters 

including 177Lu,161Tb, 67Cu and 47Sc and studied in preclinical and clinicals (92, 104).The most frequently 

used β-emitting radionuclide in clinical PSMA targeting therapy is 177Lu with a half-life of 6.7-day. Lu-177-

PSMA is administered intravenously, followed by the binding to PSMA on prostate cancer , internalzation 

into the cell in which it emits β-particle radiation and remains over the 6.7-day half-life of 177Lu (Fig. 1.8). 

The short path length of 177Lu results in minimal radiation to non-targeted normal tissue, and its maximal 

tissue penetration of 2 mm, results in a cross-fire effect in which cells that may express lower PSMA are also 

been targeted. These characteristic features of 177Lu makes it favorable for TRT (105). The β- particles 

emitted by 177Lu have a mean range of 670 µm and energies of 0, 1-2, 2 MeV, making it an ideal 

radionuclide for treating metastases (104, 106).  

Studies have shown that treatment of mCRPC patients with the small molecule radioligand 177Lu-PSMA-617 

gives a better therapeutic effect and causes fewer adverse effects than third-line treatments (107). The soon 

expected approval of 177Lu-PSMA-617 for patients with mCRPC will shift TRT into the mainstream of 

cancer treatment. Despite -emitting 177Lu-PSMA-617 therapy, mCRPC still remains incurable. This may 

partly be explained by that around 30% patients are 177Lu-PSMA resistant, and that inter- and intra-patient 

tumoural PSMA heterogeneity exist (108). There is a need for optimized targeted (-emitting TRT) or 

combinational therapies for these patients. Further, 177Lu-PSMA in combination with other therapies is in 

development (105, 107). 
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Figure 1.8. Radioligand (177Lu-PSMA-617) therapies for mCRPC. A PSMA targeting small molecule 

(PSMA-617) radiolabelled with 177Lu, binds to PSMA on prostate cancer cells, and cause direct and indirect 

damage. The figure is adapted from (105), and created using illustrations from Biorender 

(https://biorender.com) 

 

1.3.6 Combinational therapies  

Most patients with mCRPC initially respond to therapies with ARSIs, taxane-based chemotherapies, 

immunotherapy or 223Ra, but each of these therapies provides only limited 2-4 months overall survival 

benefit (OS) for the patients (Table 1.3). Hence, combination regimens are being explored for its potential 

clinical outcomes, by targeting multiple oncogenic pathways simultaneously; while potentially minimize the 

risk for the development of resistance to treatment (109, 110). For instance, several agents have been studied 

in combination with Docetaxel, including abiraterone acetate, DN-101 and lenalidomide (109, 111). In 

addition, an ongoing sequential treatment for mCRPC with 223Ra and Docetaxel are currently in phase II 

clinical trial (112). Additionally, treatment of mCRPC patients with 223Ra in combination with other agents, 

including ENZA is being used in real world settings (113). 

1.3.7 Targeting Bromodomain-containing proteins in prostate cancer 

Epigenetics can be defined as heritable modifications in gene function that do not entail changes in genomic 

DNA sequence, leading to change of phenotype (114). Epigenetic mechanisms comprising DNA 

methylation, histone modifications, and noncoding RNAs affect chromatin structure and regulate gene 

expression (115). Several histone modification patterns can occur on histones, including histone acetylation, 

which is linked to regions of open chromatin accessibility to DNA and RNA polymerases (114). 

Dysregulation of acetylation levels on histones are deregulated in cancers, caused by changes in activity or 

expression of the two enzymes catalyzing acetylation, acetyltransferase (HATs) and deacetylases (HDACs) 

(114). In many cancer types, deregulation of HDACs changes the expression of oncogenes, tumors 
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suppressors and miRNAs. Therefore, oncological agents targeting HDACs are being developed (116). 

Another way to disrupt pro-tumorigenic transcription is targeting epigenetic readers, such as Bromodomain 

containing proteins (BRD) (114).  

BRDs is a large class of proteins that generally include a bromodomain and other domain explicating the 

typical function of the protein. The human genome encodes for 61 bromodomains in 46 diverse proteins, 

variations in the amino acid residues around the acetyl-lysine binding site impart ligand specificity (117, 

118). Bromodomain and extra-terminal domain (BET) proteins are a subclass of bromodomain containing 

proteins. BET proteins are mainly epigenetic readers that have an important role in transcription regulation 

and cell proliferation. This sub-family consists of four proteins BRD2, BRD3, BRD4, and the testis-specific 

restricted BRDT. They are characterized by two tandem N-terminal bromodomains, an extra-terminal (ET) 

domain, and a C-terminal domain. These proteins contribute in transcription regulation by binding to 

acetylated lysine residues on histone tails, through their hydrophobic cavity, recruiting other transcription 

factors to the chromatin and influence gene expression (119). The bromodomain motif consists of 

approximately 110 amino acids, which are conserved in several genes. The C-terminal domain interacts with 

the positive transcription elongation factor b cyclin T1/CDK9 complex (P-TEFb) to activate RNA 

polymerase II (Fig. 1.9) (120). P-TEFb is dependent on BRD4, for its localization to sites of active 

transcription of growth-promoting genes, including MYC, where it’s phosphorylated and further increases the 

processivity of RNA polymerase II (120, 121). Additionally, BRD4 interacts with the Mediator complex, 

which is a transcription co-activator protein complex of the RNA polymerase II. It is important to note that 

BRD4 are not the only BET member that has this functional interaction with polymerases, since the other 

BRDs members (BRD2 and BRD3) also facilitate RNA polymerase II elongation through binding to hyper 

acetylated chromatin. Finally, the ET domain of BET proteins, also take part in transcription regulation by 

interacting with other key proteins (122). Therefore, BETs have an important role in facilitating transcription 

activation by directly interaction with promoters and gene sequences (119). However, BET proteins also play 

an important role in cell cycle regulation, BRD4 functions as mitotic bookmark and cell cycle gatekeeper. 

For instance, BRD4 particularly binds to acylated H3 and H4, bookmarks genes for transcription in late 

mitosis and early G1 phase. BRD4 is also needed for cell cycle progression (122), and is also involved in 

DNA repair.(25). 
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Figure 1.9. BET proteins function. Regulation of transcription activation through binding to acylated 

histones on nucleosomes. Med, Mediator, RNA pol II, RNA polymerase II, Ac, Acetyl, P-TEFb, positive 

transcription elongation factor b. The illustration is adapted and modified with permission from (122) and 

created using illustrations from Biorender (https://biorender.com) 

Several preclinical studies have reported the association of BET proteins with human cancer (123-125). For 

instance, BRD2 is overexpressed in B-cell lymphoma, and BRD3 and BRD4 directly drive Nut midline 

carcinomas, which is an aggressive form of undifferentiated squamous cell carcinoma (121, 124). BET 

proteins are overexpressed in CRPC and depend on AR signaling for their expression in prostate cancer 

(126). Clinical trials are ongoing with BET inhibitors to prove the efficacy of many compounds also in 

CRPC settings (127, 128).  

Based on these studies, targeting BET proteins as a strategy for the development of novel anticancer drugs 

that inhibits the binding of BET to acylated histones have gained a lot of attention as of recently (Fig.1.10) 

(121, 124). The regulation of one of the well-known cancer oncogenes MYC are shown to be implicated in 

BET protein function. Thus, by inhibition of BET proteins, down regulation of MYC oncogene expression 

(overexpressed in solid tumors) is achieved, which again results in decreased cell proliferation (122). In 

addition, interaction between BRD4 with the N-terminal domain of AR has also been identified. Given that 

BRD4 interact with AR raises the prospect of using BET inhibitors as an alternative strategy for targeting the 

AR-driven cancers, including CRPC (114, 129).  
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Figure 1.10. BET inhibitor mechanism of action. Prevents transcription of certain genes like Myc, bcl2 

and bcl6, leading to decreased cell proliferation and increased apoptosis. Med, mediator, RNA pol II, RNA 

polymerase II, Ac, Acetyl and P-TEFb, positive transcription elongation factor b. The figure is adapted with 

permission from (122). and created using illustrations from Biorender (Biorender.com). 

 

Several BET inhibitors with different antitumor activity have been developed and investigated in prostate 

cancer. The first two BET inhibitors resulting in displacement of BET proteins from chromatin are I-BET (a 

benzodiazepine derivative) and JQ1(122). A study published in Nature by Asangani and colleague 

investigated JQ1 and I-BET (122, 130). In addition, interaction between BRD4 with the N-terminal domain 

of AR has also been identified. The authors reported that BRD4 interacts with the N-terminal domain of AR 

and contribute in prostate cancer progression to CRPC Given that BRD4 interact with AR raises the prospect 

of using BET inhibitors as an alternative strategy for targeting the AR-driven cancers, including CRPC (114, 

130, 131). In the same study it was also showed that AR signaling-competent human CRPC cell lines are 

sensitive to inhibition of BET. Furthermore, JQ1 have shown to induce G1 cell cycle arrest, apoptosis, and 

repressing the expression of anti-apoptotic factors in AR positive PC-cell lines, while disruption of AR 

recruitment to target gene, result in down regulation of AR-target genes (114, 130, 131).  

However, BET inhibition by JQ1 reduces levels of the constitutively active AR variant 7, an AR splice 

variant that do not express the AR ligand-binding domain. Since BET inhibitors efficacy as single agents 

seems to be limited based on preclinical studies, combination therapy with other agents have been explored 

as a new possibility to potentiate the anticancer effect (124). For instance, combination of JQ1 with the 

androgen antagonist ENZA, shown to display enhanced efficacy in vivo (114, 132). 

Since the development of the first BET inhibitor, JQ1, several other BET inhibitors with different degree of 

antitumor activity have been developed (122, 133). One of the BET inhibitors is AZD5153, which is a novel, 

selective and bioavailable BET inhibitor. Unlike the other BET inhibitors, like JQ1 and I-BET762 which 

bind monovalent with one molecule to each BRD, AZD5153 targets two bromodomains in BRD4 

simultaneously, thus it is a bivalent BET inhibitor (122, 134). This bivalent binding mode of AZD5153, 
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allows the displacement of BRD4 from chromatin at a lower drug concentration (134). An in vitro study 

utilizing AZD5153 BET inhibitor on PC-3 and primary prostate cancer cells, reported downregulation of 

BRD4 targets, CCND1, MYC, Bcl2, FOSL1 and CDK4 (135). 
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2 Aims 

The focus of this thesis is to combine BET, AZD5153 and JQ1, or AR, ENZA, inhibitors with 

radiopharmaceuticals for the treatment of CRPC. The radiopharmaceuticals chosen for this thesis are the α-

emitter 223Ra (Xofigo®) and ẞ-emitter 177Lu-PSMA-617, both used in the treatment of mCRPC Most patients 

with mCRPC intially response to taxane-based chemotherapies, immunotherapy or 223Ra treatment, each of 

these therapies provide a limited 2–4 months overall survival benefit (Table 1.3) (136). Epigenetic alterations 

have shown to be involved in the evolution of prostate cancer (137). In particular ,overexpression of BET 

proteins such as BRD4 and other BRDs in CRPC have been associated with chromatin re-configuration and 

relaxation (126). In addition, BRD4, the main target for most of the BET inhibitors, has been shown to have a 

role in DNA repair and AR mediated transcription (131). More than 50% of primary and metastatic prostate 

tumors have genomic alterations in bromodomain (BRD) containing proteins (138, 139). The combination of 

RT with anti-androgen agents such as ENZA has been partially explored in the clinic (140). Both combinations 

of BET inhibitors or ENZA with radiopharmaceuticals are attractive treatment approaches for mCRPC due to 

the non-overlapping mechanisms of actions.  

The hypothesis of this study is that combining BET or AR inhibitors with radiopharmaceuticals will result in 

synergistic therapeutic effects. 

The overall aim of this thesis is to evaluate the preclinical therapeutic efficacy of combining BET, JQ1 and 

AZD5153, or AR, ENZA inhibitors with radiopharmaceuticals, 223Ra or 177Lu-PSMA-617 in CRPC C4-2 cell 

line. In this regard, the research objectives are: 

To explore the combination of different inhibitors with radiopharmaceuticals; 

To assess combination effects in a cell monolayer model; 

To study combination effects in an advanced multicellular tumor spheroid model; 

To identify mechanisms in the interaction between inhibitors and radiopharmaceuticals; 

To propose recommendations for further preclinical studies. 
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3 Materials & Methods 

3.1 Cell lines and culture conditions 

All experimental segments of this master’s thesis were carried out in vitro, by using the methods and 

materials described below. All materials used in this thesis are presented in Appendix A.  

3.1.1 Cell lines 

The human prostate cancer cell line C4-2, a derivate from LNCaP cell line, was used in this thesis. 

(141). The LNCaP cell line was obtained from a lymph node metastatic lesion of a 50-year-old male with 

prostatic adenocarcinoma in 1980 (142). Many androgen-sensitive sublines have been established from the 

LNCaP cell line, including; C4-2 and C4-2B sublines (142). The C4-2 subline was established by 

introducing the LNCaP and MS (a bone stromal cell line) cells into castrated nude mice (androgen depleted 

hosts) (141). Upon cellular interaction with stromal cells, following the mice castration the androgen-

dependent LNCaP cells progressed to an androgen-independent phenotype, giving rise to the C4-2 subline 

(142).  

This subline shares the same genetic background with LNCaP cells and mimics both the phenotypic and 

genotypic changes often observed in clinical human CRPC (143). The characteristics of C4-2 cell line (and 

its parental LNCaP cell line) are shown in Table 3.1.  

Table 3.1. Characteristics of prostate cancer C4-2 subline utilized in this thesis and its parental 

LNCaP cell line (142, 144). 

 

Characteristics Cell line 

LNCaP C4-2 

Derivate from Metastatic lesion from 

male human 

LNCaP cells, grown in 

castrated nude mice 

Cell type Epithelial Epithelial-like 

Culture properties Adherent, single cells 

and loosely attached 

clusters 

Adherent 

Androgen dependency Dependent Sensitive/independent 

Androgen receptor Positive Positive 

PSA Positive Positive 

 

3.1.2 Culture conditions 

The C4-2 cell line (ATCC® CRL3314™, Manassas, Virginia) was grown in RPMI 1640 medium with L-

glutamine and sodium bicarbonate (Sigma-Aldrich) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, Thermo Fisher Scientific) 100 units/ml penicillin and 100 μg/ml streptomycin (PS,Thermo 

Fisher Scientific) at 37°C with 5% CO2 level.  
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Once cell confluency (percentage of the surface area of a culture flask covered by cells) was 75-85 %, the 

cells were subcultured into new culture flasks; cells were rinsed with sterile Dulbecco’s phosphate buffered 

saline without Ca2+ and Mg2+ (PBS, Sigma Aldrich) and detaching with Trypsin (Sigma-Aldrich), a protease 

that inhibits the attachment of cells to surfaces. Detached cells were further supplied with the complete 

growth medium for the inactivation of trypsin by media containing FBS. To maintain exponential growth 

subculturing was performed twice per week. Since C4-2 cells have a high growth rate, a splitting ratio of 1:5 

was followed. 

