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ABSTRACT 

IDENTIFICATION OF PRECLINICAL IMPLICATIONS FOR NOVEL INDOLE-

BENZIMIDAZOLES AND PHENOTHIAZINES USING IN VITRO CANCER CELL 

LINE AND IN VIVO ZEBRAFISH MODELS 

 

Murat Yaman 

PhD in Neuroscience 

Supervisor: Özlen Konu Karakayalı 

September 2020 

 

Breast cancer (BC) and hepatocellular carcinoma (HCC) are two major health problems with 

significant mortality rates. Although drug therapies are available, therapeutic success remains 

limited. Because of low bioavailability, high toxicity and recurring drug resistance, novel 

therapeutic options are essential. In the present thesis, a multitude of in vitro, in silico and in 

vivo approaches were executed to test anti-cancer effects and preclinical potentials of novel 

indole-benzimidazoles and phenothiazines in BC and HCC, respectively. In the first 

component of the thesis, I evaluated BC cell line toxicity and estrogen receptor (ER) 

relationship of novel indole-benzimidazole derivatives using in vitro cancer lines, in vivo 

zebrafish embryos/larvae, and in silico comparative transcriptomics analyses. In the second 

part, antipsychotic compounds phenothiazines (PTZ) were repurposed for HCC therapy. 

Therefore, generic PTZ derivatives alone or in combination with sorafenib (SFB) were tested 

using in vitro cancer lines followed by zebrafish developmental assays and embryonic stage 

xenografts. In addition, RNAseq analyses were performed on trifluoperazine (TFP), SFB, and 

TFP+SFB combination treated Hep3B cells to understand synergistic/antagonistic effects of 

the drugs at gene expression level. Lastly, anti-HCC potential of novel PTZ derivatives were 

explored by in vitro and in vivo screenings. Moreover, effects of the novel and generic 

derivatives on neural pathways were evaluated by cholinesterase assays and motor response 

measurements. The findings of the dissertation present potential leads for conducting further 

preclinical studies tailored towards novel BC and HCC therapies.  
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ÖZET 

İN VİTRO KANSER HÜCRE HATLARI VE İN VİVO ZEBRABALIĞI MODELLERİ 

KULLANILARAK YENİ İNDOL-BENZİMİDAZOLLER VE FENOTİYAZİNLER 

İÇİN PREKLİNİK ETKİLERİN TANIMLANMASI 

 

Murat Yaman 

Nörobilim Doktora Programı 

Tez Danışmanı: Özlen Konu Karakayalı 

Eylül 2020 

 

Meme kanseri (BC) ve hepatosellüler karsinom (HCC), kayda değer ölüm oranlarına sahip iki 

önemli sağlık sorunudur. İlaç tedavileri mevcut olmasına rağmen, terapötik başarı sınırlıdır. 

Düşük biyoyararlanım, yüksek toksisite ve tekrarlayan ilaç direnci nedeniyle yeni tedavi 

seçenekleri gereklidir. Bu tezde, BC ve HCC'de, sırası ile, yeni indol-benzimidazol ve 

fenotiyazinlerin anti-kanser etkilerini ve klinik öncesi potansiyellerini test etmek için farklı in 

vitro, in siliko ve in vivo yaklaşımlar uygulandı. Tezin ilk bileşeninde, in vitro kanser hatları, 

in vivo zebrabalığı embriyo ve larvaları ve in siliko karşılaştırmalı transkriptomik analizler 

kullanarak yeni indol-benzimidazol türevlerinin BC hücre hattı toksisitelerini ve östrojen 

reseptörü (ER) ile ilişkilerini değerlendirdim. İkinci bölümde ise antipsikotik bileşikler olan 

fenotiyazinler (PTZ), HCC tedavisi için yeniden konumlandırıldılar. Bu nedenle, tek başına 

veya sorafenib (SFB) ile kombinasyon halinde jenerik PTZ türevleri, in vitro kanser hatları, 

ardından zebrabalığı gelişim testleri ve embriyonik aşama zenograftları kullanılarak test 

edildiler. Ek olarak, RNAseq analizleri, ilaçların gen ekspresyon düzeyindeki 

sinerjistik/antagonistik etkilerini anlamak üzere trifluoperazin (TFP), SFB ve TFP + SFB 

kombinasyonu ile muamele edilen Hep3B hücreleri üzerinde gerçekleştirildi. Son olarak, yeni 

PTZ türevlerinin anti-HCC potansiyelleri, in vitro ve in vivo taramalarla araştırıldı. Ayrıca, 

yeni ve jenerik türevlerin nöral yolaklar üzerindeki etkileri, kolinesteraz testleri ve motor 

tepki ölçümleri ile değerlendirildi. Tezin bulguları, özgün BC ve HCC tedavilerine istinaden 

ileri klinik öncesi çalışmaların yürütülmesine potansiyel yol gösterici niteliktedir. 

Anahtar kelimeler: Meme kanseri, Hepatoselüler karsinom, İndol-benzimidazoller, 

Fenotiyazinler, Sorafenib sinerjizmi, İlaçların yeniden konumlandırılmaları, Klinik öncesi ilaç 
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keşfi, İn vitro/in vivo toksisite profillemesi, Davranış testleri, Asetilkolinesteraz, 

Karşılaştırmalı transkriptomik disiplinler 
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CHAPTER 1: INTRODUCTION 

1.1 Drug discovery and preclinical drug assessments for cancer therapeutics 

Cancer is the second major health problem and current therapies remain limited [1, 2]. Drug 

therapy is one of the prominent choices in clinic; however, low bioavailability, high toxicity 

and recurring drug resistance circumvent its success [3]. Therefore, there is an essential need 

for new therapeutic options and discovering new drug candidates [4]. Nevertheless, a drug-

like compound demands high workload over long periods of time before becoming accessible 

for the patients [5].    

A drug can be defined as: “a substance intended for use in the diagnosis, cure, mitigation, 

treatment, or prevention of disease” [6]. Thereby, one can follow a therapeutic regime, so the 

condition at hand can be managed. Accordingly, Ehrlich’s “magic bullet hypothesis” has been 

the driving force of the modern drug discovery processes [7]. In its essence, the idea 

comprises that a pathology of interest can be dealt with specific factors, so-called magic 

bullets.  For years, it has become an inspiration for researchers to identify such compounds as 

remedies.  

Thorough investigations and multidisciplinary collaborations are crucial in finding an 

applicable therapeutic, which is both efficient and safe. Starting from thousands of possible 

structures only one or two therapeutics can make it to the market, by the end of a study. 

Proposed by preliminary research and libraries of compounds, novel therapeutics undergo 

multiple steps of analyses and validations, during a period of more than ten years with an 

overall success rate lower than 4% (Figure 1.1) [8, 9]. On each step, numbers of candidate 

molecules are filtered based on their efficacies and safety profiles for the management of the 

healthcare condition. Here, the fields of medicinal chemistry, pharmacology and toxicology, 

medicine, biology and statistics show major contribution in the discovery and screening 

processes by producing large sums of data. Although in-depth knowledge on mechanism of 

action (MoA) is not obligatory, it is desirable in obtaining the best-in-class applications [10]. 
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Figure 1.1 Drug development stages representing the expenses and amounts of screened 
compounds on each stage.Adapted from Harrer S. et al., 2019. Trends in Pharmacological 
Sciences [8] (Licensed by CC BY NC ND) 

Preclinical stages serve as the major bottlenecks for eliminating a massive number of 

therapeutic candidates from the pipeline under the main criteria that are efficacy and safety in 

non-human conditions [5]. This is done by identifying the most convenient lead and drug-like 

compounds from basic research and large-scale screening libraries. In this regard, in vitro and 

in vivo conditions are utilized to evaluate the capabilities of the candidates to target 

predetermined molecular mechanisms or the phenotypes of interest. For that, good laboratory 

practices and multiple lines of research activities become crucial in providing the 

pharmacokinetic/pharmacodynamic (PK/PD) qualities and toxicity profiles [11]. Some of the 

major activities are lead identifications, in vitro and in vivo toxicity assays, genomic and 

protein biomarker assays [12]. Detailed list of initial screening methodologies can be accessed 

in Hughes JP. et al. (2019) [13]. Therefore, many of the candidates, that do not exert a 

significant effect or that are toxic, fail to be included in future analyses. This leaves a limited 

number of candidates to examine in clinical conditions, as preclinical findings do not fully 

ensure success in patients.  
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1.2 Additional considerations and prominent strategies on initiation of preclinical drug 
evaluations 

Tedious with years and lines of multidisciplinary preclinical works, effective and safe 

therapeutic options can then be subjected to clinical trials. These options remain a handful in 

numbers concluded by more than three years of effort with high expenses, exceeding 300 

million dollars [8, 14]. Considering that much endeavor and budget spent may not be 

favorable due to the likelihood of high number of failed candidates, there is still an urge to 

bring about more cost-and-time-effective strategies for the earlier stages of preclinical work. 

In this regard, (i) structure-activity relationship studies, (ii) drug repurposing and (iii) 

combination approaches and (iv) in vivo animal models (e.g. zebrafish) provide marked 

improvements on initiating and executing the preclinical assessments.  

1.2.1 Structure-activity relationship (SAR) 

SAR studies focus on how substructures of a compound can influence a chemical or 

biological activity [15]. Either qualitative or quantitative, the approach can categorize the 

candidate structures as well as side-chain modifications if they relate, not relate, or how much 

relate with the activity [16, 17]. In this sense, they underlie hit-lead-drug discovery paradigms 

[18]. Ideally, the hit compounds pose sub-micromolar activity levels (lower than < 10 µM) 

and optimizable chemical structures [13]. Following that, medicinal chemistry approaches can 

take place to validate and apply structural alterations on the hit compound series into lead 

molecules to improve the potencies to the nanomolar scale [19, 20]. In addition, lead 

molecules can be further derived and optimized by side-chain alterations [21]. This allows 

enhancements on the activity, selectivity and safety profiles, respectively. For that, level of 

understanding on the SAR becomes essential element on the success by considering in vitro/in 

vivo toxicity levels and in silico model findings.  

In vitro and in vivo environments allow initial evaluations on the efficiencies and PK/PD 

properties of the candidates. By doing so, clinical relevance of the hit-lead compounds and the 

influence of side-chain modifications can be confirmed in high-resolution. The findings by Ni 

L. et.al and Al-Refai M. et.al supported that each side chain alteration can be categorized 

based on the concentrations that inhibit the cell growths by 50% (IC50), and on multiple cell 

lines [22, 23]. So, they were able anticipate which derivative versions to pursue with. 

Interestingly, their SAR studies demonstrated that different positions on the main scaffold can 

synergize in the resulting toxicity profiles. Structural synergism has been a long-standing 

phenomenon where subunits of the same structure can interact, hence impacting the final 
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action of the compounds [24, 25]. Therefore, structural synergism further suggests additional 

considerations on SAR pipelines. Moreover, SARs can be further extended into classifying in 

vivo toxicity data. Accordingly, Hao and colleagues presented that zebrafish developmental 

abnormality and toxicity scores can be utilized in SAR of dorsomorphin analog side chains 

[26].  

In silico environments pose as cost and time effective alternatives by allowing SAR 

predictions in a single atomic resolution [27, 28]. By doing so, PK/PD, toxicity properties and 

target dockings can be addressed for each side modifications before doing the actual in vitro 

work [15]. Considering the spectrum of possible therapeutics and modifications, in silico 

environments can further limit the time by forecasting the most likely candidates to go with. 

Therefore, candidate improvements by side chain alterations can be pursued in advance, 

limiting the cost by refraining from unlikely candidates. Yet, these computational findings 

hold suggestive values which demand further in vitro validations. Accordingly, in silico SAR 

likelihood estimations yield relatively more effective scenarios on starting the preclinical 

stages.  

Lastly, SAR studies demand additional considerations on privileged compounds whose 

structures are naturally active and show predisposition to interact with multiple biotargets [15, 

29]. For example, indoles, benzimidazoles and phenothiazines possess privileged chemistry 

[30-32]. Although they provide good starting points for lead generations, their multi-target 

affinities can bring about challenges on interpreting SARs [33].  Neves and colleagues 

showed that a large selectivity profile can lead to activity on multiple targets which can 

obscure conclusions by single target-oriented SAR studies [34].  

Therefore, SAR findings on in vitro/in vivo toxicity data and in silico models are crucially 

informative and can save time.   

1.2.2 Drug repurposing 

Drug repurposing, also known as drug repositioning, is a pharmaceutical process where the 

benchmark compounds are functionalized for alternative purposes [35]. Contrasting with 

Ehrlich’s magic-bullet concept, the approach is based on the idea that one drug can also be 

useful in treating different pathologies. For example, Chou and Huang promoted antipsychotic 

derivatives for repurposing approaches due to anti-cancer effects that they exert [36, 37]. As 

pharmacokinetic and pharmacodynamic properties of such compounds are already well-

documented, candidate compounds can minimize the time and work for standard preclinical 
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practices [38]. Various studies suggested high success rates for repurposing approaches (30-

70%) [39, 40].  

Modern repurposing studies utilize computational environments and experimental approaches 

in finding suitable candidates [41]. Duan and colleagues provided a massive and relatively 

simplified gene signature matching algorithm to compare queries with 100000 perturbagens 

with mostly known molecular targets, across multiple cell lines [42]. So-called LINCS L1000 

data is ready and free to use with embedded tools. This allows users to relate targets and 

mechanisms with the queries, which are also suggestive for further repurposing approaches. 

Although the data originally represents the gene signatures for almost 1000 genes only, the 

tool provides enormous support for hypothesis-driven preclinical practices. For instance, Li 

and colleagues were able to utilize this tool in repurposing the antipsychotic compound 

pimozide as an anti-cancer agent in vitro [43]. Not only gene signatures, but also chemical 

structures can also serve as models for repurposing studies. Gfeller and colleagues have built 

the SwissTargetPrediciton algorithm where the users can anticipate the targets of their 

compounds based on 2D and 3D similarities with known ligands [44]. As in silico studies are 

inadequate to fully represent the actual in vitro affinities with possible targets, validations can 

be proceeded by binding assays [45, 46]. Retrospective clinical data analyses also provide 

immense amount of information for repurposing studies. For instance, originally proposed as 

an osteoporosis agent raloxifene was later indicated for breast cancer by Ely Lilly, as 

thalidomide was later subjected to multiple myeloma cases [47, 48]. In addition, 

DRUGSURV tool was able gather patient-derived survival data for clinical compounds where 

they proposed the antipsychotic thioridazine for anti-cancer therapies [49]. Accordingly, 

phenotypic screenings were able to show its selective toxicity on cancer stem cells, and the 

drug was further taken in clinical trials. Although partially successive in suppressing the 

progress of acute myeloid leukemia (AML), prolonged toxicity levels halted further 

evaluations, demanding structural improvements [50]. Therefore, there is no guarantee that a 

repurposed drug can remake it to the market for alternative pathologies, though preclinical 

studies can be supportive.  

As a result, drug repurposing holds high potential for early preclinical testing and demand 

computational as well as experimental approaches to validate the compounds for clinical 

settings. 
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1.2.3 Combination therapies 

Combination therapies can improve the efficacies of candidate remedies [51, 52]. Efficacy of 

a single compound can be limited against the complex nature of specific cancer types [53]. 

Involvement of multiple oncogenic elements further complicate the therapeutic indices which 

may not be improved by increasing the dosages due to high toxicities and adverse effects [54, 

55]. As development for newer compounds also require more time and costs, there becomes a 

need for additional revisions on the therapeutic regimes [52]. In this regard, combination 

therapies have been one of the major strategies that provide improvements in treating cancer 

[56]. Yet, advance preclinical trials are needed to confirm likelihood for synergism. For that, 

PK/PD properties as well as toxicology profiles require a thorough understanding of the 

effective combination concentrations and, if possible, MoA [53, 54, 57, 58].  

Synergy calculations supplement valuable information on applicable doses. IC50 values or 

viability scores can be obtained after exposures to a series of drug concentrations and their 

combinations [59]. Then, they can be subjected to evaluating the degree of synergism between 

the combination compounds. Despite the presence of a vast numbers of combination 

assessment algorithms, each approach assumes distinct strategies in modeling the combination 

parameters, leaving a debate for the choice of model to utilize [60, 61]. This complication was 

further eased by Ianevski and colleagues who developed SynergyFinder web-interface. The 

tool allows users to explore multiple algorithms and provides interactive graphical 

representations for combination topologies [62]. It was further implemented by DECREASE 

algorithm to scale-up the assessments for high-throughput screenings [63].  

Nonetheless, combination sensitivity, efficacy and respectively side-effect estimations are 

needed for better interpretations on the concentrations. SynToxProfiler and combination 

sensitivity score (CSS) have been deployed to address clinical relevance where users can 

compare sample-type dependencies [64, 65]. Interestingly, combination assessment models 

can be also employed in vivo, providing valuable information on no-observed-adverse-effect 

levels (NOAEL) [66]. Accordingly, the doses that cause developmental failures and organ 

toxicities can be presented by multiple lines of studies via synergistic effect assessments [67-

69]. Therefore, finding the right concentration intervals for clinical settings demands a better 

understanding of sensitivity, efficacy and in vivo toxicity profiles.  

Conventional approach to understand the mechanism of synergy relies on two main 

hypotheses, as described by Pritchard and colleagues [70]. Firstly, one of the compounds can 

stimulate the effect of another, suggesting overlapping directions on the expression profiles. 
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Weber and colleagues further supported this hypothesis by using tumor sensitizing agent 17-

AAG which was able to promote the effects of taxol on both cellular and molecular levels 

[71]. Secondly, the combination can result in acquiring a relatively distinctive profile from the 

individual treatments. Cilengitide and Gemcitabine combination therapy can represent this 

scenario. For example, vascular promotion is acquired by Cilengitide which indirectly 

improves the uptake of apoptotic agent Gemcitabine, resulting with a decrease of in vivo 

tumor size and metastasis [72]. Moreover, the success of combination was also dependent on 

dosing and time, implying a need for in-depth understanding of possible synergistic 

combinations and their mechanisms [53, 68].  

To sum up, a consensus between large-scale concentration assessments, both in vitro and in 

vivo, can provide the most suitable combinations and concentrations to advance in a 

preclinical setting.  

1.2.4 Zebrafish as an in vivo model 

In vivo works are essential to translate preclinical data into clinical settings [17, 73]. Organ 

toxicity, mutagenicity, survival and abnormality rates, type of dosing (acute, chronic, sub-

acute) as well as behavioral affects are some of the major concerns to address before the 

clinical trials [11]. Although use of murine models has been the golden standard, zebrafish 

models emerge as tremendously beneficial and more productive alternatives for the early 

stages of preclinical assessments [74]. As they represent similarities with human at both 

physiological and molecular levels (by 70%), the zebrafish models become advantageous in 

preclinic [75-78]. However, major profits of zebrafish come from their high fecundity rates, 

ex utero developments, short life spans, ease of maintenance and compliant drug exposures 

procedures [79, 80]. Therefore, zebrafish allow large scale assessments in a relatively short 

amount of time, with low costs and with high numbers of biological replicates. Especially for 

initial preclinical evaluations, zebrafish can outperform on high-throughput toxicity assays 

and xenograft studies leading to prospects of the study to be foreseen earlier [81, 82].   

1.2.4.1 High-throughput toxicity studies 

High throughput toxicity assays in zebrafish are performed during the early preclinic stages to 

refrain from focusing on potentially harmful compounds further. In general, assays are done 

in embryos ranging from 0-5 days post-fertilization (dpf) [83]. Transparency of each single 

embryo and advancing screening technologies allow qualitative and quantitative assessments 
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on drug toxicities [84]. Therefore, developmental defects/lethality and organ toxicities of the 

applied doses can be evaluated in advance.  

Developmental defects and lethality paradigms can be investigated accurately in zebrafish 

embryos [85]. Survival ratios and morphometric parameters can be considered in the 

evaluations. In this regard, half maximal lethal and effective concentrations (LC50 and EC50, 

respectively) can be incorporated with morphologic changes of the embryos after the 

exposures, as done by Selderslaghs and colleagues [86]. Besides the teratogenicity estimations 

with LC50 and EC50 scores, effects of the hit compounds can be classified by examining 

multiple morphometric measurement sets via principal component analyses (PCA) and alike 

methodologies [87]. Accordingly, yolk size, eye size, body axes, hatching rates after 48 hours 

post fertilization (hpf) can be informative on the levels of toxicity. Therefore, morphometric 

changes and effective dose estimations can provide valuable insights for developmental 

toxicities of the screened candidates.  

Adverse effect profiles can be further anticipated via organ toxicity experiments allowing 

estimations on the lowest observed effective concentration (LOEC) levels. As cardiotoxicity 

assessments were done by Gao and colleagues, heartbeats, circulation, edema and thrombosis 

parameters can be evaluated on individual embryos after 48 hpf [88].  Moreover, drug-

induced liver injury is a crucial factor in clinical applications, which can be further evaluated 

via liver-tagged transgenic lines between 3 dpf - 5 dpf, as demonstrated by Zhang and 

colleagues [89]. However, morphologic hepatotoxicity measurements may require additional 

considerations. Because abnormal effects on heart can also influence the size of the swelling 

of liver after the exposure. This controversial feature can be addressed by integrated organ 

toxicity evaluations [90]. For example, ZeGlobalTox study allowed recordings on cardio, 

neuro and hepatotoxicity of each individual embryo in a time series (100 hpf, 120 hpf and 128 

hpf, respectively), supporting the ease for better assessment of adverse profiles.  

Moreover, screening of neurotoxicity is widely applied during preclinical studies, as they also 

hold functional implementations [91]. For example, Cousin and colleagues were able to 

repurpose compounds and combinations for treatment of tobacco dependence [92]. In their 

study, they were able to profile dose dependent adverse toxicities, besides electing candidate 

remedies for clinical settings. Moreover, type of locomotion and exposure intervals are 

important factors to consider during preclinical trials [93-95]. As an example, a study done by 

Jordi and colleagues, showed distinctive functions by the candidates that correlate with 

different locomotor response types they exhibited in the phenotype [96]. These concentration, 
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function and compound-wise correlations are observable by photomotor response assays 

which is a fast, robust and statistically meaningful behavioral assay in zebrafish [97]. The 

photo-stimulated approach consists of multiple phases where activity signatures across the 

phases can predict MoA of neuroactive compounds, i.e., adrenergic, dopaminergic and 

serotonergic [98].  

In summary, zebrafish increases the pace and scale of toxicity evaluations for early preclinical 

candidates where predictions on function can be moderately inferred.  

1.2.4.2 Xenograft studies   

Xenograft studies in embryonic stage are representative for human cancer, as model cell lines 

(patient derived or generic in vitro lines) for the clinical subtypes improve the reliability of the 

screening results [99-102]. In addition, they allow visualizing the transplants clearly in high-

throughput settings with large biological replicate sizes [103]. Thus, toxicity and adverse 

effects can be reliably assessed at the same time [104]. For example, Lin and colleagues were 

able to configure novel liver cancer drug from a xenograft platform [105]. In their study, the 

candidate compound 419S1 has demonstrated improved therapeutic index and lower 

hepatotoxicity levels, hence better drug efficacy and toxicity. Interestingly, other closely 

related derivatives and the standard liver cancer drug sorafenib (SFB) underperformed. 

Furthermore, large sample sizes become helpful in these assessments as therapeutic indices 

for preclinical candidates can be generated fast and reliably. For example, Tseng and 

colleagues have developed a novel anti-HCC agent. In their study, they were able to show its 

potential via robust xenograft assays showing the dose-dependency with no lethal profiles, 

strongly indicative for further preclinical assessments [106]. Moreover, xenografts are 

suitable for combination evaluations. As shown by Zhu and colleagues, 5-Fluorouracil and 

Furanodiene can synergize together and exert anti-cancer effects on liver and breast cancer 

models [107]. In the same study, they have further represented therapeutic efficacies of the 

generic anti-cancer compounds on various xenograft models. Their findings were supportive 

of the potential of zebrafish xenografts for preclinical cancer drug pipelines, as therapeutic 

windows can be investigated in xenograft platforms [108, 109]. In addition, imaging of the 

xenografts can be improved by utilizing stably expressed fluorescent tags in the in vitro lines, 

allowing to monitor the tumor growth with fluorescence signals [110]. A novel peptide 

screening on zebrafish xenografts has utilized 20 samples per group where time and cell type 

dependencies were computable across two different time points and in GFP tagged MCF-7 



10 
 

and MDA-MB-231 cell lines [111]. However, drug response profiles between the clones and 

the neutral lines can also vary suggesting extra care on the studies [112, 113].    

As a result, high similarities with human cases and ability to work fast in high numbers can 

speed up the early preclinical works. 

1.3 Breast cancer (BC) and estrogen (E2) signaling 

According to 2019 reports in US, BC has the second highest incidence and mortality rates in 

women [114]. Cellular origins can be pinned down to the ducts and lobules of the mammary 

gland [115]. They give rise to invasive or in situ type cancers where the invasive ductal 

carcinoma accounts for almost 80% of the cases [116]. Moreover, each BC histological 

subtypes represent diverse profiles and heterogeneous therapeutic responses [117]. Therefore, 

there has been an immense need for better subtyping methods and therapies for BC [118].  

1.3.1 Molecular classification of breast cancers 

Molecular classification methods robustly supplement conventional histopathological 

measures [117]. Perou and colleagues have showed that patient-derived BC samples can be 

classified into major molecular classes that are in line with hormone signaling [119]. 

Moreover, consideration of the molecular subtypes improved the conventional 

histopathological prognostics. Several lines of follow-up studies supported the idea for better 

predictive and survival outcomes based on the molecular subtyping of BC [120, 121]. 

Therefore, hormone receptor status for estrogen receptor alpha (ERα), progesterone receptor 

(PgR) and human epidermal growth factor receptor 2 (HER2) as well as amount of 

proliferation marker gene (Ki67) have come to light [122]. In this regard, luminal A, luminal 

B, HER2+ and triple negative breast cancer (TNBC or basal-like) were annotated for the 

names of the four molecular subtypes (Table 1.1) [123]. Subsequent experiments 

implemented more subtypes into these categories [124]. For example, levels of claudin 

protein can be utilized in sub-categorizing the TNBCs, as preferential relapse areas can be 

indicative for normal-like subtypes [125, 126]. Moreover, transcriptomic signatures can 

increase the spectrum of classes [121, 127]. As in PAM50 approach, expression signatures of 

selected fifty genes could improve the prognostic value [128]. Yet, these molecular 

classifications still pose some limitations, especially on the predictive abilities towards better 

survival outcomes [129, 130]. Since more biomarkers can be incorporated in the classification 

settings, multi-modal approaches and multi-component analyses may improve the predictive 

abilities on therapy efficacies [131, 132]. 
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Preclinical evaluations demand representative in vitro models. Besides that, early stages of 

preclinic vastly utilize generic cell lines, due to well-established in vitro and xenograft 

protocols as well as high clinical relevancies by the biomarker levels [133, 134]. For example, 

a hormone responsive (ERα and PgR positive) MCF-7 cell line have been widely and robustly 

used in preclinical settings as a subject for luminal A cancer therapeutics [135, 136]. 

Similarly, MDA-MB-231 has been the model for aggressive cell line for TNBC-claudin low 

subtype BC oriented drug screenings [137, 138]. Interestingly, both cell lines have also been 

used as controls for one another due to their distinctive molecular profiles, especially in 

development of novel estrogen receptor modulators [138-140]. 

Table 1.1 Molecular subtypes of BC and status of each molecular marker 

Molecular 
subtypes 

Estrogen 
receptor α 
(ERα) 

Progesterone 
receptor 

(PgR) 

Human 
epidermal 
growth factor 
receptor 2 
(HER2) 

Ki67 

Luminal A + +/- - <14% 

Luminal B + +/- +/- ≥14% 

HER2+ - - + ≥14% 

TNBC - - - ≥14% 

Adapted from He L. et al., 2019. Cancer Management and Research [123]. (Licensed by CC 
BY-NC 3.0) 

1.3.2 Estrogen signaling and selective estrogen receptor modulators (SERMs) 

Estrogens belong to steroid hormone family, and they exert carcinogenic potentials in various 

tissues including breast and liver [141, 142]. The physiological and cancer related actions 

propagate through binding to their targets, the estrogen receptors (ERα, ERβ and G Protein-

Coupled Estrogen Receptor (GPER1)) [143, 144]. In the case of ERα and ERβ, estrogen-ER 

complex attaches to estrogen receptor elements on the DNA, then regulates expression of cell 

proliferation and survival genes [145]. Ligand binding profiles and activities of these two 

nuclear receptors can alternate, bringing additional considerations into estrogen signaling and 

cancer mechanisms [125, 146]. On the other hand, binding with GPER1 can induce signal 

transduction and secondary messengers for transcription machineries. Ion channel 

modulations, EGFR, Ras-MAPK and PLC/PKC pathways can be accounted for the most 
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prominent effects transduced by GPER1 [147-150].  Moreover, antioxidant properties of 

estrogens were acclaimed in the literature as an ER independent action of estrogens [151]. 

Interestingly, ERβ and GPER1 can show activity levels in TNBC as in the in vitro model 

MDA-MB-231 [152-155]. Moreover, these ER subtypes were also evident in an HCC line 

HepG2 where they did not exert pro-proliferative effects as observed in breast cancer [142, 

156, 157]. Accordingly, estrogen signaling presents multifaceted levels of cancer related 

events where presence and activities of each ER types can vary across and within different 

cancers [146].  

Due to actions of estrogens in breast cancer, ample amount of efforts has been given to 

modulate the ERs. More specifically, ERα signaling has been the major target of 

investigations due to profound prevalence exceeding 50% in breast cancer cases and its 

significance as a subtype marker [158, 159]. In this regard, development of selective estrogen 

receptor modulators (SERMs), such as tamoxifene, raloxifene, bazodoxifene and losofoxifene 

have represented improvements in clinics [143, 160, 161] . Yet, side-effect and adverse effect 

profiles in long-term require progress for toxicity ranges and tissue specificities [162]. In this 

regard, SERM development strategies shall also consider binding affinities towards abundant 

ERs across multiple tissues [163-165].  

To address selectivity and effectivity issues, indole, benzimidazole and benzene sulphonyl 

privileged pharmacophores have given promising indications for early phases of preclinical 

studies. Indole scaffolds in bazedoxifene and ERα/ERβ-selective ligands melatonin and 

KB9520, have shown SERM-like properties [146, 166]. In addition, phenyl indole moieties 

were implemented to serve as ER ligands [167, 168]. Beside indole moieties, benzimidazole 

scaffolds were also found to interact with ER. For example, methyl and napthyl derivations on 

benzimidazole-based sulfonamides by single positions have revealed alternative binding 

profiles towards ERα and ERβ [169]. In this study, differential cytotoxicity profiles on MCF-

7 and MDA-MB-231 were also observable. Similarly, phenyl benzimidazole moieties were 

able to exert cell type dependent toxicities between MCF-7 and MDA-MB-231 [170]. 

However, antitumor activities were also observable between HepG2 and MCF-7 for the 

benzimidazole substitutions by the second position, indicating a lack of tissue specificity 

[171]. A recent study for indole-benzimidazole hybrid structures have revealed binding 

affinities towards ERα in nanomolar scale [172].  Relatively active substitutions were 

observed to contain benzylations by indole, and bromine by benzimidazole scaffolds. 

Furthermore, breast cancer subtype and tumor type specificities of benzene sulfonyl 
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pharmacophores were implemented in some studies [173, 174]. Nevertheless, privileged 

structures can also allow indoles and benzimidazoles to interact with aryl hydrocarbon 

receptor (AhR), tubulin and microtubule structures, inquiring additional considerations on ER 

oriented SAR studies [175-180]. Therefore, indole, benzimidazole and benzene sulfonyl 

moieties emerge as attractive candidates for preclinical drug development strategies in breast 

cancer. 

1.4 Primary liver cancers 

The liver tissue is structured into lobules that comprise of mainly hepatocytes, bile ducts, 

sinusoids (Kuppfer cells and endothelium), veins, arteries and connective tissue [181]. 

Primary liver cancers originate from the liver and top six incidence and mortality rates in 

cancer belong to primary liver cases, with more predisposition in men that can reach up to 5-

folds in comparison with women [181].  

Liver cancers and the subtypes are highly heterogeneous and represent malignant profiles 

[182]. Accordingly, 5-year relative statistics indicate relatively poor (18%) survival and 

leading to a great demand for better therapeutic options [183]. More than 70% of these cases 

belong to HCC with high malignancy which arise from hepatocytes originally. Moreover, 

intrahepatic cholangiocarcinoma (ICC) accounts for 12% of the incidences as they derive 

from cholangiocytes by the bile ducts [183].  Remaining primary liver cancers are relatively 

rare cases; angiosarcoma, hemangiosarcoma and hepatoblastoma [184]. Although some 

histological phenotypes are detectable, Calderaro and multiple lines of studies suggested 

better prognostic means with molecular signatures [185-188]. 

1.4.1 Hepatocellular carcinoma (HCC) molecular subtypes 

According to EACL, molecular subtypes of HCC strongly influenced the disease management 

[189]. Initial steps by Hoshida and colleagues have provided two major categories of 

proliferative (aggressive) and non-proliferative (hepatocyte-like) classes based on the gene set 

enrichments on molecular pathways and clinical backgrounds [190]. The approach was 

further supplemented with sub-categories by mutation and epigenetic profiles, as finely 

curated by Rossi and colleagues (Figure 1.2) [191, 192]. Therefore, molecular subtypes and 

phenotypic signatures of HCC provide an established standpoint for targeted therapies [189, 

193, 194]. 
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Figure 1.2 Molecular classes and related histological and clinical features of HCCs.Adapted 
from Zucman-Rossi J. et al., 2015. Gastroenterology [191]. (License Number 4901951483383 
for free copyright permission, title of my thesis is needed) 

 

Preclinical investigations on HCC should be able to represent actual HCC cases in clinic. 

Chen and colleagues have shown that almost half of the HCC lines from Cancer Cell Line 

Encyclopedia (CCLE) do not align with The Cancer Genome Atlas HCC tumor data [195]. 

HLE, HLF, SNU-449 and JHH-6 lines for example failed to represent the clinical cases. Yet, 

frequently used and well-differentiated cell lines Hep3B, HepG2 and Huh7 significantly 

correlated with the tumor data. Therefore, choice of cell lines should be carefully made. 

Moreover, inclusion of multiple cell lines with known background and genetic alterations can 

improve the clinical relevance of the preclinical settings [196, 197]. In this regard, Hep3B, 
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HepG2 and Huh7 have been utilized in preclinical drug screenings often [198-201]. Their 

differences in gene mutation patterns such as TP53, and in cellular pathways like drug 

metabolism and TGFβ, can be representative for clinical variabilities [197, 198, 202-205]. 

Moreover, multiple lines of studies have also included SkHep1 cell lines which was presumed 

to be HCC [206-209]. However, this adenocarcinoma cell line has been precluded from HCC 

due to endothelial origins [210-212]. Yet, it is still accounted as a primary liver cancer model, 

hence able to represent the mosaic nature of liver cancers that are responsive to sorafenib and 

related molecular events [206, 213-215].  