Further, cell counting was performed by mixing 50 µl of cell suspension with 50 µl Trypan blue (Thermo 

Fisher Scientific) and analyzed using CountessTM II Automated cell Counter (AMQX1000, Thermo Fisher 

Scientific). To new culture flasks, cells were seeded at a cell concentration of 3.5 million cells in 175 cm2 or 

1, 5 million cells in 75 cm2 flasks, and maintained in an incubator (Forma Scientific) at 37°C with 5% CO2-

saturation to regulate the physiochemical environment such as pH, osmotic pressure and temperature. 

 

3.1.3 Freezing cells 

To maintain the viability of cells, when cells not in use cryopreservation (freezing down cells) was applied. 

When cells in a 175 cm2 cell culture flask, were approximately 80% confluent (80% of the surface of the 

flask covered by cell monolayer), they were trypsinized and transferred to a 50 ml tube, centrifuged and the 

supernatant was removed. The following two solutions were prepared beforehand, the solution I: a mix of 

RPMI- medium and FBS with a 1:1 ratio. Solution II: a mix of RPMI-medium and 20% dimethyl sulfoxide 

(DMSO, Sigma Aldrich) in a 4:1 ratio. 

A volume of 2.5 ml of solution I, was added to the cell pellet, right after 5 ml of the other solution II was 

slowly added. The cell solution was aliquot in sterile cryovials (1.8 ml put in each cryovial). Finally, cells 

were immediately placed in the freezer with a temperature of -80°C, and next day to a nitrogen tank. 

 

3.2 Cell culture models  

Two-dimensional (2D, cellular monolayer cultures) and three-dimensional (3D, multicellular spheroids) 

culture models were applied. Although the traditional 2D culture model is widely used in cancer and 

biomedical research, this model has some disadvantages, such as reduced interactions between the cellular 

and extracellular environment and reduced ability to mimic the in vivo conditions (145, 146). In addition, 

cells grown in 2D culture model, differ than those in vivo as they are more flat and stretched, such abnormal 

cell morphology influence various cellular process such as cell proliferation, differentiation, apoptosis, gene 

and protein expression (147). The 3D cell culture model has attracted significant attention as an effective tool 

in evaluating therapeutic invention efficacy, particularly in cancer research treatment, for their resemblances 

to tissue structure and functional properties in living organisms (148). In 3D culture model cells grow in all 

directions creating an in vitro environment similar to how cells are growing in the in vivo environment, 

which creates a more accurate in vitro model for research, including drug discovery application (147). 
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3.2.1 Three-dimensional (3D, multicellular spheroid model) 

There are different 3D culturing techniques applied in tumor biology including; cell culturing in aggregates 

(spheroids), cells embedded in gels or other artificial and natural extracellular matrix compounds or cells 

growing on 3D scaffold materials (148). The multicellular spheroid model (MCS) applied in this study, is a 

widely used 3D-culturing technique.  

Several different methods are available for spheroid generations, including; scaffold-based and scaffold-free. 

The choice of method depends on the preferred number and size of spheroids. To produce a larger number of 

spheroids, the method of choice is a spinner flask system. However, when the aim is to produce spheroids of 

a consistent size and shape, the common methods are pellet culture, the liquid overlay technique, or a 

hanging drop array (spheroid array). Recent methods use micro-fluidic techniques and nano-printed culture 

plates to produce spheroids. Nevertheless, all these methods share the same aim: increasing cell interactions 

with neighboring cells and extracellular matrix (149).   

To generate MCS, the liquid overlay technique was used in this study. This simple method allows for the 

generation of a single spheroid in multi-well plates. The principle of the method is that each well of a multi-

well plate is coated with artificial matrices (non-adhesive polymers such as agarose, hyaluronic acid, or a 

mixture of non-adhesive polymer with other biomaterials) before the addition of cell suspension. The use of 

non-adhesive polymer is crucial for the formation of spheroids since it provides a non-adhesive surface and 

increases cell-to-cell contact, resulting in cellular aggregation (150).  

 

3.2.2 Preparation and individual spheroid formation in 96-well plates 

The1.5% agarose (Sigma Aldrich) was prepared in PBS with Ca2+ and Mg2+ (Sigma Aldrich) and boiled for 

10 minutes at 200 °C. Fifty µl of the gel mixture was added to each well of a transparent 96-well flat bottom 

plate (Nunclon™ Delta Surface, Thermo Scientific), under sterile conditions using a manual precision 

dispenser. The agarose mixture was kept at a temperature of 120°C the whole time to prevent the agarose 

from early gelation during pipetting. Plates with agarose were left to cool down to room temperature for 60 

minutes. Additionally, 200 µL of PBS supplemented with penicillin/streptomycin was added to the outer 

walls of the 96-well plate to create an evaporation barrier.  

The C4-2 cells from a 175 cm2 or a 75 cm2 flask were harvested by trypsinization during their exponential 

growth phase (70-80% confluence). The cells were counted and resuspended in fresh medium to a 

concentration of 500 cells per 100 µl, i.e., 5000 cells/ml. The number of cells seeded in an individual well 

was 500 cells.  

Hundred µl of cell suspension was added to each well, and the plates were centrifuged for 15 min at 1691 

rpm (470 g) before incubation (37 °C, 5% CO2) for five days to allow spheroids to form (Fig. 3.2). The cells 

within the multicellular spheroid are characterized by an external layer of viable cells (called proliferating 

zone), an internal layer of quiescent cells (caused by the gradient of nutrient and oxygen diffusion) and an 
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inner layer of necrotic cells (called necrotic core), mimicking the cellular heterogeneity observed in solid 

tumors (151).   

 

Figure 3.2. Schematic presentation of the preparation and formation of multicellular spheroids using 

the liquid overlay technique. C4-2 cells (500 cells/well) were seeded in an agarose-coated 96-well plate 

and then incubated for 5 days for spheroids to form. The figure is inspired by (152), and created using 

illustrations from Biorender (https://biorender.com). 

   

3.3 Cell viability assays 

The 3-(4, 5-Dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT), CellTiter-Glo®Luminescent 

cell viability (CellTiter) and clonogenic assays were performed to examine the effect of JQ1, AZD5153 or 

ENZA on C4-2 cells in monolayer (2D), and to determine drug concentrations to use in further combination 

experiments. Additionally, fluorescence-based live-dead fluorescein diacetate (FDA, Sigma 

Aldrich)/propidium iodide (PI, Sigma Aldrich) assay was performed to determine the effect of the BET or 

AR inhibitor on C4-2 cell viability within C4-2 spheroids. 

3.3.1 MTT assay 

The MTT assay was applied to evaluate the viability of C4-2 cells after treatment with different 

concentrations of DMSO, JQ1, AZD5153 or ENZA MTT assay was applied. This assay is based on the 

reduction of 3-(4, 5-Dimethyl thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide and produce formazan a 

purple-colored product, which is quantified by using a spectrophotometer. This product cannot be produced 

by dead cells, due to the lack of NAD(P) H-dependent cellular oxidoreductase enzymes responsible for this 

reaction (153). 

C4-2 cells (1000, 2500 or 5000 cells/well) were seeded in transparent 96-well flat bottom plates and allowed 

to adhere overnight, and then the cells were treated with various concentrations of DMSO, BET inhibitors or 

ENZA for 2-7 days. Each day after treatment the media from one treated group (7 wells in the same group) 
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was replaced with fresh media. Afterwards, the plates were taken out of the incubator, the media was 

discarded and cell viability were determined by adding 100 µl MTT 0.25 mg/ml (Sigma Aldrich) (stock 

solution was 5 mg/ml dissolved in PBS solution) into each well and incubated for 2-3 h in the incubator. 

Then, the MTT solution was discarded from each well and replaced with 50 µl DMSO, to solubilize the 

formazan crystals. Finally, the intensity of the dissolved formazan crystals (purple color) was read at 

absorbance 570 nm using multimode microplate reader (Spark® Multimode Microplate Reader, Tecan 

Austria GmbH). DMSO was used to obtain a value for background absorbance.  

3.3.2 CellTiter-Glo Luminescent Cell Viability Assay  

CellTiter (Promega, Madison, Wisconsin United States) is based on luminescent detection of adenosine 

triphosphate (ATP). Viable cells are metabolically active and produce adenosine triphosphate (ATP). The 

amount of ATP detected by the luciferase reaction mirrors the number of viable cells in the sample. The 

addition of the CellTiter-Glo reagent to a cell sample results in lysis of the cell membrane and ATP release 

from viable cells present. The reagent also contains the luciferin and luciferase enzymes that generate a 

luminescent signal proportional to the amount of ATP present in the presence of O2 and Mg2+. C4-2 cells 

(1000 cells/well) were seeded in 96 well-plates (transparent flat-bottomed) and treated with different 

concentrations of the AZD5153, JQ1 or ENZA and incubated at 37 ºC for 7 days. Afterwards, media was 

removed from wells and 20 µl CellTiter-Glo reagent (Promega) was added (Fig. 3.3). The cell solution was 

transferred to a white 96-well plate (Corning ®COSTAR), and the luminescent signal was recorded using 

Spark multimode reader microplate reader(154). DMSO was used as control to obtain a value for 

background luminescence. 

 

Figure 3.3. Summary of CellTiter-Glo®Luminescent Cell viability assay. The Luciferin reaction shown 

is inspired by Cell-Titer-Glo®2.0 Assay Technical Manual, Promeega, Inc (155), and figure is created using 

Biorender (https://biorender.com). 
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3.3.3 Clonogenic assay 

The clonogenic assay is considered as the "gold standard", and is widely used to test reproductive cell 

survival in vivo. First described in the 1950s in the field of radiobiology (94). A single cell that survives, 

while also able to divide unlimited and produce colonies, is said to have retained its reproductive integrity 

and is being clonogenic (94). Formed colonies, must consist of >50 cells for it to be considered a colony and 

counted as such. 

By performing a clonogenic assay, a cell survival curve is generated, which describes the relation between a 

given dose of a drug used to cause cell damage and the fraction of cells that have retained their productive 

integrity, despite being exposed to such drugs (94). 

The surviving fraction is given by the following formula: 

 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐶𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 

𝐶𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 × 
𝑃𝐸

100

   (Eqn. 3) 

The plating efficiency (PE) indicates the percentage of cells that are seeded and forms colonies.  

In clonogenic assay, 1000 cells per 25cm2 flasks (2-3 flasks per treatment group) were plated, after 24 hour 

the medium from each flask were removed and 5 ml of prepared working solution of DMSO, JQ1, AZD5153 

or ENZA (Table3.3) was added.  

Further, the flasks were incubated for 10-14 days. The colonies were then fixated with 100% ethanol 

(Antibac AS, Norway) and stained with 0.4 % methylene blue (Thermo Fisher Scientific). The colonies were 

counted and PE and survival fraction (SF) were calculated using the equations 2-3.  

Table 3.4. The different concentrations of JQ1, AZD5153 and ENZA, used to determine the 

concentration to use for further combination treatment experiments.  

Drug name / Concentrations 

JQ1 

(nM) 

AZD5153 

(nM) 

ENZA 

(µM) 

DMSO 

( %) 

10 2 0.5 0.001 

25 5 1 0.005 

50 10 2.5 0.01 

75 25 5 0.05 

100 50 10 0.1 

250 75 25 0.5 

500 100 50 1 

1000 250 75 5 

2000 500 100 10 
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3.3.4 Florescence live-dead (FDA-PI) based assay 

FDA-PI assay were performed to determine cell viability within C4-2 spheroids after treatment with various 

concentrations of DMSO, JQ1, AZD5153 or ENZA. FDA is a non-fluorescent molecule which is hydrolysed 

to fluorescent fluorescein in viable cells. It is a viability probe that measures both enzymatic activity, which 

is required to activate its fluorescence, and cell-membrane integrity, which is required for intracellular 

retention of their fluorescent product. PI is an intercalating fluorescent agent that binds between the bases of 

DNA. PI is membrane impermeant, which prevents DNA binding in viable cells, allowing identification of 

dead cells in a population (156, 157). 

In brief, C4-2 spheroids were prepared as described and shown above (Fig. 3.2). Bright field microscopy 

images of spheroids before treatment (day 0) were taken using Axiovert 200m Inverted Fluorescence 

Motorized Microscope (Carl Zeiss, GERMANY) with AxioVision Rel.4.8 software (Carl Zeiss). The 

following parameters were used: 4x objective, 5.6 voltage, contrast method bright field, N.A 0.55, exposure 

time for bright field images was 1 ms. Then, the spheroids were treated with different concentrations of the 

BET or AR-inhibitors (Table 3.4). The growth of spheroids was evaluated at day 3,7,14 and 21 after 

treatment by taking bright field images. The cross-sectional area of each spheroid was measured and 

spheroid growth graph curves were obtained. Additionally, the measured cross-sectional area (mm2) of 

spheroid at day (X) was normalized to the control at day X after subtracting baseline areas for all spheroids 

(day 0) using the following equation: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 =
𝑆𝑛 (𝐷𝑎𝑦 𝑋)−𝑆𝑛 (𝐷𝑎𝑦 0)

𝑆𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝐷𝑎𝑦 𝑋)−𝑆𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝐷𝑎𝑦 0)
       (Eqn.4) 

Where:  

S is a cross-sectional area (mm2), n is a spheroid treated with a drug, radiopharmaceutical or both, the control 

is a spheroid treated with DMSO, X –day after treatment.  

Finally, at day 14 or 24, fluorescence live-dead-based (FDA-PI) assays were performed on a few spheroids 

per group using fluorescence microscope (Carl Zeiss Axiovert 200m Inverted Fluorescence Motorized 

Microscope, GERMANY). The FDA and PI mixed solution was prepared by mixing 8 µl FDA, 50 µl PI, and 

2.5 ml PBS with Ca2+ and Mg2+. The spheroids were washed three times with 100 µl of PBS with Ca2+ and 

Mg2+, then incubated with 100 µl staining solution at room temperature for 5 min in the dark. Finally, the 

spheroids were washed with PBS with Ca2+ and Mg2+ (100 µl in/out, three times), and 100 µl PBS were 

added to spheroid before analyzing with microscope. The following parameters were used: 4x objective, 5.6 

voltage, contrast method bright field, N.A 0.55, exposure time for bright field images was 1 ms, 60 ms for 

FDA and 1.8 s for PI. 
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3.4 Seeding cell number  

In clonogenic assay, cell number optimization is important since too many-seeded cells lead to the 

overlapping of colonies, while a low number of cells lead to the formation of too few colonies. We decided 

to use 1000 cells per 25cm2, based on an experiment in which 2000 cells per 25cm2 flask were used resulting 

in over 400 colonies. Too many colonies in the control group, resulted in merging of colonies, and making it 

difficult to count the colonies accurately. 

For spheroid formation, the initial cell number affects the size and morphology of the spheroids. A high cell 

number leads to the formation of a too-large weak spheroid that causes disintegration and survival issues 

(necrotic core), while a low cell number gives a non-favorable spheroid size. The optimal seeding cell 

number for the formation of spheroids was determined in the previous experiments to be 500 C4-2 cells/well 

in the laboratory (Department of Radiation Biology, OUH). Initial cell numbers of 250, 500, and 1000, 2000, 

and 2500 cells/well were seeded and cultured for 6 days, and bright field microscopy images were taken and 

evaluated. 

3.5 Activity of 223Ra  

The activity (kBq/ml) of 223Ra to use in all experiments was based on previous experience of the group in the 

laboratory (Department of Radiation Biology, OUS). The activity to use in combination treatment of cell 

monolayer (2D) followed by flow cytometry analysis, in which a great number of cells were used (described 

in Chapter 3.6), was determined by seeding 1000 cells/well in 96-well plates incubated for 24 h and treated 

with 250 nM JQ1, 50 nM AZD5153 or 10 µM ENZA incubated for 2 h, further the cells were treated with 

different 223Ra activities for 1 h, followed by removal of the media in each well to remove the 223Ra. 

Afterwards,100 µl of fresh drug-containing medium was added to each well and incubated for 7 days. Each 

day after treatment the media from one treated group (6 wells in the same group) was replaced with fresh 

media. Finally, at day 7 the MTT assay was performed as described above (Chapter 3.3.1).  

3.6 Combination treatments 

Combinational experiments utilizing BET or AR-inhibitors with 223Ra were carried out in both 2D 

monolayer and 3D spheroid culture models. In addition, combination experiment utilizing AZD5151 with 

177-Lu-PSMA-617 was carried out in spheroids. Non-lethal concentration of each drug selected based on the 

above-mentioned cell viability assays, selected concentrations were used as a pilot for designing combination 

treatment experiments in both monolayer (2D) and spheroids (3D).        

3.6.1 Combination treatment in 2D monolayer culture model  

The effect of JQ1, AZD5153 or ENZA in combination with 223Ra were examined by seeding 1000 cells per 5 

ml in 25cm2 flasks. Two 25cm2 culture flasks were used per treatment group. The cells were incubated 

overnight for adhesion to the plastic surface (Fig.3.5). The activity of 223Ra was measured by Cobra II Auto-

Gamma (Packard) using a CPM/kBq factor of 27 (counting window from 50-300 keV). Before treatment, the 

media was removed from the flasks. Then 1 ml of prepared 0.1% DMSO (control), 25 or 50 nM JQ1, 6.25, 
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10 or 25 nM AZD5153 or 1.25 or 10 µM ENZA were added to its respective flasks and incubated for 2-3 

hours. Then the cells were incubated together with 2.5, 5 or 10 kBq/ml 223Ra for 1 hour at 37°C in a 

humidified atmosphere of 5% CO2. Afterwards, the media was removed and replaced with 5 ml of freshly 

prepared drug-containing media and further incubated for 10-14 days. At the experimental-endpoint, 

colonies were washed with 0.9% NaCl (B Braun), fixed with 95% ethanol (Antibac As), and stained with 3-4 

ml 0.4% methylene blue for 20 minutes at room temperature. Excess stain was gently removed with cold 

water and the flasks were left to dry. Stained colonies were counted and SFs curves were obtained.   

 

Figur.3.5. Schematic summary of the clonogenic assay. C4-2 cells seeded in 25cm2 flasks, treated with 

selected concentrations of JQ1, AZD5153, or ENZA alone and in combination with 2.5, 5 or 10 kBq/ml 
223Ra, and clonogenicity were assessed. and figure is created using Biorender (https://biorender.com). 

 

3.6.2 Combination treatment in multicellular spheroids (3D) 

Combination treatment of BET inhibitors or ENZA with 223Ra on C4-2 spheroids was performed. Preparation 

and formation of spheroids were performed as shown above (Fig. 3.2).  

The spheroids were prepared as described above (Fig.3.2). The 96-well plates containing formed spheroids 

were taken out from the incubator and images of the spheroids were taken using microscopy before treatment 

(day 0) (Fig.3.6). Then the spheroids were incubated with the final concentration of 0.1% DMSO (control), 50 

nM JQ1, 25 nM AZD5153 or 10 µM ENZA for 2-3 hours (Fig 3.6). Further, the C4-2 spheroids were co-

incubated with 2.5, 5 or 10 kBq/ml 223Ra for 1 hour. Ra-223 was removed by washing each well six times with 

fresh medium. Finally, 200 µl of fresh prepared drug-containing media were added to the respective wells. 

From day 7 after the treatment, the media from each well was replaced twice a week with fresh media. Spheroid 

growth after the treatment was evaluated at day 7 and 14 by measuring the cross-sectional area of each 

spheroid.  
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Similarly, the effect of AZD5153 in combination with 177Lu-PSMA-617 was examined in C4-2 spheroids 

following the same flowchart shown below (Fig.3.6). The radiolabeling of PSMA with 177Lu were done by 

Vilde Stenberg at OUH by using 177LuCl3 dissolved in diluted HCl (ITG,Garching, Germany). The PSMA-617 

ligand was obtained from MedKoo (Morrisville, North Carolina). It was dissolved in 0.5 M ammonium acetate 

in 0.1 M hydrogen chloride. For radiolabelling, 177Lu Cl3 was added to a pre-heated mixture of PSMA-617 in 

0.5 M ammonium acetate in 0.1 M hydrogen chloride, and pH were adjusted to 5-6. The solution was incubated 

for 30 min on the thermomixer at 90°C and 450 rpm. The radiochemical purity of the radioligand was measured 

by thin layer chromatography using instant thin layer chromatography strips (Tec-control, Biodex, New York).  

 

 

Figure 3.6. Schematic presentation of treatment of C4-2 spheroids with 25 nM AZD5153, 100 nM JQ1 

or 10µM ENZA in combination with 2.5, 5 or 10 kBq/ml] of 223Ra for 1 hr. The figure is created using 

Biorender (https://biorender.com). 

 

3.7 Flow cytometry 

Flow cytometry was used to detect apoptosis, DNA damage and cell cycle analysis of C4-2 cells, followed 

by the combination treatment of 223Ra and BET inhibitors or ENZA.  

Flow cytometry is a cell analyzing method used to study various cell properties such as cell size and DNA 

content. Analyzing cell properties in a flow cytometer system is based on the detection of light scattering and 

fluorescence emissions induced by lasers (light source).  

Visible light scattering provides information about the phenotype and morphology of the cell and is 

measured in two different directions; forward scatter (gives information about cell size) and side scatter 

(giving information about cell granularity and complexity). Fluorescence emission, independent of light 
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scatter, indirectly gives information about the cell or cellular content by measuring the amount of expressed 

fluorescent proteins, fluorescent dye (e.g., propidium iodide), or fluorescently conjugated antibodies (e.g., 

FITC) in cells (158). 

A flow cytometer consists of the following main components; fluidics, optics (excitation and detection), 

detectors, and a computer (electronics). 

The fluidic system consists of sheath fluid (e.g., a buffered saline solution). Upon analyzing a cell-containing 

solution, the solution is pressurized and delivered to a laser intercept point, where the sample is being 

hydrodynamically focused and exposed to laser light and analyzed. The optical system includes a light 

source (laser) and detection optics (photodiodes and photomultiplier), collecting visible and fluorescent light 

signals used to analyze cells, further directed to optical detectors by a series of filters. The detectors sense the 

two types of light signals mentioned above; forward scatter and side scatter. Finally, the detectors are 

connected to the electronic system (computer), which converts the detected scatters into voltage, and a 

computer can read data (158).   

 

C4-2 cells (0.5 ×106 or 1 ×106) were seeded in 25cm2 flasks for 24 hours, followed by treatment with 250 

nM JQ1, 50 nM AZD5153, or 10 µM ENZA for 2 hours, then co-incubated with 2.5, 5 or 10 kBq/ml 223Ra 

for 1 hour. The media was removed and replaced with new fresh drug-containing medium added to its 

respective flasks. The cells were further incubated for 72 hours.  

To perform flow cytometry analysis, floating and adherent treated C4-2 cells were harvested from each 

sample. The collected cells were washed twice with 1 ml PBS (without Ca2+/Mg2+) and collected by 

centrifugation at 1200 rpm for 5 min, and further re-suspended in 2 ml PBS. Then 1 ml of the solution 

transferred into a 1.5 ml Eppendorf tubes for apoptosis detection, the rest cells were used for DNA analysis.  

For apoptosis detection (Fig.3.7), a 2 ml 0,9% NaCl with 10 mM HEPES, 2,5 mM Ca2+ and 1 mM Mg2+ was 

used as annexin V-binding buffer, where 100 µl Annexin V-FITC (ImmunoTools) and 2 µl (1 mg/ml) PI 

were added and mixed. Annexin-V binds to phosphatidylserine (PS) on apoptotic cell surfaces in the 

presence of Ca2+, but it can also bind to PS in the interior of dead cells (necrotic cells), by passing through 

their membrane, thus PI is used as a counterstain for Annexin V-FITC. Further, each sample was incubated 

with 100 µl of the Annexin V-FITC/PI solution for 15 minutes. After staining the samples were kept on ice 

before measurements. Flow cytometry analysis was performed with CytoFlex S instrument (Beckman 

Coulter). FITC fluorescence was excited with a 488 nm laser and detected using a bandpass filter 525/40 nm. 

PI fluorescence was excited with a 561 nm laser and detected using a bandpass filter 585/42 nm. Flow 

cytometry data were analyzed using a FlowJo software (FlowJo LLC, a subsidiary of Becton Dickinson).  
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Figure 3.7. Process diagram for apoptosis detection using flow cytometry. The figure is created using 

illustrations from Biorender (https://biorender.com). 

Further, for the detection of DNA damage and cell cycle analysis, the remaining collected cells were treated 

with 100 µl of eFluor 450 to stain dead cells (Thermo Fisher Scientific) for 30 min at room temperature (Fig. 

3.8). Afterwards, the cells were washed and fixated in 1 ml ice-cold 100% methanol and placed at -20°C. 

Labelling of cells with antibodies for cell cycle analysis, DNA damage and mitotic cells was performed 

immediately before flow analysis.  

Methanol fixated cells were washed with 2 ml of PBS with 0.2% Tween-20 (Sigma Aldrich) and collected 

by centrifugation. Finally, the cells were incubated with 150 µl solution containing primary antibodies, rabbit 

anti-phospho Ser10 Histone H3 (anti-H3S10p, binds to phosphorylated histone H3, Merck) and Anti-

phospho-Histone H2A.X (Ser139) antibody (Merck) for 60 minutes at room temperature under occasional 

agitation during incubation. Additionally, to the antibody solution 5 µl of RNase enzyme cocktail (Thermo 

Fisher Scientific) was added to degrade RNA thus hindering RNA from interfering with the DNA staining.  

Afterwards, each cell sample was washed with 2 ml PBST and centrifuged. Further, the cells were incubated 

with 100 µl solution containing secondary antibodies Alexa FluorTM 647 donkey anti-rabbit IgG (H+l) 

(Thermo Fisher Scientific) and polyclonal goat anti-mouse Immunoglobulins/FITC Goat F(ab')2 (Dako) for 

30 minutes at room temperature. The cells were washed with 5 ml PBST, and each sample was stained with 

150 µl solution containing fluorochrome PI (binds to DNA in non-viable cells) in PBST with 2% bovine 

serum albumin (BSA) for 30 minutes. Finally, flow cytometry analysis was performed.  
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 Figure 3.8. Process diagram for detection of mitotic cells and DNA damage using flow cytometry.        

The figure is created using illustration from Biorender (https://biorender.com). 

 

3.8 Statistical analysis 

For statistical analysis and graph presentation, Sigma Plot software 14.0 (Systat, USA) was used. Normality 

test and equality of variance were evaluated before choosing a statistical test. If the assumption of the 

equality of variance were not fulfilled upon comparisons of two groups (mono-treatment vs combination 

therapy), Student t-test, specifically Welch’s t-test (assuming an unequal population of variances within two 

groups), was applied to calculate statistical significance (p < 0,05) for triplicate independent experiments in 

both 2D and 3D culture model. For group comparisons from flow cytometry analysis, the One-way analysis 

of variance (ANOVA) was carried out (statistically significant p<0, 05).  

Bliss independence model was applied to determine the BET inhibitors or ENZA interactions in combination 

with radiopharmaceuticals. The model is based on the assumption that two drugs exhibit their effects 

independently and compares the effect of combination response observed with the expected combination 

response (expected additive), which is calculated based on each drug used alone independently (Fig.4.9 and 

Eqn.4). Further, the combination index (CI), were used along with statistical Welch’s t-test (a p-value of 0, 

05, was defined as statistical significance) to claim synergy when drugs interaction is independent, the CI is 

defined as: CI< 1 is synergy, CI=1 is additive and CI> 1 antagonism (159).  
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                                                                         𝐴 = 𝐴1+𝐴2−𝐴1 × 𝐴2            (Eqn.4) 

      

Figure 4.9. Illustration of drug independence based on Bliss independence, S, survival.  The circles 

represent the survival fraction of cells upon mono-treatment utilizing drug A1 or drug A2, denoted as SA1 and 

SA2. When the cells are treated with a combination of the two drugs, drug A1 affects only the cells that 

survived drug A2 and vice versa. Two drugs that exhibit their effects independently, the survival fraction of 

cells upon combination of the drugs equal to: SA1xSA2. Illustration is adapted from (159).  From the equation:  

A1 is the mono-treatment of JQ1, AZD5153 or ENZA 

A2 is the mono-treatment of radiopharmaceutical 223Ra or 177Lu-PSMA-617. . 