1.4.2 Drug therapies in HCC 

Targeted therapies hold strong promises for HCC treatment, as molecular profiles can be 

additionally informative [216]. In this regard, modulation of several targets such as tyrosine 

kinases, VEGFR, FGFR, PDFGR, RET, KIT, human death receptor 5, Wnt signaling and 

STAT3, can improve the outcomes [189, 217]. However, strong chemo-resistant profile of 

HCC leaves out a handful of drug regimes. Even for the advanced cases, first systemic drug, 

was prescribed only after 2007.  This drug was a tyrosine kinase inhibitor compound, 

sorafenib (SFB) [218]. Another first-line treatment and a multi-kinase inhibitor Lenvatinib 

and its combination with sorafenib were also found to be successful. Second-line therapies are 

also in progress, with the applications of another multi-kinase inhibitor regorafenib [219]. 

However, toxicity profiles of the drugs and side-effects make it necessary to develop better 

therapeutic options [216, 220].  

Heterogeneous nature of HCC can complicate the targeted therapies by single compounds, 

inquiring a need for combination therapies [221]. Ligands with either mutual or distinctive 

targeting abilities with SFB were found to be hopeful attempts during clinical trials. Detailed 

clinical information can be found elsewhere [222-224]. In these regards, MEK/ERK 

modulators, antiangiogenetic factors, PI3K/AKT/MTOR ligands, Wnt signaling agents and 

HDAC modulators are some of the agents that can be considered. In addition to multi-TKI 

properties of SFB, reactive oxygen species dependent-ferroptosis is also among the pathways 

that SFB induces, hence calling for attention [225, 226]. As multidrug resistance is an 

obstacle for the success of SFB, drug sensitizer regimes with SFB are also of importance 

[227, 228]. 
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As a result, clinical success of current therapies including SFB has remained limited, due to 

the complex nature of HCC. Novel therapeutic choices and possible SFB combinations are in 

demand, as they also require well-informed mechanistic understandings.  

1.4.3 Repurposing antipsychotics and phenothiazine derivatives for treatment of HCC 

Interestingly, inverse associations between cancer incidence and schizophrenia as well as use 

of antipsychotic therapies have been noted across several clinical studies [229-233]. Even a 

phenothiazine derivative, chlorpromazine, has been recently filed for Phase II clinical trials in 

glioblastoma multiforme [234]. However, this association has remained controversial in the 

case of liver cancers and HCC since there are both cases that favor the antipsychotics for 

protective roles or discourage their uses in liver cancer due to hepatotoxicity [235-238]. 

Moreover, tobacco and alcohol dependence are also both confounding and major factors 

contributing the liver injury, which has been also annotated for antipsychotics [235-239]. 

Hence, clinical data need better estimations on scrutinizing the effects of antipsychotics and 

dependence on the confounding factors. Nonetheless, careful considerations are needed on 

repurposing these compounds for liver cancer and HCC, because history of tobacco/liver 

dependence and dosing regimens hold crucial information for the clinical settings [232, 236, 

238].  

By recent years, repurposing antipsychotic drugs for HCC gained attention for preclinical 

studies [240]. For example, pimozide has been found to modulate STAT3 and Wnt signaling 

pathways, resulting in anti-HCC effects in Hep3B, HepG2 and Huh7 cell lines and xenograft 

studies [241-243].  Another antipsychotic compound fluspirilene can target CDK2 and inhibit 

HepG2 and Huh7 growth by the G1 phase [244]. Moreover, valproic acid (both antipsychotic 

and HDAC inhibitor) can stimulate endocytosis of doxorubucin in HepG2, further leading to 

apoptosis unlike in the normal-like MIHA cells [245]. Furthermore, a cohort-study was also 

indicative for use of selective serotonin reuptake inhibitors and reduced likelihood of HCC 

occurrence [246].  

1.4.3.1 Phenothiazine (PTZ) 

PTZ derivatives are one of the major subjects in drug repurposing strategies for cancer, yet 

they were scarcely studied in HCC [247].  

The derivatives have been originally prescribed for schizophrenia, bipolar disorder and 

psychiatric conditions via modulation of dopaminergic signaling [248]. The privileged PTZ 

structure has allowed the derivatives to interact with multiple targets: D2, D4, cholinergic 
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receptors, AChE, BChE, MRP1, HDAC, BCL-2, CBs, CaM and FOXO1 [249-257]. 

Therefore, varying levels of anti-cancer effects were also found to propagate through Wnt, 

MAPK, Akt, p38 and ERK pathways, followed-up with TP53 and p21 related cell-cycle 

and/or cell-death mechanisms [247, 258-262]. Moreover, oxidative stress, ferroptosis and 

lipid metabolism are among the recently inferred pathways modulated upon exposure to PTZ 

derivatives in various cancer lines [263-266]. Interestingly, actions of the derivatives were 

also found to relate with multiple drug resistance (MDR) where they can modulate the MDR 

activities by reducing the rate of drug efflux in vitro and in vivo [267-271]. Furthermore, 

combination of the derivatives with standard cancer drugs have suggested improvements on 

the anti-cancer effects in multiple cancer lines [260, 272-276]. Therefore, anti-cancer 

potentials of phenothiazines, combination therapies and detailed mechanistic understandings 

have been subjects for preclinical assessments.  

Originally pharmacodynamic features of the derivatives have been annotated as 

antidopaminergic, antihistaminergic, antiserotonergic, antiadrenergic and anticholinergic, as 

they can also exert dose-dependent activity levels  [269, 277-279]. Moreover, activation of the 

cholinergic receptors is known to strongly relate with oncogenic processes as suggested by 

several lines of studies [280-283]. In addition, isoforms of dopaminergic receptors and their 

activities have been related with cancers in a subtype and dose-dependent manner [281]. 

Interestingly, a dopamine receptor agonist fisetin was shown to counteract the liver tumor 

progress, but whether the effect was due to dopaminergic receptor activity or due to additional 

target modulations, remain to be addressed [284]. Besides varying degrees of mRNA level 

changes on dopaminergic receptors, the phenothiazine derivative thioridazine was able to 

reduce the tumorigenesis in vivo [285]. Yet, again causality of the dopaminergic regulation 

requires thorough examinations. Furthermore, cholinergic stimulus on the dopaminergic 

system also brings about additional considerations on the activities of phenothiazine 

derivatives [286, 287]. However, the crosstalk has been mainly accounted within the 

proximities of the central nervous system, suggesting involvement of alternative mechanisms 

for pathologies like liver cancer. 

Intriguingly, acetylcholinesterase (AChE) activity levels have been found to strongly relate 

with chemosensitivity of HCC, as supplementary acetylcholine was able to trigger cancer cell 

proliferation [288]. In addition, levels of AChE have been good prognostic factors for SFB 

therapies in HCC cases, further implying functional roles for the cholinergic system in HCC 
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[289, 290]. Therefore, the phenothiazine derivatives with enhanced cholinergic system 

modulatory activities can become useful in HCC therapies. 

Anti-HCC potential of the derivatives has been barely studied. Aptitudes of the derivatives for 

HCC were firmly interpreted by “Encyclopedia of Hepatocellular Carcinoma genes Online 2” 

platform. Hence, chlorpromazine (CPZ) and trifluoperazine (TFP) emerged as potential HCC 

compounds from a Connectivity Map (CMap) based analyses, as they were subsequently 

shown to obscure HCC tumor progress in HCC mouse xenografts [291]. Moreover, cytotoxic 

potentials of prochlorperazine (PCP) were also recorded on two HCC lines (HepG2 and 

Mahlavu) and non-HCC liver cancer line SkHep1 [292]. Another derivative thioridazine has 

supplemented these findings where cell cycle arrest, decreased levels of stemness genes and 

low tumor progress were observed in HCC xenografts [285]. Moreover, anti-cancer effects 

were also noted in Huh7 and HepG2 cell lines upon exposures to PTZ derivatives in a cell-

type and compound dependent manner in separate studies [293-295]. Nevertheless, 

proliferative effects of low-doses of TFP in glioma cells have also suggested a need for better 

understanding on the dose-dependent effects of the derivatives [296]. 

To sum up, in vitro and in vivo studies on antipsychotics and phenothiazines have been 

strongly in favor of their repurposing towards multiple cancer types and HCC. Yet, clinical 

translation also is in demand for careful assessments on the history of the patients and to no-

observed-adverse-effect-levels (NOAEL). Hence, there is a need for thorough understanding 

on the mechanisms, structure and dose-dependent activities across heterogeneous HCC 

profiles, which can be initially addressed via in vitro and in vivo studies [296, 297].  
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CHAPTER 2: OBJECTIVES AND RATIONALE 

 

The workflow for the approaches followed during the thesis is provided in the Scheme 2.1. 

 

Scheme 2.1 Workflow of the thesis studies 
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Preclinical studies of novel indole-benzimidazoles synthesized by Ankara University: In vitro 

and in vivo zebrafish models 

1) To analyze the cell line, dose and drug dependent anti-cancer effects of novel indole-

benzimidazoles using n-way ANOVAs and multivariate statistics both in vitro and in 

vivo as a complement to IC50 measurements 

2) Using GRcalculator and GRcalculator derived IC50 values to firmly integrate the 

structural properties of novel derivatives together with their biological activities to 

obtain SARs and to have lead molecules 

3) Perform in vivo studies using zebrafish embryonic toxicity model and develop a 

multivariate PCA based test for deciphering molecule effects 

4) Perform and analyze microarray studies for the lead molecules and compare them with 

existing datasets to identify MoAs. 

Repurposing generic phenothiazines in combination with SFB for HCC therapy 

1) Screen generic phenothiazines at different doses for their anti-cancer activity in 

hepatoma cells, Hep3B, liver specific endothelial cancer cells SkHep1 and MCF-7 

breast cancer cell line to identify IC50 values. 

2) Perform synergy screens with SFB, the most commonly used HCC drug, to increase 

anti-cancer activity in cell lines 

3) Perform synergy screens with SFB in zebrafish embryonic toxicity model 

4) Understand the pathways modulated by TFP, SFB and TFP+SFB combination in 

Hep3B cells in which SFB and TFP synergized using RNAseq and qPCR analyses 

5) Analyze effects of generic molecules alone or in combination to motor responses as a 

mean of assessing toxicity 

6) Test effects of the generic compounds on xenografts in zebrafish 

Preclinical studies of novel phenothiazines synthesized by Ankara University  

1) Screen novel phenothiazines for their anti-cancer activity in different HCC cell lines 

and calculate IC50 values and test for cell line and time effects. 

2) Perform high throughput toxicity assays and xenografts in zebrafish model for 

preclinical purposes 

3) Perform synergy screens with SFB for selected lead molecule PD-5 

4) Analyze effects of generic and novel derivative doses on AChE activity levels 

5) Develop an analysis routine and software for larval movement 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Screened novel and known molecules 

Indole-benzimidazole derivatives were synthesized by Ankara University as an action for 

TUBITAK 1001-213S037 project. List of derivatives are given in the Table 3.1.  

Table 3.1 Codes and R1 and R2 designations of novel indole-benzimidazole structures 

 

No R1 R2 No R1 R2 No R1 R2 

23 -H -H 36 -C3H7 -Br 49 -p-fluorobenzyl -OCH3 

24 -H -Br 37 -C4H9 -H 50 -p-fluorobenzyl -Cl 

25 -CH3 -H 38 -C4H9 -Cl 51 -p-fluorobenzyl -Br 

26 -CH3 -OCH3 39 -C4H9 -Br 52 -3,4-difluorobenzyl -H 

27 -CH3 -Cl 40 -cyclohexyl -H 53 -3,4-difluorobenzyl -OCH3 

28 -CH3 -Br 41 -cyclohexyl -OCH3 54 -3,4-difluorobenzyl -Cl 

29 -C2H5 -H 42 -cyclohexyl -Cl 55 -3,4-difluorobenzyl -Br 

30 -C2H5 -OCH3 43 -cyclohexyl -Br 56 -3,4-dichlorobenzyl -H 

31 -C2H5 -Cl 44 -benzyl -H 57 -3,4-dichlorobenzyl -OCH3 

32 -C2H5 -Br 45 -benzyl -OCH3 58 -3,4-dichlorobenzyl -Cl 

33 -C3H7 -H 46 -benzyl -Cl 59 -3,4-dichlorobenzyl -Br 

34 -C3H7 -OCH3 47 -benzyl -Br    

35 -C3H7 -Cl 48 -p-fluorobenzyl -H    

 

Phenothiazine (PTZ), perphenazine (PPH), prochlorperazine (PCP), trifluoperazine (TFP) 

were commercially obtained (Table 3.2). Remaining novel derivatives labeled PD-1 to PD-30 

were synthesized by Ankara University as an action for TUBITAK 1001 – 116Z388 project 

and are proprietary and unpublished therefore no structure is provided herein. 
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Table 3.2 Codes and R1, R2 and R3 designations of generic phenothiazines 

 

 R1 R3 
PTZ -H -H 
PPH -Cl 

 
PCP -Cl 

 
TFP -CF3 

 

 

3.1.2 Cell culture reagents 

Reagents given in Table 3.3 were utilized in cell culture experiments 

Table 3.3 Cell culture reagents used in the studies 

Dulbecco’s Modified 
Eagle Medium (DMEM) 

BE12-707F  Lonza  

Dulbecco’s Modified 
Eagle Medium (DMEM) 
w/o phenol red  

11880028  GIBCO  

Opti-MEM Reduced 
Serum Medium 

31985070 GIBCO 

PBS  BE17-516F  Lonza  
FBS  S181G-500  Biowest  
NEAA  BE13-114E  Lonza  
Na Pyruvate BE13-115E  Lonza  
Penicillin - Streptomycin DE17-602E  Lonza  
L-glutamine BE17-605E  Lonza  
Trypsin-Versene BE17-161E  Lonza  
 

3.1.3 Zebrafish culture materials, equipment and reagents 

E3 medium (60X): 17.2 gr NaCl (Sigma Aldrich 13423), 0.76 gr KCl (Sigma Aldrich 12636), 

2.9 gr CaCl2 (Carlo Erba 327607) and MgSO4 (Sigma Aldrich M2773) in 1-liter milli-Q H2O). 

Additional 1 ml of 0.01% methylene blue (Fluka Chemical 66720) in 1X and 1L of E3 

medium in Bilkent University zebrafish facility conditions. 
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Tricaine stock (4 mg/ml, pH:7.5) was prepared by adding 400 mg tricaine, 2 ml Tris pH 9.0 

into 98 ml dH2O as pH was later adjusted to 7.5. For working solution of anesthesia 1:25 

dilution ratio was applied in E3 medium.  

3.1.4 Equipment 

List of equipments used throughout the studies are provided in the Table 3.4 

Table 3.4 Equipment used in the studies 

LightCycler 480 Instrument  Roche (Switzerland)  
µQuant Universal Microplate 
Spectrophotometer 

BioTek (USA) 

Thermal cycler TC-512  Techne (UK)  
NanoDrop ND-1000  Thermo Scientific (USA) 
MZ10F microscope Leica (Germany) 
DMi8 microscope Leica (Germany) 
Leica Application Suite v4.7 Leica (Germany) 
Aixio Imager Zeiss (Germany) 
DPcontroller (v3.3.1.292) Olympus (Japan) 

3.1.5 Kits and supplements 

Kits and supplements used throughout the studies in the studies are provided in the Table 3.5 

Table 3.5 Kits and supplements used in the studies 

Nuclease free H2O SH30538.01  HyClone (USA) 
LightCycler® 480 SYBR 
Green I Master  

4887352001  Roche (Switzerland)  

LightCycler 480 
Multiwell Plate 96, White  

4729692001  Roche (Switzerland)  

RNase-Free DNase Set 
(50)  

79254  Qiagen (Germany)  

RevertAid First Strand 
cDNA Synthesis Kit  

K1622  Fermentas (Canada)  

MTT  M6494  Invitrogen (USA) 
RNeasy Mini Kit  74104  Qiagen (Germany)  
SDS  71725  Sigma-Aldrich (Germany)  
HCl  7102  Sigma-Aldrich (Germany)  
HEPES H-1016 Sigma-Aldrich (Germany)  
Sodium chloride 31434  Sigma-Aldrich (Germany)  
EGTA A0878 AppliChem (Germany) 
Glycerol  15524  Sigma-Aldrich (Germany)  
Triton X100 T8787  Sigma-Aldrich (Germany)  
Phosphatase inhibitor 
(Phosstop Easypack) 

4906845001  Roche (Switzerland) 

EDTA-free protease 
inhibitor (cOmplete)  

11873580001  Roche (Switzerland)  
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Table 3.5 Kits and supplements used in the studies (Cont’d) 
Geneticin (G418) sulfate sc-29065A ChemCruz (The Netherlands) 
Lipofectamine 2000 11668027 Invitrogen (USA) 
QIAzol lysis reagent  79306  Qiagen (Germany)   
EtOH  B2221  Sigma-Aldrich (Germany)  
BCA Protein Assay kit  23227  Thermo Scientific (USA) 
Chloroform 24216 Sigma-Aldrich (Germany)  
Pierce BCA Protein Assay 
kit  

23227  Thermo Scientific (USA) 

Acetylcholinesterase 
Assay Kit (Colorimetric)  

ab138871 ABCAM (UK) 

2-propanol 24137 Sigma-Aldrich (Germany)  
Dimethyl sulfoxide 
(DMSO)  

A1584  Applichem (Germany)  

mEGFP-N1 Plasmid #54767 Addgene (USA) 
Sorafenib Catalog No. S7397 Selleckchem (USA) 
Phenothiazine P14831-25G Sigma-Aldrich (Germany) 
Perphenazine P6402-1G Sigma-Aldrich (Germany) 
Prochlorperazine P9178-5G Sigma-Aldrich (Germany) 
Trifluoperazine T8516-5G Sigma-Aldrich (Germany) 
Camptothecin  C9911 Sigma-Aldrich (Germany)  
Tris hydrochloride T3253  Sigma-Aldrich (Germany)  

3.1.6 qPCR primers 

List of primers are given in the Table 3.6. 

Table 3.6 List of primer pairs used throughout the qPCR studies 

Genes Primer sequences 
Amplicon 
size (bp) 

Species 
Associated 

KEGG 
pathways 

TPT1 
5’-GATCGCGGACGGGTTGT-3’ 
5’-TTCAGCGGAGGCATTTCC-3’ 

100 H. sapiens 

Microtubule 
stability 

(Housekeeping 
gene) 

HMGCR 
5’-TATCCGTTTCCAGTCCAGGT-3’ 
5’- GCTGGAATGACAGCTTCACA-3’ 

210 H. sapiens 
Cholesterol 
metabolism 

SQLE 
5’-CGTGAATATCCTTGCTCAGGC-3’ 
5’- AGACAATACAGAAAGCAGCCCA-3’ 

145 H. sapiens 
Cholesterol 
metabolism 

SRSF7 
5’-GGTCTAGATCACATTCTCG-3’ 
5’-CCAGACCTAGATCTTCTG-3’ 

154 H. sapiens 

RNA 
processing & 

DNA 
replication 

NOC3L 
5’-ACCCAAAGGAAAAGCGACCA-3’ 
5’-CGCATGAACAGGCTCACTAGA-3’ 

170 H. sapiens 

RNA 
processing & 

DNA 
replication 

NIP7 
5’-GGTGTACTATGTGAGTGAGAAGA-3’ 
5’-GCACCAGGCTTTATCCAAAC-3’ 

180 H. sapiens 

RNA 
processing & 

DNA 
replication 
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Table 3.6 List of primer pairs used throughout the qPCR studies (Cont’d) 

Genes Primer sequences 
Amplicon 
size (bp) 

Species 
Associated 

KEGG 
pathways 

LSS 
5’- GGCGCTTAAGTATTTCCACAA-3’ 
5’-AACTCTAAGCCCTGCGTGAG -3’ 

81 H. sapiens 
Cholesterol 
metabolism 

CCNE1 
5’-GCCAGCCTTGGGACAAT -3’ 
5’-CTTGCACGTTGAGTTTGG-3’ 

104 H. sapiens Cell cycle 

CCNE2 
5’-GTAGCTGGTCTGGCGAGGTTT-3’ 
5’-GGGCTGCTGCTTAGCTTGTAA-3’ 

83 H. sapiens Cell cycle 

MKI67 
5’-GTGTCAAGAGGTGTGCAGAA-3’ 
5’-GCCTTACTTACAGAATTCAC-3’ 

197 H. sapiens 
Cell cycle & 
proliferation 

CHEK1 
5’-TGGTCACAGGAGAGAAGGCA-3’ 
5’-CAGATAAACCACCCCTGCCA-3’ 

151 H. sapiens 
Cell cycle, 

DNA damage 
& apoptosis 

ANLN 
5’-TAAAGCAGGTGATTGTTCGG-3’ 
5’-GTTCTTCATCAACACAGCAG-3’ 

180 H. sapiens 
Cell cycle & 
Cytoskeleton 

WDHD1 
5’-AGCAGCCAAGGACGAGTAAA-3’ 
5’-CTTCGGCTTTGGAATCAGAG-3’ 

192 H. sapiens Cell cycle 

CDC6 
5’-AGTCAGATGTCAAAAGCCAGACT-3’ 
5’-TTGGCTCAAGGTCATCCTGTTA -3’ 

146 H. sapiens Cell cycle 

CDKN1A 
5’-GTCACTGTCTTGTACCCTTGTG-3’ 
5’-CGGCGTTTGGAGTGGTAGAA-3’ 

228 H. sapiens 
Cell cycle, E2 

signaling 

RRM2 
5’-TCCGGTTCTTTTGCGTCGAT -3’ 
5’-TCCGATGGTTTGTGTACCAGG -3’ 

149 H. sapiens 

Cell cycle, 
DNA repair, 

drug 
metabolism 
and amino 

acid 
metabolism 

CCND1 
5’-CTGCGAAGTGGAAACCATCC-3’ 
5’-GCACTTCTGTTCCTCGCAGA-3’ 

199 H. sapiens 

Cell cycle, E2 
signaling, 

stress 
pathways 

SLC7A11 
5’-TCTTTGTTGCCCTCTCCTGC-3’ 
5’-GCTGGTAGAGGAGTGTGCTT-3’ 

142 H. sapiens 

Ion channels, 
ferroptosis and 

stress 
pathways 

DDIT3 
5’-GTTAAAGATGAGCGGGTGGC-3’ 
5’-TGGATCAGTCTGGAAAAGCACA-3’ 

132 H. sapiens 

DNA 
damage/repair 

and stress 
pathways 

GADD45A 
5’-TCTCGGCTGGAGAGCAGAAGAC-3’ 
5’-AGCTTGGCCGCTTCGTACAC-3’ 

121 H. sapiens 

DNA 
damage/repair 

and stress 
pathways 

HMOX1 
5’-GCCAGCAACAAAGTGCAA-3’ 
5’-GAGTGTAAGGACCCATCGGA-3’ 

105 H. sapiens 
Iron 

metabolism 

MCM10 
5’-GTGCGCCTATACCCACTTCA-3’ 
5’-CCGTCCCGTTCCCATTTGTA-3’ 

180 H. sapiens 
DNA 

damage/repair 

CYP1B1 
5’-AACGTACCGGCCACTATCAC-3’ 
5’-TCACCCATACAAGGCAGACG-3’ 

167 H. sapiens 

Drug 
metabolism, 
amino acid 
metabolism 

PGR 
5’-GGAGGAGGAGGGAGGTATCA-3’ 
5’-CTGCTTGGAAGACTCAGGGA-3’ 

210 H. sapiens E2 signaling 
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Table 3.6 List of primer pairs used throughout the qPCR studies (Cont’d) 

Genes Primer sequences 
Amplicon 
size (bp) 

Species 
Associated 

KEGG 
pathways 

TFF1 
5’-CCATGGAGAACAAGGTGATCTGC-3’ 
5’-TTAGGATAGAAGCACCAGGGGAC-3’ 

208 H. sapiens E2 signaling 

AARS 
5’-GAGTTGCTGGATGACCCCTC-3’ 
5’-GGCTTCTTCCGTCACGATCA-3’ 

120 H. sapiens 
Amino acid 
metabolism 

AQP3 
5’-GGGACCCTCATCCTGGTG-3’ 
5’-GGTTGATGGTGAGGAAACCA-3’ 

91 H. sapiens Ion channels 

KCNS3 
5’-GAGCGGAGCTAGCTGGATG-3’ 
5’-GGCCAAAAAGAAGGGAAGAA-3’ 

108 H. sapiens Ion channels 

CLIC3 
5’-ACCAAGCTCCAGCTGTTTGT-3’ 
5’-GAGGAGCAGGACCATGAAGA-3’ 

93 H. sapiens Ion channels 

SLC6A14 
5’-TGGAGAGCTTGCTGGTTTGTA-3’ 
5’-CCAGCCTAAAGCAACTCCCC-3’ 

129 H. sapiens Ion channels 

aars 
5’-AGAGGAATGGGGGTCGATCT-3’ 
5’-TCATCTCCAGAGCCTTTGCC-3’ 

86 D. rerio 
Amino acid 
metabolism 

rrm2 
5’-GATGAGGGTCTTCATTGCGAC-3’ 
5’-ATCAGGTCACAGTTCATGCCA-3’ 

167 D. rerio 

Cell cycle, 
DNA repair, 

drug 
metabolism 
and amino 

acid 
metabolism 

b2m 
5’-TTCTTTGTCTGCTGTACATCACTG-3’ 
5’-TGCTTGGTGTCCGACATAAC-3’ 

184 D. rerio 

Immune 
system 

(Housekeeping 
gene) 

 

3.2 Methods 

3.2.1 Cell culture methods 

3.2.1.1 Maintaining and handling the cell lines 

Breast cancer lines MCF-7 and MDA-MB-231 and hepatocellular carcinoma lines HepG2, 

Hep3B, SkHep1 and Huh-7 were used throughout the cell culture studies.  

Cell lines were grown in complete DMEM/Low-Glucose containing 10% fetal bovine serum, 

1% penicillin-streptomycin, 1% non-essential aminoacid, 2% l-glutamine and 1% Na-

Pyruvate under the incubator conditions of 37 oC and 5% CO2.  

Passaging of the cell lines were performed as the cell culture reaches to 80%-90% confluency. 

For this purpose, the medium is removed, and the culture was washed with PBS (Lonza). 

Afterwards, the culture was exposed to Trypsin-Versene for 5 min at 37 oC. Following that, 

cells were mixed with complete DMEM thoroughly and seeded onto new culture plates to 

obtain new generations. 
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For long-term preservation of the cell lines, the cells were thawed at 1500 rpm for 5 minutes 

after the trypsinization and DMEM resuspension steps. Then, the supernatant was replaced 

with 2 ml freezing medium containing sterile FBS and DMSO. Following a brief pipetting the 

mixture was transferred to cryovials and consecutively kept at -20 oC (5 min), -80 oC (24 

hours) and liquid nitrogen (for long term storage).  

3.2.1.2 eGFP transfections in obtaining monoclonal Hep3B and SkHep1 lines  

Initially cell lines were seeded into 24-well plates (20000 cells/well) with complete DMEM 

(w/o pen/strep). After 24 hours, transfection master mixes were prepared. For that, 0.5 µl of 

either lipofectamine or mEGFP-N1 constructs were kept in separate tubes each containing 50 

µl of Opti-MEM for 5 min. Then the complex formation was proceeded for 20 min by mixing 

the lipofectamine and eGFP containing medium together. Afterwards, the complex was added 

onto the cells with freshly renewed medium (0.5 ml complete DMEM (w/o pen/strep)) and 

kept for 3 hours. Then, the media was renewed, and the cells were let to grow for 3 days 

without any antibiotics. As the cells grow by the third day, media was refreshed with 

appropriate concentrations of geneticin (Hep3B: 500 µg/ml; SkHep1: 900 µg/ml) to obtain 

polyclonal eGFP containing cells. 

Relevant geneticin concentrations for each line were derived from kill curve assays on the 

naive cell lines. Here, briefly, Hep3B and SkHep1 were seeded onto 96-well plates (5000 

cells/well) and exposed to varying active concentrations of geneticin (0-1000 µg/ml) for 3 

days and 7 days to obtain optimal concentrations that kill the cells 100%.   

Monoclonal eGFP bearing lines were further selected from polyclonal lines by applying serial 

dilutions of cells through 96-well plates as described by Ryan JA (2008) [298]. Single cell 

colonies were taken under careful examination daily by recording eGFP status on each well. 

eGFP positive colonies were further scaled up by passaging into larger surface areas (6-well 

plates and T75 flasks, respectively)  

3.2.2 Zebrafish culture methods 

Relevant methodologies were followed in compliance with Bilkent University Ethical 

Committee approvals (2015/15 & 2016/7) and Karlsruhe Institute of Technology institutional 

guidelines. 
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3.2.2.1 Breeding setups and maintenance of embryos 

Adult fish were grown in 27.5 - 28.4 °C system water (pH: 7.4) with 14 hours of day and 10 

hours of night periods. Wildtype AB (+/+) strain were utilized for breeding purposes. For that, 

parent fish 2 male and 2 females were settled in breeding tanks overnight. By the next 

morning, separator blocks from the opposite sexes were removed for allowing the 

reproduction. Embryos were then collected and maintained in 1X E3 medium at 28 °C. 

Embryos were euthanized on ice before 6 days post fertilization (6 dpf)  

3.2.2.2 Generations of xenografts and tumor growth measurements 

SkHep1eGFP lines were collected by trypsinization of the cell culture (300 cells/embryo). After 

the collection, the cell pellet was obtained by centrifugation (1500 rpm for 3 min). 

Supernatant media was replaced with 500 µl PBS per 3x106 cells, resuspended thoroughly and 

centrifuged for 1 min at 5000 rpm. Then, the supernatant was removed, the cells were mixed 

with 25 µl PBS by avoiding bubble formations and kept at 37 °C for 20 min. After 

centrifugation for 1 min at 5000 rpm the pellet was mixed with 500 µl FBS. Following that, 

the suspension was centrifuged for 1 min at 5000 rpm and washed with 500 µl PBS thrice. By 

the last centrifugation supernatant was replaced with 5 µl Phenol red + 95 µl PBS mixture. 

Manually dechorionated embryos were anesthetized in E3 medium with tricaine (0.4 mg/ml) 

and 300 cells was microinjected to the yolk of each 48 hpf embryo. The medium was renewed 

without tricaine and injected embryos were kept at 32 oC further on. After 8 hours, eGFP 

positive embryos were maintained for experimental purposes. Fluorescence. Hence, tumor 

growth and status of the embryos were checked under Leica MZ10F microscope with GFP 

filter and imaged by using DPcontroller (v3.3.1.292) suite. Xenograft experiments concerning 

the compounds PD-3, PD-5, PD-28 and PD-29 were done together with Bilkent University 

MSc student Büşra Korkmaz where culturing and grafting of the embryos were performed on 

her behalf. 

Tumor growth was further measured via ImageJ 1.50i by taking Corrected Total Cell 

Fluorescence (CTCF) levels into account as described by Jakic B. et al. (2017) [299]. Briefly, 

IntegratedDensity measures were subtracted from the multiplication of the selected area and 

background fluorescence levels, to calculate CTCF. Statistical meanings of the effects were 

evaluated by one-way ANOVA/Bonferroni tests in GraphPad Prism (v6.01).  
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3.2.3 MTT cytotoxicity assay and toxicity measurements on the cell lines 

Toxicity of the compounds on the in vitro lines were assessed via MTT assay. After 

trypsinization the cells were seeded into 96-well plates (10000 cells/well and 5000 cells/well 

for 24 hour and 48-hour exposures, respectively) and kept for 24 hours before the treatments. 

After the exposures for given times the wells were washed with PBS and media were renewed 

with phenol free medium (100 µl/well). Onto the medium 5 mg/ml MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in sterile PBS was added (10 µl/well) 

and let for the formations of formazan crystals for 4 hours at 37 oC. Afterwards, 0.1 gr/ml 

SDS- (0.01 M) HCl solution was added on top of each well (100 µl/well) and kept at 37 oC 

overnight. OD570 readings for each well later collected via Microplate Spectrophotometer 

(μQuant, Biotek). Relative cell viability ratios were calculated by initially correcting for blank 

values for each well and then by dividing with the corrected 0.1% DMSO control group 

OD570 scores. Each MTT assay was executed with biological triplicates for each group where 

concentration of exposure contained fixed DMSO percentile (0.1%) and exposures were 

renewed daily. 

Exposure to indole-benzimidazoles was initially carried out by applying four different 

concentration points (0.25 μM, 2 μM, 16 μM and 40 μM). Candidate compounds with 

relatively high toxicity levels were taken for secondary MTT assay screenings with MCF-7, 

MDA-MB-231 and HepG2 along with 8  concentration points (0.25 μM, 2 μM, 4 μM, 8 μM, 

10 μM, 12 μM, 16 μM and 40 μM). CPT was used as positive control throughout the 

experiments and each exposure took place for only 24 hours.  

Preliminary phenothiazine derivative exposures were performed with four concentration 

points (3.7 μM, 11.1 μM, 33.3 μM and 100 μM) on Hep3B and SkHep1 cell lines. In this 

setup for the two cell lines (and for their eGFP monoclones), the MTT assays for the 

compounds PD-9, PD-10, PD-11, PD-12, PD-13, PD-14, PD-15, PD-16, PD-17, PD-18 and 

PD-19 were done by Clinical Pharmacist and Post-doctoral fellow Omer Bayazeid (Hacettepe 

University / Ankara). Promising candidates were then screened on HepG2, Huh7 and MCF-7 

lines with the same concentration scale. SFB was used as the positive control (3.7 μM and 

11.1 μM). Each screening was done for 24 hours of exposures. Additionally, PTZ, PPH, PCP, 

TFP, PD-3, PD-4, PD-5 and PD-6 were also screened for 48 hours with the same 

concentration scheme. Hep3BeGFP monoclone validations of these eight compounds (24 h) 

were also pursued in collaboration with Omer Bayazeid.    
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SFB combination exposures were also performed with the phenothiazine derivatives. For that, 

TFP, PCP and PD-5 were screened in combination with SFB on Hep3B, for 24 h and with 1:1 

concentration dilution where maximum concentration for each compound is 50 µM. In 

addition to that, a time series TFP-SFB combination experiments were performed on Hep3B, 

SkHep1, HepG2 and Huh7 lines with the same dilution scheme, yet 25 µM as the maximum 

concentration for each compound. Synergism maps were further generated from viability 

percentiles for each concentration by using SynergyFinder tool (Bliss-LOESS parameters) 

[63]. 

In the case of indole-benzimidazoles, dose-response curves and IC50 values were obtained via 

GRcalculator tool by applying sigmoidal fits and capping GR values below 1, allowing group 

comparisons via one-sided Wilcoxon rank sum-test [300]. GRcalculator derived IC50 scores 

were additionally evaluated with the IC50 values previously obtained by GraphPad Prism 

(v6.01) – “log(inhibitor)-three parameters” (Fikriye Zengin, PhD Thesis, 2019). For the 

comparisons, Pearson’s correlations were calculated by using the log10IC50 values from both 

tools as the IC50’s within the MTT assay concentration ranges were subjected to secondary 

Pearson’s correlation analyses. In contrast, phenothiazine derivative dose-responses and IC50 

estimations were performed via GraphPad Prism (v.6.01) using “log(inhibitor)-four 

parameters” option. In case of inept IC50 interpolations, “log(inhibitor)-three parameters” 

option was referred. To assess the effects of treatments, cell line and possible interactions, 

log2 scaled viability scores from biological triplicates or the logIC50 scores were analyzed 

through n-way ANOVA. Additionally, t-tests were utilized in comparing two respective 

groups with each other. PCA was performed on comparing dose responses of cell lines for the 

exposures. Cell viability values for each concentration group and cell line were further 

analyzed with two-way ANOVA/Tukey in GraphPad Prism (v6.01). Moreover, dose-curve 

shifts upon combination treatments were proceeded with EC50 shift fitting option in 

GraphPad Prism environment. Accordingly, viability scores for each concentration were 

analyzed by two-way ANOVA/Dunnett and multiple t-tests/Holm-Sidak statistics. 