 

In addition, in spheroids the effects of the treatment between BET or androgen receptor inhibitors with and 

without radiopharmaceutical were evaluated separately at each dose of used drug for each spheroid 

measurement day. Interaction value and standard deviation (SD) was calculated by:  

                                            𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 =  
𝐴1×2

𝐴1×𝐴2
                (Eqn.5) 

 

A1 is the mono-treatment of JQ1, AZD5153 or ENZA 

A2 is the mono-treatment of radiopharmaceutical (223Ra or 177Lu-PSMA-617).  

A1x2 is the combination of JQ1, AZD5153 or ENZA and 223Ra or 177Lu-PSMA-617. 

 

                                              𝑆𝐷 =  
𝐴1×2

(𝐴1×𝐴2)
× √

𝛥𝐴1

𝐴1
)2 + ( 

𝛥𝐴2

𝐴2
)2 + (

𝛥𝐴1×2

𝐴1×2
)2      (Eqn.6)   
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4 RESULTS 

To examine the effect of BET or AR inhibitor in combination with radiopharmaceuticals in CRPC C4-2 cells 

growing in monolayer and multicellular spheroids various experiments were performed. The results from the 

experiments obtained from mono-treatment and combination therapy utilizing the various drugs in 

combination with radiopharmaceuticals are presented in this chapter. Further, results from flow cytometry 

analysis (apoptosis, necrosis, DNA damage and cell cycle distribution) upon exposure to combination therapy 

between BET inhibitors or ENZA and different activities of 223Ra or 177Lu-PSMA-617, are also detailed in this 

chapter. 

4.1 Effect of JQ1, AZD5153, and ENZA on C4-2 cells growing in monolayers 

The effect of various concentrations of JQ1, AZD5153 and ENZA was evaluated using the MTT, CellTiter 

and clonogenic assays in AR-positive, hormone-independent C4-2 cell line (Fig. 4.1). The clonogenic, MTT 

and CellTiter assays demonstrated that JQ1 and AZD5313 dose dependently inhibited C4-2 cells survival (Fig. 

4.1 A-H and L). Only a 10-20% growth inhibition of C4-2 cells treated with ENZA was observed using 

CellTiter assay. ENZA did not inhibit C4-2 cell survival in a dose-dependent manner. These data suggest that 

C4-2 cells were resistant to ENZA. DMSO inhibited C4-2 cell survival in a dose-dependent manner (Fig. 4.1 

G and H). DMSO concentrations 5 and 10% were lethal. 

A time-dependent decrease in cell survival was observed after treatment with AZD5153 and JQ1 (Fig.4.1 I-J), 

while ENZA did not lead to inhibition of C4-2 cell survival in a time dependent manner (Fig.4.1 K). A 

statistically significant decrease in cell survival was observed with 250 nM JQ1 and 100 nM AZD5153 after 3 

days (Figs.4.1 J and I). Based on these results we decided to use this time (3 days) in our later combination 

experiments for flow cytometry analysis. 

The lethal doses of BET or AR inhibitors obtained from MTT, CellTiter assays or clonogenic cell survival 

differed greatly (Table 4.2), because these methods assess cell viability differently. Based on the survival 

curves (Fig.4.1) obtained from MTT, CellTiter and clonogenic assay a dose of each drug were selected for 

further combination experiments in 2D model. A concentration of 0.1% of DMSO (control) was chosen for all 

combination treatments going forward, since it is insufficient in causing cell death (Fig. 4.1 G and H). For the 

BET inhibitors and ENZA the selection of drug concentration for further experiments were at first chosen 

based on the MTT and CellTiter-Glo cell viability assays (Fig.4.1 A-F), 50 nM JQ1, 25 nM AZD5153 and 10 

µM ENZA were selected. For another experiment a concentration of 25 nM JQ1, 6.25 nM AZD5153 and 1.25 

µM ENZA were selected, and for a third combination experiment a concentration of 50 nM JQ1, 10 nM 

AZD5153 and 10 µM ENZA were chosen. 
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Figure 4.1. Cell survival curves as measured by MTT assay, Cell Titer Glo cell viability assay and 

clonogenic assay for C4-2 cells upon treatment with various concentrations of BET inhibitors, ENZA or 

DMSO. A number of 2500 or 5000 cells/well were plated in 96 well plates and were treated with different 

concentration of JQ1, AZD5153, ENZA or DMSO, incubated for 3 days (blue and red line) or 7 days (black 

line) (A-H), cell viability was assessed by MTT and CellTiter-Glo Luminescence assay and analyzed by 

approximate regression. Data are from three independent experiments. (I, J and K) Cell survival as a function 

of time (Days). A number of 1000 cells/well were seeded in 96-well plates and incubated overnight, then the 

C4-2 cells were treated with 250 nM JQ1, 100 nM AZD5153 or 10 nM ENZA and incubated for 7 days, cell 

viability was assessed by MTT and CellTiter-Glo cell viability assay at day 7, error bars show ±SD of three 

technical replicates of one independent experiment. (L) Clonogenic cell survival curves normalized to control 

(0, 1 % DMSO) for JQ1, AZD5153 and ENZA on C4-2 cells. Thousand cells were plated into 25cm2 flasks 
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(three parallels per treatment group) incubated for 24 h, followed by replacing of culture medium with drug-

containing media to each representative flask of AZD5153, JQ1 or ENZA until formation of colonies. Data is 

presented as mean ±SD of three independent experiments.  

Table 4.2. Summary of various lethal doses (LD) of the BET or AR inhibitors on C4-2 cell survival in 

clonogenic, MTT and CellTiter assays. NA; not achieved. 

 

LD 

Concentration of drugs 

JQ1 (nM) AZD5153 (nM) ENZA (µM) 

Clono-

genic 

MTT CellTite

r 

Clono-

genic 

MTT CellTite 

r 

Clono- 

genic 

MTT CellTite 

r 

10 4 78 195 4 10 23 0.3 2 2 

25 24 156 477 6 25 53 1.4 14 74 

50 54 352 1211 12 63 166 4 70 NA 

75 81 766 NA 18 245 NA NA NA NA 

90 96 NA NA 23 NA NA NA NA NA 

 

4.2 Activity of BET and AR inhibitors on multicellular C4-2 spheroids  

To determine the activity or inhibitory effects of various concentrations of DMSO, BET and AR inhibitors in 

multicellular C4-2 spheroids, microscopy images of these spheroids were taken before treatment (day 0) and 

after treatment at day 3, 7, 14 and 21 (Fig.4.3 A-D and Appendix B). Growth rate of the spheroids after 

treatment were evaluated by following the morphological changes and measurement of the cross-sectional area 

of each spheroid until day 21 (Fig.4.4) and until day 14 for DMSO treated spheroids. The concentrations of 

JQ1 and AZD5153 below 100 and 25 nM, respectively, were non-toxic. The average starting size for the 

spheroids in the control group was 0.109 mm2 on day 0 (before treatment) and 0.656 mm2 on day 21 (Fig.4.3). 

The doubling times increased from 9 days (control) to 11 days (250 nM JQ1), 45 days (2000 nM JQ1), 10 days 

(50 nM AZD5153), 15 days (500 AZD5153), 11 days (10 µM ENZA) and 10 days (100 µM ENZA) showing 

that the cell growth rate was slowing down (Fig.4.4 G). The doubling times of the C4-2 spheroids treated with 

increased concentration of JQ1 and AZD5153 increased, while the doubling time of the spheroids treated with 

ENZA was around 10-12 days at increasing concentrations (Fig.4.4 G).  

To further explore the effect of the BET or AR inhibitors on C4-2 cell viability within the spheroids, C4-2 cell 

viability within the spheroids were monitored at day 14 for the control group, DMSO, and at day 24 for the 

BET or AR inhibitors treated spheroids, using the FDA-PI assay. Cell viability in DMSO treated spheroids 

demonstrated that DMSO effects viability in a dose-dependent manner, and a 5% was toxic, and no viable C4-

2 cells were observed in the spheroids (Fig. 4.3 E). However, the spheroids are observed and present in the 

bright field microscopy images (Fig.4.3 A). This means that the cells are dead, and DNA is degraded, and PI 

cannot bind to DNA. The spheroids treated with lower concentrations of DMSO started to disintegrate when 

reached a diameter of around 1.5 mm, due to this the results only presented after 14 days. For further 

experiments 0.1 % DMSO was chosen. The majority of C4-2 cells within the spheroids treated with the BET 

inhibitors remained viable, despite increasing drug concentrations (Fig. 4.3 F and G). 
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Non-toxic concentrations of JQ1 (100 nM JQ1) and AZD5153 (25 nM) were chosen for further combination 

experiments (Fig 4.3 B and C). Higher doses of ENZA showed to result in a significant cell death within 

spheroids (Fig. 4.3 H). Nevertheless, complete cell death was not achieved with the various concentrations of 

ENZA that were tested. Based on the results (Fig. 4.3 D and H) a concentration of 10 µM ENZA, were selected 

for further combination experiments, since a higher concentration of the drug, do not inhibit spheroid growth 

significantly. The spheroid cross-sectional area growth declines in a dose dependent manner in C4-2 spheroids 

treated with various concentrations of BET or AR inhibitors (Fig. 4.4 A-F). While the cross-sectional area does 

not expand over time of the spheroids treated with ENZA (Fig. 4.4 F).  

In addition, fold-change in average of the spheroid cross-sectional area from baseline (day 0) treated with 

various concentrations of the BET inhibitors or ENZA were calculated at day 3, 7, 14 and 21 to determine for 

how long to follow and evaluate the spheroid growth in further combination treatment experiments (Fig. 4.4 

D-F). Based on these experiments, day 7 and 14 were selected to evaluate spheroid growth in further treatments 

combination experiments, since the growth of the spheroids followed a similar trend in growth after 3, 7, 14 

and 21 days. The selected time points represent a trade-off to appreciate the treatment effect whilst preventing 

the spheroid to become too big and disintegrated, which would render challenging the measurement of spheroid 

cross-sectional area. The majority of spheroids started to disintegrate when they reached a diameter bigger 

than 1.5 mm.  

 

Figure 4.3. The growth and viability of C4-2 spheroids after the treatment with DMSO, BET or AR 

inhibitors. (A-D) Time-lapse representative bright-field microscopy images of C4-2 spheroids after treated 

with DMSO (A), JQ1 (B), AZD5153 (C) or ENZA (D) in increasing concentrations. Five hundred cells per 

well were seeded in 96 well plates and incubated for 5 days for spheroids to form. Further images (4x objective) 

of spheroids were taken at day 0 before the treatment, and spheroids were incubated with varying 

concentrations of DMSO, JQ1, AZD5153 or ENZA for 21 days. After 7 days the media were replaced with 

fresh media twice per week. Followed treatment spheroid images were taken of the same spheroid at day 3, 7, 
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14 and 21. The scale bar is 200 µm. N is one independent experiment. The representative FDA/PI fluorescent 

images of spheroids treated with DMSO (E), JQ1 (F), AZD5153 (G) or ENZA (H). The images represent 

stained spheroids 14 or 24 days after initial treatment with the various drugs. Representative bright field and 

merged FDA and PI images are presented. Viable cells appear as green, while dead cells appear as red. Scale 

bars, 200 µm. N=1.The representative image was chosen from 6 images in the same group. 

 

Figure 4.4. Growth curves of C4-2 spheroids after treatment with JQ1 (A, D), AZD5153 (B, E) or ENZA 

(C, F). (A-C) Measured cross-sectional area (mm2) of spheroids as function of time (Days). (D-F) Measured 

cross-sectional area (mm2) of spheroids normalized to the control (Day 0,) versus various concentrations of 

each drug. Error bars show ±SD for 6 technical replicates and correspond to one independent experiment. (G) 

Doubling time (days) of C4-2 spheroids treated with various concentration of JQ1, AZD5153 or ENZA. Error 

bars show ± SD for 6 technical replicates and correspond to one independent experiment. 
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Table 4.5. Summary of the drug concentrations selected for further combination experiments. 

  

Drug 

name 

Selected drug concentration 

Clonogenic 

assay 

Multicellular 

spheroids 

Flowcytometry 

DMSO 0.1% 0.1% 0.1% 

JQ1 25 and 50 

nM 

100 nM 250 nM 

AZD5153 6.25, 10 

and 25 nM 

25 nM 50 nM 

ENZA 1.2 and 10 

nM 

10 µM 10 µM 

 

4.2 BET or AR inhibitors and radiopharmaceuticals in combination 

The effects of BET or AR inhibitors in combination with 223Ra were studied in C4-2 cells in 2D and 3D 

models. In addition, the effects of AZD5153 and 177Lu-PSMA-617 was investigated in C4-2 spheroids. The 

combined action of each BET or AR inhibitor with radiopharmaceuticals was assessed based on Bliss 

independence model and interaction indexes were calculated (described in Chapter 3.8 statistical analysis).  

4.2.1 Response of C4-2 cells to BET or AR inhibitors in combination with 223Ra  
Combination treatment of C4-2 cells with JQ1, AZD5153 or ENZA with 223Ra was performed in three 

independent experiments using different concentrations of the drugs. Theoretical SFs were calculated if drugs 

acted additively according to Bliss, and the obtained SFs were compared with the theoretical ones. If drugs in 

combination acted synergistically, the theoretical SFs were significantly higher than measured ones. The 

combination of 50 nM JQ1 and 1 or 2.5 kBq/ml 223Ra were statistically synergistic only in one of the three 

experiments (CI<1 and p<0.05, Table 4.7).  

A concentration of 10 or 25 nM AZD5153 and 1 kBq/ml 223Ra were statistically synergistic in two of the 

experiments (CI<1, p<0, 05), while additive in one of the experiments. The combination of 25 nM AZD5153 

and 2.5 kBq/ml 223Ra was statistically synergistic in only one experiment (CI<1 and p< 0.05), and 6. 25 nM 

or10 nM AZD5153 and 2.5 kBq/ml were additive (CI=1) in the two other independent experiments (Table 

4.7). 