3.2.4 Embryonic toxicity assessments in zebrafish 

Developmental toxicities of the indole-benzimidazole derivatives 48, 49, 50 and 51 were 

performed on AB strain zebrafish embryos in Bilkent University. For that, 10-11 embryos per 

group were used with two biological replicate setups as the embryos were exposed to 20 µM 

of compounds between 6 hpf and 72 hpf. Morphometric values: dorsoventral axis, rostro-

caudal axis, yolk size and eye diameter, were measured and multivariate analyses were 
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applied via PCA in assessing developmental toxicities. In addition, hatching percentiles by 48 

hpf were collected to supplement the toxicity data.  

Time dependent embryonic toxicity experiments for PTZ derivatives were performed in 

Karlsruhe Institute of Technology (KIT) with AB line zebrafish for phenothiazine derivatives 

mainly. Media renewal was performed daily. For imaging and toxicity evaluations, ZEISS 

Axio Imager microscopes and ImageR applications were utilized in addition to authenticated 

softwares and automated platforms. Embryos were exposed to the derivatives, between 6 hpf 

and 120 hpf. On average 12 embryos/group was used for each concentration exposure 

between 0-40 µM. Toxicity values were referred by calculating affected embryo ratios. For 

that purpose, counts for dead, abnormal or chorionated embryos were divided by initial counts 

of embryos at 6 hpf and then normalized to the non-affected embryo ratios of the 0.5% 

DMSO control groups. Obtained values were further used in deriving dose-response curves 

and EC50 values via GraphPad Prism (v6.01). For the screening of TFP compound, 6 hpf-72 

hpf data were used.   

In assessing in vivo combination screenings with SFB, generic derivatives (PTZ, PPH, PCP, 

TFP) and in-house derivatives (PD-3, PD-5 and PD-9) were used, for 48 hpf-120 hpf 

exposures by calculating affected embryo ratios with respect to 0.5% DMSO control group. 

As the concentration scale for the derivatives was 0-20 µM, whereas 0-4 µM scale was used 

for SFB concentrations. 4 embryos/group were studied for the combination screenings. 

Synergistic and antagonistic nature of the combinations were examined via SynergyFinder 

tool (Bliss-LOESS parameters).   

In the Bilkent University in vivo experiments, E3 medium was supplied with methylene blue 

3.2.5 mRNA isolation and cDNA synthesis 

RNeasy kit (QIAGEN) was used for RNA isolation from the in vitro samples with biological 

duplicates according to manufacturer’s instructions. For the zebrafish samples, in-house 

mRNA isolation protocol was followed, and each step was carried out at 4 oC unless 

mentioned otherwise. Firstly, media was replaced with 700 µl for each biological replicate 

group (11 embryo/group). Following that, each sample containing tube was homogenized on 

ice via syringes. Afterwards, 200 µl chloroform was added onto samples. After 3 min, the 

mixture was centrifuged at 13000 rpm for 17 min. Supernatant from each tube was collected 

and briefly mixed with 200 µl 2-propanol. After 10 min incubation at room temperature, 

samples were centrifuged at 13000 rpm for 12 min (4 oC). Then, the pellet was mixed with 1 
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ml 75% EtOH, centrifuged at 8000 rpm for 8 min. Moreover, the pellets were mixed with 1 

ml 100% EtOH and centrifugation process was applied at 8000 rpm for 8 min. By the end, the 

pellet was air-dried and mixed with 20 µl nuclease free water, hence the RNA samples were 

obtained. 

RNA sample amounts were further obtained via NanoDrop ND-1000. 1 µg RNA for each 

sample and oligo(dT)18 primers were used in obtaining cDNAs by using RevertAid first strand 

cDNA synthesis kit (Fermentas) according to manufacturer’s instructions. 

3.2.6 qPCR experiments and relative gene quantity measurements 

Firstly, qPCR reaction mix for each gene was prepared. For this purpose,  20 ng cDNA (1 µl), 

10 µM gene specific forward and reverse primers (1 µl each), 1 µl nuclease free H2O and 5 µl 

LightCycler® 480 SYBR Green I Master mix was used in obtaining reaction mix (10 

µl/well). Then, the mixture was distributed along the LightCycler 480 Multiwell Plate 96 

White. For each group technical duplicates were used in addition to TPT1 and b2m as the 

housekeeping genes for human and zebrafish lines, respectively. Afterwards, the plate was 

carefully enclosed with cover slips and centrifuged for 2 min at 1000 rpm.  

Following these steps LightCycler® 480 Instrument and LightCycler® 480 software 

(1.5.1.62) were utilized in executing chain reaction cycles and the parameters are as given in 

Table 3.7. 

Table 3.7 qPCR parameter used for reaction cycles 

Cycles Steps Temperature 
(oC) 

Duration Acquisition 
mode 

Ramp rate 
(oC/sec) 

1 Pre-incubation 95 5 min None 4.4 
40-50 Denaturation 95 10 sec None 4.4 

Annealing 57-61 20 sec Single 2.2 
Extension 72 20 sec None 4.4 

1 Melt curve 
genotyping 

95 5 sec None 4.4 
55 1 min None 2.2 
95 Nondetermined Continuous 

(Acquisition 
per oC = 5) 

0.11 

1 Cooling 40 30 None 2.2 

 

Ct values were later utilized in deriving relative quantity (RQ) amounts for each specific gene 

and exposure group. ΔΔCt calculations were performed by Yuan JS et al. (2006) as in the 

Equation 1 and Equation 2. Later, the RQ values were represented on the log2 scale [301]. 
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3.2.7 Protein collection and measurements 

Protein collection steps took place at 4 oC unless mentioned otherwise. Later, measurements 

on protein levels were followed with BCA protein assay by referring the manufacturer’s 

instructions. 

Collection of the cells in cold PBS were centrifuged for 1500 rpm for 5 min and the 

supernatant is removed. Then, the pellet was mixed with 200 µl lysis buffer (50 mM HEPES, 

150 mM NaCl, 1 mM EGTA, 10% glycerol and 1% Triton X100) containing cOmplete 

protease inhibitor (1 drop/20 ml) and Phosstop protease inhibitor (1 drop/10 ml). By applying 

brief vortexing the mixture was kept at room temperature for 15 minutes. After centrifugation 

for 5 minutes at 1500 rpm, the supernatant that contains the protein load was collected. 

In the case of zebrafish embryos, 250 µl Tris-HCl (50 mM, pH:8) was added onto the sample 

groups (15 embryos per each biological duplicate). After homogenizing by syringes, the 

samples were kept on ice for 30 minutes. Then, the centrifugation for 20 minutes at 13000 

rpm and resuspension of the samples were followed in a sequence for four times. By the end, 

the supernatant parts mainly comprising the protein units were obtained.   

3.2.8 Cholinesterase activity evaluations 

Initially, the sample protein amounts were normalized to the sample with the minimum 

protein concentration to get equal levels of total proteins for each sample. Then, the manual 

provided by the Colorimetric Acetylcholinesterase Assay Kit (ABCAM (USA)) was followed. 

Additionally, cholinesterase amounts were derived from the standard sample exponential 

curves by using Windows Excel 2003. Afterwards, changes in cholinesterase activity levels 

were evaluated with respect to the DMSO control groups. For that purpose, activity count data 

were normalized to the control group average on log2 scale. In vitro assessments on the 

activity were performed via one-way ANOVA/Tukey in comparing the samples together, 

whereas two-way ANOVA/Tukey and multiple t-test/Holm-Sidak were also followed in 

assessing the interactions of TFP and SFB with respect to their combinations. Two-way 

ANOVA/Tukey statistics were also applied on assessing the dose-effect on SkHep1. 

Additionally, one-way ANOVA/Holm-Sidak methodology was applied on in vivo 

cholinesterase data with multiple compounds and doses. Analyses were executed in GraphPad 

Prism environment by taking all the derivatives on the same experiment into account 
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3.2.9 AB genotype zebrafish behavioral analyses 

Investigations were focused on the phenothiazine derivatives and performed in collaboration 

with Dr. Ravindra Peravali from Karlsruhe Institute of Technology (KIT) – Germany by using 

authenticated and automated platforms. AB genotype zebrafish were used throughout the 

studies where a total of 0.5% DMSO percentile was used for each exposure type. 

3.2.9.1 Locomotor assays 

On average 5 embryos per group were exposed to the compounds and to their SFB 

combinations between 48 hpf and 120 hpf. For this purpose, single compound exposures were 

performed on PTZ, PPH, PCP, TFP, PD-3, PD-4, PD-5 and PD-6 on the dose scale of  0, 1.25 

µM, 2.5 µM, 5 µM, 10 µM and 20 µM). Similarly, but on a different concentration scale (0.15 

µM, 0.31 µM, 0.63 µM, 1.25 µM, 2.5 µM and 5 µM), PD-9, PD-10, PD-11 and SFB were 

investigated for their effects on the locomotion. In addition to that, PTZ, PPH, PCP, TFP, PD-

3, PD-4, PD-5 and PD-6 derivatives (2.5 µM and 5 µM each), besides PD-9 and PD-10 (0.63 

µM and 1.25 µM) were studied concerning their effects on zebrafish motility in combination 

with SFB (0.15 µM). 

By the end of the exposures, video recordings from the embryos were collected, 4 seconds 

each. In this template, embryos became adapted to the stable environment for two seconds. 

After that, they were stimulated with soundwaves shortly, and their activity responses were 

evaluated for the following 2 seconds. Therefore, through two phases of adaptation and 

stimulation, observations on locomotor responses could be made.  

Obtained video files were then processed in the R environment (3.6.1). The image analyses 

were executed as a part of the senior projects of two undergraduate Bilkent University 

students: Cem Buğra Kaboğlu and Ahmet Hınçer. In this regard, each video was segmented 

into 200 static images and the objects, zebrafish, were identified on the background. 

Afterwards, motility distance was calculated based on replaced pixel value clusters along the 

coordinates of each segments. Collected distance values served as the raw data for further 

statistical analyses where multiple t-test/Holm-Sidak was used in comparing each compound 

with their SFB combinations. In addition to that, one-way ANOVA/Dunnett and two-way 

ANOVA/Sidak were also performed in evaluating the effects of doses, compounds and their 

SFB combinations separately. 
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3.2.9.2 Photomotor response (PMR) 

Between 30 hpf and 34 hpf interval the embryos were exposed to 20 µM PCP, 20 µM TFP, 10 

µM PD-9, 10 µM PD-11 and 2 µM SFB. Additionally, combinations of PCP of TFP with SFB 

for the concentrations were also used in assessing the motor responses after 

photostimulations. During the approach 4 replicate/group and on average 13 

embryos/replicate were used for each exposure. Video recordings, six seconds each, were 

obtained. For the first two seconds, basal movements of the embryos were recorded. Towards 

the end of this interval, the embryos become stimulated with a light source and their 

photomotor responses were recorded by the following last four seconds. The steps are as 

given below: 

Basal phase (~2 sn) 

Brief photo stimulation (latency) (~10 ms)   

Motor response phase (E1, E2 and E3) (~2 sn) 

Refractory phase (R1 and R2) (~2 sn) 

Collected values were analyzed by using authenticated softwares of the KIT institute. Briefly, 

Q1 and Q3 quantile values as well as control groups (0.5% DMSO or the corresponding 

derivative for the combination) were referred in ANOVA based statistical tests. Information 

about PMR are provided in detail by Kokel D, et al. (2010) [98]. 

3.2.10 In silico target screenings for the derivatives 

SMILES (Simplified Molecular Input Line Entry System) codes for the derivatives were 

generated and further implemented on the SwissProtPrediction tool by Omer Bayazeid 

(Hacettepe University/Turkey) to retrieve the probability of target binding, hence the target 

scores, of the derivatives [44]. Later, the scores were gathered and represented within the 

range of 0-1 where the likelihood for a target increases as the score reaches to one. After 

compiling the scores, the heatmap with ward distance was generated to elucidate the target 

profiles across the derivatives. 

3.2.11 Microarray analyses 

20 µM of indole-benzimidazole derivatives 48, 49, 50, 51 and 53 were applied on MCF-7 

cells for 24 hours. After mRNA collection, where 0.1% DMSO control and 51 exposure 

groups comprised biological duplicates, microarray methodology was pursued via Affymetrix 
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HuGene 2.0 ST platform provided by AY-KA Ltd. Şti. In the approach, data normalization 

was proceeded with Transcriptome Analysis Console Software (V3.0.0.466) with default 

parameters of Affymetrix analyses and with rma from the affy package [302]. Differential 

gene expression was performed via limma tool for the DMSO control and 51 samples [303]. 

In the case of genes with multiple probes, the probes that had the lowest adjust p-value were 

prioritized for subsequent analyses. Microarray data further represented on the heatmap by 

logFC values (adj.p-value<0.1 for the compound 51 (n=1116)). Correlations between the 

novel derivatives were performed by retrieving the gene lists that show more than 0.5 “log 

Fold Change” (logFC) differences after any exposures in comparison to control (n=3522). In 

addition, the retrieved gene list was also utilized while comparing the correlations between 

SERMs, AA (-), Dioxin and indole-benzimidazoles. Nonetheless, the length of the gene list 

remained relatively limited due to missing genes across the metaanalyzed groups (n=2113). 

Correlation’s were additionally represented via heatmaps by using ComplexHeatmap tool and 

ward distance options [304]. 

LINCS database was utilized in obtaining the list of perturbagens that yield comparable 

expression profiles with the compound 51 because of characteristic directions of the 

significantly up- or down-regulated genes. LogFC ranking for 150 upregulated genes and 150 

downregulated genes were used for this purpose [305]. 

Additional limma analyses were executed in identifying gene expression differences between 

48-49 and 50-51-53 exposures (adjusted p-value < 0.05). Pathway enrichment analyses were 

performed via STRING database for Reactome Pathways [306]. GSE35428 (SERM 

modulators), GSE7765 (Dioxin exposure) and GSE62673 (aminoacid depletion (AA (-))) 

public gene expression data were used for comparative transcriptomics. 

Significantly changing expression levels between the compound 51 and external gene 

expression data was further investigated based on log2 fold changes and p-values below 0.05. 

For 51 & E2 (N=2177), 51 & Dioxin (N = 111) and 51 & AA (N = 1480), significant KEGG 

pathways were found via STRING database.  

Venn diagrams facilitated the means of representations between the datasets by showing the 

contrasts based on pathway mutuality (http://bioinformatics.psb.ugent.be/webtools/Venn/) 

[307]. Furthermore, diagrams for the pathway lists and contingency tables for the gene 

signatures were also generated helping the calculations on Fisher’s exact test in R. 
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0.5-fold (log2 scale and for any of the indole-benzimidazole treatments) was selected as the 

cut-off for Pearson’s correlation analyses where the coefficients between pairs were utilized 

in generating heatmaps with ward distances. Accordingly, analyses were performed in R 

environment and ComplexHeatmap library. 

Microarray normalization, limma analyses of the microarray data and integration of external 

gene expression data were performed by Bilkent University PhD candidate Ayse Gokce 

Keskus. 

3.2.12 RNAseq analyses 

mRNAs were obtained from Hep3B lines which were exposed to DMSO (%0.1), SFB (1 μM 

and 2 μM), TFP (12 μM) and TFP-SFB combinations for the relevant concentrations. 

RNAseq libraries were generated via NEBNext® Ultra™ RNA Library Prep Kit for 

Illumina® (NEB, USA). Clustering and sequencing processes were handled by utilizing 

HiSeq PE Cluster Kit cBot-HS (Illumina) device and cBot Cluster Generation System 

software. Afterwards, sequencing was performed on the Illumina Hiseq platform and 125 

bp/150 bp paired-end readings were received. RNAseq experiments and raw data collection 

were done by BMLabosis BM Lab. Sist. Ltd. Şti. Raw reads were contained in fastq format 

and were aligned to human genome on BioJupies interface through Elysium “free alignment” 

tool where gene counts were also calculated via Kalisto algorithm (in collaboration with 

Kubra Calisir, MSc Student) [308]. Afterwards, logCPM normalized gene expression data 

was retrieved from the same tool and limma analyses were performed in evaluating the 

significances of each gene expression change upon exposures in comparison to 0.1% DMSO 

control group [303]. Functional deductions based on gene set enrichments were further 

proceed with minimum of 9 genes per gene sets. In this regard, 0.05 cut-off for limma adj.p-

value was referred in (i) evaluating differences between hierarchical clusters and PCA; and 

(ii) top 10 most significantly enriched KEGG pathways were listed via EnrichR (p-value<0.1) 

[309, 310]. Gene or pathway-based contrasts were represented via Venn diagrams. Gene 

expression signatures for each exposure was further evaluated by using Fisher’s exact test in 

R environment. For this purpose, significant genes that show expression change either on the 

same or opposite directions were utilized (limma adj.pval<0.05). Following that, mutual or 

differential gene lists were investigated by taking KEGG pathways into account in EnrichR 

interface, to understand the synergistic effects on gene-pathway levels. 
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CHAPTER 4: RESULTS 

4.1 Indole-benzimidazole study 

Lead-like properties of the compounds were evaluated via in vitro and in vivo toxicity assays 

and transcriptomic analyses with a focus on their potential ER modulatory roles. 

4.1.1 In vitro toxicity analyses of indole-benzimidazoles 

Cytotoxicity evaluations were addressed via MTT screenings. Accordingly, the assays were 

performed for novel ethylsulfonyl indole-benzimidazole derivatives that were synthesized and 

purified by Fikriye Zengin Karadayı (Ankara University/Turkey; PhD Thesis). Screening was 

conducted in two phases for 24 hours of exposures. First, responses of the ERα (+) MCF-7 

breast cancer cell line against four different concentrations of the derivatives were 

investigated. In the second phase, cytotoxicity assays were employed for the selected 

compounds with eight different concentrations against MCF-7, MDA-MB-231 (an ERα (-) 

breast cancer line) and HepG2 (an ERα (+) HCC line). Moreover, IC50 values for the 

respective assays were previously generated via GraphPad Prism environment and had been 

presented accordingly (Fikriye Zengin Karadayı, PhD thesis, 2019). Furthermore, I have 

carried on subsequent analyses and graphical representations by using GRcalculator tool and 

demonstrated them in our collaborative publication [311]. Comparative analyses between 

GRcalculator and GraphPad environments have shown high correlation rates for the IC50 

estimations of both tools, especially by the ranges below 40 µM (Figure Appendix A1). 

Considering the maximal concentration applied on the MTT assays (40 µM), IC50 values of 

both tools were able to pinpoint relatively active derivatives, despite being less reliable 

beyond the experimental concentrations. Since GRcalculator has become tremendously 

helpful in relating structural differences with toxicity profiles, respective IC50 are referred in 

the following section of the current thesis. 

4.1.1.1 First phase MTT screening results  

The derivatives were comprised of 10 different R1 side chain alterations in addition to one of 

the 4 modifications on the R2 position: -H, -OCH3, -Cl or -Br (Table 4.1). These structural 

contrasts allowed further comparisons regarding the activity levels of the compound groups. 

According to the preliminary toxicity screenings, n-way ANOVA approaches revealed that 

both modifications on different side chains influence the cytotoxic activities (p-value < 2e−16) 

with R1 as the most significant factor (p-value < 2e−16). Sole effect of R2 alterations turned 

out to be milder (p-value=0.0885). Nevertheless, interaction between both side chains was 
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also eminent (R1x2 interaction p-value < 2e−16) implying that both positions can act together. 

Investigations on the GRcalculator tool has also presented that R1:-p-fluorobenzyl family (48, 

49, 50 and 51) stood out from the rest of the R1 modifications (p-value: 0.023) and other R1 

cyclic aromatic side chain moieties (p-value: 0.012) (Figure 4.1). Across the p-fluorobenzyl 

group members, compounds 50 and 51, with -Cl and -Br on the R2 position respectively, 

posed relatively more potential activity levels on the first phase of MCF-7 screenings.  

Besides the p-fluorobenzyl possessing derivatives, some compounds also showed strong 

activity levels. In contrast, rest of the members from their respective R1 groups posed 

negligible anti-cancer toxicities. This brought additional considerations on possible 

synergisms with R2 side chains. In this regard, some of the prominent compounds that can 

demand further considerations are: (i) 53 (R1: -3,4-difluorobenzyl x R2:-OCH3), (ii) 27 (R1:-

CH3 x R2:-Cl), and (iii) 36 (R1:-C3H7 x R2:-Br). 

Table 4.1 GRcalculator derived IC50 values (µM) of the indole-benzimidazoles after 24-hour 
exposures in MCF-7 

 

No R1 R2 IC50 No R1 R2 IC50 No R1 R2 IC50 

23 -H -H 22.9 36 -C3H7 -Br 13.4 49 -p-fluorobenzyl -OCH3 41.3 

24 -H -Br 135 37 -C4H9 -H 22.4 50 -p-fluorobenzyl -Cl 13.2 

25 -CH3 -H 206 38 -C4H9 -Cl ND 51 -p-fluorobenzyl -Br 9.29 

26 -CH3 -OCH3 ND 39 -C4H9 -Br 53.6 52 -3,4-difluorobenzyl -H ND 

27 -CH3 -Cl 6.99 40 -cyclohexyl -H 34.4 53 -3,4-difluorobenzyl -OCH3 11.9 

28 -CH3 -Br 200 41 -cyclohexyl -OCH3 84 54 -3,4-difluorobenzyl -Cl 148 

29 -C2H5 -H 15.1 42 -cyclohexyl -Cl 73.2 55 -3,4-difluorobenzyl -Br 134 

30 -C2H5 -OCH3 ND 43 -cyclohexyl -Br 378 56 -3,4-dichlorobenzyl -H ND 

31 -C2H5 -Cl ND 44 -benzyl -H 324 57 -3,4-dichlorobenzyl -OCH3 ND 

32 -C2H5 -Br ND 45 -benzyl -OCH3 21.5 58 -3,4-dichlorobenzyl -Cl ND 

33 -C3H7 -H 51.1 46 -benzyl -Cl ND 59 -3,4-dichlorobenzyl -Br ND 

34 -C3H7 -OCH3 52.6 47 -benzyl -Br ND     

35 -C3H7 -Cl 23.8 48 -p-fluorobenzyl -H 47.9     

ND: No IC50 detected 
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Figure 4.1 GRcalculator analyses based on log10IC50 values (μM) derived from the viability 
percentiles after the exposures on MCF-7 cell line.Representations are given based on R1 side 
chains modifications as the respective R2 side chains are given by the colored points. One-
sided Wilcoxon test statistics were followed in the tool to compare the scores from p-
fluorobenzyl moieties to the R1 aromatic side chains. Retrieved from Karadayi F.Z. & Yaman 
M. et al., 2020. Bioorganic Chemistry [311]. 

 

4.1.1.2 Large scale MTT screening results on multiple cell lines  

In addition to ERα (+) MCF-7 line, an ERα (-) breast cancer line MDA-MB-231 and an ERα 

(+) HCC line HepG2 were exposed to 13 candidate compounds from the preliminary 

cytotoxicity assessments (Table 4.2).  According to n-way ANOVA evaluations, the 

treatments significantly affected the viabilities (p-value < 2e−16) in a cell-type dependent 

manner (p-value: 2.62e−08). R1x2 interaction, likely structural synergism, was observable (p-

value < 2e−16), besides that R1 and R2 were able to influence the cell viabilities separately (p-

value < 2e−16, for each position). Cell line dependencies were further confirmed by two-way 

ANOVA/Tukey comparisons (Figure Appendix A2). According to GRcalculator analyses, 
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MCF-7 has a trend to be a more sensitive line for the derivative concentrations with respect to 

the other cell lines screened (Figure Appendix A3).  

Table 4.2 IC50 values (µM) for the candidate derivatives across the cell lines 

No IC50 (µM) No IC50 (µM) 

MCF-7 MDA-MB-231 HepG2 MCF-7 MDA-MB-231 HepG2 

23 ND 64.7 ND 45 30 19.8 8.59 

27 5.73 ND ND 46 ND 10.5 97.5 

29 ND ND ND 48 26.3 19.3 ND 

35 282 ND 32.4 49 33.9 43.9 ND 

36 15.1 ND 10.4 50 19.6 32.2 77.3 

37 28.6 ND 29 51 33.3 31.7 16.9 

40 51 63.6 291 53 19.1 ND 24.2 

  ND: No IC50 detected 

 

Figure 4.2 PCA of the candidate indole-benzimidazole derivatives.Log2 scaled viability 
percentiles from the biological triplicates of each cell line were used for each concentration.  

Viability scores were further employed in generating principal components enabling cell line 

and concentration-based comparisons (Figure 4.2). Accordingly, ERα (+) lines represented 

overlapping clusters in dose responses whereas the viabilities tend to deviate by the maximum 
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dose (40 µM), further underlying dose-dependency. Moreover, principal directions of 50 and 

53 aligned in a proximity along with 27 and 36, whereas compounds 37, 45, 49 and 51 

seemed to form another cluster.  

GRcalculator-retrieved IC50 values further eased the comparisons for the cell types and the 

treatments (Table 4.2). In contrast to the Table 4.1, the derivatives 23, 27 and 51 

unexpectedly yielded some shifts in the activity levels on MCF-7. Furthermore, some 

compounds posed more cytotoxic potencies towards the supplementary cell lines other than 

MCF-7, such as the compounds 45, 46 and 51. Surprisingly, the structures, enumerated 

between 45-51, were able to affect the ERα (-) MDA-MB-231 line. 

4.1.2 In vivo toxicities of the novel indole-benzimidazoles used as leads 

AB strain zebrafish embryos were exposed to 20 µM of the R1: p-fluorobenzyl members 

between 6 hpf-72 hpf. Initial observations suggested high survival ratios (10-11 per group). 

Although fully hatched by 72 hpf, relatively low hatching rates of the embryos were also 

recorded by 48 hpf (Table 4.3). Especially the compounds 49 and 51 were indicative for a 

developmental delay by the exposures.  

Table 4.3 48 hpf hatching and abnormality status of indole-benzimidazole exposed embryos 

Replicates Group A Group B Total 

Status / 

Treatment 
Hatched Unhatched Malformed Hatched Unhatched Malformed 

Hatching 

(%) 

DMSO 

(0.5%) 
10 1 0 10 1 0 90.91 

48 9 2 0 5 6 0 63.64 

49 9 2 0 0 10 0 42.86 

50 7 3 0 8 3 0 71.43 

51 2 9 0 4 7 0 27.27 

 

Nevertheless, PCA was performed on 6 random 72 hpf samples from each exposure type by 

taking morphometric measurements into account (Figure 4.3). The analyses resulted in 

overlapping features between the groups, suggesting no clear distinction on the development 

with respect to the morphometric parameters. Accordingly, relative with the numeric value, 
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rostrocaudal (RC) axis length showed a separate direction from the remaining measurements 

that were in line with each other: dorsoventral (DV) axis, yolk length and eye width. 

 

 

Figure 4.3 PCA of 72 hpf embryonic morphometric measurements.Lengths for dorsoventral 
(DV) and rostrocaudal (RC) axes, eye width and yolk were utilized in assessing the 
morphomoteric parameters after exposures to the derivatives.  

 

4.1.3 Transcriptome level analyses on indole-benzimidazole exposures 

Gene expression studies were initiated to understand the molecular networks relating with the 

indole-benzimidazoles. Based on the cytotoxicity profiles, candidate compounds were 

subjected to microrarray analyses. For this purpose, R1:-p-fluruobenzyl members (48, 49, 50 

and 51) and compound 53 with a structural similarity by its R2: -3,4-difluorobenzyl group 

were subjected to microarray analyses.  

4.1.3.1 Gene expression profile correlations and dose-dependency evaluations  

Initial explorations on the gene data posed to question whether the molecular signatures of 

each compound relate with each other. In line with the toxicity data, fold change differences 

in expression seemed milder in 48 and 49 than other R1:-p-fluruobenzyl members and 53, 
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indicative for dose-dependency on gene expression (Figure 4.4 (A)). Pearson correlation 

analyses have further supported the findings where 51 has yielded relatively higher 

correlation rates for more cytotoxic compounds on MCF-7 (Figure 4.4 (B)).  

 

A 

 

B 

 

C 

 

Figure 4.4 Preliminary microarray analyses for the novel indole-benzimidazoles.(A) Heatmap 
for microarray data. Ward distance is used and genes are filtered on the basis of adj.p-
value<0.1 for the compound 51 (n=1116). (B) Pearson’s correlation plots for the microarray 
data. LogFC data was used and the genes showing more than 0.5 logFC in either of the 
exposure was selected (n=3522). Compound names are provided on the diagonal line, scatter 
plots and blue regression lines on the bottom side and the Pearson’s correlation scores on the 
top half of the diagonal axis. (C) Limma derived gene lists (adj.p-value < 0.05) for 49-50 and 
50-51-53 groups were utilized in retrieving Reactome Pathways which were represented by 
the Venn diagram. List of the pathways are provided in the Table Appendix A4 (Retrieved 
from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry [311]).  

Moreover, Reactome enrichment analyses were pursued in understanding possible gene level 

differences between 48-49 and 50-51-53 where 553 genes demonstrated differential 

expression levels between the groups (adj.p-value<0.05). In the contrasts for 50-51-53, 



45 
 

comparisons presented a more pronounced influence on the numbers of genes that are relevant 

with cell cycle, ESR1, DNA damage and stress response pathways, further underlying dose-

dependency on the cellular responses (Figure 4.4 (C) &Table Appendix A4). Therefore, 

microarray compounds revealed close relationships with each other on the gene expression. In 

addition, the relationships were also likely to rely on the substance concentrations along with 

the cytotoxicity profiles of the compounds. Furthermore, 51 emerged as a representative 

sample for the relatively active derivatives 50 and 53. 

4.1.3.2 Dose-dependent gene expression profile assessments 
Gene expression confirmations and dose-dependency evaluations were further executed via 

qPCR (Figure 4.5). Here, mRNA levels under 40 µM exposures on the MCF-7 were taken 

into analyses. Candidate genes were selected upon the top KEGG pathway annotations for the 

gene signatures from 51 and the compound series 50-51-53 (Table Appendix A5 & Table 

Appendix A6). The KEGG annotations were in line with aminoacyl-tRNA biosynthesis, p53 

signaling and cellular stress related pathways. 

Accordingly, structural similarities and differences were accountable for gene expression 

differences across multiple pathways. For instance, cell cycle genes (ANLN, WDHD1, 

CDC6, CDKN1A, RRM2 and CCND1) yielded overlapping profiles. However, the 

compounds 48, 49 and 53 also showed slight differences for some genes such as CDKN1A, 

WDHD1 and RRM2. Moreover, overlapping profiles were eminent on the DNA damage and 

repair (DDIT3, GADD45A, MCM10 and RRM2) genes, as the compound 49 could not 

influence the gene GADD45A significantly. In the case of E2 signaling related genes, 

influence of TFF1 was remarkable, even though none of the derivatives could alter PGR 

levels by 40 µM, surprisingly. In addition to that, drug metabolism, amino acid metabolism 

related genes (CYP1B1, AARS and RRM2) yielded remarkable fold changes as the AARS 

levels remained unaffected for each compound in contrast to 20 µM microarray profiles. 

Levels of some ion channel genes (SLC7A11, SLC6A14, AQP3, KCNS3 and CLIC3) turned 

out to be affected by the exposures, but differential for AQP3 and KCNS3. As some of the 

genes additionally were related with ferroptosis or stress response pathways (CDKN1A, 

DDIT3, SLC7A11, GADD45A), fold changes were noteworthy with slight dependence on the 

compound. As a result, candidate genes from the microarray were mostly validated by the 

qPCR findings based on gene expression fold changes. Moreover, overlapping signatures and 

multiple mechanisms were prominent for the derivatives overall, yet there were also some 

contrasting features between them.  
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Figure 4.5 Heatmaps for qPCR results.The data is derived from the novel compounds 
exposed onto MCF-7 for 24 hours, and gene expression differences are presented on log2 
scaled relative quantity values (log2RQ). Clusters are formed with average distances. 
Microarray data for the respective genes are additionally annotated on the top. Color scales 
are given from blue-to-red within the -10 and 10 boundaries. One-way ANOVA/Tukey p-
value statistics for the qPCR results are provided on the heatmap.  *: p<0.05, **: p<0.01, ***: 
p<0.001 and ****: p<0001. Adapted from Karadayi F.Z. & Yaman M. et al., 2020. 
Bioorganic Chemistry [311] 

Microarray and qPCR comparisons demonstrated dose-dependency. We have initially 

observed that microarray and qPCR studies yielded different clusters. Although the list of the 

most significantly affected genes were shared between two assays, gene expression signatures 

slightly deviated from each other, As 48-49 and 50-51-53 clusters were formerly evident in 

microarray, compound 48 presented a similar profile with 50-51-53 group on the qPCR 

validations. Enrichment of qPCR significance scores in the case of 48 and 49 additionally 

implemented a gain of functionality by the increasing dosages from 20 µM to 40 µM. Dose 

comparison analyses for E2 signaling related genes CCND1, TFF1 and PGR were pursued via 

qPCR (Figure 4.6). Accordingly, TFF1 gene presented a significant dose-dependency (p-
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value: 0.0207). In the case of CCND1 (p-value: 0.6284) and PGR (p-value:0.4252) group 

comparisons between doses did not yield significant scores. However, significances for 48 

and 49 were found to alternate between doses, as the profiles had overlapping features across 

the compounds by 40 µM.  

 

Figure 4.6 qPCR results for E2 signaling genes.Dose-dependency evaluations were 
performed on MCF-7 cells that were exposed to the compounds for 24 hours at 20 µM and 40 
µM. Log2 scaled relative quantity (RQ) amounts are provided on y-axis where the 
housekeeping gene TPT1 was referred. For each dose, one-way ANOVA and Dunnett 
multiple comparisons were done on against the respective DMSO control groups. Dose-
dependency evaluations were performed via two-way ANOVA *: p<0.05, **: p<0.01, ***: 
p<0.001 and ****: p<0001. Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. 
Bioorganic Chemistry [311] 

4.1.3.3 qPCR studies in vivo 
In vivo condition of the candidate genes rrm2 and aars were evaluated on 72 hpf embryos that 

were exposed to 20 µM of the compounds since the 6 hpf stage (Figure 4.7). Despite the 

insignificant scores by one-way ANOVA/Tukey comparisons, rrm2 has shown a reducing 

trend by the derivatives, in line with in vitro microarray and qPCR findings. Interestingly, the 

trend for aars expression was on the opposite direction, suggesting involvement of cell-cycle 

and aminoacid metabolisms between in vitro cancer and in vivo embryonic developmental 

conditions, although somewhat differentially.  
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Figure 4.7 In vivo qPCR results for the R1: p-fluorobenzyl members.The compounds were 
exposed onto zebrafish embryos between 6 hpf and 72 hpf, and gene level changes are 
provided by log2RQ values. One-way ANOVA/Tukey p-value statistics for the qPCR results 
did not show significant differences with the DMSO control groups (0.5%) 

 

4.1.3.4 Gene signature assessments across SERMs and multiple cellular networks  
Annotations by the microarray level assessments yielded some possible correlations with 

multiple ontologies. For example, reverse profile of the E2 exposures suggested antiestrogenic 

characters of the derivatives, despite PGR levels remaining relatively unchanged by 40 µM 

treatments, bringing alternative pathways into question. Accordingly, an E2 related pathway 

AhR (via dioxin exposures) and a stress response and amino acid metabolism related pathway 

via AA (-) were taken under investigations in line with preliminary 48-49-50-51-53 

comparisons (Figure 4.8).  For that purpose, DEG quantities across the exposures were 

evaluated and annotated by KEGG pathways. Compound 51 and E2 comparisons yielded 

significant associations between the groups. On one side of the inverse correlation there was 

TGF-β pathway and on the other side there were mismatch repair, cell cycle, DNA 

replication, spliceosome pathway, cysteine and methionine metabolism besides pyrimidine 

metabolism. List of genes on the same directions are given in Table Appendix A7. 

According to Fisher’s exact tests, forward correlation between 51 and AA (-), as well as 

between 51 and dioxin were remarkable with a mutual enrichment of the “ferroptosis” term. 
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In addition, amino acid metabolism, E2 signaling pathway and steroid metabolism were 

mutually affected for 51 and dioxin exposures,  

 

Figure 4.8 Expression profile contrasts between the compound 51, (A) E2, (B) Dioxin and 
(C) AA (-).The gene sets were comprised of the lists of genes showing significant changes (p-
value < 0.05) for each group. Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. 
Bioorganic Chemistry [311] 

Contrasts between the indole-benzimidazoles, E2, AhR and AA (-) were further supplemented 

by correlation maps (Figure 4.9).  The list of genes that showed 0.5 logFC difference in any 

of the indole-benzimidazoles and available on the metaanalyzed list were utilized in forming 

the plots. Accordingly, large scale microarray profiles have shown that the novel compounds 

as well as dioxin and AA (-) can correlate with ER modulatory effects in expression. 

Although they have overlapping signatures with SERMs, they have also formed distinct 

clusters. Besides that, the expression profiles of the indole-benzimidazole group accordingly 

followed an inverse interrelationship with E2 exposures. Although estrogen modulatory roles 

can be annotated for the indole-benzimidazoles in this study, their selectivity towards the 

estrogen receptor remained as a doubtful case. Surprisingly, the signature of 5-

hydroxytamoxifen (4-OHT) demonstrated vague SERM-likeliness based on the reference 

gene list. Moreover, amino acid depletion AA (-) and partially AhR gene signatures correlated 

with the studied compounds and reference SERM molecules. The results strongly suggested 
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multifaceted nature of indole-benzimidazole actions and mutuality of E2-signaling events 

across various cellular paradigms.    

 

 

Figure 4.9 Correlation heatmap of SERMs, AA (-), Dioxin and indole-benzimidazole 
derivatives.Genes were selected by referring to the indole-benzimidazole signatures (|logFC| 
cut-off: 0.5, for any exposures) and further refrained by the gene lists available in the 
remaining datasets (n=2113). Clusters were formed via Ward distances as the Pearson’s 
correlations were demonstrated in a color code of blue-white-red scale as provided on the 
legend.  
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4.1.3.5 Additional perturbagen type gene profile comparisons on LINCS-Query data-
base 

Upon confirmations on overlapping gene signatures, possible MoA hubs were investigated. 

Initial considerations on the pathway annotations have supported the involvement of anti-

cancer related events regarding cell cycle, DNA damage as well as aminoacyl-tRNA 

biosynthesis (Table Appendix A4, Table Appendix A5 & Table Appendix A6). Findings 

were further supplemented by the overlapping features between the derivatives SERMs, 

amino acid depletion and dioxin. Yet, exact mechanisms on the upstream of events remained 

unresolved. To address that, LINCS database was utilized (Table 4.4). Specifically, the Query 

tool provides a wealth of gene level information upon perturbagen exposures to various cell 

lines. Therefore, a list of closely related perturbagens can be obtained fast with respect to gene 

level signatures, as primary events relating with the exposures can be enlightened. In this 

regard, analyses were performed for the compound 51 data deriving from biological 

duplicates. Meanwhile, the multiscale MCF-7 chemical perturbagen-gene expression data was 

considered. As doing so, tubulin and microtubule inhibitors, ER antagonists and known AhR 

ligands were gained additional considerations due to potential roles acclaimed for the indole 

and benzimidazole structures in the literature. Most similar agent was the VEGFR inhibitor 

oxindole-I and the calcium channel inhibitor niguldipine, which is also an activator for amino 

acid and integrated stress responses [312]. An ER antagonist ZK-164015 and reserpine 

(vesicular monoamine transporter inhibitor and an oxidative stress factor) were among the 

most related compounds which also pose indole moieties [313].  

In line with literature suggestions on indoles and benzimidazoles, ER antagonists, microtubule 

inhibitors and tubulin inhibitors yielded high similarity scores, where structural similarities 

for these compounds were eminent (Score > 80). However, affinities of the derivatives 

towards some of these targets were milder than the standard ligands, according to docking 

studies performed in Ankara University, by M. Murat Kışla (Table Appendix A 8). Even for 

the compound 50 no successful binding model was generated. Although in silico docking 

studies usually demand in vitro validations, the work underlined that: (i) there can be multiple 

targets for the derivatives, and (ii) relatively moderate interactions with ERα, tubulin or 

VEGFR.    
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Table 4.4 Top LINCS Query matches for the compound 51 

 Score Name Description 
Rings included in the 
structure 

Top 10 

99.98 oxindole-I VEGFR inhibitor indole 
99.98 niguldipine Calcium channel blocker none 
99.97 AG-592 Tyrosine kinase inhibitor none 
99.96 AG-879 Angiogenesis inhibitor none 
99.96 FCCP Mitochondrial oxidative 

phosphorylation 
uncoupler 

none 

99.96 ZK-164015 ER antagonist indole 
99.96 reserpine Vesicular monoamine 

transporter inhibitor 
indole 

99.96 PD-198306 MAP kinase inhibitor none 
99.96 CGK-733 ATR kinase inhibitor none 
99.96 suloctidil Adrenergic receptor 

antagonist 
none 

Literature 
supported 

groups 

99.76 Vinblastine Microtubule inhibitor indole 
97.72 albendazole Antihelmintic benzimidazole 
97.2 SA-63133 Tubulin inhibitor indole 
95.82 fenbendazole Tubulin inhibitor benzimidazole 
94.84 NPI-2358 Tubulin inhibitor imidazole 

94.38 tamoxifen ER antagonist none 

94.34 mebendazole Tubulin inhibitor benzimidazole 
94.01 oxibendazole Tubulin inhibitor benzimidazole 
92.99 clomifene ER antagonist none 
92.51 vinorelbine Tubulin inhibitor indole 
89.22 SA-792574 Microtubule inhibitor indole 
87.89 Y-134 ER antagonist thiophene 
85.53 arctigenin MEK inhibitor none 
84.26 vindesine Tubulin inhibitor indole 
80.22 nocodazole Tubulin inhibitor benzimidazole 

Adapted from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry [311] 

In the case of AhR binding agents in the LINCS Query, only arctigenin, a MEK inhibitor 

(85.53), has given a considerable similarity score. Rest of the AhR agonists, antagonists and 

ligands, including the indole itself, failed to meet the similarity criteria. Then, the derivations 

on the indole scaffold seemed to cause deviations in modulating its target AhR, which can be 

due to R2 modifications and additions of benzimidazoles. However, gene level similarity with 

arctigenin was also noticeable.  
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4.2 Repurposing and novel derivative screening of phenothiazines for treatment of HCC 

Repurposing potentials of phenothiazines on HCC and lead-like properties of novel 

compounds were initially assessed. Therefore, their cytotoxic effects alone or in combination 

with sorafenib (SFB) were evaluated via cytotoxicity assays, in vivo embryonic toxicity and 

behavioral assays. In addition, possible target mechanisms were investigated by in silico tools 

and RNAseq transcriptomic analyses. 

4.2.1 In vitro toxicities of the derivatives 

Anti-cancer potentials of the phenothiazine derivatives were primarily addressed via in vitro 

MTT assays on Hep3B, SkHep1, HepG2, Huh7 and MCF-7, besides the eGFP clones of 

Hep3B and SkHep1. For this purpose, generic compounds were obtained from SIGMA and 

screened on the cell lines to initiate repurposing assessments. In a parallel line novel and 

intermediary PTZ derivatives were synthesized and purified by Fikriye Zengin Karadayi and 

Mehmet Murat Kışla (Ankara University/Turkey). MTT assays were also performed for these 

compounds. At last, viability-based synergism evaluations were pursued with SFB 

combinations.  

4.2.1.1 Individual generic compound exposures on the cell lines 

4.2.1.1.1 Compound and cell type dependent changes on viability 

Anti-cancer and anti-HCC potentials of the generic compounds were initially evaluated on 

multiple cell lines (Figure 4.10 (A)). Viability based n-way ANOVA have yielded significant 

effects on cellular viability in cell-type, compound and concentration dependent manners after 

24 hours (p-values: 2. 35e-07, 1.59e-08 and < 2e-16, respectively). Furthermore, we have 

observed significant interaction between cell line and treatments (p-value: 0.0069) suggesting 

differential effects of treatments on each cell type. Accordingly, generic compounds were 

found to influence the viability scores of the HCC and non-HCC lines (Figure 4.10 (B)). 

Interestingly, PTZ and PPH were less effective on Huh7 and MCF-7, unlike TFP and PCP 

which caused relatively more reduction on the IC50 scores overall (Figure 4.10 (C)). As PTZ 

represents fewer toxic profiles than the remaining generic derivatives, responses of the HepG2 

were observed to be more pronounced than the other naïve cell lines. Moreover, effect of PPH 

was also more profound on HepG2, indicative for selectivity towards HepG2 background. As 

a result, initial repurposing attempts pinpointed TFP and PCP for further studies, yet PPH is 

also suggestive for further studies. 
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(A) Cell lines/ 
Compounds Hep3B SkHep1 HepG2 Huh7 MCF-7 Hep3BeGFP SkHep1eGFP 
PTZ 61.05 44.74 71.17 138.51 ND 49.75 26.16 
PPH 35.75 38.36 16.21 ND ND 24.13 -- 
PCP 18.54 24.62 13.64 13.71 15.79 17.96 29.34 
TFP 27.54 15.00 12.53 36.01 25.57 11.05 12.54 

 

(B) 

 

(C) 

 

Figure 4.10 Generic PTZ derivative screenings on multiple cell lines (24 h).(A) IC50 values 
(μM), (B) Heatmap representation for the compound responses across the cell lines, and (C) 
LogIC50 distributions of the generic derivatives across multiple cell lines. ND: No IC50 
detected; --: No experiment 

4.2.1.1.2 eGFP status on the toxicity profiles of generic compounds 

As the eGFP clones of the cell lines are initially proposed for xenograft trials, comparability 

between the parent lines and eGFP monoclonal lines were questioned. Initial observations by 

IC50 based t-test analyses have shown no significant differences between Hep3B-Hep3BeGFP 

and SkHep1-SkHep1eGFP pairs comparisons (p-values: 0.14 and 0.47, respectively) (Figure 

4.11 (A)). To comprehend the eGFP status effect, n-way ANOVA was performed with the 

log2Viability percentiles. No remarkable differences by the status of the cell lines and their 

origins were recorded (p-values: 0.526 and 0.668, respectively), supplementing the 

comparability of the monoclonal lines and parent lines for the generic compounds. Significant 

effects by the treatment exposures further supported that each generic molecule behaved 

differently on the viability of the cell lines. No interaction between these factors were also 

observed. Thus, the clonal lines were found to be representative of the parent lines Hep3B and 

SkHep1.  
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A 

 

B 

 

Figure 4.11 (A) eGFP status and (B) time-dependency evaluations on the responses of Hep3B 
and SkHep1 towards generic derivatives.T-tests were performed for initial comparisons. 

4.2.1.1.3 Time-dependent changes on viability by 24 and 48 hours 

IC50 based 24-hour and 48-hour exposure comparisons have shown that time parameter can 

also be a significant factor for Hep3B, as SkHep1 also presented a trend for a more sensitive 

profile by 48 hours (p-values: 0.0096 and 0.28, respectively). To understand the time effect 

better, n-way ANOVA and log2Viability percentiles were utilized. Duration (p-value: 0.0166) 

and treatments (p-value: 3.36e-07) have caused significant differences. Nonetheless, no 

remarkable effects and interactions with exposure duration and treatments were observed by 

the cell lines, Hep3B and SkHep1, indicating that they behaved similarly during the 

exposures. Therefore, exposure time and treatments were found to be significant factors for 

the generic compounds tested.  

4.2.1.2 In vitro toxicities of the novel derivatives 

4.2.1.2.1 Compound and cell type dependent changes on viability 

Novel derivatives and intermediary compounds, in total 30, were initially screened on Hep3B 

and SkHep1 where two-cell lines have shown significant differences, unlike the generic 

compounds (p-value: 0.0049) (Figure Appendix B1). Despite relatively high IC50 values for 

most of the compounds, the intermediary derivatives PD-9 and PD-11 stood out from the rest 

of the molecules. Regarding the novel molecules, PD-3, PD-5, PD-6, PD-28, PD-29 and PD-

30 yielded relatively promising results on viability (Figure 4.12(A)).  
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A 

 

B 

 

C 

 

 

Figure 4.12 Non-generic PTZ derivative screenings in vitro.(A) Initial screenings across 
Hep3B and SkHep1 cell lines. (B) Heatmap clusters for the cell lines and logIC50 values of 
each derivative. Blue-white-red scale indicate the amount of logIC50. (C) PCA was generated 
by using the viability percentiles from the 24-hour exposures to the derivatives on multiple 
cell lines as n-way ANOVA statistics are provided. 

Candidate compounds from the first screen were additionally tested on HepG2, Huh7 and 

MCF-7. The results have yielded overlapping profiles between MCF-7, SkHep1 and HCC 

lines, implying that the derivatives were also effective on non-HCC cell lines. In-depth 

comparisons were made easier with heatmap clusters where MCF-7 and Hep3B gave more 

similar results with each other, as SkHep1 and HepG2 bundled aside from the remaining cell 
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lines (Figure 4.12(B)). Furthermore, viability percentiles for each biological triplicate were 

utilized to investigate the effects of cell-types and concentrations of each treatment via n-way 

ANOVA (Figure 4.12(C)). We have observed separate clusters of concentrations, strongly 

supporting the dose-dependency (p-value: 4.11e-202) where the treatments affected the 

viability scores differently (p-value: 6.40e-50). Moreover, the cell lines in this study 

represented alternating profiles on the viabilities (p-value: 1.17e-28). Interaction between the 

treatment effects and the cell line factors were eminent for non-generic derivatives (p-value: 

2.30e-06). Presence of the MCF-7 breast cancer control line was additionally questioned for 

the cell line effects. Therefore, non-parametric Kruskal-Wallis/Dunn’s statistics were 

performed across the cell lines (Figure Appendix B2). Accordingly, the compounds were 

confirmed to be effective across the non-HCC and HCC lines. Besides that, the synthesized 

derivatives PD-5, PD-9, PD-11, PD-28 and PD-29 emerged as promising derivatives from the 

cytotoxicity assessments.  

4.2.1.2.2 eGFP line comparisons and time-dependencies of the synthesized derivatives 

eGFP status did not yield any significant results by t-tests for Hep3B and SkHep1 (p-values: 

0.082 and 0.76)(Figure 4.13(A)). N-way ANOVA further complimented the irrelevance of 

eGFP status for the novel compounds, as the treatment effect (p-value < 2e-16) and Hep3B-

SkHep1 cell type differences (p-value: 0.0082) were confirmed. Differential effects of the cell 

lines were recorded to be dependent on the type of compounds (p-value: 0.035).  

 

Figure 4.13 Dependence of the novel derivatives’ toxicity profiles on (A) eGFP status and 
(B) exposure time.Hep3B and SkHep1 cell lines were used, as t-tests were performed for 
initial comparisons. 
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Initial t-test assessments were indicative for a time-dependency of the exposures (PD-3, PD-4, 

PD-5 and PD-6) on Hep3B and SkHep1 (Figure 4.13(B)). N-way ANOVA statistics by the 

viability scores further supported the effect of exposure time (p-value: 1.06e-05). The 

analyses also confirmed that Hep3B and SkHep1 responded differently to the exposures (p-

value: 0.00388).  

The findings supported the use of eGFP clones in representing the parent lines. Also, 

exposure duration is an important parameter for the responses of the derivatives, and novel 

compounds alike.  

4.2.1.3 Cytotoxic effects of SFB combination exposures with the generic compounds 
After exposures to a large scale of compound and combination concentrations, average 

viability percentiles were used in assessing the synergy scores via SynergyFinder tool. Initial 

evaluations were focused on PCP and TFP on Hep3B cell line for 24 hours of exposures. 

They showed that the derivatives can synergize with SFB where TFP caused a relatively 

higher synergistic potential (Figure 4. 14).   

(A) 

 

(B) 

 

(C) 
 

Drug 
combinations 

Synergy 
score 

Most synergistic 
area  score 

Method 

SFB - PCP 4.772 11.474 Bliss 
SFB - TFP 12.034 20.053 Bliss 

Figure 4. 14 Preliminary SFB synergism evaluations of PCP and TFP.(A) PCP-SFB synergy 
map, and (B) TFP-SFB synergy map, and (C) synergy scores, respectively. SynergyFinder 
with BLISS-LOESS parameters were utilized in deriving the synergy maps. Positive scores 
from this tool represent synergism where it becomes stronger as the score increases (provided 
on the red color scale). Oppositely, antagonistic levels are demonstrated by the scores below 
zero on the green color scale. 
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Next, we have investigated if the synergism is solely dependent on Hep3B and 24-hour 

exposures only. For that, TFP-SFB synergism was evaluated across the three HCC (Hep3B, 

HepG2 and Huh7) and one liver adenocarcinoma line (SkHep1) for 24 and 48 hours (Figure 

4.15 and Figure 4.16, respectively).  

24-hour evaluations have prioritized the Hep3B line as relatively the most sensitive liver cell 

line to the synergism of TFP and SFB (Figure 4.15 (A)). Dose curve shifts (EC50 shifts) 

further supported this notion as the combination curve followed a sharp relocation from both 

TFP and SFB towards an improved cytotoxicity area. Furthermore, two-way 

ANOVA/Dunnett and multiple t-test/Holm-Sidak comparisons supplemented these findings 

where they revealed significant viability differences for each concentration point of 

combination against each single TFP and SFB treatment. Dose-by-dose differences were also 

observable for the other cell lines, yet their synergistic scores remained lower than Hep3B’s. 

Surprisingly, SkHep1 represented a complete opposite trend where TFP and SFB pairs 

demonstrated strong antagonistic interactions (Figure 4.15 (B)). Based on the TFP 12.5 µM 

concentration curve shifts in SkHep1, the combination was able to increase the toxicity in 

comparison to TFP alone. However, the cytotoxic effects of SFB alone treatments were 

seemed to be diminished undoubtedly in the case of combination treatments on SkHep1 by 24 

hours.  

Interestingly, both synergistic and antagonistic dose areas were observable within and across 

the HCC lines and SkHep1. As the antagonistic areas were less visible for Hep3B and most 

eminent in SkHep1, synergistic/antagonistic effects followed a dual nature in HepG2 and 

Huh7 HCC lines (Figure 4.15 (C, D)). Although TFP-SFB synergism was effective by the 

low doses of exposures on HepG2, beyond 6.25 µM SFB antagonistic profiles came to light. 

Similar shifts were also noticeable in Huh7. Dose-by-dose effects were also comparable for 

both HepG2 and Huh7. Accordingly, presence of 12.5 µM TFP did not improve the effects 

posed by SFB alone, even it slightly diminished the cytotoxic effects in Huh7. 
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Figure 4.15 Synergy maps and dose-response curve shifts for the TFP-SFB combination 
exposures (24 hour) across the liver cancer lines: (A) Hep3B, (B) SkHep1, (C) HepG2 and 
(D) Huh7, respectively. p-values <0.05; a: SFB vs combination (two-way ANOVA/Dunnett), 
b: TFP vs combination (two-way ANOVA/Dunnett) and #: SFB vs combination (multiple t-
test/Holm-Sidak) 

48-hour exposures supported the previous synergy maps and concentration-curve shifts 

(Figure 4.16). Interestingly, synergy scores for Hep3B and SkHep1 became relatively closer 

to zero than what we observed at 24th hour (Figure 4.16 (A, B)). Yet, synergistic effects of 
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TFP-SFB pair in Hep3B and antagonistic profiles of SkHep1 along the synergy maps and 

concentration curves were still remarkable. In the case of HepG2, dual 

synergistic/antagonistic events were discernible, although relatively synergistic effects were 

seeming to be constrained to the SFB concentrations lower than 2 µM (Figure 4.16 (C)). 

Besides that, additions of TFP 6.25 µM to the SFB solution did not seem to improve the 

potential of SFB, yet below this TFP concentration Huh7 was appeared to gain some 

synergistic profiles on viability (Figure 4.16 (D)). 

As a result of the secondary SFB assessments across the primary liver cancer lines, we have 

seen that the cells can respond to the combination concentrations differently, as the effects 

might slightly differ by time (Table 4.5). Hep3B emerged as the cell line with relatively most 

synergistic effects of TFP-SFB, whereas non-HCC line SkHep1 with relatively most 

antagonistic profiles.   

 

Table 4.5 Synergy scores of TFP-SFB combinations from Figure 4.15 and Figure 4.16 

Time (h) Cell line Synergy score Most synergistic area score Method 

24 

Hep3B 7.995 10.952 Bliss 
SkHep1 -35.615 -10.613 Bliss 
HepG2 1.12 3.551 Bliss 
Huh7 -0.052 1.04 Bliss 

48 

Hep3B 3.378 7.534 Bliss 
SkHep1 -15.586 -0.059 Bliss 
HepG2 -1.261 3.475 Bliss 
Huh7 1.886 6.111 Bliss 
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Figure 4.16 Synergy maps and dose-response curve shifts for the TFP-SFB combination 
exposures (48 hour) across the liver cancer lines: (A) Hep3B, (B) SkHep1, (C) HepG2 and 
(D) Huh7, respectively. p-values <0.05; a: SFB vs combination (two-way ANOVA/Dunnett), 
b: TFP vs combination (two-way ANOVA/Dunnett) and #: SFB vs combination (multiple t-
test/Holm-Sidak) 
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4.2.1.4 Synergistic effects of SFB-PD-5 combination on Hep3B cytotoxicity  
SFB synergism was initiated on the novel derivatives. Then, the candidate compound PD-5 

was taken into synergism evaluations on Hep3B for 24-hour exposures (Figure 4.17). 

Accordingly, PD-5 has yielded a high synergistic profile which was seemed to be comparable 

what we previously observed in TFP-SFB combinations. The synergistic area mainly fell 

between the PD-5 concentrations of 6.25 µM and 25 µM. Findings were suggestive for 

screening this compound and some candidates on multiple cell lines and for 48 hours, 

additionally.  

 

Figure 4.17 SFB-PD-5 synergism evaluations on Hep3B.(A) SFB-PD-5 synergy map, (B) 
SFB synergy scores for PD-5 and TFP, as TFP scores are referred for comparative purposes. 
SynergyFinder with BLISS-LOESS parameters were utilized in deriving the synergy maps. 
Positive scores from this tool represent synergism where it becomes stronger as the score 
increases (provided on the red color scale). Oppositely, antagonistic levels are demonstrated 
by the scores below zero on the green color scale. 
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4.2.2 In vivo toxicities of the derivatives 

Toxicity and anti-cancer properties of the derivatives were also investigated in vivo. Initially, 

developmental effects of the compounds were assessed on zebrafish embryos. Secondly, the 

influence of SFB combinations for the candidate derivatives were explored based on the 

affected embryo percentiles. Lastly, xenograft potencies of the candidate derivative 

screenings were examined. As the first two steps were performed in Karlsruhe Institute of 

Technology (Germany), xenograft experiments were followed in the zebrafish facility of 

Bilkent University (Turkey). 

4.2.2.1 Developmental toxicities of individual phenothiazines 
Although cytotoxicity profiles can be promising, a drug candidate is also supposedly to be 

less harmful to developing embryos and normal-like surroundings. To address that, the 

potencies of the derivatives were evaluated on AB strain zebrafish embryos. The effects of the 

novel and synthesized compounds in embryonic development ranging from 6 hpf to 120 hpf 

were assessed. In this regard, dose responses of the embryos towards the chemicals were 

evaluated by means of affected embryo rates and hatching ratios. 

4.2.2.1.1 Developmental effects of generic phenothiazines 
Embryonic toxicity assays revealed that most of the generic derivatives also became toxic to 

the embryos by 72 hpf and 120 hpf, within the micromolar scale applied (Table Appendix 

B3). Despite the missing 120 hpf data for TFP, it emerged as the relatively fewer toxic 

compound from the generic molecules (Table 4.6). Yet, recordings by 120 hpf time-point is 

needed for more straight interpretations.  

Table 4.6 EC50 values for 72 hpf and 120 hpf zebrafish after the generic molecules 

 EC50 (µM) 
  72 hpf 120 hpf 
PTZ 14.27 14.32 

PPH 5.80 5.33 

PCP 11.74 9.69 

TFP 38.5 NA 
SFB ND 3.81 

    ND: No EC50 detected, NA: Not available 

Images from the screening data further helped in evaluating the hatching percentiles. Calcula-

tions done in collaboration with Busra Korkmaz have shown reduction on hatching especially 

by 72 hpf, suggesting developmental delay by high doses (Figure 4.18). In this regard, applied 

concentrations of PPH and PCP have yielded toxic effects. However, overall toxicities of the 

compounds by the respective concentrations should be also considered. As a result of in vivo 
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developmental assays, TFP was found to be relatively less toxic within the ranges of doses 

applied, complementing its possible use for repurposing. 

 

 

Figure 4.18 Hatching (%) of zebrafish embryos within the timeframe of 30 hpf - 72 hpf(A) 

PTZ, (B) PPH, (C) PCP (D) TFP and (E) SFB. Analyses were performed by Busra Korkmaz 

against 0 μM control group for each hpf. Two-way ANOVA/ Dunnett methodology was 

followed. (p-values: * ≤0.05, ** ≤0.01, *** ≤0.001) 

4.2.2.1.2 Developmental effects of non-generic derivatives 
Embryonic toxicities of the novel compounds were observed within the micromolar scale 

(Table Appendix B3). Relatively fewer toxic novel derivatives were PD-3, PD-5, PD-21 and 

PD-22, where PD-5 is strongly indicative for further analyses in line with the in vitro findings. 

Interestingly, the intermediary derivatives (PD-9, PD-10 and PD-11) that exerted relatively 

high toxicities in vitro, were also toxic in vivo. Since the candidate compounds PD- 28 and 

PD-29 were not available by the time of screenings in Karlsruhe Institute of Technology, their 

embryonic toxicities were not evaluated thoroughly as for the compounds in the Table 4.7.  
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Table 4.7 EC50 values for 72 hpf and 120 hpf zebrafish after the non-generic derivatives 

 EC50 (µM) 
  72 hpf 120 hpf 
PD-3 39.46045 28.47915 
PD-4 15.36042 8.830335 
PD-5 > 40 > 40 
PD-6 12.8558 11.5349 
PD-9 5.772856 5.065836 
PD-10 4.437146 4.602024 
PD-11 4.170947 6.032798 
PD-21 > 40 > 40 
PD-22 33.48097 20.84702 
PD-23 17.38497 21.0482 
PD-24 8.227576 8.537177 

 

Hatching percentiles were additionally analyzed by Busra Korkmaz and revealed developmen-

tal delays by the derivatives: PD-3, PD-4, PD-6, PD-9, PD-10, PD-11, PD-23 and PD-24 

(Figure 4.19). Overall toxicities by the respective concentrations should be also taken into 

account. In addition to TFP, in vivo developmental assays on novel derivatives indicated rela-

tively fewer toxic profiles by PD-3, PD-5 and PD-21. 

  



67 
 

 

 

PD-24

30 hpf 54 hpf 72 hpf

40 uM

20 uM

10 uM

5 uM

2.5 uM

1.25 uM

0.63 uM
0 uM

*

 

Figure 4.19 Hatching (%) of zebrafish embryos within the timeframe of 30 hpf - 72 hpf.(A) 
PD-3, (B) PD-4, (C) PD-5, (D) PD-6, (E) PD-9, (F) PD-10, (G) PD-11, (H) PD-21, (I) PD-22, 
(J) PD-23 and (K) PD-24. Analyses were performed by Busra Korkmaz against 0 μM control 
group for each hpf. Two-way ANOVA/ Dunnett methodology was followed. (p-values: * 
≤0.05, ** ≤0.01, *** ≤0.001) 

4.2.2.2 SFB combination effects on embryonic development  
SFB synergisms were additionally investigated in vivo where the AB strain zebrafish embryos 

were exposed to varying concentrations of the derivatives and SFB between 48 hpf and 120 

hpf  

4.2.2.2.1 Generic phenothiazines 
Antagonistic profiles where prominent after exposures, implying improved survival rates by 

the combinations with respect to their constituents alone, surprisingly (Figure 4.20). 

However, synergistic areas were also noticeable for most of the compounds. In the case of 

TFP-SFB pairs, the combinations were able to synergize and lead to more toxic profiles above 

the concentrations of SFB 2 µM and TFP 5 µM which were the most toxic areas. Although 
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relatively antagonistic topographies were observable below these concentrations, applicability 

of SFB and TFP in in vivo settings demanded additional considerations.  

 

Figure 4.20 In vivo synergy maps for the SFB combinations of the generic derivatives.(A) 
PTZ, (B) PPH, (C) PCP, (D) TFP and (E) synergy scores. Green and red color scales 
represent antagonistic and synergistic dose intervals, respective. Gray color area indicates the 
topology masked by the SynergyFinder tool.  
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4.2.2.2.2 SFB combinations of PD-3, PD-5 and PD-9 in vivo 

As in the generic derivatives, synthesized compounds also exerted both antagonistic and 

synergistic profiles (Figure 4.21). Synergistic areas were mainly observable by relatively high 

doses of SFB, implying that the combinations could not rescue survival rates as in the 

antagonistic ranges. SFB-PD-3 combinations have demonstrated relatively additive and 

synergistically neutral effects below PD-3 10 µM and SFB 2 µM ranges. Interestingly, SFB-

PD-5 combinations clearly revealed antagonistic effects for the SFB concentrations between 

0.125 µM and 2 µM, suggesting that the combination may counteract the toxic effects posed 

by the individual exposures. Moreover, developmentally toxic effects of PD-9 were further 

confirmed, although the concentration ranges below SFB 1 µM and above PD-9 1.25 µM 

were seemed to be more tolerable than the remaining concentrations. The results were in favor 

of PD-5 and SFB combinations from the novel derivatives, inquiring for further assessments. 

 

Figure 4.21 In vivo synergy maps for the SFB combinations of the generic derivatives.(A) 
PD-3, (B) PD-5, (C) PD-9, and (D) synergy scores. Green and red color scales represent 
antagonistic and synergistic dose intervals, respective. Gray color area indicates the topology 
masked by the SynergyFinder tool. 
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4.2.3 Xenograft potencies of the derivatives 

The derivatives TFP, PCP, PD-3, PD-5, PD-9, PD-11 and PD-29 were further evaluated for 

the tumor progression in vivo. For that purpose, SkHep1eGFFP cell lines were injected into the 

yolks of 48 hpf embryos and exposed to the relevant compounds until 120 hpf. Corrected total 

cell fluorescence (CTCF) amounts from the GFP signals were further utilized in calculating 

cancer cell proliferation. The table for representative images and survival/affected embryo 

ratios can be accessed in Table Appendix B4. As the Hep3BeGFP lines did not recover after 

consecutive freeze-thaw procedures, we were not able to utilize them in xenograft settings. 

4.2.3.1 Effects of TFP and PCP on tumor progress 
Corrected total cell fluorescence (CTCF) amounts from the SkHepeGFP cells showed 

significant reductions on the relative tumor sizes by TFP (10 μM) exposures (Figure 4.22). 

Besides that, increasing doses of PCP also seemed to approach significance by 20 μM. 

Therefore, role of TFP as an anti-cancer agent was further supported. 

 

Figure 4.22 SkHepeGFP xenograft tumor CTCF comparisons for PCP (10 μM and 20μM) and 
TFP (10 μM) exposures.One-way ANOVA/Bonferroni was performed for the comparisons 
against the DMSO control group (**: p-value<0.01, ns: not significant) 

4.2.3.2 Effects of PD-3, PD-5, PD-9, PD-11 and PD-29 on tumor progress 
CTCF amounts from the SkHepeGFP cells demonstrated significant reductions on the relative 

tumor sizes by the compounds PD-3 (20 μM), PD-5 (10 μM), PD-9 (5 μM), PD-11 (5 μM) 

and PD-29 (20 μM) (Figure 4.23). Althıugh, findings supported the anti-tumor effects of PD-
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3 and PD-29 by the applied doses, signals from the experiment comprising of DMSO (0.5%), 

PD-5, PD-9 and PD-11 were found to yield low CTCF overall, strongly demanding additional 

validations 

 

Figure 4.23 SkHepeGFP xenograft tumor CTCF comparisons for PD-3 (20 μM), PD-5 (10 
μM), PD-9 (5 μM), PD-11 (5 μM) and PD-29 (20 μM).One-way ANOVA/Bonferroni was 
performed for the comparisons against the DMSO control group (**: p-value<0.01, ns: not 
significant) 

4.2.4 In silico target screenings for the derivatives 

Initial line of work for PTZ derivative targets were followed by SwissTarget comparisons. 

The data retrieved by Omer Bayazeid (Hacettepe University/Turkey) was further investigated 

and later demonstrated by heatmap, suggesting multiple binding partners for the derivatives. 

(Figure 4.24). Accordingly, novel derivatives may follow distinctive profiles than the generic 

compounds. We have observed that cholinesterase affinity levels can be relatively higher in 

the non-generic derivatives which can also target ion dependent serotonergic, dopaminergic 

and aminoacid transporters. Moreover, the generics were seemed to be more related with 

acetylcholine receptors and adrenergic receptors. Conceivably, D2 and D4 dopaminergic 

receptors were found to be a mutual target for the derivatives.  Therefore, preliminary in silico 

assessments have shown that generic and novel derivatives can have some targets in common, 

besides alternative mechanisms can also be influenced by the derivatives. Interestingly, 

prominent novel and intermediary derivatives PD-3, PD-5, PD-9 and PD-11 and generic 

derivative TFP were able to show possible interactions with muscleblind-like proteins. 
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Figure 4.24 Ward distance based heatmap derived from SwissTarget prediction scores.Color 
scale indicates higher interaction rates from lighter to darker tones between the scale of 0-1. 