The combined effect of 10 µM ENZA, but not of 1.25 µM ENZA, and 1 kBq/ml or 2.5 kBq/ml 223Ra, was 

statistically synergistic in all experiments, (Table 4.7). The interaction values are presented for only 1 kBq/ml 

and 2.5 kBq/ml of 223Ra (Fig. 4.6 D-F), because the combination of BET or AR inhibitors with 5 or10 kBq/ml 

223Ra were not synergistic (Fig. 4.6)  

Importantly, it was noticed that C4-2 cells treated in combination with JQ1, AZD5153 and 223Ra were not 

strongly attached to the plastic bottom of the flasks compared to C4-2 cells treated with one drug, which might 
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explain the observed variations in SFs in the different experiments. Number of colonies counted in each of the 

three experiments is presented Appendix C).  

 

 

Figure 4.6. Survival fraction curves and interaction values of C4-2 cells treated with different 

concentrations of BET or AR inhibitors in combination with different activities (kBq/ml) 223Ra. 

Thousand cells per 5 ml were subcultered in 25cm2 flasks (2 technical replicates per group). After 24 h 

incubation, the media in each flask was replaced with 5 ml drug-containing media. The cells were treated with 

25 or 50 nM JQ1, or 6.25, 10 or 25 nM AZD5153, or 1.25 or 10 µM ENZA, for 2 h, followed by 1 h co-

treatment with different activity of 223Ra. Further, the media were replaced with fresh drug-containing media 

and incubated for 10-14 days. (A-C) Survival fraction curves are normalized to the average plating efficiency 

of the control (0.1% DMSO), error bars for mono-treatment with 223Ra show ± SD of mean of three independent 
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experiments (n=3). (D-E) Drug interaction values of JQ1 (D), AZD5153 (E) or ENZA(F) in combination with 

1 kBq/ml or 2.5 kBq/ml 223Ra are presented. An interaction value CI <1 is considered synergistic. 

 

Table4.7. Summary of C4-2 SFs treated with BET or AR inhibitors alone or with 223Ra Interaction 

values were calculated. The results are from three independent experiments. Degree of interaction; 

significant at p-value <0.05. 

Drug/ 

study 

day 

223Ra 

activity 

(kBq/ml) 

Drug 

concen-

trations 

Survival fraction normalized to 

control 

Interacti

on value 

p-

value 

Statistically 

significant 

synergy 223Ra Drug Drug & 

223Ra 

JQ1/ 

 

 

Day 14 

1 25 nM 

50 nM 

50 nM 

0.83 

0.90 

0.84 

1.04 

0.90 

1,00 

0.90 

0.30 

1.00 

1.04 

0.36 

0.91 

0.286 

0.020 

0.117 

NO 

YES 

NO 

2.5 25 nM 

50 nM 

50 nM 

0.40 

1.00 

0.50 

1.04 

1.00 

1.00 

0.50 

0.31 

0.50 

1.20 

0.49 

1.14 

0.203 

0.050 

0.163 

NO 

YES 

NO 

AZD-

5153/ 

 

Day 14 

1 6.25 nM 

10 nM 

25 nM 

1.00 

1.00 

1.00 

1.00 

0.32 

1.02 

0.8 

0. 20 

0.20 

1.10 

0.74 

0.20 

0.330 

0.043 

0.003 

NO 

YES 

YES 

2.5 6.25 nM 

10 nM 

25 nM 

0.40 

0.50 

0.70 

1.00 

0.32 

1.00 

0.33 

0.13 

0.20 

1.01 

0.90 

0.30 

<0.001 

0.132 

0.028 

NO 

NO 

YES 

ENZA/ 

 

 

Day 14 

1 1.25 nM 

10 µM 

10 µM 

1.00 

1.00 

1.00 

1.00 

1.00 

0.30 

0,50 

0.34 

0.20 

1.11 

0.41 

0.75 

0.301 

0.002 

0.003 

NO 

YES 

YES 

2.5 1.25 nM 

10 µM 

10 µM 

0.40 

1.00 

0.50 

1.00 

1.00 

0.30 

0.42 

0.13 

0.10 

2.04 

0.23 

0.54 

0.002 

0.003 

0.061 

NO 

YES 

YES 

 

4.2.2 Response of C4-2 spheroids to BET or AR inhibitors in combination with 223Ra  

Next, three independent experiments to examine the effect of BET or AR inhibitors in combination with 

223Ra on C4-2 spheroids were performed. Technical problems did not allow to analyze all days in all three 

independent experiments. Spheroid growth upon combination treatment was evaluated at day 7 and 14 in one 

independent experiment, at day 7 in the second experiment, and at day 12 in the third experiment (Appendix 

D). A summary of the obtained results and interaction values from all three experiments are presented below 

(Table 4.10). 

4.2.2.1 Synergistic effect of JQ1 and 223Ra in C4-2 spheroids 

The combination treatment of C4-spheroids with 100 nM JQ1 and 1 or 2.5 kBq/ml 223Ra, resulted in 

inhibition of spheroid growth and significantly smaller cross-sectional area of the spheroids compared to 
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mono treatment (JQ1 or 223Ra alone) on day 7 and 14 after treatment (Fig. 4.8). The activity of 5 and 10 

kBq/ml 223Ra alone has prevented the growth of spheroids (Fig.4.8). Therefore, the combined effects of these 

activities with the BET or AR inhibitors were not studied. The combination of 100 nM JQ1 and 1 or 2.5 

kBq/ml 223Ra were statistically synergistic (CI<1, p< 0.05) compared to the expected theoretically calculated 

additive group at day 7 and 14 (Fig. 4.9 B-C, E-F, and Table 4.10), except for the results in one experiment 

(study day 12) in which additive effect (CI=1) upon treatment of 100 nM JQ1 and 1 kBq/ml with 223Ra were 

observed (Table 4.10 and Appendix D1).  
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Figure 4.8. Spheroid growth upon combination treatment with JQ1 and 223Ra. (A) Cross sectional area 

(mm2) of C4-spheroids, day 7 and 14 after combination treatment with 100 nM JQ1 and various activity of 
223Ra. C4-2 cells (500 cells/well) were seeded in 96 well plates and incubated for 5 days to form spheroids. 

Before treatment microscopy images (4x objective) of spheroids were taken, and treated with the final 

concentration 100 nM JQ1 and incubated for 2-3 h. Further co-treated with 2.5, 5 or 10 kBq/ml of 223Ra for 1 

h. Afterwards the spheroids were washed 6 times and the media were replaced with fresh drug-containing 

media and incubated for 14 days. Seven days after treatment the media were replaced with fresh media twice 

a week. Six to eleven individual spheroids per treatment condition. Error bars show ± SD of the mean of two 

independent experiments (day 7). Day 14 are from one independent experiment and error bars present ±SD 

within the six to eleven spheroids per treatment condition. (B and C) Bar graphs of cross-sectional area (mm2) 

measured at day 7 and day 14 after treatment as function of activity of 223Ra (kBq/ml). 
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Figure 4.9. Drug interaction for testing synergy of 100 nM JQ1 and 1 or 2.5 kBq/ml 223Ra in C4-2 

spheroids). (A and D) Interaction values graphs (day 7 and 14 after treatment). (B, C, E and F) Bar graphs, 

fold change in C4-2 spheroids cross-sectional area after treatment relative to spheroid cross-sectional area at 

day 0 (before treatment) normalized to the control (0, 1% DMSO). Statistical differences were determined by 

statistical Welch’s t-test and p<0.05 were considered statistically significant. Error bars show ±SD of the 

mean of two independent experiments (A-C). (D-F) n= one independent experiment at day 14, error bars 

present ±SD within the six to eleven per treatment condition.  
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Table 4.10 Summary of interaction values for treatment of C4-2 spheroids with 100 nM JQ1 alone or 

in combination with 223Ra. Mean of two independent experiments (study day 7), one independent 

experiment (study day 12), and one independent experiment (study day 14). Degree of interaction; 

significant at p-value <0.05. 

Study 

day 

223Ra 

activity 

(kBq/ml) 

JQ1 

concen-

trations 

Fold change from day 0 

(pre-treatment) 

Interaction 

value 

p-value Statistically 

significant 

synergy 223Ra Drug Drug & 

223Ra 

 

Day 7 

1 100 nM 1.00 1.00 0.40 0.56 <0.001 YES 

2.5 100 nM 0.42 1.00 0.20 0.47 <0.001 YES 

 

Day 12 

1 100 nM 1.00 1.00 1.00 1.02 0.368 NO 

2.5 100 nM 1.00 1.00 0.31 0.71 0.01 YES 

 

Day 14 

       1 100 nM 1.00 1.00 1.00 0.70 0.037 YES 

2.5 100 nM 1.00 1.00 0.21 0.40 <0.001 YES 

 

4.2.2.2 Synergistic effect of AZD5153 and 223Ra in C4-2 spheroids 

The combination treatment of 25 nM AZD5153 and 1 or 2.5 kBq/ml 223Ra reduced the growth rate and the 

cross-sectional area of C4-2 spheroids in comparison with AZD5153 or 223Ra alone measured at on day 7 and 

14 after treatment (Fig. 4.11 A-C). The combination of 25 nM AZD5153 and 1 or 2.5 kBq/ml 223Ra were 

statistically synergistic (CI<1, p< 0.05) compared to mono-treatment (AZD5153 and 223Ra alone) on day 7 or 

14 after treatment (Fig. 4.12 B-C, E-F and Table 4.13), except for the results in one experiment (study day 12) 

in which additive effect (CI=1) upon treatment with 25 nM AZD5153 and 1 kBq/ml of 223Ra were observed 

(Appendix D2 and Table 4.13). An enhanced synergistic response in C4-2 spheroids treated with 25 nM 

AZD5153 in combination with 223Ra was observed at study day 7 and 14 experiments (Fig. 4.12 and Table 

4.13). 
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Figure 4.11: Spheroid growth upon combination treatment with AZD5153 and 223Ra. (A) Cross sectional 

area (mm2) of C4-spheroids, day 7 and 14 after combination treatment with 25 nM AZD5153 and various 

activity of 223Ra. C4-2 cells (500 cells/well) were seeded in 96 well plates and incubated for 5 days to form 

spheroids. Before treatment microscopy images (4x objective) of spheroids were taken, and treated with the 

final concentration 25 nM AZD5153 and incubated for 2-3 h. Further co-treated with of 2.5, 5 or 10 kBq/ml 

of 223Ra for 1 h. Afterwards the spheroids were washed 6 times and the media were replaced with fresh drug-

containing media and incubated for 14 days. Seven days after treatment the media were replaced with fresh 

media twice a week. Six to eleven individual spheroids per treatment condition. Error bars show ± SD of the 

mean of two independent experiments (day 7). Day 14 are from one independent experiment and error bars 

present ±SD within the six to eleven spheroids per treatment condition. (B and C) Bar graphs of cross-sectional 

area (mm2) measured at day 7 and day 14 after treatment as function of activity of 223Ra (kBq/ml).  
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Figure 4.12. Drug interaction for testing synergy of 25 nM AZD5153 and 1 or 2.5 kBq/ml 223Ra in C4-2 

spheroids). (A and D) Interaction values graphs (day 7 and 14 after treatment). (B, C, E, and F) Bar graphs, 

fold change in C4-2 spheroids cross-sectional area after treatment relative to spheroid cross-sectional area at 

day 0 (before treatment) normalized to the control (0, 1% DMSO). Statistical differences were determined by 

statistical Welch’s t-test and p<0,05 were considered statistically significant. Error bars show ±SD of the 

mean of two independent experiments (A-C). (D-F) n= one independent experiment at day 14, error bars 

present ±SD within the six to eleven spheroids per treatment condition. 
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Table 4.13. Summary of interaction values for treatment of C4-2 spheroids with 25 nM AZD5153 

alone or in combination with 223Ra. Mean of two independent experiment (study day 7), one independent 

experiment (study day 12), and one independent experiment (study day 14). Degree of interaction; 

significant at p-value <0.05. 

Study 

day 

  223Ra 

activity 

(kBq/ml) 

AZD5153 

concen-

trations 

Fold change from day 0 

(pre-treatment) 

Interaction 

value 

p-value Statistically 

significant 

synergy 223Ra Drug Drug & 

223Ra 

 

Day 7 

1 25 nM 1.00 1.00 0.32 0.45 <0.001 YES 

2.5 25 nM 0.40 1.00 0.20 0.43 <0.001 YES 

 

Day 12 

1 25 nM 1.00 1.00 0.30 1.00 0.140 NO 

2.5 25 nM 1.00 1.00 0.13 0.42 <0.001 YES 

 

Day 14 

       1       25 nM   1.00  1.10     1.00        0.62 <0.001          YES 

2.5 25 nM 1.00 1.10 0.20 0.34 <0.001 YES 

 

4.2.2.3 Synergistic effect of ENZA and 223Ra in C4-2 spheroids 

Similarly, to the BET inhibitors, 10 µM ENZA in combination with 1 or 2.5 kBq/ml 223Ra, reduced the growth 

and the cross-sectional area of the spheroids compared to mono-treatment (ENZA or 223Ra alone) (Fig. 4.14). 

The combination of 10 µM ENZA and 1 or 2.5 kBq/ml 223R 223Ra were statistically synergistic (CI<1, p< 0.05) 

compared to the expected theoretically calculated additive group at all studied days (day 7, 12 and 14) (Fig. 

4.15, Appendix D3 and Table 4.16). 
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Figure 4.14. Spheroid growth upon combination treatment with ENZA and 223Ra. (A) Cross sectional 

area (mm2) of C4-spheroids, day 7 and 14 after combination treatment with 10 µM ENZA and various 

activity of 223Ra. C4-2 cells (500 cells/well) were seeded in 96 well plates and incubated for 5 days to form 

spheroids. Before treatment microscopy images (4x objective) of spheroids were taken, and treated with the 

final concentration 10 µM ENZA and incubated for 2-3 h. Further, co-treated with 2.5, 5 or 10 kBq/ml of 
223Ra for 1 h. Afterwards the spheroids were washed 6 times and the media were replaced with fresh drug-

containing media and incubated for 14 days. Seven days after treatment the media were replaced with fresh 

media twice a week. Six to eleven individual spheroids per treatment condition. Error bars show ± SD of the 

mean of two independent experiments (day 7). Day 14 are from one independent experiment and error bars 

present ±SD within the six to eleven spheroids per treatment condition. (B and C) Bar graphs of cross-

sectional area (mm2) measured at day 7 and day 14 after treatment as function of activity of 223Ra (kBq/ml). 