4.2.5 Effects of the derivatives on cholinesterase levels 

As AChE modulation can be a crucial element on the effects of the PTZ derivatives, functions 

of the exposures were initially evaluated through cholinesterase activity assays in both in vitro 

(Hep3B and SkHep1) and in vivo settings. Although in vitro work was non-specific towards 

AChE/BChE levels, lack of functional BChE in zebrafish embryos led to more AChE oriented 

results. 

AChE/BChE activity levels were reduced in SkHep1 cell line where the effects were more 

noticeable by the novel derivatives (Figure 4.25 (A)). A significant dose effect was observed 

between 10 µM and 20 µM exposures via two-way ANOVA approach (p-value: 0.0138). In 

the case of Hep3B we have noticed an opposite trend on the cholinesterase activity levels 

where significant effects were more observable on the novel derivatives (Figure 4.25 (B).  
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Figure 4.25 Cholinesterase activity measurements across (A) SkHep1, (B) Hep3B and (C) 
zebrafish embryos.Figures on the left-hand side indicate 10 µM exposures (A & B). (C) 
AChE activity screenings were obtained from various derivatives and concentration values 
applied based on the toxicity values. (*: p<0.05, **: p<0.01, an ***: p<0.001) 
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Moreover, TFP-SFB combination effect on AChE/BChE activity was evaluated by 48 hours 

(Figure 4.26). SFB alone treatments were found to increase the levels (p-value: 0.0069). 

Interestingly, presence of TFP (12 μM) seemed to reduce the AChE/BChE levels, most 

remarkably in combination with SFB 2 μM (p-value: 0.005).  

 

Figure 4.26 Cholinesterase activity changes after 48 hour exposures of TFP and SFB 
combinations on Hep3B.DMSO control (0.1%) (TFP 0 μM – SFB 0 μM) referred relative 
quantitiy values were provided in log2 scale. TFP-SFB interactions were evaluated via two-
way ANOVA/Tukey statistics (red color), as for each SFB concentration TFP effect was 
investigated via multiple t-test/Holm–Sidak approach (black color). *: p<0.05, **: p<0.01, 
***: p<0.001. Two-way ANOVA p-values: TFP effect: 0.0002, SFB effect: 0.0069, TFP-SFB 
interaction: 0.0024 and multiple t-test by SFB 2 μM: 0.005. 

4.2.6 In vivo behavioral analyses of the derivatives on AB strain zebrafish embryos 

As a follow-up to the findings on cholinesterase activity levels, we further explored the effects 

of the exposures in vivo. For that purpose, photomotor reponses (PMR) after 30 hpf and 

locomotor responses by 5 dpf and were evaluated in AB strain zebrafish embryos. 

4.3.1.1 PMR evaluations 
Motor responses were additionally assessed on 30 hpf embryos by measuring their reactivities 

under light stimulus as the analyses were performed via Karlsruhe Institute of Technology 

authenticated softwares via ANOVA based approaches. For the assays, PCP, TFP, PD-9, PD-

11 and SFB as well as combinations of SFB with PCP and TFP were evaluated.  
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4.3.1.1.1 PMR assessments for the generic compounds 
Single PCP and TFP exposures revealed significant decreases in photomotor responses (PMR) 

by all three phases: basal, stimulus and refractory (Figure 4.27 & Figure 4.28). Therefore, the 

compounds were observed to inhibit the motor abilities, irrespective of the light stimulus. The 

patterns were reminiscent of antipsychotic compounds: haloperidol and diazepam [98, 314].  

 

Figure 4.27 PCP (20 µM) PMR results.Boxplots represent ANOVA statistics for each phase 
by contrasting with DMSO control. Heatmaps represent PMR intensities along the 6 seconds 
measurements where red indicates the highest, yellow modest and black no response. Upper 
panel heatmaps belong to the DMSO control group as the lower panel to the PCP group. 
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Figure 4.28 TFP (20 µM) PMR results.Boxplots represent ANOVA statistics for each phase 
by contrasting with DMSO control. Heatmaps represent PMR intensities along the 6 seconds 
measurements where red indicates the highest, yellow modest and black no response. Upper 
panel heatmaps belong to the DMSO control group as the lower panel to the TFP group. 

SFB 2 μM exposure did not cause any significant differences in none of the phases. The 

photomotor responses of the embryos between the DMSO control group and SFB 2 μM have 

yielded overlapping activity patterns across the basal, stimulus and resting periods (Figure 4. 

29) Therefore, SFB with the applied concentration was found to not relate with motor activity.   

 

Figure 4. 29 SFB (2 µM) PMR results.Boxplots represent ANOVA statistics for each phase 
by contrasting with DMSO control. Heatmaps represent PMR intensities along the 6 seconds 
measurements where red indicates the highest, yellow modest and black no response. Upper 
panel heatmaps belong to the DMSO control group as the lower panel to the SFB group. 
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As in the case of individual PCP and TFP, embryos under the combination of SFB 2 µM with 

PCP or TFP have remained relatively inert with respect to DMSO control group in all phases 

(Figure 4.30 & Figure 4.31). Thus, significant changes by the basal, stimulus and refractory 

phases were noticeable.  

 

Figure 4.30 PCP (20 µM) - SFB (2 µM) PMR results.Boxplots represent ANOVA statistics 
for each phase by contrasting with DMSO control. Heatmaps represent PMR intensities along 
the 6 seconds measurements where red indicates the highest, yellow modest and black no 
response. Upper panel heatmaps belong to the DMSO control group as the lower panel to the 
PCP (20 µM) - SFB (2 µM) group. 

Additional analyses confirmed the previous findings indicative for insufficient effect of SFB 

presence on the motor responses. For that purpose, the combination results were compared 

with their respective derivative concentration. Accordingly, we have not observed any 

significant changes in any of the phases, further supporting limited effects of SFB 2 µM on 

motor responses overall (Figure Appendix B6 & Figure Appendix B6). 
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Figure 4.31 TFP (20 µM) - SFB (2 µM) PMR results.Boxplots represent ANOVA statistics 
for each phase by contrasting with DMSO control. Heatmaps represent PMR intensities along 
the 6 seconds measurements where red indicates the highest, yellow modest and black no 
response. Upper panel heatmaps belong to the DMSO control group as the lower panel to the 
TFP (20 µM) - SFB (2 µM) group. 

 

4.3.1.1.2 PMR assessments for PD-9 and PD-11 
Effects of PD-9 and PD-11 were limited to the excitation phases where PD-9 treatments have 

shown increase on the PMR levels (Figure 4.32 & Figure 4.33). Since the basal and resting 

phase activity levels do not show noticeable changes by these intermediary compounds, 

alternations on the activity levels were seemed to be more dependent on the initial light 

stimulus. Differential profiles were represented with respect to generic derivatives, suggesting 

an alternative MoA. Hence, large behavior-based compound libraries are in demand [98]. 

However, due to toxicity levels, the intermediary molecules were used in relatively lower 

concentrations bringing possible dose-dependent effects by 30 hpf exposures.  



79 
 

 

Figure 4.32 PD-9 (10 µM) PMR results.Boxplots represent ANOVA statistics for each phase 
by contrasting with DMSO control. Heatmaps represent PMR intensities along the 6 seconds 
measurements where red indicates the highest, yellow modest and black no response. Upper 
panel heatmaps belong to the DMSO control group as the lower panel to the PD-9 group.  

 

Figure 4.33 PD-11 (10 µM) PMR results.Boxplots represent ANOVA statistics for each 
phase by contrasting with DMSO control. Heatmaps represent PMR intensities along the 6 
seconds measurements where red indicates the highest, yellow modest and black no response. 
Upper panel heatmaps belong to the DMSO control group as the lower panel to the PD-11 
group. 
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4.3.1.2 Preliminary analyses on locomotor responses of generic and novel derivatives 

Locomotor response measurements were pursued with a large scale of exposure types. In this 

line of work, the embryos were exposed to single derivative or SFB combinations between 48 

hpf-120 hpf. Then, their locomotor responses to the vibration stimulus were recorded and the 

distances or speed measures were obtained from these records. Initial n-way ANOVA 

analyses on the total distance parameters did not yield out significant scores on the 

comparison between the effects of treatment, concentration, combination and their 

interactions together (Table Appendix B8). Moreover, graphical representations of the 

preliminary data supported the statistics. Increased distance rate by PD-3 (10 µM) has shown 

otherwise, suggesting processing of the data and in-depth analyses (Figure 4.34).  

Interestingly, speed-wise comparisons for the preliminary findings have pointed-out that there 

can be an influence of combination on the effects of treatments (Table Appendix B9). 

Besides that, PD-3 (5 µM) also implied decrease on the speed, relative to the DMSO control 

group (Figure Appendix B10). Although the results implemented concentration and 

combination related effects on the speed, toxicity of the compounds also should be 

considered. In addition, follow-up analyses can take separate phases and swimming patterns 

into account. 
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Figure 4.34 Locomotion distance analyses across single derivative and SFB combination 
exposures(A) Individual compounds, and (B) SFB 0.15 µM combinations of the derivatives. 
Comparisons and relative distance measurements were performed with respect to DMSO 
control group (0.5%) via one-way ANOVA/Dunnett statistics by using log transformed 
relative distances. (*: p-value<0.05) 
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4.2.7 RNAseq analyses of TFP-SFB combinations on Hep3B cell line 

Combination effects further led us to investigate the molecular underlying of the synergism 

between two FDA approved compounds TFP and SFB. For that purpose, SFB (1 μM and 2 

μM), TFP (12 μM) and their combinations for the respective concentrations were exposed on 

Hep3B cell line for 48 hours. Then, the RNAseq evaluations were pursued. After processing 

the RNAseq data via Biojupies environment, we have evaluated how much the gene 

signatures of the exposures relate with each other on this cell line. For that purpose, PCA 

approach was utilized for the genes that show significant fold change differences in at least 

one of the samples (adj.p-val<0.05) (Figure 4.35(A) & Figure Appendix B11). Accordingly, 

The PC1 and PC2 dimensions were able to explain almost 90% variation across the samples 

and demonstrate the contrasts between each sample. We have observed that the biological 

duplicates of each DMSO control and TFP 12 µM – SFB 1 µM revealed greatly overlapping 

signatures within each group. Aside from that, TFP 12 µM – SFB 2 µM has shown distinctive 

profile with respect to its constituents TFP and SFB groups, reminding the impact of 

synergistic effects. Across the single SFB regimes largely deviating profiles were noticeable, 

further underlying concentration effects. However, single TFP and TFP 12 µM – SFB 1 µM 

groups represented relatively closer profiles to each other, suggesting that SFB 2 µM would 

be the factor spiking the combination effect up. Despite of bringing some contrasts for the 

SFB concentration effects on combination, effect of 1 µM SFB on the expression profile of 

the combination group remained mild. Therefore, logCPM based analyses demonstrated that 

Hep3B cell line can respond to the exposures distinctively, because the chemicals, the 

concentrations and the combination regimes could strongly matter.  

Comparisons between the gene signatures of the exposures were additionally employed via 

hierarchical clustering and heatmap representation (Figure 4.35 (B)). In line with the PC1 

axis, the combination groups clustered together, as in the case of the SFB 1 µM and 2 µM 

groups. Moreover, TFP 12 µM sample remained aside from the SFB containing groups within 

the major single treatment branch. Henceforth, combination treatments were supported to give 

out differential expression profiles on Hep3B after 48-hour exposures.  
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Figure 4.35 (A) PCA and (B) heatmap clusters of RNAseq data.PCA plot was generated by 
the LogCPM values of the genes that show significant fold change in either one of the 
samples in comparison to DMSO (0.1%) control group (adj. p-val<0.05, n=2705). Log FC 
values of the genes for each group were represented on the heatmap further where the clusters 
were formed by ward distances as blue and red color scales indicate decreasing and increasing 
amounts of the gene expressions, respectively. 
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Molecular mechanisms after the exposures, particularly in the case of combinations, were 

evaluated based via RNAseq and limma derived differentially expressed genes. For this 

purpose, KEGG pathway enrichments were evaluated (Table 4.8). Lists for genes affected by 

single SFB exposures remained limited, yet quite versatile by TFP, especially the combination 

groups. Spliceosome, cell-cycle, steroid biosynthesis pathways emerged strong by the 

combination treatments as FoxO signaling pathway was also noticeable by exposures. 

Table 4.8 Top 10 KEGG annotations (adj.p-value < 0.05) 

Treatments KEGG pathways 
Overlapping gene 

ratios 
P-value 
(<0.1) 

SFB - 1 µM (n=433) 
KEGGs=3 

Salivary secretion 6/90 0.013 

Morphine addiction 6/91 0.014 

Malaria 3/49 0.090 

S2 (n=501) 
KEGGs=2 

Allograft rejection 3/38 0.069 

Graft-versus-host disease 3/41 0.083 

TFP 12 µM 
(n=560) 

KEGGs=7 

Steroid biosynthesis 3/19 0.015 

Proteasome 4/45 0.037 

Malaria 4/49 0.048 

AGE-RAGE signaling pathway in diabetic com-
plications 

6/100 0.062 

Prion diseases 3/35 0.074 

FoxO signaling pathway 7/132 0.078 

African trypanosomiasis 3/37 0.084 

TFP 12 µM –SFB 1 µM 
(n=776) 

KEGGs=68 

Spliceosome 32/134 6.87E-17 

Cell cycle 22/124 2.22E-9 

Steroid biosynthesis 8/19 2.56E-7 

RNA transport 20/165 6.51E-6 

Pathogenic Escherichia coli infection 11/55 7.02E-6 

Proteasome 9/45 4.80E-5 

DNA replication 8/36 5.71E-5 

Antigen processing and presentation 11/77 1.81E-4 

Viral carcinogenesis 19/201 3.24E-4 

TFP 12 µM –SFB 2 µM 
(n=1772) 

KEGGs=40 

Spliceosome 42/134 1.32E-13 

Cell cycle 32/124 2.24E-8 

DNA replication 14/36 1.02E-6 

Proteasome 15/45 4.08E-6 

RNA transport 33/165 7.08E-6 

Steroid biosynthesis 9/19 1.34E-5 

Pathogenic Escherichia coli infection 15/55 6.03E-5 

p53 signaling pathway 17/72 1.43E-4 

FoxO signaling pathway 24/132 5.34E-4 

Mismatch repair 8/23 5.44E-4 

  

Next, gene signatures were compared between the groups. Fisher’s exact tests for the genes 

that move either on the same or opposite directions between two samples showed significant 
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differences. Gene lists (minimum 9 genes) were utilized in detecting the pathways. In general, 

gene lists with the lengths between 15 and 500 are suggested by Broad Institute [315]. By 

decreasing numbers beyond this range, false positive rates increase. Besides that, inaccurate 

implementations can occur as the number gets higher above 500 due to increasing rates by the 

normalization errors. In the light of these criteria, we have initially observed that salivary 

secretion and actin cytoskeleton regulation were mutually regulated pathways by single SFB 

treatments (Table 4.9). NF-kappa B pathway and morphine addiction mechanisms were found 

to be affected differently by the exposures. Mutual genes were additionally utilized in Fisher’s 

exact test analyses supporting the concentration-based difference between the SFB groups (p-

value: 1.10e-10).  

Table 4.9 SFB 1 µM and SFB 2 µM gene expression comparisons 

 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Mutually increasing 
(n=78) 

Salivary secretion 2/90 0.048 

Mutually decreasing 
(n=10) 

Regulation of actin cytoskeleton 2/214 0.005 

Shigellosis 1/65 0.032 

Melanoma 1/72 0.035 
AGE-RAGE signaling pathway in 
diabetic complications 

1/100 0.049 

Increasing in SFB 1 
µM only (n=339) 

Morphine addiction 5/91 0.019 

Decreasing in SFB 2 
µM only 
(n=42) 

NF-kappa B signaling pathway 5/95 0.012 

Sphingolipid signaling pathway 2/119 0.026 

Lysosome 2/123 0.028 
S1: SFB 1 µM, S2: SFB 2 µM; UP: upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 1.104271e-10 

Combination effect was initially investigated by comparing SFB 1 µM and TFP 12 µM - SFB 

1 µM groups and they represented different profiles (p-value: 0.011) (Table 4.10) [85]. 
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Ferroptosis, Rap1, p53 and TGF-beta pathways seemed to be mutually affected by the 

exposures. Although the relationships of viability and these pathways were promising, 

numbers of genes relating with these pathways were relatively limited. Abundance of 

pathways after the combination exposures was noteworthy and reminded us that the signature 

of the synergism can differ from what we observe on single SFB treatments. Steroid 

metabolism, spliceosome, cell cycle, mToR and various cell-death pathways were some leads 

in understanding the relationship between SFB 1 µM and TFP 12 µM - SFB 1 µM groups. 

Table 4.10 SFB 1 µM and TFP 12 µM-SFB 1 µM gene expression comparisons 

 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Mutually 
increasing 

(n=15) 

Ferroptosis 1/40 0.030 
Fat digestion and absorption 1/41 0.030 
Glutathione metabolism 1/56 0.041 

 
Mutually 

decreasing 
(n=9) 

Focal adhesion 2/199 0.003 
Rap1 signaling pathway 2/206 0.004 
Regulation of actin cytoskeleton 2/214 0.004 
PI3K-Akt signaling pathway 2/354 0.010 
Bladder cancer 1/41 0.018 
Malaria 1/49 0.022 
Shigellosis 1/65 0.029 
p53 signaling pathway 1/72 0.032 
Melanoma 1/72 0.032 
ECM-receptor interaction 1/82 0.036 

Increasing in SFB 
1 µM only 

(n=399) 

Salivary secretion 6/90 0.009 

Morphine addiction 6/91 0.010 
Increasing in TFP 

12 µM – SFB 1 
µM only (n=268) 

Steroid biosynthesis 7/19 3.15E-9 
Terpenoid backbone biosynthesis 4/22 1.91E-4 
Renal cell carcinoma 6/69 3.24E-4 
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Table 4.10 SFB 1 µM and TFP 12 µM-SFB 1 µM gene expression comparisons (Cont’d) 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Increasing in TFP 
12 µM – SFB 1 
µM only (n=268) 

mTOR signaling pathway 8/152 0.001 
Other glycan degradation 3/18 0.002 
Central carbon metabolism in cancer 5/65 0.002 
Bladder cancer 4/41 0.002 
Phosphatidylinositol signaling sys-
tem 6/99 0.002 
AMPK signaling pathway 6/120 0.006 
Endometrial cancer 4/58 0.008 
Autophagy 6/128 0.008 

Decreasing in 
TFP 12 µM– SFB 

1 µM only 
(n=476) 

Spliceosome 32/134 3.37E-23 
Cell cycle 21/124 1.62E-12 
RNA transport 19/165 1.54E-8 
Proteasome 9/45 9.40E-7 
DNA replication 8/36 1.63E-6 
Pathogenic Escherichia coli infection 8/55 4.43E-5 
Oocyte meiosis 12/125 4.45E-5 
Viral carcinogenesis 15/201 9.91E-5 
Cellular senescence 12/160 4.61E-4 
Antigen processing and presentation 8/77 4.85E-4 

S1: SFB 1 µM, TS1: TFP 12 µM – SFB 1 µM; UP: upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 
0.011. Top 10 pathway lists are provided. For the extended version see Table Appendix B12 

Combination effect was further investigated on the SFB 2 µM levels and again represented 

significant differences between the groups (p-value: 2.09e-34), despite mutuality of some 

ferroptosis related mechanisms: the amino acid and glutathione metabolisms (Table 

4.11)[316]. In contrast to previous SFB 1 µM based comparisons, here cholesterol 

metabolism was also in mutuality further supporting the concentration dependent differences. 
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Table 4.11 SFB 2 µM and TFP 12 µM-SFB 2 µM gene expression comparisons 

 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Mutually 
increasing 

(n=128) 

Natural killer cell mediated cytotoxicity 4/131 0.010 
Glycine, serine and threonine metabolism 2/40 0.027 
Graft-versus-host disease 2/41 0.028 
Cholesterol metabolism 2/50 0.041 
Glutathione metabolism 2/56 0.050 

Mutually 
decreasing 

(n=44) 
Lysosome 2/123 0.030 

Increasing in 
TFP 12 µM  - 

SFB 2 µM only 
(n=925) 

Steroid biosynthesis 8/19 9.734E-7 
mTOR signaling pathway 17/152 6.81E-4 
Longevity regulating pathway 12/102 0.003 
Terpenoid backbone biosynthesis 5/22 0.003 
AMPK signaling pathway 13/120 0.004 
FoxO signaling pathway 13/132 0.008 
Aminoacyl-tRNA biosynthesis 8/66 0.011 
Phosphatidylinositol signaling system 10/99 0.016 
p53 signaling pathway 8/72 0.018 
Insulin resistance 10/108 0.028 

Decreasing in 
TFP 12 µM  - 

SFB 2 µM only 
(n=669) 

Spliceosome 41/134 2.65E-28 
Cell cycle 28/124 6.71E-16 
DNA replication 14/36 3.69E-12 
RNA transport 27/165 8.04E-12 
Proteasome 15/45 8.54E-12 
Mismatch repair 8/23 4.72E-7 
Pathogenic Escherichia coli infection 11/55 1.69E-6 
Oocyte meiosis 16/125 4.33E-6 
Nucleotide excision repair 9/47 2.17E-5 
Human T-cell leukemia virus 1 infection 20/219 4.98E-5 

S2: SFB 2 µM, TS2: TFP 12 µM – SFB 2 µM; UP: upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 
2.09e-34. Top 10 pathway lists are provided. For the extended version see Table Appendix B13 



89 
 

The dose dependency was additionally interrogated on the combination levels. Two groups 

were able to separate from each other significantly supplementing PCA findings (p-value: 

8.79e-198) (Table 4.12). Steroid, cholesterol metabolism, spliceosome, mTOR, cell cycle and 

various cell-death pathways emphasized combination effects. As in single SFB treatments, 

TGF-beta and Rap1 signaling pathways emerged for the combination groups suggesting an 

SFB originated effect on the expression. FoxO signaling and aminoacyl-tRNA biosynthesis 

pathways also drew attention for the involving pathways after combination therapies. 

Table 4.12 TFP 12 µM-SFB 1 µM and TFP 12 µM-SFB 2 µM gene expression comparisons 

 

Clusters KEGG pathways (p-value <0.05) 
Overlapping gene 

ratios 
P-value 
(<0.05) 

Mutually 
increasing 

(n=266) 

Steroid biosynthesis 8/19 5.87E-11 
Terpenoid backbone biosynthesis 4/22 1.85E-4 
Renal cell carcinoma 6/69 3.11E-4 
mTOR signaling pathway 8/152 9.94E-4 
Other glycan degradation 3/18 0.002 
Central carbon metabolism in cancer 5/65 0.002 
Glycerophospholipid metabolism 6/97 0.002 
Phosphatidylinositol signaling system 6/99 0.002 
Bladder cancer 4/41 0.002 
Autophagy 6/128 0.007 

Mutually 
decreasing 

(n=438) 

Spliceosome 32/134 2.59E-24 
Cell cycle 20/124 3.10E-12 
RNA transport 19/165 4.02E-9 
Proteasome 9/45 4.70E-7 
DNA replication 8/36 8.77E-7 
Oocyte meiosis 12/125 1.98E-5 
Viral carcinogenesis 14/201 1.46E-4 
Pathogenic Escherichia coli infection 7/55 1.89E-4 
Cellular senescence 12/160 2.18E-4 
Antigen processing and presentation 8/77 2.79E-4 

Increasing in 
TFP 12 µM – 

SFB 1 µM only 
(n=21) 

Mucin type O-glycan biosynthesis 1/31 0.032 

Fatty acid degradation 1/44 0.045 

Decreasing in 
TFP 12 µM – 

SFB 1 µM only 
(n=49) 

Ribosome biogenesis in eukaryotes 2/101 0.025 
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Table 4.12 TFP 12 µM-SFB 1 µM and TFP 12 µM-SFB 2 µM gene expression comparisons (Cont’d) 

Clusters KEGG pathways (p-value <0.05) 
Overlapping gene 

ratios 
P-value 
(<0.05) 

Increasing in 
TFP 12 µM – 

SFB 2 µM only 
(n=788) 

Longevity regulating pathway 9/102 0.019 
FoxO signaling pathway 10/132 0.036 

Aminoacyl-tRNA biosynthesis 6/66 0.045 

Decreasing in 
TFP 12 µM – 

SFB 2 µM only 
(n=278) 

Oxidative phosphorylation 10/133 1.72E-5 
Spliceosome 10/134 1.84E-5 
Parkinson disease 10/142 3.04E-5 
Proteasome 6/45 3.53E-5 
Huntington disease 11/193 8.55E-5 
Thermogenesis 12/231 9.98E-5 
Alzheimer disease 10/171 1.45E-4 
Non-alcoholic fatty liver disease (NAFLD) 9/149 2.44E-4 
Mismatch repair 4/23 2.63E-4 
Cell cycle 8/124 3.45E-4 

TS1: TFP 12 µM – SFB 1 µM; TS2: TFP 12 µM – SFB 2 µM; UP upregulated, DOWN: downregulated genes. Fisher’s exact 
test p-value: 8.79e-198. Top 10 pathway lists are provided. For the extended version see Table Appendix B14 

Effect of TFP on the combination was evaluated by taking the TFP 12 µM-SFB 1 µM group 

into account (p-value: 4.01e-42) (Table 4.13). As in the comparisons between SFB and 

combinations, steroid, cholesterol and spliceosome metabolisms were found to be more 

related with the presence of TFP. In summary for RNAseq explorations, in addition to steroid, 

cholesterol and spliceosome mechanisms, cell cycle, mTOR, cell-death pathways, aminoacyl-

tRNA biosynthesis, TGF-beta, Rap1 and FoxO demand additional evaluations in order to 

understand the synergistic effects that we have been observing for TFP and SFB pairs. 

Table 4.13 TFP 12 µM and TFP 12 µM-SFB 1 µM gene expression comparisons 

 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Mutually 
increasing 

(n=54) 

Steroid biosynthesis 3/19 1.75E-5 
Renal cell carcinoma 3/69 8.60E-4 
Natural killer cell mediated cytotoxicity 3/131 0.005 
Cholesterol metabolism 2/50 0.008 
VEGF signaling pathway 2/59 0.011 
Focal adhesion 3/199 0.017 
ErbB signaling pathway 2/85 0.022 
Ras signaling pathway 3/232 0.025 
Synthesis and degradation of ketone bodies 1/10 0.027 
Taurine and hypotaurine metabolism 1/11 0.029 
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Table 4.13 TFP 12 µM and TFP 12 µM-SFB 1 µM gene expression comparisons (Cont’d) 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Mutually 
decreasing 

(n=96) 

Spliceosome 6/134 4.57E-5 
Proteasome 4/45 6.39E-5 
Epstein-Barr virus infection 6/201 4.18E-4 
Influenza A 4/171 0.009 
AGE-RAGE signaling pathway in diabetic complications 3/100 0.012 
Proteoglycans in cancer 4/201 0.016 
Bladder cancer 2/41 0.017 
Shigellosis 2/65 0.039 
Prolactin signaling pathway 2/70 0.045 
p53 signaling pathway 2/72 0.047 
Melanoma 2/72 0.047 

Increasing in 
TFP 12 µM 
only (n=402) 

African trypanosomiasis 3/37 0.038 

Increasing in 
TFP 12 µM – 

SFB 1 µM only 
(n=233) 

Steroid biosynthesis 5/19 2.09E-6 
mTOR signaling pathway 8/152 4.19E-4 
Central carbon metabolism in cancer 5/65 9.62E-4 
Phosphatidylinositol signaling system 6/99 0.001 
Insulin resistance 6/108 0.002 
Terpenoid backbone biosynthesis 3/22 0.002 
AMPK signaling pathway 6/120 0.003 
Autophagy 6/128 0.004 
Endometrial cancer 4/58 0.005 

Decreasing in 
TFP 12 µM – 

SFB 1 µM only 
(n=393) 

Spliceosome 26/134 1.00E-18 
Cell cycle 20/124 4.23E-13 
RNA transport 17/165 2.90E-8 
DNA replication 7/36 5.47E-6 
Oocyte meiosis 12/125 6.70E-6 
Pathogenic Escherichia coli infection 8/55 1.12E-5 
Viral carcinogenesis 12/201 6.52E-4 
Antigen processing and presentation 7/77 7.91E-4 
Mismatch repair 4/23 9.67E-4 
Cellular senescence 10/160 0.001 

T1: TFP 12 µM, TS1: TFP 12 µM – SFB 1 µM; UP: upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 
4.01e-42. Top 10 pathway lists are provided. For the extended version see Table Appendix B15 

RNAseq findings were evaluated via qPCR (Figure 4.36). Effects of combinations were 

found to be more profound in TFP 12 µM-SFB 2 µM combinations, confirming the gene level 

alterations on the genes of cell-cycle, DNA damage and alternative splicing pathways. In 

addition to these mechanisms, cholesterol pathways also showed alternating pattern in TFP 

containing groups. Nevertheless, the loss of significance for TFP 12 µM-SFB 2 µM 

GADD45A group from RNAseq to qPCR was unexpected. Although loss of significances by 

RRM2 and HMGCR were also eminent, direction of expression change was comparable 

between RNAseq and qPCR. Nonetheless, TFP 12 µM-SFB 2 µM combinations validated 

some crucial findings from the RNAseq approach, overall. As SFB concentration effect was 

partially addressed, validations demand some genes representative of functional annotation 

and within higher absolute logFC levels for each combination group.  
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Figure 4.36 mRNA level changes after TFP-SFB combination exposuresfor 48 hours on 
Hep3B. Expression levels were derived by referring the TPT1 housekeeping gene and DMSO 
control (0.1%) groups, as the one-way ANOVA/Tukey statistics are provided on the heatmap 
on top of the color coding representing the log2(Relative Expression) levels (*: p<0.05, **: 
p<0.01 and ***: p<0.001). In addition, the RNAseq data for the relevant genes are 
demonstrated as a top annotation with color coded logFC values. 
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CHAPTER 5: CONCLUSIONS AND DISCUSSION 

BC and HCC demand novel therapeutic options with improved efficacies and safety profiles. 

The assessments are generally initiated by basic research and preclinical drug development 

stages, so most applicable therapies for clinic can be obtained. In this regard, in vitro and in 

vivo toxicity measurements as well as mechanistic understanding provide crucial insights for 

the advancement of preclinical stages. With this notion in mind, I have focused on evaluating 

the preclinical potentials of novel indole-benzimidazoles for BC therapy as well as generic 

and novel phenothiazine scaffolds for HCC using in vitro, in vivo and in silico approaches, 

and hence identified novel and effective candidates for future preclinical studies. 

Screening strategies throughout the preliminary screening of both studies were kept limited to 

one (MCF7 in the case of indole-benzimidazoles) and two (Hep3B and SKHep1 in the case of 

phenothiazines) cell lines yet they were supported by the follow-up in vitro and in vivo 

screening approaches as well as mechanistic studies involving biochemical assays and 

comparative transcriptomics. Selection of  MCF-7 as the primary model for novel indole-

benzimidazoles was based on elimination of non-promising indole-benzimidazoles that were 

unlikely as novel SERMs. Since MCF-7 has also been accounted as the golden standard cell 

line for SERM development, its use on the preliminary stage can be considered as an effective 

strategy [317]. Moreover, inclusion of MDA-MB-231 and HepG2 further allowed us to 

validate the SERM-like properties of the selected drug candidates while demonstrating multi-

target potential of these novel indole-benzimidazoles via comparative transcriptomics. 

Similarly, use of Hep3B (hepatoma) and SkHep1 (liver endothelial cancer) models have led 

us to prioritize phenothiazine derivatives effective in well differentiated and pooly 

differentiated liver cancer subtypes which were later tested on two other well differentiated 

HCC cell lines HepG2, Huh7 and a breast cancer cell line MCF-7. The large number of novel 

derivatives prioritized through the primary screens were tested in at least two and at most 

three other cell lines (excluding GFP-expression versions of some) helping us demonstrate the 

drugs’ potential differences in their anticancer effects across the given cancers or cancer 

subtypes. Subsequently, functional assays and transcriptomic approaches and in vivo screens 

have supported the demonstrated anticancer activities and revealed  interesting molecular 

properties of selected derivatives from both projects. Therefore, variabilities between the cell 

lines were assessed in detail which enabled us to pinpoint effective lead compounds as well as  

to discover the molecular pathways/subtypes/heterogeneity behind this variability if any. The 

above mentioned strategy has been a preferable methodology across multiple lines of studies 
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where applicabilities of the derivatives and selected candidates from a relatively large 

preliminary list were pursued [318-320]. Hence, the numbers of initial candidates could be 

shortened in a relatively time- and cost-effective manner, with detailed IC50/EC50 evaluations 

[321-323]. Accordingly in our case, 14 indole-benzimidazoles from a set of 37 molecules and 

17 phenothiazines from a set of 34 compounds were subjected to secondary and more detailed 

screening across multiple cell lines, and hence structure-activity relationships could be 

evaluated. Moreover, in vivo studies in the zebrafish model throughout the secondary 

screening paradigms have become immensely helpful since they have been suggested as 

effective follow-ups for preclinical studies in the literature [324, 325].  

Alternatively, screening across relatively large numbers of cell lines can also be pursued, after 

confirming the effects of prominent derivatives from a large scale study. In this regard, our 

indole-benzimidazole study was limited to three cell lines, whereas the number of cell lines 

studied with phenothizines was five – in addition to eGFP monoclonal lines. Although limited 

in number, these cell lines were carefuly selected for the purpose of identifying novel and 

more effective SERMS in the case of indole-benzimidazoles, and for testing phenothiazines 

together with sorafenib (SFB) as a synergizing combination therapy in liver cancer cell lines 

where effects of SFB have previously been studied in detail. On the other hand, utilizing a 

relatively higher number of cell lines can allow scrutinization of the sensitivity and 

heterogeneity profiles towards the derivatives in detail, leading to a more comprehensive 

estimation  of their potential in clinics  [326]. For instance, a kinase inhibitor, compound 10a, 

was initially identified from a large panel of pyrazolo[3,4-d]pyrimidine analogues by Radi 

and colleagues [327]. Later, screening the compound 10a across multiple melanoma cell lines 

were proven to be an effective strategy in deciding the senstivity profiles of the cell lines and 

gene signatures [328]. Besides that, inclusion of more than 10 cell lines has improved the 

predictive abilities, as the study was mainly focused on a single compound. However this may 

not be time- and cost-efficient at all times where there are large number of compounds to 

secondarily screen. Therefore, there can be multiple strategies to be applied initially and as 

follow-up screening paradigms. Consequently we were also able to pursue molecule oriented 

comparisons, allowing us to evaluate structure-activity relationships and multi-target potential 

of derivatives. Yet, our approach can be improved by incorporating more hetereogeneity to 

our panel of cell lines, especially for the most prominent compounds from indole-

benzimidazoles and phenothiazines in future studies.  
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In the first line, novel indole-benzimidazole structures and influence of side-chain 

modifications were evaluated for their toxicity profiles in vitro and in vivo. Meanwhile, ERα 

relationship of the derivatives was under consideration which was remarkably complemented 

by transcriptomic analyses. Therefore, I was able gather essential understanding on the 

structural basis of the toxicities and possible mechanisms governing their actions. Key 

findings from this study are: 

1) Novel derivatives exerted anti-cancer effects in a cell-line, dose and compound 

dependent manner; 

2) R1 position emerges as a key element on the cell proliferation rates; 

3) Not only R1: p-fluorobenzyl substitutions but also (i) R1:-CH3 x R2:-Cl, (ii) R1:-C3H7 x 

R2:-Br and (iii) R1: -3,4-difluorobenzyl x R2:-OCH3 modifications are implicative for 

further studies, and; 

4) Although ERα modulation can be an important factor for the actions of the candidate 

compounds, their MoAs involve multiple targets and signaling cascades. 

My second and third directions of this dissertation were comprised of evaluating anti-HCC 

potentials of generic and novel PTZ derivatives, respectively. Several preclinical strategies 

were used in profiling the derivatives. Repurposing has been the initial strategy to address if 

the privileged PTZ molecules can serve for HCC therapies. Secondly, novel and intermediary 

PTZ structures synthesized by Fikriye Zengin Karadayi and Murat Kisla at Prof. Dr. Zeynep 

Ateş-Alagöz lab in Ankara University were taken under investigation to identify novel 

molecules with enhanced activities against HCC. Furthermore, synergism of SFB with generic 

PTZs was also evaluated to understand if the SFB therapies can be enhanced by PTZ 

derivatives. Multiple lines of in vitro and in vivo toxicity assays, behavioral profiling and 

cholinesterase activity screenings as well as transcriptomic analyses supplemented these 

strategies.  

Key findings from these repurposing studies are: 

1) Toxicity profiles between the generic compounds vary across the cancer lines and on 

developing embryos 

2) TFP emerges as a favorable compound due to tolerable ranges of toxicity based on in 

vitro and in vivo analyses and anti-cancer activities upon individual exposures, 
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3) Repurposing of TFP can be complemented with SFB, yet the synergistic effects can 

vary in a cell type and time dependent manner, and 

4) TFP and SFB synergism indicate multiple levels of molecular events and cellular 

pathways. 

In addition, key findings from the novel derivative screenings are: 

1) Several novel and intermediary derivatives exert toxicities towards HCC and non-

HCC cancer lines, 

2) PD-5 emerges as a favorable compound due to no-observed-adverse-effect-levels 

(NOAEL) and SFB combination profiles. Additional tests and combination 

assessments are needed for PD-3, PD-28 and PD-29, and 

3) MoA of the novel and intermediary derivatives can differ from the generic derivatives 

because of structural variations on the privileged PTZ scaffolds.  

4) Cholinesterase activity is modulated by generic and novel derivatives in either 

direction depending on the type and dose of the drug. 

Cumulatively, indole-benzimidazoles and phenothiazines both differ in their structures posing 

negligible bioisosteric properties between each other. As the antiproliferation was 

significantly influenced by the exposures, mechanisms of both derivative groups were thought 

to involve some alternative and mutual molecular pathways. Indeed, when we look at the list 

of pathways modulated in these two different classes of compounds arising from the 

transcriptomics studies (although one is in MCF-7, and the other one is in Hep3B) we have 

observed similarities as well as unique attributes. A few examples included cell cycle which 

was modulated in both the 50-51-53 trio as well as TFP+SFB combinations suggesting that 

genes involved in cell cycle machinery are common in both. It is known that cell cycle is 

tightly regulated and is expected to be common to compounds with antiproliferative aspects 

[329]. Ferroptosis and aminoacyl-tRNA biosynthesis have emerged as mutual mechanisms 

between indole-benzimidazoles study and phenothiazine project. On the other hand, 

spliceosome, cholesterol & steroid metabolisms, TGF-beta, FoxO signaling and mTOR 

pathways were found to be more related with the TFP and SFB exposures, implying 

distinctive gene signatures by the derivatives. Yet, further studies can examine the regulatory 

mechanisms leading to common signature patterns and distinctive features in both series of 

compounds. For this purpose, LINCS-Query analysis can become useful to see gene 

signatures associated with these two series as well as combination therapies. Furthermore, 
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disease and target oriented similarities of the treatments can be supplemented with additional 

network based analyses, protein interactome and disease based bipartite networks, such as  

protein-protein interaction networks (PIN) and “Open Target” tool [330, 331]. Accordingly, 

these approaches can further lead to novel aspects and new proposals for the uses of the 

derivatives in this study. 

5.1 Anti-BC and antiestrogenic potentials of novel indole-benzimidazole derivatives 

Initial toxicity screening on MCF-7 has demonstrated that some of the derivative groups can 

be promising leads for further evaluation. Then, they were subjected to secondary in vitro 

experiments, to better estimate their toxicity and cancer subtype dependencies. Therefore, a 

larger concentration scale was applied on MCF-7, MDA-MB-231 and HepG2.  

Accordingly, toxicity assessments on multiple in vitro studies confirmed anti-cancer effects 

and mild relationship with estrogen receptor (ER) status. Intriguingly, the toxicities observed 

were not specific to MCF-7, and they overlapped with HepG2 profiles. Hence, importance of 

ERα emerged. In contrast to the preliminary screening performed on MCF-7, the derivatives 

23, 27 and 51 unexpectedly yielded some shifts in the activity levels on the secondary 

screening with MCF-7. As this can be due to batch effects, differences in the extend of dose 

scales might also have contributed these differences regarding the analyses of two different 

experiments. Although preliminary screenings and further transcriptomic analyses were 

representative of each other, validations on large scale dose responses are needed for R1: -p-

fluorobenzyl members. Nonetheless, MDA-MB-231 was also sensitive towards the candidate 

derivatives (including the R1: -p-fluorobenzyl groups). As ERα modulation can be essential, 

cancer-type specificity is a remaining topic to consider for the indole-benzimidazole 

derivatives tested. Interestingly, compound 27 was found to inflict damage towards MCF-7 

specifically with a considerable IC50 value. Within the scope of the study, 27 demands 

toxicity validations for further preclinical studies.  

In vivo survival and morphometric measurements have allowed testing the toxicities towards 

development and non-cancer organs. Survival rates and morphologies observed in response to 

the compounds were relatively similar with those in the controls, supporting the relatively 

high safety profiles of the R1: p-fluorobenzyl substitutions. Nevertheless, hatching percentiles 

by 48 hpf were quite distinctive between the groups. Although this is suggestive for a 

developmental delay, 72 hpf profiles have demonstrated otherwise. Therefore, chorions might 

serve as a barrier, suggesting limited exposure levels than expected [332, 333]. Despite the 
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qPCR results indicative for presence of a perturbation, in vivo assays demand screenings after 

dechorionation of embryos 

In addition to toxicity assays, the study provided basic information for further lead derivations 

and possible molecular mechanisms of the indole-benzimidazoles.  

Although some derivatives have shown toxicity towards the cancer lines this remained within 

micromolar ranges, suggesting further improvements are needed on the structure of 

molecules. Varieties of sidechains have allowed deriving SAR interpretations which can be 

informative for future syntheses. Accordingly, R1: -p-fluorobenzyl and alkyl groups emerged 

as structurally important components from the in vitro assays, as confirmatory in vivo 

developmental assays may be needed. Interaction between R1 and R2 was observable, but 

direct influence of each R2 derivation was insignificant. On the one hand, 27 (R1: -CH3 x R2:-

Cl), 36 (R1:-C3H7 x R2:-Br) and 53 (R1: -3,4-difluorobenzyl x R2:-OCH3) reduced the cancer 

cell proliferation robustly. On the other hand, other compounds from their respective R1 or R2 

families could not perform as good as 27, 36 or 53. Nevertheless, R2 groups were relatively 

limited in varieties, and sulfonyl side chains were solely attached with ethyl. Therefore, 

derivations on these positions can also bring about some improvements on the structures. For 

instance, diverse alkylation ranges or aryl substitutions on the sulfonyl structures can be 

positively influential [334]. Besides the sidechain modifications in this study, N-benzylations 

on indole-benzimidazoles may present a progress on the activities [172]. Moreover, primary 

and secondary cytotoxicity assays in this study provide a useful source for predicting the 

activities of next-generation derivatives. In this sense, pharmacophore modeling can be 

utilized as the structural features can be prioritized based on the activity profiles of the indole-

benzimidazole derivatives screened in this thesis [335].  

Besides SAR, transcriptome-based analyses have provided crucial insights into multifaceted 

nature of the indole-benzimidazoles. 

Firstly, relationship between each indole-benzimidazole derivative were investigated to better 

understand molecular underlying of candidate exposures. Microarray signatures were found to 

overlap with each other, and they follow dose-dependency in line with cytotoxicity profiles. 

Initially, correlations of the gene signatures were evaluated across R1: -p-fluorobenzyl 

members (48, 49, 50 and 51) and structurally related and cytotoxic compound 53 (R1: -3,4-

difluorobenzyl x R2: -OCH3) by 20 µM exposures. Relatively toxic molecules from the in 

vitro screenings have represented overlapping signatures on gene expression, as fewer toxic 

derivatives 48 and 49 formed a separate cluster. The distinction was further confirmed 
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between 48-49 and 50-51-53 sets, where genes for cell cycle, ESR1, DNA damage and stress 

response pathways were more pronounced in 50-51-53. Later, qPCR analyses with 40 µM 

exposures have presented a dispersion of the clusters previously observed by microarray 

analyses (20 µM), since 48-49 also become significantly relevant with cell-cycle, DNA 

damage and stress response genes. The concentration dependency on gene expression was 

also supported by the E2 signaling gene (TFF1). Therefore, structurally resembling 

derivatives also revealed comparable gene signatures which is also dependent on the applied 

concentrations.  

Molecular signatures of the indole-benzimidazoles have confirmed mutual relationships with 

ER modulation. The derivatives presented inverse relationship with E2-signaling, as they 

yield correlations with standard SERMs. In line with toxicity profiles between MCF-7 and 

HepG2, ERα status was supported to be an important factor for the actions of derivatives. 

However, the clusters of the indole-benzimidazoles were relatively separate from the SERMs, 

bringing additional pathways into question.  

Enriched pathways were investigated for possible actions of the derivatives. Aminoacyl and 

amino acid metabolisms as well as ferroptosis have emerged from enrichment analyses. 

Interestingly, first two pathways can lead to ferroptosis, implying an aspect for the anti-cancer 

effects of the derivatives [316, 336, 337]. In addition, AhR signaling was considered due to its 

close relationship with E2 signaling, amino acid metabolism and ferroptosis [175, 338-340]. 

Thus, amino acid depletion (AA (-)) and AhR modulator dioxin signatures were examined. As 

possible E2, AA(-) and AhR interactions have supplemented the literature, correlations of the 

novel derivatives with AA(-) and dioxin were implicative for involvement of alternative 

pathways. 

Use of large-scale public repositories further allowed to compare indole-benzimidazole 

expression profiles by means of gene and compound signatures. Hence, privileged 

components of the novel derivatives immensely came to light, indicating multiple targets and 

pathways. LINCS-Query perturbagen signatures were supportive in assigning multiple roles 

for the derivatives. Oxindole-I, which also possesses an indole structure, was the most similar 

one to our microarray compounds. Interestingly, oxindole-I based molecules were observed to 

participate in oxidative stress, ferroptosis and cell-death [341, 342]. The structures can 

influence the AhR signaling, hence multiple pathways that AhR interacts with [339]. 

Niguldipine was also strongly related with the derivatives in expression. Niguldipine can 

block calcium channels and cause unfolded protein and amino acid stress responses as well as 
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ferroptosis [312, 343]. Another agent FCCP works by uncoupling oxidative phosphorylation 

in mitochondria and antagonizes with ferroptosis process [344]. An indole-based structure 

ZK-164015 was also among the top list, and it serves as an ER antagonist. Furthermore, 

reserpine was recorded along the top compounds, as it contains indole ring and can modulate 

oxidative-stress pathway [345]. In accord with the literature suggestions, ER antagonists, 

tubulin and microtubule inhibitors presented high similarity scores with the novel indole-

benzimidazoles. Structural similarities for these compounds were also eminent. Although in 

silico affinity profiles of the derivatives were lower than the standard ligand towards ERα and 

tubulin structures, overlapping patterns in gene expression suggested some interaction 

between the novel compounds and these targets [311]. Thus, multiple target proteins and 

mechanisms, besides ERα, have been implemented for the derivatives in this study. As 

structural changes may alter the affinity profiles in the future, currently the compounds were 

observed to be insufficient in strictly acting as SERMs.   

5.2 Repurposing generic phenothiazines in combination with SFB for HCC therapies 

Inverse associations between HCC and antipsychotics as well as repurposing potentials of 

PTZ derivatives have motivated us for this study. Cancer incidence and schizophrenia as well 

as use of antipsychotic therapies have also been noted across several clinical studies [233, 

235, 236, 285, 291, 292]. These further led us to investigate their activities across HCC and 

non-HCC lines, as we also aimed to shed a light onto their mechanistic insights. 

Anti-HCC potentials of the generic derivatives were initially addressed by MTT assays on 

HCC cells along with non-HCC SkHep1 liver cancer line and MCF-7 breast cancer cell line. 

Individual compounds were able to exert anti-proliferative abilities in a concentration, cell 

type, time and compound dependent manner. Furthermore, effects of the derivatives also 

changed across cell lines, indicating cell-type dependent effects of each molecule. 

Accordingly, TFP and PCP emerged as the most effective compounds with respect to PTZ 

and PPH. However, activities of TFP and PCP were in a broad spectrum where they 

influenced the viability percentiles of all HCC and non-HCC cell lines. Interestingly, effects 

of PPH was more profound on HepG2 where Huh7 and MCF-7 did not reflect any versatile 

IC50 values. Therefore, repurposing potentials of TFP and PCP went beyond HCC, as PPH 

represented a more liver-like cancer oriented therapeutic option.  

In vivo assays further complemented the in vitro studies, and prioritized TFP due to 

developmentally fewer toxic effects by 72 hpf. Although pharmacokinetic/pharmacodynamic 

(PK/PD) properties of the compounds were already established, PTZ, PPH and PCP implied 
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NOAEL by sub micromolar ranges on the tested embryos. Evident with affected embryo rates 

(dead/abnormal), TFP has yielded a more tolerable dose range upon the exposures. 

Considering the effective concentrations of the generics in vitro, TFP might yield better 

therapeutic settings. This was further supplemented with xenograft experiments with 

SkHep1eGFP clones, where TFP (10 µM) was able to keep the tumor size significantly lower 

than the control groups and PCP (10 µM and 20 µM) exposures.  

In addition to repurposing strategy, SFB combination has been an important aspect of the 

studies. Preliminary evaluations by TFP and PCP (24 h) was in support of synergistic effects 

on the growth of Hep3B cell lines. Accordingly, TFP has emerged as the model combination 

drug with SFB, and it was tested across the liver cancer lines for 24 hours and 48 hours. 

Interestingly, the combination has presented a dual action, where synergistic and antagonistic 

effects can be observed across varying concentrations and the cell lines. Although synergism 

was prominent on Hep3B, the dual effects underlined the responses of HepG2 and Huh7 HCC 

lines. Furthermore, extended exposures were implicative for loss of synergistic dose ranges on 

HepG2 and gain of more synergistic attributes on Huh7. Moreover, a non-HCC liver cancer 

line SkHep1 has demonstrated major antagonistic profiles upon the exposures. As the results 

emphasize cell and time dependency on the actions of TFP-SFB combinations, varying 

degrees of synergistic and antagonistic effects implied dynamic cross-talks between TFP and 

SFB mediated signaling events.  

Developmental effects of the SFB synergism with selected molecules were also assessed 

using zebrafish embryos. Surprisingly, combinations of PTZ, PPH and PCP were able to 

cause antagonistic effects, meaning that combination doses were less toxic towards the 

developing embryos than they would do additively. Since individual exposures were 

developmentally less tolerable than TFP, combination therapies may improve their therapeutic 

potentials. For that, SFB combinations with multiple cell line xenografts can be informative. 

Nonetheless, antagonistic range was minor in the TFP-SFB combinations, as they were 

greatly toxic beyond the concentrations of TFP 10 µM and SFB 2 µM, which can be a 

limiting factor for use of TFP scaffolds as SFB counterparts. In this sense, hepatotoxicity of 

the antipsychotic compounds by high doses should be also considered [236-238].  

Although the derivatives overall can serve as dopaminergic ligands, there are multiple targets 

and receptors that the derivatives interact with. Due to unclear relationship of the 

dopaminergic system and in vitro cancer line cytotoxicity profiles, we also considered 

additional pathways, initially the cholinergic system. Accordingly, behavioral assays and 
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AChE activity profiles provided valuable insights for the actions of the derivatives. In line 

with literature findings, TFP and PCP were able to reduce overall motor responses, a common 

behavioral phenotype for antipsychotic compounds, such as haloperidol [314]. The 

photomotor response profiles (PMR) were  also in close resemblance with anxiolytic 

compound diazepam, as shown by Kokel et.al (2010) [98]. In addition, cholinesterase activity 

assays have shown no significant changes on Hep3B and SkHep1, although activity change 

patterns were in opposite directions, suggesting differences on cholinesterase mechanisms 

between the cell lines. However, presence of multiple cholinesterases (AChE, BChE and their 

isoforms) in human sources should be born in mind. Furthermore, increasing AChE levels on 

zebrafish embryos were observed which may also rely on the applied concentrations of PCP 

and TFP. Interestingly, SFB 2 µM was able to increase the activity levels of cholinesterase by 

48 hours on Hep3B, where the changes were compensated by the presence of TFP 12 µM. 

The influence of combination was additionally tested on PMR. Unlike the cholinesterase 

levels, no influence of the SFB 2 µM was observed, which was thought to be due to 

concentration dependent effects. Moreover, increased cholinesterase levels were associated 

with HCC survival, since it has been suggested as a good prognostic marker by high levels 

[289, 290]. Despite a lack of mechanistic insight for AChE and HCC, compensation of the 

levels by TFP might be indicative for mechanisms involving TFP-SFB synergism. 

Nevertheless, dysregulation of cholinergic homeostasis has been also recorded on several 

cancer cases, besides annotation of AChE as a marker for apoptosis [346-349]. Although the 

findings do not clearly draw a functional relationship between AChE and anti-cancer effects, 

the mechanism can be considered in elucidating the TFP-SFB synergism, as well as for the 

actions of the novel derivatives in a dose-dependent manner. For this purpose, down-

regulation of AChE, BChE and dopaminergic receptors can provide crucial insights for the 

mechanisms of derivative exposures. 

RNAseq studies helped understanding the repurposing potential of TFP alone and in 

combination with SFB on gene expression level. Furthermore, KEGG pathway analyses were 

initiated to comprehend the synergism phenomena occurring between the treatments and 

combinations. Hence, we were able to relate the downstream effects, specific mechanisms and 

gene interactions regulated across the treatment groups and combinations. Initial assessments 

have shown distinct gene signatures of the combination groups from the individual compound 

exposures. The differences were more pronounced by the SFB 2 µM combinations, despite 

enrichment of large numbers of pathways by the presence of TFP 12 µM. Accordingly, 



103 
 

ferroptosis, p53 pathways, Rap1 signaling and TGF-beta pathways were presumed to be 

triggered by the presence of SFB in the combination, due to pathway mutuality between SFB 

and combination groups. In contrast, steroid, cholesterol, and spliceosome metabolisms were 

noticed to be more related with the presence of TFP. Some distinctive features emerging from 

the combination effect were found to relate with FoxO signaling, aminoacyl-tRNA 

biosynthesis and mTOR pathways. Although the analyses of the RNAseq findings are 

ongoing, initial findings were indicative for distinctive, yet partially additive, molecular 

profiles by the combinations. Validations of the RNAseq by qPCR pursued, but the range of 

the utilized primers were able to confirm the effects of TFP 12 µM - SFB 2 µM combinations. 

To address this relative inconsistency, multiple primers as well as a separate batch of RNA 

samples can be utilized in qPCR. Moreover, BioJupies environment can be further tested and 

supplemented with alignment-based algorithms like STAR and HISAT2, since they can be 

more informative on isoforms and lowly-abundant genes [350-352].  

Lastly, SwissTargetPrediction has become insightful in conceiving the target ranges of 

privileged PTZ scaffolds can interact with. Interestingly, muscleblind-like proteins were also 

among the candidate targets for TFP. Considering the effect of TFP on spliceosome and 

interaction of documented relationship between muscleblind-like proteins and regulation of 

splicing can shed light onto MoA of TFP exposures [353]. 

As a result, generic PTZ derivatives have reflected some potentials towards the preclinical 

aspects in cancer therapy. Although HCC has been the major prospect, the derivatives can 

become applicable in non-HCC therapies. In this regard, the studies were supportive in 

repurposing PTZs. Specifically, TFP emerged as a prominent derivative, due to in vitro and in 

vivo toxicity profiles. On the other hand, remaining derivatives have reminded of some 

unfavorable safety issues as individual treatments. In addition, SFB combination trials 

provided novel aspects for repurposing PTZs. As TFP has shown some promising leads, 

xenograft works are needed to advance further in the preclinical studies. Furthermore, SFB 

synergism has not been fully addressed with other PTZ compounds, as developmental effects 

of PPH and PCP in SFB combinations were intriguing. So, in vitro and in vivo synergistic 

evaluations are needed to complement their toxicity data. Lastly, TFP-SFB RNAseq 

explorations were strongly implicative for major alterations on the molecular pathways. 

Therefore, in-depth analyses can be invaluable since the underlying mechanisms of synergism 

can reveal new directions for target-based therapies. Meanwhile, spliceosome and 

cholinesterase pathways can be also born in mind.  
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5.3 Preclinical evaluation of novel and synthesized derivatives 

Cell type, compound type, concentration and time dependent effects were also observable on 

the novel derivatives. In contrast to generic derivatives, Hep3B and SkHep1 have shown 

significantly different profiles with each other, yet the responses of MCF-7 were more 

relevant with Hep3B. Similarly, effects of the derivatives also deviate across the cell lines, 

suggesting an interaction between the type of compounds and the type of cell lines. In vitro 

assessments of individual compounds pinpointed PD-3, PD-5, PD-9, PD-11, PD-28 and PD-

29 as possible candidates for further evaluations with anti-cancer effects across multiple 

cancer types. Moreover, effects of PD-9 and PD-11 towards the proliferation of the cell lines 

were most effective even more than the generic compounds.  

In vivo assays, however, were not favorable for PD-9 and PD-11 since they caused high 

developmental toxicity rates by low doses.  Interestingly, adverse profiles were less 

observable by the compounds PD-3 and PD-5. Although their therapeutic potentials may be 

limited due to IC50 values above 20 µM, these molecules and PD-29 were able reduce the 

xenograft tumor growth significantly. Hence, their structures can provide some references for 

further improvements as well.  

SFB combinations were also tested with PD-5, where the synergistic effects were pronounced 

by 24 hours on Hep3B cell line. Comparable, even slightly higher, rates of synergistic scores 

supported the advance of PD-5. Synergistic evaluations on embryonic development were in 

favor of PD-3 and PD-5, due to antagonistic effects on the dual toxicities of the compound 

exposures during developmental stages. Despite in vitro toxicities in a micromolar range by 

individual exposures, PD-3, PD-5 and relatively recent compounds, PD-28 and PD-29, can be 

subjected for more synergistic evaluations in preclinic.  

AChE level changes by PD-3 and PD-5 were in similar directions with TFP and PCP. 

However, PD-3 and PD-5 were able to result in a significant increase on cholinesterase 

activities, despite relatively minor significances of AChE levels in zebrafish. Distinctions in 

cholinesterase activity profiles can be resulted by affinities towards the enzyme, according to 

SwissTargetPrediction results indicating the novel derivatives as possible cholinesterase 

ligands.  

Although PMR on the synthesized compounds are limited to PD-9 and PD-11, eye motor 

response changes were seemed to be confined in the excitation phase. As defined by Kokel 

et.al, magnitude stimulant phenotypes are representative for increased extend and height of 
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excitation peaks by the light stimulus [98]. Interestingly, the work of Kokel and colleagues 

has additionally suggested close relationship between magnitude stimulant compounds and 

monoamine oxidases, which were also predicted as possible targets of PD-9 and PD-11 by 

SwissTarget algorithm. This phenotypic behavior and targets are unlike TFP and PCP, 

affirming different structure-activity profiles between generic and synthesized derivatives. 

Multiple concentrations and use of PD-3, PD-5, PD-28 and PD-29 on PMR can be 

additionally informative. 

To sum up, novel derivatives PD-3, PD-5, PD-28 and PD-29 have shown improvements on 

the basic PTZ scaffolds, yet limited on the cytotoxicity profiles by micromolar ranges (IC50 > 

20 µM). Although PD-9 and PD-11 were seemed promising initially, they failed due to in vivo 

toxicities. Moreover, SFB synergism of PD-5 was remarkable for deriving further preclinical 

directions in the assessments of the novel candidates. However, possible functional 

differences with the generic compounds were noticeable, implying a need for thorough 

understanding for their mechanisms. Therefore, molecular signatures of the derivatives can 

become valuable resources upon supplementing efficacy and toxicity profiles, especially by 

means of SFB synergism. Although the chemical structures are not provided here, activity 

data of the phenothiazines allow new directions towards developing novel HCC therapies.        

5.4 Future Perspectives 

The findings of the study provided new directions for indole-benzimidazoles and 

phenothiazine derivatives. 

The directions for indole-benzimidazoles are: 

 Elucidation of multi-target profiles are needed. Accordingly, subtypes of ER and 

known targets of the top LINCS results can be prioritized. Multicomponent analyses 

can be insightful in predicting structure-activity relationships. 

 Secondary assessments for the active members can be pursued in vitro and in vivo. 

Besides the validations, in vivo developmental assays after dechorionation and 

xenograft assays are needed for initial efficacy and safety estimations. 

 Novel derivations can be followed to improve SERM and anti-cancer likelihood of the 

compound groups. Some of the derivations can be: (i) R1: p-fluorobenzyl, (ii) R1:-CH3 

x R2:-Cl, (iii) R1:-C3H7 x R2:-Br, (iv) R1: -3,4-difluorobenzyl x R2:-OCH3, (v)  

additional R2 groups and sulfonyl side-chain modifications (aryl and alkyl 

substitutions), and (iv) N-benzylations. Accordingly, the use of additional cell lines 
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that belong to different cancer subtypes can be informative for gaining more 

mechanistic insights and clinical perspectives. 

 List of candidate next-generation derivatives can be further enriched via 

pharmacophore modeling approaches, since the activities of the derivatives in this 

thesis can be utilized. 

The directions for generic and novel phenothiazines are: 

 Xenograft studies are needed for SFB combinations with the candidate derivatives:  

TFP, PCP, PPH, PD-5, and, upon developmental toxicity assays, PD-29 

 Morphometric measurements and organ toxicities can be utilized in providing better 

estimates on the safety profiles of the combinations. 

 SFB combination trials with the candidate compounds across various and a larger 

scale of cancer subtypes in vitro, due to HCC and non-HCC effects. 

 Evaluation of the synergism on transcriptome. As exploratory data analyses were 

promising, underlying synergy mechanisms need to be addressed both to understand 

TFP-SFB relationship and new targets for HCC therapy. In addition to KEGG 

pathway analyses that were pursued in the study, gene ontologies (GO) such as 

biological processes (BP) and network-based approaches such as ingenuity pathway 

analyses (IPA) can be informative on the underlying processes and mechanisms of the 

each treatment type [354].  

 PMR assays for the candidates and SFB combinations by alternating doses. In addition 

to neurotoxicity profiling, the assay is also resourceful in providing mechanistic 

insights.  

 The locomotor assay data needs further evaluations. Initial observations were 

suggestive for variations on motor responses.  

 Target validations are needed. In consensus between activity data, RNAseq analyses 

and in silico target prediction algorithms, possible targets can be subjected to 

functional assays. Known ligands or transgenic/knockout or knockdown approaches 

(i.e. AChE, BChE and dopamine receptor siRNA treatments) would be utilized in 

deriving new directions towards HCC therapy. In addition, mRNA and protein level 

confirmations can be proceeded with. 

 LINCS-Query analyses can be utilized for the RNAseq data to see gene signatures 

associated with exposures to drugs.  
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 Although SwissTargetPrediction tool has become immensely helpful, network-based 

analysis, protein interactome and disease based bipartite networks can be informative 

for identifying possible protein targets and disease relationships. Open Target tool can 

be implemented for further analyses. 
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APPENDIX A 

 

Figure Appendix A1 Pearson’s correlations between GraphPad Prism and GRcalculator 
derived IC50 values.Comparisons for (A) preliminary 4-dose MCF-7, and (B) 8-dose multiple 
cell line MTT assays are provided, as the GraphPad IC50 values are retrieved from the PhD 
thesis of Fikriye Zengin Karadayı (2019). Black color corresponds to total logIC50 values 
from the tools, as red color represents the values within the dose scales that were followed 
through the MTT assays. 
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Figure Appendix A2 Viability percentile-based cell line effect comparisons across varying 
concentrations of the candidate indole-benzimidazoles.Two-way ANOVA/Tukey 
methodology was applied, ns: not significant. Retrieved from Karadayi F.Z. & Yaman M. et 
al., 2020. Bioorganic Chemistry [311]. 
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Figure Appendix A3 Representation of cell line based log10(IC50) values (μM) 
(GRcalculator).Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry 
[311]. 
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Table Appendix A4 List of Reactome Pathways as represented on Figure 4.4 (C)  

STRING Database - Reactome Pathways 
50-51-53 up (3) 
PERK regulates gene expression 
Unfolded Protein Response (UPR) 
Basigin interactions 
50-51-53 down (51) 
NoRC negatively regulates rRNA expression 
E2F-enabled inhibition of pre-replication complex formation 
Pre-NOTCH Expression and Processing 
Early Phase of HIV Life Cycle 
RNA Polymerase I Chain Elongation 
Meiotic synapsis 
Transcriptional regulation by the AP-2 (TFAP2) family of transcription factors 
TP53 Regulates Transcription of Genes Involved in G2 Cell Cycle Arrest 
Signaling by Rho GTPases 
RHO GTPase Effectors 
RHO GTPases Activate Formins 
Activated PKN1 stimulates transcription of AR (androgen receptor) regulated genes KLK2 and KLK3 
RNA Polymerase I Promoter Opening 
Resolution of Sister Chromatid Cohesion 
Termination of translesion DNA synthesis 
Removal of the Flap Intermediate from the C-strand 
Meiosis 
Translesion synthesis by POLI 
Translesion synthesis by REV1 
ERCC6 (CSB) and EHMT2 (G9a) positively regulate rRNA expression 
TFAP2 (AP-2) family regulates transcription of growth factors and their receptors 
Polo-like kinase mediated events 
SIRT1 negatively regulates rRNA expression 
SCF(Skp2)-mediated degradation of p27/p21 
Cyclin D associated events in G1 
Separation of Sister Chromatids 
Transcriptional Regulation by E2F6 
Recognition of DNA damage by PCNA-containing replication complex 
B-WICH complex positively regulates rRNA expression 
G2/M DNA damage checkpoint 
Resolution of D-loop Structures through Synthesis-Dependent Strand Annealing (SDSA) 
Resolution of D-loop Structures through Holliday Junction Intermediates 
Apoptotic execution phase 
Metabolism of nucleotides 
Formation of the beta-catenin:TCF transactivating complex 
Pre-NOTCH Transcription and Translation 
Meiotic recombination 
Mitotic Anaphase 
Translesion synthesis by POLK 
Translesion Synthesis by POLH 
Inhibition of replication initiation of damaged DNA by RB1/E2F1 
DNA Damage Bypass 
Mitotic Prometaphase 
RUNX1 regulates transcription of genes involved in differentiation of HSCs 
Deregulated CDK5 triggers multiple neurodegenerative pathways in Alzheimer's disease models 
SUMOylation of intracellular receptors 
HDACs deacetylate histones 
CDK-mediated phosphorylation and removal of Cdc6 
Amplification  of signal from unattached  kinetochores via a MAD2  inhibitory signal 
RMTs methylate histone arginines 
Transcription of E2F targets under negative control by p107 (RBL1) and p130 (RBL2) in complex with 
HDAC1 
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Table Appendix A4 List of Reactome Pathways as represented on Figure 4.4 (C) (Cont’d) 
48-49 down (2) 
Diseases of Mismatch Repair (MMR) 
Signaling by ERBB4 
48-49 up vs 50-51-53 up (1) 
Cytosolic tRNA aminoacylation 
48-49 down vs 50-51-53 up (1) 
Cellular responses to external stimuli 
48-49 down vs 50-51-53 down (70) 
p53-Dependent G1 DNA Damage Response 
Estrogen-dependent gene expression 
Telomere C-strand (Lagging Strand) Synthesis 
Transcriptional Regulation by TP53 
CDT1 association with the CDC6:ORC:origin complex 
DNA Damage/Telomere Stress Induced Senescence 
Cell Cycle Checkpoints 
HDR through Single Strand Annealing (SSA) 
Chromosome Maintenance 
G2/M Checkpoints 
G0 and Early G1 
Assembly of the pre-replicative complex 
Cellular Senescence 
TP53 Regulates Transcription of Genes Involved in G1 Cell Cycle Arrest 
Activation of ATR in response to replication stress 
Processing of DNA double-strand break ends 
DNA Replication Pre-Initiation 
DNA strand elongation 
Switching of origins to a post-replicative state 
E2F mediated regulation of DNA replication 
G2 Phase 
PCNA-Dependent Long Patch Base Excision Repair 
Activation of E2F1 target genes at G1/S 
Synthesis of DNA 
Orc1 removal from chromatin 
Polymerase switching 
Regulation of TP53 Activity 
Gene expression (Transcription) 
Generic Transcription Pathway 
S Phase 
Mismatch repair (MMR) directed by MSH2:MSH6 (MutSalpha) 
M Phase 
Cyclin A:Cdk2-associated events at S phase entry 
Cellular responses to stress 
Formation of Senescence-Associated Heterochromatin Foci (SAHF) 
Cyclin E associated events during G1/S transition 
HDR through Homologous Recombination (HRR) or Single Strand Annealing (SSA) 
Mitotic Prophase 
Mitotic G1-G1/S phases 
Unwinding of DNA 
HDR through Homologous Recombination (HRR) 
Cell Cycle 
Deposition of new CENPA-containing nucleosomes at the centromere 
Presynaptic phase of homologous DNA pairing and strand exchange 
Condensation of Prophase Chromosomes 
Activation of the pre-replicative complex 
PRC2 methylates histones and DNA 
Regulation of TP53 Activity through Phosphorylation 
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Table Appendix A4 List of Reactome Pathways as represented on Figure 4.4 (C) 
48-49 down vs 50-51-53 down (70) (Cont’d) 
DNA Repair 
TP53 Regulates Transcription of Cell Cycle Genes 
CDC6 association with the ORC:origin complex 
Fanconi Anemia Pathway 
Lagging Strand Synthesis 
Removal of the Flap Intermediate 
DNA Replication 
Senescence-Associated Secretory Phenotype (SASP) 
PTK6 Regulates Cell Cycle 
Phosphorylation of proteins involved in G1/S transition by active Cyclin E:Cdk2 complexes 
G1/S DNA Damage Checkpoints 
DNA methylation 
Homology Directed Repair 
Signaling by Nuclear Receptors 
Oxidative Stress Induced Senescence 
Apoptosis 
G1/S Transition 
Transcription of E2F targets under negative control by DREAM complex 
Cell Cycle, Mitotic 
Mismatch repair (MMR) directed by MSH2:MSH3 (MutSbeta) 
Telomere Maintenance 
Polymerase switching on the C-strand of the telomere 

Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry [311]. 