 



  RESULTS 
 

52 
 

 

Figure 4.15. Drug interaction for testing synergy of 10 µM ENZA and 1 or 2.5 kBq/ml 223Ra in C4-2 

spheroids). (A and D) Interaction values graphs (day 7 and 14 after treatment). (B, C, E, and F) Bar graphs, 

fold change in C4-2 spheroids cross-sectional area after treatment relative to spheroid cross-sectional area at 

day 0 (before treatment) normalized to the control (0, 1% DMSO). Statistical differences were determined by 

statistical Welch’s t-test and p<0. 05 were considered statistically significant. Error bars show ±SD of the 

mean of two independent experiments (A-C). (D-F) n= 1 independent experiment at day 14, error bars 

present ±SD within the six to eleven spheroids per treatment condition. 
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Table 4.16. Summary of interaction values for treatment of C4-2 spheroids with 10 µM ENZA alone or 

in combination with 223Ra. Mean of two independent experiment (study day 7), one independent experiment 

(study day 12), and one independent experiment (study day 14). Degree of interaction; significant at p-value 

<0.05. 

Study 

day 

  223Ra 

activity 

(kBq/ml) 

ENZA 

concen-

trations 

Fold change from day 0 

(pre-treatment) 

Interaction 

value 

 

p-value 

Statistically 

significant 

synergy 223Ra Drug Drug & 

223Ra 

 

   Day 7 

1 10 µM 1.00 1.12 0.40 0.42 <0.001 YES 

2.5 10 µM 0.50 1.12 0.40 0.32 <0.001 YES 

 

Day 12 

1      10 µM 1.00 0.50 0.30 0.22 <0.001 YES 

2.5 10 µM 1.00 0.50 0.13 0.13 <0.001 YES 

 

Day 14 

      1 10 µM 1.00 1.10 0.20 0.20 <0.001 YES 

2.5 10 µM 1.00 1.10 0.05 0.10 <0.001 YES 

 

4.3 Response of C4-2 spheroids to AZD5153 with 177Lu-PSMA-617 treatment  

AZD5153 was combined with 177Lu-PSMA-617 in C4-2 spheroids (Fig. 4.17). The activities of 2.5 and 5 

MBq/ml 177Lu-PSMA- were toxic and resulted in inhibition of growth rate of spheroids and thus cross-

sectional area were smaller (Fig 4.17 A). Therefore, no interaction value graphs for the combined effect of 

AZD5153 and 177Lu-PSMA-617 at these activities were not presented. 

4.3.1 Synergistic effect of AZD5153 and 177Lu-PSMA-617 in C4-2 spheroids 

Combination of 25 nM AZD5153 and 0. 5 or 1 MBq/ml 177Lu-PSMA-617 on C4-2-spheroids showed 

notably reduced cross-sectional area compared to mono-treatment (AZD5153 or 177Lu-PSMA-617 alone) 

(Fig. 4.17 A). The combination effect of 25 nM AZD5153 and 0. 5 or 1 MBq/ml 177Lu-PSMA-617 22 days 

after treatment were statistically synergistic (CI<1 and p< 0.05) compared to the expected theoretically 

calculated additive group (Fig. 4.17 B-D).  
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Figure 4.17. Spheroid growth upon combination treatment with AZD5153 and 177Lu-PSMA-617 A) 

Measured cross-sectional area (mm2) upon treatment with 25 nM AZD5153 and 0.5,1,2.5 or 5 MBq/ml of 
177Lu-PSMA-617at day 22 after treatment. Five hundred cells/well were seeded in 96 well plates and 

incubated for 5 days to form spheroids. Before treatment (day 0), microscopy images (4x objective) of 

spheroids were taken, and treated with final concentration 25 nM AZD5153 and incubated for 2-3 h, 

followed by co-treatment with 0.5,1,2.5 or 5 MBq/ml of 177Lu-PSMA-617. Afterwards the spheroids were 

washed 6 times and the media were replaced with fresh drug-containing media and incubated for 22 days. 

The media from each well were replaced with fresh drug-containing media and incubated further. Seven days 

after treatment the media were replaced with fresh media twice a week. Error bars present ±SD within the 

two to three spheroids per treatment condition. (B) Drug interaction for testing synergy of 25 nM AZD5153 

and 0.5 or 1 MBq/ml 177Lu-PSMA-617. (C and D) Bar graphs, fold change in C4-2 spheroids cross-sectional 

area after treatment relative to spheroid cross-sectional area at day 0 (before treatment) normalized to the 

control (0. 1% DMSO). Statistical differences were determined by statistical Welch’s t-test and p<0. 05 were 

considered statistically significant.  
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Table 4.18. Summary of interaction values for treatment of C4-2 spheroids with 25 nM AZD5153 

alone or in combination with 177Lu-PSMA-617. n=1 independent experiment (study day 22). Degree of 

interaction; significant at p-value <0.05. 

Study 

day 

177Lu-

PSMA  

activity 

(kBq/ml) 

AZD5153 

concen-

trations 

Fold change from day 0 

(pre-treatment) 

Interaction 

value 

p-value Statistically 

significant 

synergy 177Lu- 

PSMA            

 Drug Drug & 

177Lu-

PSMA 

   

Day 22 

0.5 25 nM 0.60 0.40 0.10 0.30 0.009 YES 

1 25 nM 0.50 0 .40 0.04 0.25 0.005 YES 

 

4.4 Survival of C4-2 cells treated with BET or AR inhibitors in combination with 223Ra 

To determine the 223Ra activity to use further in flow cytometry experiments C4-2 cells were treated with 250 

nM JQ1, 50 nM AZD5153 or 10 µM ENZA in combination with varying activities of 223Ra and cell survival 

was assayed using MTT assay (Fig. 4.19). The treatment of C4-2 cells with increasing activities of 223Ra 

alone or in combination with the various drugs led to decreased cell survival fraction (Fig. 4.19). Any 

significant effect was observed in this experiment. The following activities 2.5, 5 and 10 kBq/ml 223Ra were 

selected for flow cytometry analysis, since 25 kBq/ml 223Ra reduced cell survival by 75%, thus this activity 

was not selected (Fig.4.19) 

 

Figure 4.19. Cell survival curves measured by MTT assay for C4-2 cells treated with increasing activity 

of 223Ra alone (black) or in combination with 250 nM JQ1 (red), 50 nM AZD5153 (blue) or 10 µM ENZA 

(green). Thousand cells per well were seeded in 96-well plates, after 24 h incubation, the medium in each well 

was replaced with drug-containing media, cells were treated with 250 nM JQ1, 50 nM AZD5153 or 10 µM 

ENZA for 2 h, followed by 1 h treatment with 0, 2.5, 5, 10 or 25 kBq/ml 223Ra. Afterwards the media were 

replaced with fresh drug-containing media. Survival fraction is normalized to the control (0.1 % DMSO). Error 

bars show ±SD for three parallels used per treatment group, and n= one independent experiment. 
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4.5 Flow cytometry analysis of C4-2 cells growing in monolayer treated with BET or AR 

inhibitors and 223-Ra 

Flow cytometry analysis was performed to detect apoptotic and necrotic cells, DNA damage and the cell 

cycle analysis distribution in C4-2 cells treated with BET or AR inhibitors alone or in combination with 

223Ra.The C4-2 cells were treated with 250 nM JQ1, 50 nM AZD5153 or 10 µM ENZA alone or with 2.5, 5   

or 10 kBq/ml 223Ra for 1 h, and then 223Ra were removed and further incubated again with 250 nM JQ1, 50 

nM AZD5153 or 10 µM ENZA for 72 h prior to flow cytometry analysis. This time point of 72 h was based 

on the results from MTT and CellTiter-Glo cell viability assays (Fig.4.1 I-K). Necrotic PI-stained and 

Annexin V-FITC stained cells were gated (Fig. 4.20 A). The treated groups did not differ from the control. 

Over 87 % of the cells were still viable in all groups.  

. 

 

 

A. 

B. 
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Figure 4.20. Flow cytometry analysis of apoptosis in C4-2 cells upon combination treatment between 

JQ1, AZD5153 or ENZA with different activities of 223Ra. Cells were plated at a density of 0.5 ×106 or 1 

×106 in 25cm2 flasks (1 flask per group), after 24 h incubation, the medium in each flask was replaced with 

drug-containing media, and cells were incubated for 2 h with 250 nM JQ1, 50 nM AZD5153 or 10 µM 

ENZA, followed by 1 h co-treatment with 2.5, 5 or 10 kBq/ml 223Ra. Afterwards the media were replaced 

with fresh drug-containing media and incubated for 72 h. (A) the percentage of apoptotic and necrotic cells 

as analyzed by flow cytometry after treatment. The necrotic cells are shown in quadrant Q1, late 

apoptosis/dead cells are shown in upper right quadrant Q2, apoptotic cells is shown in lower right quadrant 

Q3 and viable cells is shown in lower left quadrant Q4. (B) The data are presented as the means of two 

independent experiments. A statistical ANOVA test run (p>0.05), except for combination of ENZA and 10 

kBq/ml 223Ra compared to the control group (p<0.05).  

 

 

The cell cycle distribution (Fig. 4.21) under the same conditions was analyzed. The combination treatments 

altered the cell cycle status of the cells, in which the reduction of the population of cells in synthesis (S) was 

observed. However, statistical analysis ANOVA run, showed no statistically significant difference (p>0.05) 

between the cell cycle phases of the groups that were treated with a combination of 250 nM JQ1, 50 nM 

AZD5153 or 10 µM ENZA and 10 kBq/ml 223Ra and the control groups. The percentage of cells in the M 

phase was reduced significantly in the combination of BET inhibitors and 223Ra treated cell groups, but not 

for ENZA, compared to the control groups (drugs or 223Ra alone) (Fig.4.21 B and C). The reduction of cells 

in the cell cycle phase, despite no significant increase of apoptotic cells detected, might indicate that the cells 

are not proliferating properly when treated with combination treatment.  

A. 
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B. 
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Figure 4.21. Cell cycle distribution of C4-2 cells 72 h after treatment with BET or AR inhibitors alone 

or in combination with 223Ra. Cells were plated at a density of 0.5 ×106 or 1 ×106 in 25cm2 flasks (1 flask 

each treatment group), after 24 h incubation, the media in each flask was replaced with drug-containing 

media, cells were treated with 250 nM JQ1, 50 nM AZD5153 or 10 µM ENZA for 2 h, followed by 1 h co-

treatment with 2.5, or 10 kBq/ml of 223Ra, then incubated for 72 h, followed by harvesting cells and 

incubated with eFluor 450 dye(staining dead cells) for 30 minutes, then  fixed with 100% ice-cold methanol. 

Fixed cells were washed with PBST and centrifuged. Then cells were incubated with primary antibodies, 

rabbit anti-phospho Ser10 Histone H3 and anti-phospho-Histone H2A.X (Ser139) for 60 minutes at room 

temperature. In addition, RNase enzyme was added. After washing with PBST and centrifugation, the cells 

were incubated with secondary antibodies Alexa FluorTM 647 donkey anti-rabbit IgG (H+l) and polyclonal 

goat anti-mouse IgG for 30 minutes at room temperature. Finally, after washing with PBST, cells were 

stained with PI in PBST/BSA for 30 minutes and DNA damage content analysis using flow cytometry were 

performed. A statistical ANOVA test run (p>0, 05). (A) DNA content (PI stain) and cell cycle analysis 

frequency histogram. In the upper row the control sample (0.1% DMSO) is presented in the left panel and 

the samples for 250 nM JQ1, 50 nM AZD5153 and 10 µM ENZA alone are shown to the right. In the lower 

row the cell sample exposed to 10 kBq/ml 223Ra only is presented in the left panel and the three samples 

subjected to the combination of 10 kBq/ml 223Ra and the corresponding compounds are shown to the right. 

(B) Cell cycle profiles as the function of treatment groups,error bars show ±SD from two independent 

experiments each with two parallels. (C) Population of cell in the M phase. DNA content (PI stain) is plotted 

against pH3 (AF647 stain), In the upper row the control sample (0.1% DMSO) is presented in the left panel 

and the samples for 250 nM JQ1, 50 nM AZD5153 and 10 µM ENZA alone are shown to the right. In the 

lower row the cell sample exposed to 10 kBq/ml 223Ra only is presented in the left panel and the three 

samples subjected to the combination of 10 kBq/ml 223Ra and the corresponding drugs are shown to the right.  

 

The treatments have not induced significant DNA damage (Fig.4.22). An increased percentage of DNA 

damage was observed in the samples treated with a combination of 250 nM JQ1, 50 nM AZD5153 or 10 µM 

ENZA in combination with 10 kBq/ml 223Ra (Fig. 4.22).  

C. 
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Figure 4.22. DNA damage detection of C4-2 cells 72 h after treatment with BET or androgen receptor 

inhibitors alone or in combination with 223Ra. DNA content (PI stain) is plotted against γ -H2AX 

(FITC stain). The C4-2 cells were plated at a density of 0.5 × 106 or 1 ×106 in 25cm2 flasks (1 flask per 

group), after 24 h incubation, the media in each flask was replaced with drug-containing media, cells were 

treated with 250 nM JQ1, 50 nM AZD5153 or 10 µM ENZA for 2 h, followed by 1 h co-treatment with 2.5, 

or 10 kBq/ml of 223Ra, then incubated for 72 h, followed by harvesting cells and incubated with eFluor 450 

dye(staining dead cells) for 30 minutes, then  fixed with 100% ice-cold methanol. Fixed cells were washed 

with PBST and centrifuged. Then cells were incubated with primary antibodies, rabbit anti-phospho Ser10 

Histone H3 and anti-phospho-Histone H2A.X (Ser139) for 60 minutes at room temperature. In addition, 

RNase enzyme was added. After washing with PBST and centrifugation, the cells were incubated with 

secondary antibodies Alexa FluorTM 647 donkey anti-rabbit IgG (H+l) and polyclonal goat anti-mouse IgG 

for 30 minutes at room temperature. Finally, after washing with PBST, cells were stained with PI in 

PBST/BSA for 30 minutes and DNA damage content analysis using flow cytometry were performed. In the 

upper row the control sample (0.1% DMSO) is presented in the left panel and the samples for 250 nM JQ1, 

50 nM AZD5153 and 10 µM ENZA alone are shown to the right. In the lower row the cell sample exposed 

to 10 kBq/ml 223Ra only is presented in the left panel and the three samples subjected to the combination of 

10 kBq/ml 223Ra and the corresponding drugs are shown to the right. Results presented are from one 

independent experiment.
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5   DISCUSSION 

This study was the first to assess the effects of combination therapy of BET, JQ1 or AZD5153 or AR ENZA 

inhibitor with α-emitting 223Ra (Xofigo) targeting bone metastases or ẞ-emitting 177Lu-PSMA-617 targeting 

PSMA in C4-2 cells growing in monolayers and multicellular spheroids. This chapter provides a detailed 

discussion based on the obtained results (Chapter 4).   