Table Appendix A5 Compound 51 KEGG pathway annotations(|logFC| > 1; adjusted p-value 
< 0.05 (n=202 genes)) 

Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry [311]. 
  

#term ID Term description Observed gene 
count 

Background gene 
count 

FDR 

hsa05418 Fluid shear stress and 
atherosclerosis 

9 133 0.0031 

hsa00970 Aminoacyl-tRNA 
biosynthesis 

5 44 0.0137 

hsa04010 MAPK signaling pathway 11 293 0.0199 

hsa04210 Apoptosis 7 135 0.0318 

hsa04115 p53 signaling pathway 5 68 0.0354 

hsa04216 Ferroptosis 4 40 0.0354 



146 
 

Table Appendix A6 Compounds 50-51-53 KEGG pathway annotations(|logFC| > 0.5 & 
n=1109 genes)).  

#term ID Term description 
Observed gene 
count 

Background gene 
count FDR 

hsa03030 DNA replication 24 36 4.10E-13 

hsa04110 Cell cycle 38 123 8.30E-13 

hsa03430 Mismatch repair 12 23 1.36E-05 

hsa00240 Pyrimidine metabolism 21 100 0.00012 

hsa03460 Fanconi anemia pathway 15 51 0.00012 

hsa03410 Base excision repair 12 33 0.00014 

hsa03420 Nucleotide excision repair 13 46 0.00047 

hsa04114 Oocyte meiosis 21 116 0.00047 

hsa03440 Homologous recombination 11 40 0.0021 

hsa05322 Systemic lupus erythematosus 17 94 0.0025 

hsa04115 p53 signaling pathway 14 68 0.0028 

hsa05206 MicroRNAs in cancer 22 149 0.003 

hsa00230 Purine metabolism 24 173 0.0033 

hsa04218 Cellular senescence 22 156 0.0047 

hsa04914 
Progesterone-mediated oocyte 
maturation 15 94 0.0136 

hsa00620 Pyruvate metabolism 9 39 0.0162 

hsa05203 Viral carcinogenesis 22 183 0.0263 

hsa05222 Small cell lung cancer 14 92 0.0263 

hsa00970 Aminoacyl-tRNA biosynthesis 9 44 0.0283 

hsa05034 Alcoholism 18 142 0.0344 

hsa01100 Metabolic pathways 95 1250 0.0453 

hsa04210 Apoptosis 17 135 0.0453 

hsa05166 HTLV-I infection 26 250 0.0488 
Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry [311].   
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Table Appendix A7 KEGG pathways-based contingency tablewhere the genes show mutual 
or opposite direction in expression fold changes between 51 and E2, dioxin and AA (-) 
metadata 

  51 

-Treatment type 
-Total No of genes 

-Fisher’s exact p-value 
Direction Up Down 

 
 
 
 
 
 
 
 
 
 
 
E2 
2177 genes 
p-value  < 2.2e-16 

 
 
 
 
 
 
 
 
 
 
 
Up 

(293 genes) 
--- 

(950 genes) 
DNA replication 
Cell cycle 
Mismatch repair 
Pyrimidine metabolism 
Spliceosome 
Nucleotide excision repair 
Homologous recombination 
Fanconi anemia pathway 
Base excision repair 
Purine metabolism 
Progesterone-mediated oocyte maturation 
Oocyte meiosis 
Cellular senescence 
p53 signaling pathway 
HTLV-I infection 
Metabolic pathways 
RNA polymerase 
Epstein-Barr virus infection 
Proteasome 
mRNA surveillance pathway 
Cysteine and methionine metabolism 
Small cell lung cancer 
RNA transport 

 

Down (659 genes) 
TGF-beta signaling pathway 

(275 genes) 
--- 

 
 
 
 
Dioxin 
111 genes  
p-value: 4.415e-05 

 
 
 
 
Up 

(33 genes) 
Ferroptosis 
MicroRNAs in cancer 
Tryptophan metabolism 
mTOR signaling pathway 
Ovarian steroidogenesis 
Steroid hormone biosynthesis 
Metabolism of xenobiotics by cytochrome 
P450 
Chemical carcinogenesis 

 

(17 genes) 
Aldosterone-regulated sodium 
reabsorption 
Insulin secretion 
Salivary secretion 
Protein digestion and absorption 

 

Down (16 genes) 
--- 

(45 genes) 
Estrogen signaling pathway 

 
 
 
 
 
 
 
 
 
AA(-) 
1480 genes  
p-vaue  < 2.2e-16 

 
 
 
 
 
 
 
 
 
 
Up 

(493 genes) 
MAPK signaling pathway 
MicroRNAs in cancer 
Ferroptosis 
p53 signaling pathway 
Aminoacyl-tRNA biosynthesis 
Thyroid hormone signaling pathway 
Mitophagy - animal 
Endocrine resistance 
Autophagy - animal 
mTOR signaling pathway 
Cellular senescence 
Focal adhesion 
Transcriptional misregulation in cancer
Proteoglycans in cancer 
Glioma 
Fluid shear stress and atherosclerosis
HIF-1 signaling pathway 
Salmonella infection 
Breast cancer 
Apoptosis 
Pathways in cancer 
Chronic myeloid leukemia 

 

(248 genes) 
Lysosome 
Apelin signaling pathway 
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Table Appendix A7 KEGG pathways-based contingency table 
where the genes show mutual or opposite direction in expression fold changes between 51 and E2, dioxin and AA (-) metadata 
(Cont’d) 

-Treatment type 
-Total No of genes 

-Fisher’s exact p-value 
Direction Up Down 

AA(-) 
1480 genes 

p-vaue  < 2.2e-16 
Down 

(117 genes) 
Mineral absorption 

(622 genes) 
 
Cell cycle 
DNA replication 
Metabolic pathways 
Mismatch repair 
Nucleotide excision repair 
Pyrimidine metabolism 
Base excision repair 
Purine metabolism 
Homologous recombination 
Spliceosome 
Oocyte meiosis 
Progesterone-mediated oocyte maturation 
Epstein-Barr virus infection 
Cysteine and methionine metabolism 
p53 signaling pathway 
Huntington's disease 
Carbon metabolism 
Pyruvate metabolism 
Fanconi anemia pathway 
Cellular senescence 
Parkinson's disease 
Citrate cycle (TCA cycle) 
HTLV-I infection 
Proteasome 
Biosynthesis of amino acids 
Fatty acid degradation 
Small cell lung cancer 
Arginine and proline metabolism 
Fatty acid metabolism 
MicroRNAs in cancer 
Pathogenic Escherichia coli infection 
Hepatitis B 
Viral carcinogenesis 
2-Oxocarboxylic acid metabolism 
Pentose phosphate pathway 
Lysine degradation 
Alzheimer's disease 
Oxidative phosphorylation 
RNA degradation 
RNA polymerase 
Fructose and mannose metabolism 
Valine, leucine and isoleucine degradation 
Peroxisome 
N-Glycan biosynthesis 

 

Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry [311].   

Table Appendix A 8 Molecular docking scores of the derivatives and ligands 

Compounds ERα Tubulin vEGFR2 kinase domain 

48 −7.776 −5.851 −6.348 

49 −7.726 −5.575 −6.786 

50 Unsuccessful binding Unsuccessful binding −6.435 

51 −7.802 −5.458 −6.131 

53 −6.610 −5.662 −6.813 

Vincristine – −8.1 – 

Tivozanib – – −10.265 

Bazedoxifene −9.852 – – 

Courtesy of Mehmet Murat Kisla. Retrieved from Karadayi F.Z. & Yaman M. et al., 2020. Bioorganic Chemistry [311] 
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APPENDIX B 

 

Figure Appendix B1 Non-generic PTZ derivative log10IC50 response t-test comparisons 
between Hep3B and SkHep1 cell lines.(A) Screenings with the novel compounds, (B) naive 
vs eGFP assessments, and (C) time-dependency evaluations. Compound wise comparisons 
were performed via n-way ANOVA approach as the comparisons regarding eGFP status and 
time-dependency were evaluated through t-tests. 

(A) 

 

(B)  

 

Figure Appendix B2 Cell line-based comparisons for the PTZ derivatives.(A) Generic 
compounds, and (B) Novel molecules. Kruskal-Wallis/Dunn statistics were used in comparing 
the logIC50 values for the groups with the respective cell-lines (ns: not significant).   
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Table Appendix B3 Zebrafish images after exposures to individual derivatives. One image 
for each time-concentration group was provided for representative purposes. 

PTZ 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 µM 5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

PPH 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 µM 5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf - - 

PCP 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 µM 5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 
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Table Appendix B3 PCP (Cont’d) 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 µM 5 uM 10 µM 20 µM 40 µM 

72 hpf - 

TFP 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf - 

PD-3 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 µM 5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf 

120 hpf 
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Table Appendix B3 PD-4 (Cont’d) 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 µM 5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf 

120 hpf - 

PD-5 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf 

120 hpf 
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Table Appendix B3 PD-6 (Cont’d) 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf 

120 hpf - 

PD-9 

Time/ 
Concentration 

0 µM 
0.31 
µM 

0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 

30 hpf 
 

54 hpf - 

72 hpf - - 

96 hpf - 

120 hpf - - 
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Table Appendix B3 PD-10 (Cont’d) 

Time/ 
Concentration 

0 µM 
0.31 
µM 

0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 

30 hpf 

54 hpf - 

72 hpf - - 

96 hpf - - 

120 hpf - - 

Table Appendix B3 PD-11 

Time/ 
Concentration 

0 µM 
0.31 
µM 

0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 

30 hpf 

54 hpf - 

72 hpf - 

96 hpf - 

120 hpf - 
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Table Appendix B3 PD-21 (Cont’d) 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf 

120 hpf 

PD-22 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf 

120 hpf 
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Table Appendix B3 PD-23 (Cont’d) 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf 

120 hpf 

PD-24 

Time/ 
Concentration 

0 µM 
0.63 
µM 

1.25 
µM 

2.5 
µM 

5 uM 10 µM 20 µM 40 µM 

30 hpf 

54 hpf 

72 hpf 

96 hpf - 

120 hpf - 
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Table Appendix B3 SFB (Cont’d) 

Time/ 
Concentration 

0 µM 
0.0625 

µM 
0.125 
µM 

0.25 
µM 

0.5 uM 1 µM 2 µM 4 µM 

30 hpf 

54 hpf 

72 hpf 
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Table Appendix B4 Representative images for xenograft experiments 

  Exposure (Concentration) - Normal / Affected (abnormal or dead) 
P

C
P

 &
 T

F
P

 

Microscopy 
/Exposures 

DMSO (%0.5) - 
8/8 

PCP (10 μM) - 
11/9 

PCP (20 μM) - 
4/15 

TFP (10 μM) - 
7/13 

Brightfield 

    

GFP filter 

    

Brightfield 
+ GFP 

    

P
D

-3
 &

 P
D

-2
9 

Microscopy 
/Exposures 

DMSO (%0.5) - 
9/2 

PD-3 (20 μM) - 
5/6 

PD-29 (20 μM) - 
5/6 

 

Brightfield 

   

GFP filter 

   

Brightfield 
+ GFP 

   

P
D

-5
, P

D
-9

 &
 P

D
-1

1 

Microscopy 
/Exposures 

DMSO (%0.5) - 
9/1 

PD-3 (10 μM) - 
11/0 

PD-9 (5 μM) - 
2/9 

PD-11 (5 μM) - 
8/3 

Brightfield 

    

GFP filter 

    

Brightfield 
+ GFP 
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Figure Appendix B5 Validation experiment on the direction of AChE/BChE activities on 
Hep3B 

 

 

Figure Appendix B6 PCP (20 µM) versus PCP (20 µM) - SFB (2 µM) PMR results.Boxplots 
represent ANOVA statistics for each phase by contrasting with DMSO control. Heatmaps 
represent PMR intensities along the 6 seconds measurements where red indicates the highest, 
yellow modest and black no response. Upper panel heatmaps belong to the PCP (20 µM) 
group as the lower panel to the PCP (20 µM) - SFB (2 µM) group. 
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Figure Appendix B7 TFP (20 µM) versus TFP (20 µM) - SFB (2 µM) PMR results.Boxplots 
represent ANOVA statistics for each phase by contrasting with DMSO control. Heatmaps 
represent PMR intensities along the 6 seconds measurements where red indicates the highest, 
yellow modest and black no response. Upper panel heatmaps belong to the TFP (20 µM) 
group as the lower panel to the PCP (20 µM) - SFB (2 µM) group. 

Table Appendix B8 n-way ANOVA results for the effects of treatment, concentration, 
combination and their interactions on the raw distance data 

  Df Sum Sq Mean Sq F-value Pr(>F) 

Treatment 12 0.909 0.07578 0.646 0.8 

Concentration 8 0.997 0.12464 1.063 0.392 

Combination 1 0.026 0.02607 0.222 0.638 

Treatment:Concentration 22 2.584 0.11745 1.001 0.466 

Treatment:Combination 9 0.58 0.06441 0.549 0.837 

Concentration:Combination 1 0.041 0.04057 0.346 0.557 

Treatment:Concentration:Combination 4 0.383 0.09583 0.817 0.516 

Residuals 159 18.649 0.11729     

Table Appendix B9 n-way ANOVA results for the effects of treatment, concentration, 
combination and their interactions on the raw speed data. (p-value: * < 0.05) 

  Df Sum Sq Mean Sq F-value Pr(>F) Significancy 

Treatment 12 3.87 0.3221 1.58 0.1022   

Concentration 8 1.42 0.1774 0.87 0.5431   

Combination 1 0.01 0.0055 0.027 0.8696   

Treatment:Concentration 22 4.03 0.1831 0.898 0.5975   

Treatment:Combination 9 3.81 0.4237 2.078 0.0344 * 

Concentration:Combination 1 0.17 0.1682 0.825 0.3652   

Treatment:Concentration:Combination 4 0.88 0.221 1.084 0.3663   
Residuals 159 32.42 0.2039   
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Figure Appendix B10 Locomotion speed analyses across single derivative and SFB 
combination exposures.(A) Individual compound exposures, and (B) SFB 0.15 µM 
combinations of the derivatives. Comparisons and relative distance measurements were 
performed with respect to DMSO control group (0.5%) via one-way ANOVA/Dunnett 
statistics by using log transformed relative speeds. (*: p-value<0.05) 
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Figure Appendix B11 Percentiles of each principal component generated by the PCA 
approach at Figure 4.35 
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Table Appendix B12 SFB 1 µM and TFP 12 µM-SFB 1 µM gene expression comparisons 

Clusters KEGG pathways (p-value <0.05) 

Overlap-
ping gene 
ratios 

P-value 
(<0.05) 

Overlapping genes with the relevant pathways 

Mutually 
increasing 
(n=15) 

Ferroptosis 1/40 0.030 GPX4 
Fat digestion and absorption 1/41 0.030 SLC27A4 
Glutathione metabolism 1/56 0.041 GPX4 

Mutually 
decreasing 
(n=9) 

Focal adhesion 2/199 0.003 DIAPH1;THBS1 
Rap1 signaling pathway 2/206 0.004 FGF19;THBS1 
Regulation of actin cytoskeleton 2/214 0.004 DIAPH1;FGF19 
PI3K-Akt signaling pathway 2/354 0.010 FGF19;THBS1 
Bladder cancer 1/41 0.018 THBS1 
Malaria 1/49 0.022 THBS1 
Shigellosis 1/65 0.029 DIAPH1 
p53 signaling pathway 1/72 0.032 THBS1 
Melanoma 1/72 0.032 FGF19 
ECM-receptor interaction 1/82 0.036 THBS1 
TGF-beta signaling pathway 1/90 0.040 THBS1 
AGE-RAGE signaling pathway in 
diabetic complications 1/100 0.044 DIAPH1 

Increasing in SFB 
1 µM only (n=399) 

Salivary secretion 6/90 0.009 PRKCG;CHRM3;DMBT1;CALML3;BEST2;STATH 
Morphine addiction 6/91 0.010 GABRR3;PRKCG;GABRA1;PDE10A;PDE1C;PDE4B 

Increasing in TFP 
12 µM – SFB 1 µM 
only (n=268) 

Steroid biosynthesis 7/19 3.15E-9 SQLE;EBP;NSDHL;CYP51A1;MSMO1;DHCR7;FDFT1 
Terpenoid backbone biosynthesis 4/22 1.91E-4 IDI1;HMGCS1;MVD;HMGCR 
Renal cell carcinoma 6/69 3.24E-4 FLCN;PAK1;EGLN3;RAPGEF1;PIK3CD;VEGFA 
mTOR signaling pathway 8/152 0.001 FLCN;SLC7A5;DDIT4;GRB10;PTEN;PIK3CD;ULK1;LPIN1 
Other glycan degradation 3/18 0.002 GLB1;NEU1;GBA2 
Central carbon metabolism in 
cancer 5/65 0.002 SLC7A5;IDH1;PTEN;PIK3CD;TP53 
Bladder cancer 4/41 0.002 CDH1;DAPK2;TP53;VEGFA 
Phosphatidylinositol signaling 
system 6/99 0.002 DGKD;DGKQ;PTEN;PIK3CD;MTMR7;PIK3C2B 
AMPK signaling pathway 6/120 0.006 TBC1D1;CPT1A;PIK3CD;ULK1;HMGCR;EEF2 
Endometrial cancer 4/58 0.008 CDH1;PTEN;PIK3CD;TP53 
Autophagy 6/128 0.008 DAPK2;TP53INP2;DDIT4;PTEN;PIK3CD;ULK1 
Glycerolipid metabolism 4/61 0.009 DGKD;DGKQ;PNPLA3;LPIN1 
Glycerophospholipid metabolism 5/97 0.010 DGKD;PCYT2;DGKQ;LCAT;LPIN1 
Choline metabolism in cancer 5/99 0.011 DGKD;DGKQ;PIK3CD;RALGDS;WASF2 
Mitophagy 4/65 0.011 BNIP3L;ULK1;TBC1D17;TP53 
Insulin resistance 5/108 0.015 SLC27A1;CPT1A;PTEN;PIK3CD;PPARA 
Melanoma 4/72 0.016 CDH1;PTEN;PIK3CD;TP53 
Bacterial invasion of epithelial cells 4/74 0.017 SHC2;CDH1;PIK3CD;WASF2 
Inositol phosphate metabolism 4/74 0.017 PTEN;PIK3CD;PIK3C2B;MTMR7 
Glioma 4/75 0.018 SHC2;PTEN;PIK3CD;TP53 
Pancreatic cancer 4/75 0.018 PIK3CD;TP53;RALGDS;VEGFA 
Sphingolipid metabolism 3/47 0.025 GLB1;NEU1;GBA2 
One carbon pool by folate 2/20 0.029 SHMT2;MTHFR 
Cholesterol metabolism 3/50 0.029 NPC1;PCSK9;LCAT 
Natural killer cell mediated cytotox-
icity 5/131 0.032 SHC2;PAK1;SH3BP2;PIK3CD;MICA 
Axon guidance 6/181 0.035 PAK1;CXCL12;TRPC1;PIK3CD;NGEF;PLXNA3 
Ras signaling pathway 7/232 0.037 PAK1;SHC2;FLT3LG;PIK3CD;RALGDS;RGL2;VEGFA 
Pathogenic Escherichia coli infec-
tion 3/55 0.037 TUBA1A;CDH1;ARHGEF2 
VEGF signaling pathway 3/59 0.045 SHC2;PIK3CD;VEGFA 
Phospholipase D signaling pathway 5/148 0.050 SHC2;DGKD;DGKQ;PIK3CD;RALGDS 

Decreasing in TFP 
12 µM– SFB 1 µM 
only (n=476) 

Spliceosome 32/134 
3.37E-
23 

RBM25;SF3B3;RBM8A;SRSF1;PRPF19;EFTUD2;SNRPD2;SN
RPD1;U2AF2;TRA2B;HNRNPA1;SF3A3;HSPA8;NCBP1;ALY
REF;HSPA2;PLRG1;WBP11;LSM5;LSM3;CHERP;HNRNPM;S
NW1;PHF5A;SRSF2;SRSF3;SNRPA1;PRPF31;SNRPF;SNRPA;
HSPA1B;SNRPB 

Cell cycle 21/124 
1.62E-
12 

HDAC2;PCNA;YWHAB;PLK1;BUB1B;CDC20;CCNA2;CCNB
1;CCND1;PTTG1;ORC1;YWHAQ;ESPL1;CHEK2;CHEK1;MC
M3;E2F4;SKP2;BUB1;SKP1;MCM2 

RNA transport 19/165 1.54E-8 

EIF4A1;EIF5B;PRMT5;RBM8A;NCBP1;POP4;ALYREF;RANG
AP1;SUMO1;NUP85;SUMO3;NUP50;NUP62;SUMO2;XPO5;G
EMIN5;SAP18;RAN;EIF3B 

Proteasome 9/45 9.40E-7 
PSMC5;PSMA3;PSMD11;PSMA1;PSMD13;PSMA2;PSMD2;PS
ME3;PSMD3 

DNA replication 8/36 1.63E-6 FEN1;RFC3;PCNA;RFC4;RPA3;MCM3;DNA2;MCM2 
Pathogenic Escherichia coli infec-
tion 8/55 4.43E-5 

CDC42;TUBA1B;YWHAQ;NCL;ARPC5L;TUBB4B;CLDN1;A
CTB 

Oocyte meiosis 12/125 4.45E-5 
CDC20;PPP2CA;CCNB1;PTTG1;YWHAQ;ESPL1;YWHAB;PL
K1;CALM1;BUB1;SKP1;AURKA 

Viral carcinogenesis 15/201 9.91E-5 
LYN;HDAC2;ATF6B;YWHAB;ACTN1;GTF2H3;CDC20;CCN
A2;CDC42;SNW1;CCND1;YWHAQ;CHEK1;VDAC3;SKP2 

Cellular senescence 12/160 4.61E-4 
CCNA2;CCNB1;CCND1;CHEK2;CHEK1;VDAC3;VDAC1;E2F
4;CALM1;FOXM1;MAPK14;TGFBR2 

Antigen processing and presentation 8/77 4.85E-4 
HSPA8;HSP90AA1;HSP90AB1;HSPA4;PSME3;HSPA2;IFI30;H
SPA1B 
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Table Appendix B12 SFB 1 µM and TFP 12 µM-SFB 1 µM gene expression comparisons (Cont’d) 

Clusters KEGG pathways (p-value <0.05) 

Overlap-
ping gene 
ratios 

P-value 
(<0.05) 

Overlapping genes with the relevant pathways 

Decreasing in TFP 
12 µM– SFB 1 µM 
only (n=476) 

Protein processing in endoplasmic 
reticulum 12/165 6.08E-4 

DNAJA1;HSPA8;DNAJB1;VCP;HSP90AA1;HSPH1;HSP90AB1
;ATF6B;HSPA2;CRYAB;HSPA1B;SKP1 

Ribosome biogenesis in eukaryotes 9/101 6.84E-4 
UTP6;TCOF1;UTP4;POP4;NAT10;DROSHA;UTP18;GTPBP4;R
AN 

Tight junction 12/170 7.91E-4 
PPP2CA;CDC42;TUBA1B;PCNA;CCND1;HSPA4;ACTN1;CLD
N1;YBX3;ACTB;RAB8A;RAB8B 

mRNA surveillance pathway 8/91 0.001 
PPP2CA;NCBP1;RBM8A;CSTF3;ALYREF;CSTF2;CSTF2T;SA
P18 

Necroptosis 11/162 0.002 
GLUD2;HSP90AA1;HSP90AB1;PARP1;H2AFZ;FAF1;VDAC3;
VDAC1;PGAM5;HMGB1;DNM1L 

Fluid shear stress and atherosclero-
sis 10/139 0.002 

HSP90AA1;HSP90AB1;SUMO1;DUSP1;SUMO3;SUMO2;CAL
M1;MAPK14;ACTB;KLF2 

Mismatch repair 4/23 0.002 RFC3;PCNA;RFC4;RPA3 
Human T-cell leukemia virus 1 
infection 13/219 0.002 

ATF6B;BUB1B;TGFBR2;CDC20;CCNA2;CCND1;PTTG1;ESP
L1;CHEK2;CHEK1;VDAC3;VDAC1;RAN 

Progesterone-mediated oocyte 
maturation 8/99 0.003 

CCNA2;CCNB1;HSP90AA1;HSP90AB1;PLK1;MAPK14;BUB1;
AURKA 

Influenza A 11/171 0.003 
IVNS1ABP;HSPA8;DNAJB1;HNRNPUL1;VDAC1;HSPA2;KP
NA2;MAPK14;ACTB;HSPA1B;AGFG1 

Non-homologous end-joining 3/13 0.003 FEN1;XRCC6;XRCC5 

Epstein-Barr virus infection 12/201 0.003 
LYN;CCNA2;PSMC5;HDAC2;SNW1;PSMD11;CCND1;PSMD1
3;PSMD2;PSMD3;SKP2;MAPK14 

Nucleotide excision repair 5/47 0.005 RFC3;PCNA;RFC4;RPA3;GTF2H3 
Glyoxylate and dicarboxylate 
metabolism 4/30 0.005 GCSH;CS;GLDC;PCCB 
TGF-beta signaling pathway 7/90 0.006 PPP2CA;ID1;ID3;E2F4;HAMP;SKP1;TGFBR2 
Base excision repair 4/33 0.008 FEN1;PCNA;PARP1;HMGB1 
Fanconi anemia pathway 5/54 0.009 FANCD2;RPA3;USP1;FANCB;FANCG 
Pyrimidine metabolism 5/57 0.011 CDA;RRM1;RRM2;CTPS1;NME1 

FoxO signaling pathway 8/132 0.014 
CCNB1;CCND1;HOMER2;PLK1;SKP2;MAPK14;KLF2;TGFBR
2 

Hepatitis B 9/163 0.016 
CCNA2;PCNA;YWHAQ;ATF6B;YWHAB;VDAC3;BIRC5;MA
PK14;TGFBR2 

Estrogen signaling pathway 8/137 0.017 
HSPA8;HSP90AA1;HSP90AB1;ATF6B;HSPA2;FKBP4;CALM1
;HSPA1B 

Adherens junction 5/72 0.028 CDC42;ACTN1;ACTB;TGFBR2;FGFR1 
p53 signaling pathway 5/72 0.028 CCNB1;RRM2;CCND1;CHEK2;CHEK1 
Longevity regulating pathway 6/102 0.035 HSPA8;HDAC2;ATF6B;HSPA2;CRYAB;HSPA1B 

Hippo signaling pathway 8/160 0.038 
PPP2CA;CCND1;YWHAQ;YWHAB;ID1;BIRC5;ACTB;TGFBR
2 

RNA degradation 5/79 0.040 EXOSC6;EXOSC5;EXOSC10;LSM5;LSM3 
Legionellosis 4/55 0.042 HSPA8;VCP;HSPA2;HSPA1B 
Glutathione metabolism 4/56 0.044 GPX2;RRM1;RRM2;ODC1 
Drug metabolism 6/108 0.044 CDA;CYP2C9;RRM1;RRM2;UGT2B4;NME1 
Ubiquitin mediated proteolysis 7/137 0.046 CDC20;UBE2C;SKP2;SAE1;PRPF19;SKP1;RHOBTB2 

S1: SFB 1 µM, TS1: TFP 12 µM – SFB 1 µM; UP: upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 0.011 
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Table Appendix B13 SFB 2 µM and TFP 12 µM-SFB 2 µM gene expression comparisons 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Overlapping genes with the relevant pathways 

Mutually 
increasing 
(n=128) 

Natural killer cell mediated cytotoxicity 4/131 0.010 SHC2;PAK1;SH3BP2;KLRC1 
Glycine, serine and threonine metabo-
lism 2/40 0.027 SHMT2;PHGDH 
Graft-versus-host disease 2/41 0.028 CD80;KLRC1 
Cholesterol metabolism 2/50 0.041 NPC1;PCSK9 
Glutathione metabolism 2/56 0.050 GPX4;GPX7 

Mutually 
decreasing 
(n=44) Lysosome 2/123 0.030 

MCOLN1;LITAF 

Increasing in 
TFP 12 µM  - 
SFB 2 µM only 
(n=925) 

Steroid biosynthesis 8/19 9.734E-7 
SQLE;EBP;NSDHL;CYP51A1;SC5D;MSMO1;DHCR7;F
DFT1 

mTOR signaling pathway 17/152 6.81E-4 

PRKCG;WDR59;FZD4;INSR;PTEN;PIK3CD;SLC3A2;F
LCN;SLC7A5;SESN2;DDIT4;GRB10;EIF4EBP1;DVL2;
ULK1;LPIN1;EIF4B 

Longevity regulating pathway 12/102 0.003 

PRK-
AB2;INSR;SESN2;EIF4EBP1;PIK3CD;ULK1;FOXO3;T
P53;PPARGC1A;SIRT1;ATF4;FOXA2 

Terpenoid backbone biosynthesis 5/22 0.003 IDI1;HMGCS1;MVD;HMGCR;ACAT2 

AMPK signaling pathway 13/120 0.004 

PRK-
AB2;INSR;PIK3CD;PPP2R3B;HMGCR;FOXO3;EEF2;SI
RT1;TBC1D1;EIF4EBP1;ULK1;PPARGC1A;PCK2 

FoxO signaling pathway 13/132 0.008 
IL10;PRKAB2;SMAD4;GADD45A;INSR;PTEN;FOXO6;
PIK3CD;CSNK1E;FOXO3;SIRT1;CCNG2;PCK2 

Aminoacyl-tRNA biosynthesis 8/66 0.011 CARS;NARS;MARS;SARS;GARS;IARS;EPRS;AARS 

Phosphatidylinositol signaling system 10/99 0.016 
PRKCG;DGKD;DGKQ;PLCG2;PTEN;PIK3CD;ITPR3;M
TMR4;MTMR7;PIK3C2B 

p53 signaling pathway 8/72 0.018 
GADD45A;CCNG2;SESN2;SIAH1;PTEN;MDM4;TP53;
BBC3 

Insulin resistance 10/108 0.028 
SLC27A1;PRKAB2;INSR;PTEN;PIK3CD;TRIB3;PPAR
A;PPARGC1A;SLC27A5;PCK2 

Mitophagy 7/65 0.030 BNIP3L;TOMM7;ULK1;FOXO3;TBC1D17;TP53;ATF4 

HIF-1 signaling pathway 9/100 0.042 
PRKCG;EGLN3;INSR;MKNK2;EIF4EBP1;PLCG2;PIK3
CD;TLR4;VEGFA 

Other glycan degradation 3/18 0.048 GLB1;NEU1;GBA2 

Decreasing in 
TFP 12 µM  - 
SFB 2 µM only 
(n=669) 

Spliceosome 41/134 2.65E-28 

RBM25;SF3B3;RBM8A;EIF4A3;SRSF1;DDX23;HNRNP
U;PRPF19;EFTUD2;SNRPD2;SNRPD1;TRA2B;HNRNP
A1;SF3A3;HSPA8;PPIL1;HNRNPA3;NCBP1;ALYREF;
HSPA2;PLRG1;WBP11;LSM5;LSM3;CHERP;HNRNPM
;HNRNPK;SNW1;PHF5A;SNRPG;SRSF2;SRSF3;SNRP
E;SNRPA1;PRPF31;SNRPF;HNRNPC;SRSF7;SNRPA;H
SPA1B;SNRPB 

Cell cycle 28/124 6.71E-16 

PCNA;YWHAB;BUB1B;ANAPC11;CDC20;CCNB1;CC
ND1;PTTG1;ORC1;YWHAQ;CDC26;CHEK2;CHEK1;E
2F4;BUB3;SKP2;BUB1;SKP1;PLK1;CDC6;CDC25C;CC
NA2;CDK6;ESPL1;CDK2;MCM3;MCM6;MCM2 

DNA replication 14/36 3.69E-12 
FEN1;RFC3;PCNA;RFC4;LIG1;RPA1;RPA2;POLA2;RP
A3;MCM3;MCM6;SSBP1;DNA2;MCM2 

RNA transport 27/165 8.04E-12 

POP5;EIF4A1;NUP107;RBM8A;POP4;EIF4A3;SUMO1;
NUP85;SUMO3;NUP62;SUMO2;XPO5;SAP18;EIF4E;N
DC1;EIF5B;PRMT5;NCBP1;ALYREF;RANGAP1;SNUP
N;NUP50;TACC3;GEMIN5;RAN;EIF4G1;EIF3B 

Proteasome 15/45 8.54E-12 

PSMD11;PSMD13;PSMB6;PSMB4;PSMC5;PSMA3;PS
MB2;PSMC3;PSMA1;PSMB3;PSMA2;PSMD2;PSME3;P
SMD3;PSMD1 

Mismatch repair 8/23 4.72E-7 RFC3;PCNA;RFC4;LIG1;RPA3;RPA1;RPA2;SSBP1 

Pathogenic Escherichia coli infection 11/55 1.69E-6 
CDC42;TUBA1C;TUBA1B;YWHAQ;TUBB;NCL;ARPC
1A;ARPC5L;TUBB4B;ACTB;TUBA4A 

Oocyte meiosis 16/125 4.33E-6 

YWHAB;PLK1;CDC25C;ANAPC11;AURKA;CDC20;PP
P2CA;CCNB1;PTTG1;YWHAQ;ESPL1;CDC26;CDK2;C
ALM1;BUB1;SKP1 

Nucleotide excision repair 9/47 2.17E-5 
RFC3;PCNA;RFC4;LIG1;RPA3;RPA1;RPA2;GTF2H3;R
AD23B 

Human T-cell leukemia virus 1 infection 20/219 4.98E-5 

RANBP1;ATF6B;BUB1B;ANAPC11;TGFBR2;CDC20;C
CNA2;CCND1;PTTG1;ESPL1;CDC26;CHEK2;CHEK1;
CDK2;VDAC3;VDAC1;BUB3;TLN1;RAN;BCL2L1 

Fanconi anemia pathway 9/54 6.87E-5 

FAN-
CI;FANCD2;RPA3;USP1;RPA1;RPA2;FANCC;FANCB;
FANCG 

Base excision repair 7/33 9.08E-5 FEN1;NEIL3;PCNA;LIG1;PARP1;HMGB1;UNG 

Cellular senescence 16/160 9.58E-5 

LIN9;FOXM1;MAPK14;TGFBR2;CCNA2;CCNB1;CDK
6;CCND1;CHEK2;CHEK1;CDK2;VDAC3;VDAC1;MYB
L2;E2F4;CALM1 

Progesterone-mediated oocyte matura-
tion 12/99 1.15E-4 

CCNA2;CCNB1;HSP90AA1;HSP90AB1;CDC26;PLK1;
CDK2;CDC25C;MAPK14;BUB1;ANAPC11;AURKA 

Viral carcinogenesis 18/201 1.50E-4 

RANBP1;ATF6B;YWHAB;ACTN1;STAT3;GTF2H3;CD
C20;CCNA2;CDC42;HNRNPK;SNW1;CDK6;CCND1;Y
WHAQ;CHEK1;CDK2;VDAC3;SKP2 

mRNA surveillance pathway 11/91 2.25E-4 
PPP2CA;NCBP1;RBM8A;PCF11;CSTF3;ALYREF;EIF4
A3;CSTF2;CSTF2T;SAP18;GSPT1 
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Table Appendix B13 SFB 2 µM and TFP 12 µM-SFB 2 µM gene expression comparisons (Cont’d) 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Overlapping genes with the relevant pathways 