The second-generation AR inhibitor ENZA is used for the treatment of both castrate sensitive and castrate 

resistant prostate cancer (160, 161). ENZA prolong patient survival for some time until resistance develops in 

nearly all patients (162, 163). Disease progression correlates with rising PSA levels, indicating continued AR 

signaling and highlighting the need for additional therapies. The epigenetic drugs JQ1 is a molecular test probe 

used as a research tool to investigate the inhibition of three important BET proteins (BRD4, BRD3, BRD2, 

and BRDT) (164). AZD5153 (BRD4 inhibitor) (134, 135) a lead compound from AstraZeneca, at the moment 

is in a phase 1 clinical trial for several solid tumors including prostate cancer (165). 

Despite several novel therapeutic options, CRPC remains highly lethal (2, 166). CRPC is very heterogeneous 

diseases (2, 166),and the survival benefits of the available drugs account for roughly few months (Table 1.2), 

suggesting that monotherapies are not sufficient and that combinatory approaches for CRPC are urgently 

needed.  

Bromodomain containing proteins have been explored as drug targets (126) and clinical trials (167, 168) are 

determining the efficacy of some BET inhibitors such as ZEN-3964 alone or in combination with ENZA in 

CRPC patients. 

Clinical trials have already shown effects of use of radiopharmaceuticals 223Ra or 177Lu-PSMA-617 on 

mCRPC patients and trials combining ENZA with these radiopharmaceuticals are ongoing (169, 170). In 

depth molecular studies are not found in the literature. Therefore, the determination of the effects of BET and 

AR inhibitors in combination with radiopharmaceuticals against CRPC may be synergistic. 

 

5.1 Targeting BET or AR decrease viability of C4-2 cells growing in monolayers and inhibits 

proliferation of C4-2 spheorids  

Several studies have been investigating the potential of BET inhibitors, mostly utilizing JQ1(171). Various 

AR positive CRPC cell lines have shown to be sensitive to JQ1 (172). In this study, the effect of JQ1 and 

AZD5153 in C4-2 cells, which is an AR positive prostate cancer cell line, was investigated in 2D (Fig. 4.1) 

and 3D (Fig.4.3 and 4.4) models. In 2D monolayers, C4-2 cells treated for 3 days with JQ1 or AZD5153, but 

not with ENZA, showed a reduction in metabolic activity, as assessed by the MTT assay, and a reduction in 

ATP quantity, as assessed by the CellTiter assay (Fig.4.1). The clonogenic assay has demonstrated the 

decreased capacity of cells to proliferate and establish colonies, but under microscope many surviving single 

C4-2 cells were observed at the end of the experiment (data not shown). These results are in accordance with 

previous studies on the effect of JQ1 or AZD5153 on prostate cell growth in vitro and in vivo (135, 173). The 

obtained results show that the BET and AR inhibitors at used concentrations and incubations times have 
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reduced cell proliferation. However, the reliable data are missing regarding cytotoxicity. Zhao et al. have 

demonstrated that the cell viability of C4-2 cells treated with DMSO measured by MTS assay (measures 

metabolic activity and it is similar to the MTT assay) increased from day 1 to 5, but remained static when 

treated with 10 μM ENZA (174). They concluded that ENZA was not cytotoxic, but cytostatic, to C4-2 

CRPC cells and that C4-2 CRPC cells are resistant to ENZA (174). Their results are in agreement with the 

results obtained in this study when the viability of C4-2 cells treated with ENZA was measured by the MTT 

and CellTiter assays (Fig.4.1).  

 Growth rate of the spheroids upon treatment were evaluated by following the morphological changes and 

size increase until day 21-24. The doubling times of the C4-2 spheroids treated with increased concentration 

of JQ1 and AZD5153 increased, while the doubling time of the spheroids treated with ENZA was around 10-

12 days at increasing concentrations (Fig.4.4 G). The spheroids treated with the highest concentrations of 

BET or AR inhibitors had viable cells (Fig.4.3 F-H), as indicated by FDA stain, and necrotic, as indicated by 

PI staining. In a prostate cancer patient-derived, 3D spheroid culture model (tissue sample obtained from 

radical prostatectomy specimen of prostate cancer patients) study by Johannes Linxweiler et.al, a similar 

reduction of spheroids viability upon treatment with 200 µM ENZA were consistently observed compared to 

untreated controls(175). JQ1 has previously in breast cancer cell lines shown to reduce spheroid growth 

(176), however no studies on the effect of JQ1 or AZD5153 on prostate cancer spheroid in vitro model were 

found upon searching on databases, including PubMed, Google Scholar  and Scopus.  

The shrinkage or disintegration of spheroids treated with BET or AR inhibitors was not observed (Fig.4.3 B-

D), while at day 21-24 the spheroids in the control group were so big, that they started to disintegrate (Fig. 

4.3 B-D and F-H). The control group and ENZA group spheroids had viable layer and necrotic core in the 

spheroids at day 24 (Fig. 4.3 F-H). 

The treatment with ENZA was not responsible for the necrotic core. The limitation of nutrition and oxygen are 

responsible for necrotic core in bigger spheroids. Based on the results (Fig. 4.3 D and H) a concentration of 10 

µM ENZA, were selected for further combination experiments, since a higher concentration of the drug, do 

not inhibit spheroid growth significantly. 

 

5.2 BET or AR inhibitors in combination with 223-Ra 

ENZA in combination with other agents, such as ADT, docetaxel or 223Ra, has been studied earlier (177-

179). Several clinical trials have demonstrated that patients treated with concomitant ENZA and 223Ra 

showed a survival benefit (179). However, no preclinical studies combining ENZA with 223Ra or 

combination of the BET inhibitors with 223Ra or 177Lu-PSMA-617 on C4-2 prostate cancer cells have been 

explored before this thesis to our knowledge.  

The non-overlapping mechanisms of action between BET or AR inhibitors and 223Ra against cancer cells, 

provides a rational for combination treatments (140, 180). The two different culture methods were chosen to 

determine the effect of combination treatment in both methods. The microenvironment of spheroids more 
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closely mimics that of tumors in vivo, making it superior to the monolayer culture model (2D)  (181). Here, 

the response of spheroids (established from C4-2 PC cell line) showed additive or synergistic effect to 

combination treatment BET or AR inhibitors and radiopharmaceuticals as evaluated in terms of spheroid 

growth. It can be speculated that radiation-induced bystander effects or crossfire effects (allowing irradiation 

of non-targeted cells) is more likely to occur in spheroid model than in cells grown in monolayer, since in 

spheroids the cells are close and in gap junction communication with each other, explaining the stronger 

response upon exposure to the radionuclide. The combination of JQ1 with 223Ra resulted in synergistic effect 

in C4-2 spheroids as assessed by slower growth in spheroids treated with a combination of JQ1 and 223Ra 

compared to the compounds alone (Fig 4.8-4.9). A synergistic combined effect of AZD5153 and 223Ra were 

also observed in C4-2 spheroids (4.11-4.12). Synergistic effect was observed when ENZA was used in 

combination with 223Ra in C4-2 spheroids (4.14-4.15). As 223Ra have shown to exhibit a dual targeting mode-

of-action; inducing tumor growth suppression and inhibition of tumor-induced pathological bone alteration 

in preclinical prostate cancer models (182). The natural bone seeking radiopharmaceutical, 223Ra have a half-

life of 11.4 days, decay by predominantly emitting α-particles (high LET), causing localized cytotoxicity 

through DNA DSBs (140). Thus the combination of DNA double strand breaks caused by 223Ra and the 

inhibition of AR signaling pathway through the AR inhibitor (ENZA) or the inhibition of BRD4 by JQ1 or 

AZD5153, which generally binds to acetylated histones, recruits RNA polymerase II (183), and have been 

implicated in participating in the DNA damage response(25) entails a stronger effect on C4-2 spheroids than 

that can be achieved by treatment of these compounds alone, as we observed in this study.  

In monolayer cell survival experiments a consistent trend of additivity or synergy between the tested 

combinations treatments were observed (Fig.4). However, three experiments with different drug 

concentrations gave different results. The impact on the sublethal effect for the different compounds alone 

varied from combination experiment to experiment and did not behave as in mono-treatment experiments 

(Fig 4.1). In mono-treatments the C4-2 cells grew into colonies and C4-2 cells adhered nicely to the bottom 

of the 25cm2 culture flasks, which indicate that there was not any adhesion issue when C4-2 cells were 

exposed to the drugs alone, as a study done by Andrew D.Woods et.al, has shown that AZD5153 has an anti-

adhesion activity (184). The altered adhesion of C4-2 cells by AZD5153 treatment may be responsible for 

the high standard deviations observed in mono-treatment (Fig.4.6). A possible cause for this variation upon 

combination treatments may be also that the combination experiments consist of many removing of the 

media steps that might have caused removal of cells in the process as a result of their weak adherence to the 

bottom of the flasks.  

Different drug concentrations were used in independent combinational experiments, as a result of the big 

variation of concentrations of the drugs to obtain the same SF on mono-treatment experiments (Fig. 4.1 and 

Table 4.2). 
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The cell viability assays used to select a final concentration for combination treatments, are based on various 

cellular measurements (described in detail in Chapter 3.3 Materials and Methods). MTT measuring formazan 

produced by viable cells only and CellTiter assay measuring ATP, while clonogenic assay are based on cells 

ability to grow into colonies which happens only if the DNA of the cells are not damaged or the cell had the 

ability to repair the damage, for this reason various drug concentrations among the cell viability assays were 

obtained to result in the same percentage of cell survival fractions. A higher concentration is needed to 

reduce the survival fraction detected by MTT and CellTiter assays, while a lower concentration is needed to 

demonstrate clonogenicty of the cells to treatment.  

5.3 AZD5153 in combination with 177-Lu PSMA 

When C4-2 spheroids were treated with a combination of AZD5153 and 177Lu-PSMA-617, strong synergism 

was observed. The spheroid growth was slower in spheroids treated with a combination of AZD5153 and 

177Lu-PSMA-617 compared to AZD5153 or 177Lu-PSMA-617 alone (Fig.4.17). Tumor targeting 177Lu-

PSMA-617, binds to PSMA receptors on targeted cells, is internalized and emits ẞ-particle with a maximum 

energy of 497 keV and a soft –tissue path length of 1, 5 mm, resulting in cell damage. This 

radiopharmaceutical is currently being tested in phase 3 trials for treating patients with mCRPC (92, 107). 

The enhanced response observed in C4-2 spheroids treated with a combination of AZD5153 and 177Lu-

PSMA-617, might be due to the inhibition of BRD4 that might result in sensitizing the cells to radiation. 

Since, BRD4 has shown to maintain chromatin in an open and accessible state (126), the inhibition of BRD4 

by AZD5153 might result in sensitizing the cells to radiation. Additionally, overexpression of AR  has been 

shown to drive genome-wide chromatin relaxation (126), which might contribute to the counteracting effect 

of AZD5153 with radiation from 177Lu-PSMA-617. The spheroids were evaluated at day 7, 14 and 21, 

however due to technical problems, involving damaged hard disk and microscopy computer not responding, 

I was only able to present the data from day 22.  

5.4 Combination treatment effect on apoptosis, DNA damage and cell cycle distribution 

Although strong significant synergistic effect was observed upon combination treatment of C4-2 spheroids 

with JQ1, AZD5153 or ENZA and 223Ra, the combination of these treatment had no impact on DNA damage 

and the number of apoptotic cells as measured by flow after 72 hours after treatment (Figs. 4.20 and 4.21). 

The treated cells had the same viability as untreated cells (Fig. 4.20). Previous studies have addressed that 

the BET inhibitors alone reduce proliferation, induce apoptosis and cell cycle arrest, hamper DNA damage 

repair through several distinct mechanisms in prostate cancer cells (135, 185) (164, 186-188). In the present 

study no treatment was able to induce apoptosis (87-95% of the total cells were viable in all groups) or DNA 

damage. However, the reduced number of mitotic cells and cell number in S and G2 phases were observed in 

combination groups (Fig. 4.21 A-C), which show that proliferation of the C4-2 cells were reduced. Flow 

cytometry analysis was performed 3 days (72 h) based on MTT and CellTiter assays (Fig. 4.2), which might 

be indeed too early to assess such alterations in cell cycle distribution or increase in apoptosis after 

treatment. If this analysis would be done after 7 days with higher activities and incubation times of 
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radiopharmaceuticals and higher concentrations of BET or AR inhibitors an even stronger effects could be 

obtained. The results from the apoptosis analyses align with that of the spheroid growth or cell proliferation, 

as the cells within the spheroids treated with even high concentrations of the same compounds are still viable 

(Fig. 4.7), suggesting that the combined effect of these compounds is rather cytostatic than cytotoxic at these 

concentrations. 

Limitations of this study:  

I have shown here that BET or AR inhibition synergizes with radiopharmaceuticals to reduce growth of 

multicellular C4-2 spheroids, but the obtained results in C4-2 cells growing in monolayers were conflicting 

and no conclusion can be drawn. 

The mechanisms underlying this synergistic effect in multicellular spheroids and discrepancy between 2D 

and 3D results have not been studied, understood and explained properly. The C4-2 cells growing in 

monolayer culture and the same cells growing in spheroids behave differently. Proliferation studies of the 

cells treated with BET or AR inhibitors and radiopharmaceuticals were not performed due to radiation safety 

requirements for radionuclide laboratories. A type C laboratory is intended for the handling of low activities 

(maximum 1 MBq 223Ra and 100 MBq 177Lu). The cell proliferation can be measured in 96 well plates using 

IncuCyte® Systems for live-cell imaging and analysis. Unfortunately, these plates with radioactive cells 

cannot be moved to other laboratories. The effects of combinational therapies on cell migration capability 

(Scratch assay) or apoptosis (cleaved-PARP by Western blot) at studied concentrations and activities drugs 

have not been observed due to absence of the synergistic effects in 2D models (MTT assay, flow cytometry 

assay).  
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6   CONCLUSIONS 
The overall aim of this thesis was to study the combined effect of BET, JQ1 and AZD5153, or AR, ENZA, 

inhibitors with radiopharmaceuticals, 223Ra and 177Lu-PSMA-617 in CRPC C4-2 cell line. Cell monolayer 

and multicellular spheroids culture models in C4-2 cells were used to study. The combination of 0-25 

kBq/ml 223Ra with 0-250 nM JQ1, 0- 50 nM AZD51653 or 0- 10 µM ENZA.JQ1, AZD5153 and ENZA 

resulted in synergistic interactions in multicellular spheroids with 223Ra. AZD5153 combined synergistically 

with 177Lu-PSMA-617 in in C4-2 spheroids.  

The survival fractions obtained in cells growing in monolayer, although showed a similar trend toward 

synergism, remain controversial ue to conflicting results obtained in different experiments. This is possibly 

caused by technical issues and needs further investigations. The use of 3D culture method, despite being time 

consuming, are a reliable and representative in vitro culture model for experiments in drugs combinations 

with radionuclides. The potentially enhanced effects of the treatment combinations investigated here are 

possibly due to increased chance of radiation-induced bystander or cross-fire effect, which, in turn, enhances 

the effect of radiation induced cell damage while mimicking the scenario within the tumor.  

In conclusion, it has been demonstrated that the combination treatment of JQ1, AZD5153 or ENZA and 

223Ra or AZD5153 and177Lu-PSMA-617 induced synergistic inhibition of C4-2 spheroids growth rate. These 

preclinical results can help in optimizing future preclinical studies in mice. These results show that the 

combination treatment of BET or AR inhibitors and radiopharmaceuticals is a potential treatment for 

mCRPC patients. 
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7 FUTURE PERSPECTIVES 

The combination of 223Ra and ENZA is already in randomized phase III trial in mCRPC but the molecular 

rational for such combination in the clinic is still elusive. Combination of 223Ra and ENZA showed 

significant synergy in the work done in this master’s thesis in 3D culture model. Therefore additional 

mechanistic studies using these models and methods are granted.  

In addition, our study was the first one to combine radiopharmaceutical agents with BET inhibitors. This 

preclinical in vitro study reveals the potential of combining radiopharmaceuticals with BET or AR inhibitors 

to enhance the therapeutic effect of the drugs for PC treatment. 

Additional experiments will be performed to understand the enhancing effect on prostate cancer cell line in 

3D model. A natural continuation of this work in animal studies to validate the results from this study might 

be worth pursuing. Investigation using these radiopharmaceuticals in combination with BET or AR inhibitors 

in clonogenic assay (2D model) should be repeated also using other prostate cancer cell line models, and 

completed using higher concentrations of the drugs, since I found conflicting results at the tested doses with 

the clonogenic assay. Because of the limited time and unavailability of 177Lu-PSMA-617, the experiment 

with such compound was performed only once, therefore this should also be repeated at least two more times 

to be more reliable . In addition, the results of the treatment combinations were much clearer in the spheroids 

than in cell monolayer (2D), which should also be repeated. Flow cytometry analysis for detection of 

apoptosis and DNA damage experiments should be performed also with spheroids and the analyses 

performed at multiple time points.  

Further, mechanistic studies should be performed to elucidate the consequences of the treatment 

combinations at the molecular level, for instance by performing chromatin immunoprecipitation analysis 

with the inhibited BET proteins, or determining DNA damage markers such as ɣH2AX foci upon treatment. 
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APPENDIX 
 

Appendix A: Materials  

Reagents 

Reagents Company Catalog number/ID 

0.4% methylene Thermo Fisher 15250061 

177Lu Cl3 dissolved in diluted ITG,Garching, Germany  

95% ethanol Antibac As  

Agarose, type I Sigma Aldrich A6013-250G 

Alexa Fluor 647 donkey anti-

rabbit IgG (H+L) 

Thermo Fisher A-31573 

Annexin V-FITC ImmunoTools 31490013 

Anti-phosfo Histone H3 

(Ser10), Mitosis Marker 

Merck 06-570 

Anti-phospho-Histone H2A.X 

(Ser139), clone JBW301 

Merck 05-636 

BET inhibitor AZD5153 Cayman Chemical 20864 

BET inhibitor JQ1 Sigma Aldrich SML0974 

Bovine Serum Albumin (BSA) Sigma Aldrich A6003 

CellTiter-Glo reagent Promega G7570 

Dimethyl sulfoxide (DMSO) Sigma Aldrich D5879-500ML 

DPBS without Ca&Mg Sigma Aldrich D8537-500ML 

Dulbecco’s Phosphate 

Buffered Saline (DPBS) with 

Ca&Mg 

Sigma Aldrich D8662-500ML 

eFluor 450 Thermo Fisher 65-0863 

Enzalutamide Cayman Chemical 1159 

Fluorescein Diacetate (FDA) Sigma Aldrich F7378 

Heat Inactivated Fetal Bovine 

Serum (FBS) 

Thermo Fisher 10500-056 

 

Instant thin layer 

chromatography strips 

Tec-control, Biodex Instant thin layer 

chromatography strips 

MTT powder Sigma Aldrich 135038-500MG 

NaCl 0.9% B Braun 10258674 

Penicillin streptomycin (PS) Thermo Fisher 15140-122 

Polyclonal Goat Anti-Mouse 

Immunoglobulin/FTC Goat F 

(ab’)2 

Dako F0479 

 

Propidium iodide (PI) Sigma Aldrich P4170 

PSMA-617 ligand MedKoo  
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PureLink™ RNase A Thermo Fisher 1209102 

RPMI medium 1640 Sigma Aldrich R8758 

Trypsin EDTA-solution Sigma Aldrich T3924 

Tween-20 PBST Sigma Aldrich P5927 

 

 Cell line 

Name Origin Culturing medium 

C4-2 Human prostate cancer LNCaP 

cells grown in xenograft tumor 

of castrated nude mice 

RPMI-1640 

 

Equipments 

Equipment/instrument type Manufacturer Catalog number/REF 

0.22µm Filter  MILLEX-GV SLGV004SL 

96 white well plate COSTAR  

Corning®cell culture Flask, 175 ml 

 

Thermo Fisher 159910 

Corning®cell culture Flask, 25ml Thermo Fisher 156367 

Corning®cell culture Flask, 75 ml Thermo Fisher 156499 

Eppendorf tubes Eppendorf AG E164255R 

Needles BD Microlance  

Serological pipette 10 ml SARSTEDT  86.1254.001 

Serological pipette 25 ml SARSTEDT 86.1685.001 

Serological pipette 5 ml SARSTEDT 86.1253.001 

Syringe 1 ml Terumo SS+01T1 

Test Tube Soda Glass VWR 212-0013 

Transparent 96-well flat-bottomed 

plate  

(Nunclon™ Delta Surface, Thermo 

Scientific 

167008 

Tube 15 ml SARSTEDT 62.553.542 

Tube 50 ml SARSTEDT 62.559.001 
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Instruments 

Name Company 

Axiovert 200m Inverted Fluorescence Motorized 

Microscope  

Carl Zeiss  

Centrifuge Eppendorf AG 

COBRA™ II AUTO-GAMMA Packard 

Cooking plate with stirring magnet IKA 

CountessTM II Automated cell Counter Thermo Fisher 

CytoFlex Beckman Colulter Life Sciences 

Ice machine PORKA 

Incubator Forma Scientific 

Olympus Ck-40 Inverted microscope OLYMPUS OPTICAL CO.LTD 

RADEYE B20 Thermo Fisher 

Spark multimode reader  Tecan 

Water bath Grant 

 

Appendix B: Microscopy images of spheroids after treatment with various concentrations of BET or 

AR inhibitors. 
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Figure B1. Growth of C4-2 spheroids after the treatment with DMSO, BET or AR inhibitors. Time-

lapse representative bright-field microscopy images of C4-2 spheroids day 3, 7,14 and 21after treated with of  

DMSO (A), JQ1 (B), AZD5153 (C) or ENZA (D) in increasing concentrations. Five hundred cells per well 

were seeded in 96 well plates and incubated for 5 days for spheroids to form. Further images (objective 4x) 

of spheroids were taken before treatment (day 0), and spheroids were incubated with varying concentrations 

of DMSO, JQ1, AZD5153 or ENZA and incubated for 21-24 days. Seven days after treatment the media 

were replaced twice per week. Followed treatment spheroid images were taken of the same spheroid at day 3, 

7, 14 and 21. The scale bar is 200 µm. N is one independent experiment. 

Appendix C: C4-2 cells growing in monolayer treated with BET or AR inhibitors in combination with 
223Ra. 

 

Figure C1. Number of colonies counted of C4-2 cells after treatment with BET or AR inhibitors in 

combination with various activities (kBq/ml) of 223Ra. Thousand cells per 5 ml were subcultered in 25cm2 

flasks (2 technical replicates per treatment group). After 24 h incubation, the media in each flask was 
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replaced with 5 ml drug-containing media. The cells were treated with 25 nM JQ1, 6.25 nM AZD5153, or 

1.25 µM ENZA, for 2 h, followed by 1 h co-treatment with 1,2.5, 5 or 10 kBq/ml 223Ra. Further the media 

were replaced with fresh drug-containing media and incubated for cells to grow into colonies. N= one 

independent experiment.  

 

Figure C2. Number of colonies counted after exposure of C4-2 cells with BET or AR inhibitors in 

combination with various activities (kBq/ml) of 223Ra. Thousand cells per 5 ml were subcultered in 25cm2 

flasks (2 technical replicates per treatment group). After 24 h incubation, the media in each flask was 

replaced with 5 ml drug-containing media. The cells were treated with 50 nM JQ1, 25 nM AZD5153, or 10 

µM ENZA, for 2 h, followed by 1 h co-treatment with 1,2.5, 5 or 10 kBq/ml 223Ra. Further the media were 

replaced with fresh drug-containing media and incubated for 10-14 days cells to grow into colonies. N= one 

independent experiment.  

 

Figure C3. Number of colonies counted after exposure of C4-2 cells with BET or AR inhibitors in 

combination with various activities (kBq/ml) of 223Ra. Thousand cells per 5 ml were subcultered in 25cm2 

flasks (3 tecknical replicates per treatment group). After 24 h incubation, the media in each flask was 

replaced with 5 ml drug-containing media. The cells were treated with 50 nM JQ1, 10 nM AZD5153, or 10 

µM ENZA, for 2 h, followed by 1 h co-treatment with 1,2.5, 5 or 10 kBq/ml 223Ra. Further the media were 

replaced with fresh drug-containing media and incubated for 10-14 days cells to grow into colonies. Error 

bars show ±SD of the three replicates per treamtent-N= one independent experiment.  
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Appendix D: Response of C4-2 spheroids to BET or AR inhibitors in combination with 223Ra  

 

Figure D1: Spheroid growth upon combination treatment with JQ1 and 223Ra. (A) Cross sectional area 

(mm2) of C4-spheroids, day 12 after combination treatment with 100 nM JQ1 and various activities of 223Ra. 

C4-2 cells (500 cells/well) were seeded in 96 well plates and incubated for 5 days to form spheroids. Before 

treatment microscopy images (4x objective) of spheroids were taken, and treated with the final concentration 

100 nM JQ1 and incubated for 2-3 h. Further co-treated with 2.5, 5 or 10 kBq/ml of 223Ra for 1 h. Afterwards 

the spheroids were washed 6 times and the media were replaced with fresh drug-containing media and 

incubated. Seven days after treatment the media were replaced with fresh media twice a week. Six to eleven 

individual spheroids per treatment condition. (B) Drug interaction for testing synergy of 100 nM JQ1 and 1 

or 2.5 kBq/ml 223Ra in C4-2 spheroids. (C and D) Fold change in C4-2 spheroids cross-sectional area, after 

treatment relative to spheroid cross-sectional area at day 0 normalized to control (0, 1% DMSO). p<0.05 

(Welch’s t test) for combination of 100 nM JQ1 and 2.5 kBq/ml 223Ra. Error bars present ±SD for the 6-11 

spheroids per treatment condition and n= one independent experiment. Statistical differences were 

determined by statistical Welch’s t-test and p<0.05 were considered statistically significant 
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Figure D2: Spheroid growth upon combination treatment with AZD5153 and 223Ra. (A) Cross sectional 

area (mm2) of C4-spheroids, day 12 after combination treatment with 25 nM AZD5153 and various activities 

of 223Ra. C4-2 cells (500 cells/well) were seeded in 96 well plates and incubated for 5 days to form 

spheroids. Before treatment microscopy images (4x objective) of spheroids were taken, and treated with the 

final concentration 25 nM AZD5153 and incubated for 2-3 h. Further co-treated with 2.5, 5 or 10 kBq/ml of 
223Ra for 1 h. Afterwards the spheroids were washed 6 times and the media were replaced with fresh drug-

containing media and incubated. Seven days after treatment the media were replaced with fresh media twice 

a week. Six to eleven individual spheroids per treatment condition. (B) Drug interaction for testing synergy 

of 25 nM AZD5153 and 1 or 2.5 kBq/ml 223Ra in C4-2 spheroids. (C and D) Fold change in C4-2 spheroids 

cross-sectional area, after treatment relative to spheroid cross-sectional area at day 0 normalized to control 

(0, 1% DMSO). p<0.05 (Welch’s t test) for combination of 25 nM AZD5153 and 2.5 kBq/ml 223Ra. Error 

bars present ±SD for the 6-11 spheroids per treatment condition and n= one independent experiment. 

Statistical differences were determined by statistical Welch’s t-test and p<0.05 were considered statistically 

significant 
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Figure D3: Spheroid growth upon combination treatment with ENZA and 223Ra. (A) Cross sectional 

area (mm2) of C4-spheroids, day 12 after combination treatment with 10 µM ENZA and various activities of 
223Ra. C4-2 cells (500 cells/well) were seeded in 96 well plates and incubated for 5 days to form spheroids. 

Before treatment microscopy images (4x objective) of spheroids were taken, and treated with the final 

concentration 10 µM ENZA and incubated for 2-3 h. Further co-treated with 2.5, 5 or 10 kBq/ml of 223Ra for 

1 h. Afterwards the spheroids were washed 6 times and the media were replaced with fresh drug-containing 

media and incubated. Seven days after treatment the media were replaced with fresh media twice a week. Six 

to eleven individual spheroids per treatment condition. (B) Drug interaction for testing synergy of 10 µM and 

1 or 2.5 kBq/ml 223Ra in C4-2 spheroids. (C and D) Fold change in C4-2 spheroids cross-sectional area, after 

treatment relative to spheroid cross-sectional area at day 0 normalized to control (0, 1% DMSO). p<0.05 

(Welch’s t test) for combination of 10 µM ENZA and 2.5 kBq/ml 223Ra. Error bars present ±SD for the 6-11 

spheroids per treatment condition and n= one independent experiment. Statistical differences were 

determined by statistical Welch’s t-test and p<0.05 were considered statistically significant 



  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