Decreasing in 
TFP 12 µM  - 
SFB 2 µM only 
(n=669) 

p53 signaling pathway 9/72 6.45E-4 
CCNB1;RRM2;CDK6;CCND1;CHEK2;CHEK1;CDK2;T
HBS1;BCL2L1 

Necroptosis 14/162 0.001 

HSP90AA1;HSP90AB1;PARP1;H2AFZ;H2AFX;STAT3;
H2AFV;HMGB1;HIST2H2AC;GLUD2;VDAC3;VDAC1;
DNM1L;FTL 

Pyrimidine metabolism 7/57 0.003 CDA;DUT;RRM1;RRM2;CTPS1;UMPS;NME1 

Parkinson disease 12/142 0.003 
COX8A;COX7B;NDUFA11;UBB;NDUFS5;NDUFA2;V
DAC3;UQCRFS1;NDUFC2;VDAC1;SDHB;COX6B1 

Epstein-Barr virus infection 15/201 0.003 

PSMD11;PSMD13;STAT3;MAPK14;CCNA2;PSMC5;SN
W1;CDK6;PSMC3;CCND1;PSMD2;PSMD3;CDK2;PSM
D1;SKP2 

Antigen processing and presentation 8/77 0.004 
HSPA8;HSP90AA1;HSP90AB1;HSPA4;PSME3;RFX5;H
SPA2;HSPA1B 

Tight junction 13/170 0.005 
PCNA;HSPA4;ACTN1;YBX3;ACTB;TUBA4A;PPP2CA;
CDC42;TUBA1C;TUBA1B;CCND1;AMOTL1;RAB8A 

FoxO signaling pathway 11/132 0.005 
PLK4;CCNB1;CCND1;PLK1;CDK2;STAT3;SKP2;SGK1
;MAPK14;KLF2;TGFBR2 

Thermogenesis 16/231 0.005 

COX8A;COX7B;COA1;NDUFA11;COX16;NDUFA2;N
DUFC2;MAPK14;SDHB;ACTB;COX6B1;ADCY10;ND
UFS5;AKT1S1;UQCRFS1;FGFR1 

Huntington disease 14/193 0.006 

COX8A;COX7B;NDUFA11;NDUFA2;NDUFC2;NRF1;S
DHB;COX6B1;NDUFS5;VDAC3;UQCRFS1;VDAC1;TG
M2;POLR2L 

Ribosome biogenesis in eukaryotes 9/101 0.007 
POP5;TCOF1;IMP3;POP4;GAR1;NAT10;DROSHA;UTP
18;RAN 

Non-homologous end-joining 3/13 0.008 FEN1;XRCC6;XRCC5 
Protein processing in endoplasmic 
reticulum 12/165 0.010 

DNAJA1;HSPA8;DNAJB1;VCP;HSP90AA1;HSP90AB1;
ATF6B;HSPA2;RAD23B;CRYAB;HSPA1B;SKP1 

Drug metabolism 9/108 0.010 
CDA;DUT;RRM1;UGT2B11;RRM2;NAT1;UGT2B4;UM
PS;NME1 

Alzheimer disease 12/171 0.013 
COX8A;COX7B;NDUFA11;CDK5;NDUFS5;NDUFA2;
UQCRFS1;NDUFC2;NAE1;CALM1;SDHB;COX6B1 

Phagosome 11/152 0.013 

TU-
BA1C;TUBA1B;TUBB;ATP6V1B2;TLR6;TUBB4B;TH
BS1;ACTB;TUBA4A;DYNC1I1;MBL2 

Oxidative phosphorylation 10/133 0.014 
COX8A;COX7B;NDUFA11;NDUFS5;NDUFA2;ATP6V
1B2;UQCRFS1;NDUFC2;SDHB;COX6B1 

Systemic lupus erythematosus 10/133 0.014 
SSB;SNRPD1;H2AFZ;ACTN1;H3F3A;H2AFX;H2AFV;
HIST1H3C;SNRPB;HIST2H2AC 

Cardiac muscle contraction 7/78 0.015 
COX8A;COX7B;TPM3;TPM1;UQCRFS1;ATP1B3;COX
6B1 

Fluid shear stress and atherosclerosis 10/139 0.019 
HSP90AA1;HSP90AB1;SUMO1;DUSP1;SUMO3;SUMO
2;CALM1;MAPK14;ACTB;KLF2 

Hepatitis B 11/163 0.021 
CCNA2;PCNA;YWHAQ;ATF6B;YWHAB;CDK2;STAT
3;VDAC3;BIRC5;MAPK14;TGFBR2 

Non-alcoholic fatty liver disease 
(NAFLD) 10/149 0.028 

COX8A;CDC42;COX7B;NDUFA11;NDUFS5;NDUFA2;
UQCRFS1;NDUFC2;SDHB;COX6B1 

TGF-beta signaling pathway 7/90 0.031 PPP2CA;ID1;ID3;E2F4;THBS1;SKP1;TGFBR2 

Ribosome 10/153 0.033 
RPS15;MRPS17;MRPS15;MRPL18;MRPS12;MRPL16;
MRPS7;MRPL13;RPL6;MRPL11 

Glutathione metabolism 5/56 0.039 RRM1;RRM2;ODC1;SMS;CHAC2 
Pancreatic cancer 6/75 0.039 CDC42;CDK6;CCND1;STAT3;TGFBR2;BCL2L1 

Estrogen signaling pathway 9/137 0.041 
HSPA8;HSP90AA1;HSP90AB1;ATF6B;KRT23;HSPA2;
FKBP4;CALM1;HSPA1B 

Ubiquitin mediated proteolysis 9/137 0.041 
CDC20;UBE2C;CDC26;SKP2;SAE1;PRPF19;SKP1;AN
APC11;RHOBTB2 

Homologous recombination 4/41 0.047 RPA3;RPA1;RPA2;SSBP1 
RNA degradation 6/79 0.049 EXOSC6;EXOSC5;EXOSC10;LSM5;DCPS;LSM3 

S2: SFB 2 µM, TS2: TFP 12 µM – SFB 2 µM; UP: upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 2.09e-34 
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Table Appendix B14 TFP 12 µM-SFB 1 µM and TFP 12 µM-SFB 2 µM gene expression 
comparisons 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Overlapping genes with the relevant pathways 

Mutually 
increasing 
(n=266) 

Steroid biosynthesis 8/19 
5.87E-
11 

SQLE;EBP;NSDHL;CYP51A1;CYP2R1;MSMO1;DHCR7;
FDFT1 

Terpenoid backbone biosynthesis 4/22 1.85E-4 IDI1;HMGCS1;MVD;HMGCR 
Renal cell carcinoma 6/69 3.11E-4 FLCN;PAK1;EGLN3;RAPGEF1;PIK3CD;VEGFA 

mTOR signaling pathway 8/152 9.94E-4 
FLCN;SLC7A5;DDIT4;GRB10;PTEN;PIK3CD;ULK1;LPI
N1 

Other glycan degradation 3/18 0.002 GLB1;NEU1;GBA2 
Central carbon metabolism in cancer 5/65 0.002 SLC7A5;IDH1;PTEN;PIK3CD;TP53 
Glycerophospholipid metabolism 6/97 0.002 DGKD;PCYT2;PNPLA7;DGKQ;LCAT;LPIN1 
Phosphatidylinositol signaling system 6/99 0.002 DGKD;DGKQ;PTEN;PIK3CD;MTMR7;PIK3C2B 
Bladder cancer 4/41 0.002 CDH1;DAPK2;TP53;VEGFA 
Autophagy 6/128 0.007 DAPK2;TP53INP2;DDIT4;PTEN;PIK3CD;ULK1 
Endometrial cancer 4/58 0.007 CDH1;PTEN;PIK3CD;TP53 
Glycerolipid metabolism 4/61 0.009 DGKD;DGKQ;PNPLA3;LPIN1 
Choline metabolism in cancer 5/99 0.010 DGKD;DGKQ;PIK3CD;RALGDS;WASF2 
Axon guidance 7/181 0.011 PAK1;CXCL12;UNC5B;TRPC1;PIK3CD;NGEF;PLXNA3 
Mitophagy 4/65 0.011 BNIP3L;ULK1;TBC1D17;TP53 
Insulin resistance 5/108 0.015 SLC27A1;PTEN;PIK3CD;PPARA;SLC27A4 
Melanoma 4/72 0.016 CDH1;PTEN;PIK3CD;TP53 
Ribosome 6/153 0.017 RPL18A;RPLP0;RPL13A;RPS20;RPL28;RPS12 
Bacterial invasion of epithelial cells 4/74 0.017 SHC2;CDH1;PIK3CD;WASF2 
Inositol phosphate metabolism 4/74 0.017 PTEN;PIK3CD;PIK3C2B;MTMR7 
Glioma 4/75 0.018 SHC2;PTEN;PIK3CD;TP53 
Pancreatic cancer 4/75 0.018 PIK3CD;TP53;RALGDS;VEGFA 
AMPK signaling pathway 5/120 0.022 TBC1D1;PIK3CD;ULK1;HMGCR;EEF2 
Sphingolipid metabolism 3/47 0.025 GLB1;NEU1;GBA2 
One carbon pool by folate 2/20 0.029 SHMT2;MTHFR 
Cholesterol metabolism 3/50 0.029 NPC1;PCSK9;LCAT 
Natural killer cell mediated cytotoxici-
ty 5/131 0.031 SHC2;PAK1;SH3BP2;PIK3CD;MICA 
Ras signaling pathway 7/232 0.036 PAK1;SHC2;FLT3LG;PIK3CD;RALGDS;RGL2;VEGFA 
Pathogenic Escherichia coli infection 3/55 0.037 TUBA1A;CDH1;ARHGEF2 
Glutathione metabolism 3/56 0.038 GGT7;GPX4;IDH1 
VEGF signaling pathway 3/59 0.044 SHC2;PIK3CD;VEGFA 
Phospholipase D signaling pathway 5/148 0.048 SHC2;DGKD;DGKQ;PIK3CD;RALGDS 

Mutually 
decreasing 
(n=438) 

Spliceosome 32/134 
2.59E-
24 

RBM25;SF3B3;RBM8A;SRSF1;PRPF19;EFTUD2;SNRPD2
;SNRPD1;U2AF2;TRA2B;HNRNPA1;SF3A3;HSPA8;NCB
P1;ALYREF;HSPA2;PLRG1;WBP11;LSM5;LSM3;CHERP
;HNRNPM;SNW1;PHF5A;SRSF2;SRSF3;SNRPA1;PRPF31
;SNRPF;SNRPA;HSPA1B;SNRPB 

Cell cycle 20/124 
3.10E-
12 

PCNA;YWHAB;PLK1;BUB1B;CDC20;CCNA2;CCNB1;C
CND1;PTTG1;ORC1;YWHAQ;ESPL1;CHEK2;CHEK1;M
CM3;E2F4;SKP2;BUB1;SKP1;MCM2 

RNA transport 19/165 4.02E-9 

EIF4A1;EIF5B;PRMT5;RBM8A;NCBP1;POP4;ALYREF;R
AN-
GAP1;SUMO1;NUP85;SUMO3;NUP50;NUP62;SUMO2;X
PO5;GEMIN5;SAP18;RAN;EIF3B 

Proteasome 9/45 4.70E-7 
PSMC5;PSMA3;PSMD11;PSMA1;PSMD13;PSMA2;PSMD
2;PSME3;PSMD3 

DNA replication 8/36 8.77E-7 FEN1;RFC3;PCNA;RFC4;RPA3;MCM3;DNA2;MCM2 

Oocyte meiosis 12/125 1.98E-5 
CDC20;PPP2CA;CCNB1;PTTG1;YWHAQ;ESPL1;YWHA
B;PLK1;CALM1;BUB1;SKP1;AURKA 

Viral carcinogenesis 14/201 1.46E-4 
LYN;ATF6B;YWHAB;ACTN1;GTF2H3;CDC20;CCNA2;C
DC42;SNW1;CCND1;YWHAQ;CHEK1;VDAC3;SKP2 

Pathogenic Escherichia coli infection 7/55 1.89E-4 CDC42;TUBA1B;YWHAQ;NCL;ARPC5L;TUBB4B;ACTB 

Cellular senescence 12/160 2.18E-4 
CCNA2;CCNB1;CCND1;CHEK2;CHEK1;VDAC3;VDAC1
;E2F4;CALM1;FOXM1;MAPK14;TGFBR2 

Antigen processing and presentation 8/77 2.79E-4 
HSPA8;HSP90AA1;HSP90AB1;HSPA4;PSME3;HSPA2;IFI
30;HSPA1B 

Protein processing in endoplasmic 
reticulum 12/165 2.89E-4 

DNAJA1;HSPA8;DNAJB1;VCP;HSP90AA1;HSPH1;HSP9
0AB1;ATF6B;HSPA2;CRYAB;HSPA1B;SKP1 

mRNA surveillance pathway 8/91 8.63E-4 
PPP2CA;NCBP1;RBM8A;CSTF3;ALYREF;CSTF2;CSTF2
T;SAP18 

Fluid shear stress and atherosclerosis 10/139 9.91E-4 
HSP90AA1;HSP90AB1;SUMO1;DUSP1;SUMO3;SUMO2;
CALM1;MAPK14;ACTB;KLF2 

Human T-cell leukemia virus 1 
infection 13/219 0.001 

ATF6B;BUB1B;TGFBR2;CDC20;CCNA2;CCND1;PTTG1;
ESPL1;CHEK2;CHEK1;VDAC3;VDAC1;RAN 

Tight junction 11/170 0.001 
PPP2CA;CDC42;TUBA1B;PCNA;CCND1;HSPA4;ACTN1;
YBX3;ACTB;RAB8A;RAB8B 

Mismatch repair 4/23 0.001 RFC3;PCNA;RFC4;RPA3 
Progesterone-mediated oocyte matura-
tion 8/99 0.001 

CCNA2;CCNB1;HSP90AA1;HSP90AB1;PLK1;MAPK14;B
UB1;AURKA 

Non-homologous end-joining 3/13 0.003 FEN1;XRCC6;XRCC5 
Nucleotide excision repair 5/47 0.004 RFC3;PCNA;RFC4;RPA3;GTF2H3 
TGF-beta signaling pathway 7/90 0.004 PPP2CA;ID1;ID3;E2F4;THBS1;SKP1;TGFBR2 
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Table Appendix B14 TFP 12 µM-SFB 1 µM and TFP 12 µM-SFB 2 µM gene expression comparisons (Cont’d) 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Overlapping genes with the relevant pathways 

 

Influenza A 10/171 0.005 
HSPA8;DNAJB1;HNRNPUL1;VDAC1;HSPA2;KPNA2;MAPK1
4;ACTB;HSPA1B;AGFG1 

Epstein-Barr virus infection 11/201 0.005 
LYN;CCNA2;PSMC5;SNW1;PSMD11;CCND1;PSMD13;PSMD
2;PSMD3;SKP2;MAPK14 

p53 signaling pathway 6/72 0.005 CCNB1;RRM2;CCND1;CHEK2;CHEK1;THBS1 
Base excision repair 4/33 0.006 FEN1;PCNA;PARP1;HMGB1 
Fanconi anemia pathway 5/54 0.006 FANCD2;RPA3;USP1;FANCB;FANCG 
Ribosome biogenesis in eukaryotes 7/101 0.007 UTP6;TCOF1;POP4;NAT10;DROSHA;UTP18;RAN 
Pyrimidine metabolism 5/57 0.008 CDA;RRM1;RRM2;CTPS1;NME1 

Necroptosis 9/162 0.010 
GLUD2;HSP90AA1;HSP90AB1;PARP1;H2AFZ;VDAC3;VDAC
1;HMGB1;DNM1L 

Hepatitis B 9/163 0.010 
CCNA2;PCNA;YWHAQ;ATF6B;YWHAB;VDAC3;BIRC5;MA
PK14;TGFBR2 

Estrogen signaling pathway 8/137 0.011 
HSPA8;HSP90AA1;HSP90AB1;ATF6B;HSPA2;FKBP4;CALM1
;HSPA1B 

Shigellosis 5/65 0.014 CDC42;DIAPH1;ARPC5L;MAPK14;ACTB 
Adherens junction 5/72 0.021 CDC42;ACTN1;ACTB;TGFBR2;FGFR1 
AGE-RAGE signaling pathway in 
diabetic complications 6/100 0.023 CDC42;DIAPH1;CCND1;PLCE1;MAPK14;TGFBR2 

Hippo signaling pathway 8/160 0.025 
PPP2CA;CCND1;YWHAQ;YWHAB;ID1;BIRC5;ACTB;TGFBR
2 

FoxO signaling pathway 7/132 0.026 CCNB1;CCND1;PLK1;SKP2;MAPK14;KLF2;TGFBR2 
Glyoxylate and dicarboxylate metabo-
lism 3/30 0.027 GCSH;CS;GLDC 
RNA degradation 5/79 0.030 EXOSC6;EXOSC5;EXOSC10;LSM5;LSM3 
Ubiquitin mediated proteolysis 7/137 0.031 CDC20;UBE2C;SKP2;SAE1;PRPF19;SKP1;RHOBTB2 
Legionellosis 4/55 0.032 HSPA8;VCP;HSPA2;HSPA1B 
Glutathione metabolism 4/56 0.034 GPX2;RRM1;RRM2;ODC1 

Rap1 signaling pathway 9/206 0.038 
CDC42;FGF19;ID1;PLCE1;CALM1;MAPK14;THBS1;ACTB;F
GFR1 

Endocytosis 10/244 0.043 
CDC42;HSPA8;CAPZB;ARPC5L;HSPA2;SNX5;RAB8A;ARF5;
HSPA1B;TGFBR2 

Human immunodeficiency virus 1 
infection 9/212 0.044 

CCNB1;AP1G1;LIMK2;CHEK1;AP1B1;CALM1;SAMHD1;MA
PK14;SKP1 

Increasing in TFP 
12 µM – SFB 1 µM 
only (n=21) 

Mucin type O-glycan biosynthesis 1/31 0.032 B4GALT5 

Fatty acid degradation 1/44 0.045 CPT1A 
Decreasing in TFP 
12 µM – SFB 1 µM 
only (n=49) Ribosome biogenesis in eukaryotes 2/101 0.025 

UTP4;GTPBP4 
 

Increasing in TFP 
12 µM – SFB 2 µM 
only (n=788) 

Longevity regulating pathway 9/102 0.019 

PRK-
AB2;INSR;SESN2;EIF4EBP1;FOXO3;PPARGC1A;SIRT1;ATF4
;FOXA2 

FoxO signaling pathway 10/132 0.036 
IL10;PRKAB2;SMAD4;GADD45A;INSR;FOXO6;CSNK1E;FO
XO3;SIRT1;PCK2 

Aminoacyl-tRNA biosynthesis 6/66 0.045 CARS;NARS;SARS;GARS;IARS;EPRS 

Decreasing in TFP 
12 µM – SFB 2 µM 
only (n=278) 

Oxidative phosphorylation 10/133 1.72E-5 POLA2;LIG1;RPA1;RPA2;MCM6;SSBP1 

Spliceosome 10/134 1.84E-5 
COX8A;COX7B;NDUFA11;NDUFS5;NDUFA2;ATP6V1B2;UQ
CRFS1;NDUFC2;SDHB;COX6B1 

Parkinson disease 10/142 3.04E-5 
PPIL1;HNRNPA3;HNRNPK;EIF4A3;DDX23;SNRPG;HNRNPU
;SNRPE;HNRNPC;SRSF7 

Proteasome 6/45 3.53E-5 
COX8A;COX7B;NDUFA11;UBB;NDUFS5;NDUFA2;UQCRFS
1;NDUFC2;SDHB;COX6B1 

Huntington disease 11/193 8.55E-5 PSMB6;PSMB4;PSMB2;PSMC3;PSMB3;PSMD1 

Thermogenesis 12/231 9.98E-5 
COX8A;COX7B;NDUFA11;NDUFS5;NDUFA2;UQCRFS1;ND
UFC2;NRF1;SDHB;TGM2;COX6B1 

Alzheimer disease 10/171 1.45E-4 
COX8A;ADCY10;COX7B;NDUFA11;COX16;NDUFS5;AKT1S
1;NDUFA2;UQCRFS1;NDUFC2;SDHB;COX6B1 

Non-alcoholic fatty liver disease 
(NAFLD) 9/149 2.44E-4 

COX8A;COX7B;NDUFA11;CDK5;NDUFS5;NDUFA2;UQCRF
S1;NDUFC2;SDHB;COX6B1 

Mismatch repair 4/23 2.63E-4 
COX8A;COX7B;NDUFA11;NDUFS5;NDUFA2;UQCRFS1;ND
UFC2;SDHB;COX6B1 

Cell cycle 8/124 3.45E-4 LIG1;RPA1;RPA2;SSBP1 
RNA transport 8/165 0.002 CDK6;CDC26;CDK2;CDC6;MCM6;BUB3;CDC25C;ANAPC11 
Nucleotide excision repair 4/47 0.004 NDC1;POP5;NUP107;EIF4A3;TACC3;EIF4E;SNUPN;EIF4G1 
Cardiac muscle contraction 5/78 0.005 LIG1;RPA1;RPA2;RAD23B 
Fanconi anemia pathway 4/54 0.007 COX8A;COX7B;UQCRFS1;ATP1B3;COX6B1 
Pathogenic Escherichia coli infection 4/55 0.007 FANCI;RPA1;RPA2;FANCC 
Base excision repair 3/33 0.011 TUBA1C;TUBB;ARPC1A;TUBA4A 
Homologous recombination 3/41 0.020 NEIL3;LIG1;UNG 
Phagosome 6/152 0.020 RPA1;RPA2;SSBP1 
Vasopressin-regulated water reabsorp-
tion 3/44 0.023 TUBA1C;TUBB;ATP6V1B2;TUBA4A;DYNC1I1;MBL2 
Human T-cell leukemia virus 1 
infection 7/219 0.034 ARHGDIB;DYNLL1;DYNC1I1 
Small cell lung cancer 4/93 0.041 RANBP1;CDC26;CDK2;BUB3;TLN1;ANAPC11;BCL2L1 
Progesterone-mediated oocyte matura-
tion 4/99 0.049 CDK6;CDK2;CKS1B;BCL2L1 

TS1: TFP 12 µM – SFB 1 µM; TS2: TFP 12 µM – SFB 2 µM; UP upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 
8.79e-198 
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Table Appendix B15 TFP 12 µM and TFP 12 µM-SFB 1 µM gene expression comparisons 

Clusters KEGG pathways (p-value <0.05) 
Overlapping 
gene ratios 

P-value 
(<0.05) 

Overlapping genes with the relevant pathways 

Mutually 
increasing 
(n=54) 

Steroid biosynthesis 3/19 1.75E-5 NSDHL;CYP51A1;DHCR7 
Renal cell carcinoma 3/69 8.60E-4 PAK1;EGLN3;VEGFA 
Natural killer cell mediated cytotoxici-
ty 3/131 0.005 SHC2;PAK1;SH3BP2 
Cholesterol metabolism 2/50 0.008 NPC1;PCSK9 
VEGF signaling pathway 2/59 0.011 SHC2;VEGFA 
Focal adhesion 3/199 0.017 SHC2;PAK1;VEGFA 
ErbB signaling pathway 2/85 0.022 SHC2;PAK1 
Ras signaling pathway 3/232 0.025 SHC2;PAK1;VEGFA 
Synthesis and degradation of ketone 
bodies 1/10 0.027 HMGCS1 
Taurine and hypotaurine metabolism 1/11 0.029 GGT7 
HIF-1 signaling pathway 2/100 0.030 EGLN3;VEGFA 
Lysosome 2/123 0.044 NPC1;NEU1 
Other glycan degradation 1/18 0.048 NEU1 
Relaxin signaling pathway 2/130 0.048 SHC2;VEGFA 

Mutually 
decreasing 
(n=96) 

Spliceosome 6/134 4.57E-5 SF3A3;SNW1;U2AF2;ALYREF;PRPF19;HNRNPA1 
Proteasome 4/45 6.39E-5 PSMC5;PSMD11;PSMA1;PSMD3 
Epstein-Barr virus infection 6/201 4.18E-4 PSMC5;PSMD11;SNW1;CCND1;PSMD3;MAPK14 
Influenza A 4/171 0.009 IVNS1ABP;HNRNPUL1;KPNA2;MAPK14 
AGE-RAGE signaling pathway in 
diabetic complications 3/100 0.012 DIAPH1;CCND1;MAPK14 
Proteoglycans in cancer 4/201 0.016 CCND1;DROSHA;MAPK14;THBS1 
Bladder cancer 2/41 0.017 CCND1;THBS1 
Shigellosis 2/65 0.039 DIAPH1;MAPK14 
Prolactin signaling pathway 2/70 0.045 CCND1;MAPK14 
p53 signaling pathway 2/72 0.047 CCND1;THBS1 
Melanoma 2/72 0.047 CCND1;FGF19 

Increasing in TFP 
12 µM only 
(n=402) African trypanosomiasis 3/37 0.038 

IL10;IL6;FASLG 
 

Increasing in TFP 
12 µM – SFB 1 µM 
only (n=233) 

Steroid biosynthesis 5/19 2.09E-6 SQLE;EBP;CYP2R1;MSMO1;FDFT1 

mTOR signaling pathway 8/152 4.19E-4 
FLCN;SLC7A5;DDIT4;GRB10;PTEN;PIK3CD;ULK1;LPI
N1 

Central carbon metabolism in cancer 5/65 9.62E-4 SLC7A5;IDH1;PTEN;PIK3CD;TP53 
Phosphatidylinositol signaling system 6/99 0.001 DGKD;DGKQ;PTEN;PIK3CD;MTMR7;PIK3C2B 
Insulin resistance 6/108 0.002 SLC27A1;CPT1A;PTEN;PIK3CD;PPARA;SLC27A4 
Terpenoid backbone biosynthesis 3/22 0.002 IDI1;MVD;HMGCR 
AMPK signaling pathway 6/120 0.003 TBC1D1;CPT1A;PIK3CD;ULK1;HMGCR;EEF2 
Autophagy 6/128 0.004 DAPK2;TP53INP2;DDIT4;PTEN;PIK3CD;ULK1 
Endometrial cancer 4/58 0.005 CDH1;PTEN;PIK3CD;TP53 

Decreasing in TFP 
12 µM – SFB 1 µM 
only (n=393) 

Spliceosome 26/134 
1.00E-
18 

RBM25;SF3B3;RBM8A;SRSF1;EFTUD2;SNRPD2;SNRPD
1;TRA2B;HSPA8;NCBP1;HSPA2;PLRG1;WBP11;LSM5;L
SM3;CHERP;HNRNPM;PHF5A;SRSF2;SRSF3;SNRPA1;P
RPF31;SNRPF;SNRPA;HSPA1B;SNRPB 

Cell cycle 20/124 
4.23E-
13 

HDAC2;PCNA;YWHAB;PLK1;BUB1B;CDC20;CCNA2;C
CNB1;PTTG1;ORC1;YWHAQ;ESPL1;CHEK2;CHEK1;MC
M3;E2F4;SKP2;BUB1;SKP1;MCM2 

RNA transport 17/165 2.90E-8 

EIF4A1;EIF5B;PRMT5;RBM8A;NCBP1;POP4;RANGAP1;
SU-
MO1;SUMO3;NUP50;NUP62;SUMO2;XPO5;GEMIN5;SA
P18;RAN;EIF3B 

DNA replication 7/36 5.47E-6 FEN1;RFC3;PCNA;RFC4;RPA3;MCM3;MCM2 

Oocyte meiosis 12/125 6.70E-6 
CDC20;PPP2CA;CCNB1;PTTG1;YWHAQ;ESPL1;YWHA
B;PLK1;CALM1;BUB1;SKP1;AURKA 

Pathogenic Escherichia coli infection 8/55 1.12E-5 
CDC42;TUBA1B;YWHAQ;NCL;ARPC5L;TUBB4B;CLDN
1;ACTB 

Viral carcinogenesis 12/201 6.52E-4 
CDC20;LYN;CCNA2;CDC42;HDAC2;YWHAQ;ATF6B;Y
WHAB;ACTN1;CHEK1;VDAC3;SKP2 

Antigen processing and presentation 7/77 7.91E-4 HSPA8;HSP90AA1;HSPA4;PSME3;HSPA2;IFI30;HSPA1B 
Mismatch repair 4/23 9.67E-4 RFC3;PCNA;RFC4;RPA3 

Cellular senescence 10/160 0.001 
CCNA2;CCNB1;CHEK2;CHEK1;VDAC3;VDAC1;E2F4;C
ALM1;FOXM1;TGFBR2 

Human T-cell leukemia virus 1 
infection 12/219 0.001 

CDC20;CCNA2;PTTG1;ESPL1;ATF6B;CHEK2;CHEK1;V
DAC3;BUB1B;VDAC1;RAN;TGFBR2 

Necroptosis 10/162 0.001 
GLUD2;HSP90AA1;PARP1;H2AFZ;FAF1;VDAC3;VDAC
1;PGAM5;HMGB1;DNM1L 

Protein processing in endoplasmic 
reticulum 10/165 0.002 

DNAJA1;HSPA8;DNAJB1;VCP;HSP90AA1;ATF6B;HSPA
2;CRYAB;HSPA1B;SKP1 

Proteasome 5/45 0.002 PSMA3;PSMD13;PSMA2;PSMD2;PSME3 
Non-homologous end-joining 3/13 0.002 FEN1;XRCC6;XRCC5 

Tight junction 10/170 0.002 
PPP2CA;CDC42;TUBA1B;PCNA;HSPA4;ACTN1;CLDN1;
YBX3;ACTB;RAB8A 

mRNA surveillance pathway 7/91 0.002 PPP2CA;NCBP1;RBM8A;CSTF3;CSTF2;CSTF2T;SAP18 
Glyoxylate and dicarboxylate metabo-
lism 4/30 0.003 GCSH;CS;GLDC;PCCB 
Ribosome biogenesis in eukaryotes 7/101 0.004 TCOF1;UTP4;POP4;NAT10;UTP18;GTPBP4;RAN 
Base excision repair 4/33 0.004 FEN1;PCNA;PARP1;HMGB1 
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Table Appendix B15 TFP 12 µM and TFP 12 µM-SFB 1 µM gene expression comparisons (Cont’d) 
     

Decreasing in TFP 
12 µM – SFB 1 µM 
only (n=393) 

Fanconi anemia pathway 5/54 0.004 FANCD2;RPA3;USP1;FANCB;FANCG 
Pyrimidine metabolism 5/57 0.005 CDA;RRM1;RRM2;CTPS1;NME1 

Fluid shear stress and atherosclerosis 8/139 0.006 
HSP90AA1;SUMO1;DUSP1;SUMO3;SUMO2;CALM1;AC
TB;KLF2 

TGF-beta signaling pathway 6/90 0.009 PPP2CA;ID1;E2F4;HAMP;SKP1;TGFBR2 
Progesterone-mediated oocyte matura-
tion 6/99 0.013 CCNA2;CCNB1;HSP90AA1;PLK1;BUB1;AURKA 
Nucleotide excision repair 4/47 0.013 RFC3;PCNA;RFC4;RPA3 
Adherens junction 5/72 0.014 CDC42;ACTN1;ACTB;TGFBR2;FGFR1 
Longevity regulating pathway 6/102 0.015 HSPA8;HDAC2;ATF6B;HSPA2;CRYAB;HSPA1B 

Hepatitis B 8/163 0.015 
CCNA2;PCNA;YWHAQ;ATF6B;YWHAB;VDAC3;BIRC5;
TGFBR2 

Estrogen signaling pathway 7/137 0.019 
HSPA8;HSP90AA1;ATF6B;HSPA2;FKBP4;CALM1;HSPA
1B 

RNA degradation 5/79 0.020 EXOSC6;EXOSC5;EXOSC10;LSM5;LSM3 
Drug metabolism 6/108 0.020 CDA;CYP2C9;RRM1;RRM2;UGT2B4;NME1 
Legionellosis 4/55 0.023 HSPA8;VCP;HSPA2;HSPA1B 
Glutathione metabolism 4/56 0.024 GPX2;RRM1;RRM2;ODC1 

Ribosome 7/153 0.032 
RPS15;MRPS17;RPL24;MRPS7;MRPL13;MRPL32;MRPL
11 

Hippo signaling pathway 7/160 0.040 PPP2CA;YWHAQ;YWHAB;ID1;BIRC5;ACTB;TGFBR2 
FoxO signaling pathway 6/132 0.050 CCNB1;HOMER2;PLK1;SKP2;KLF2;TGFBR2 

T1: TFP 12 µM, TS1: TFP 12 µM – SFB 1 µM; UP: upregulated, DOWN: downregulated genes. Fisher’s exact test p-value: 4.01e-42 
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COPYRIGHTS AND PERMISSIONS  

Figure 1.1 Drug development stages representing the expenses and amounts of screened 
compounds on each stage 
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Table 1.1 Molecular subtypes of BC and status of each molecular marker 

Molecular 
subtypes 

Estrogen 
receptor α 
(ERα) 

Progesterone 
receptor 

(PgR) 

Human 
epidermal 
growth factor 
receptor 2 
(HER2) 

Ki67 

Luminal A + +/- - <14% 

Luminal B + +/- +/- ≥14% 

HER2+ - - + ≥14% 

TNBC - - - ≥14% 
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Figure 1.2 Molecular classes and related histological and clinical features of HCCs.
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A B S T R A C T

Indole-benzimidazoles have recently gained attention due to their antiproliferative and antiestrogenic effects.
However, their structural similarities and molecular mechanisms shared with selective estrogen receptor mod-
ulators (SERMs) have not yet been investigated. In this study, we synthesized novel ethylsulfonyl indole-benzi-
midazole derivatives by substituting the first (R1) and fifth (R2) positions of benzimidazole and indole groups,
respectively. Subsequently, we performed 1H NMR, 13C NMR, and Mass spectral and in silico docking analyses, and
anticancer activity screening studies of these novel indole-benzimidazoles. The antiproliferative effects of indole-
benzimidazoles were found to be more similar between the estrogen (E2) responsive cell lines MCF-7 and HEPG2
in comparison to the Estrogen Receptor negative (ER-) cell line MDA-MB-231. R1:p-fluorobenzyl group members
were selected as lead compounds for their potent anticancer effects and moderate structural affinity to ER.
Microarray expression profiling and gene enrichment analyses (GSEA) of the selected compounds (R1:p-fluor-
obenzyl: 48, 49, 50, 51; R1:3,4-difluorobenzyl: 53) helped determine the similarly modulated cellular signaling
pathways among derivatives. Moreover, we identified known compounds that have significantly similar gene
signatures to that of 51 via queries performed in LINCS database; and further transcriptomics comparisons were
made using public GEO datasets (GSE35428, GSE7765, GSE62673). Our results strongly demonstrate that these
novel indole-benzimidazoles can modulate ER target gene expression as well as dioxin-mediated aryl hydrocarbon
receptor and amino acid deprivation-mediated integrated stress response signaling in a dose-dependent manner.

1. Introduction

Breast cancer, which is among the most prevalent cancer types af-
fecting women all over the world, can be conventionally subtyped ac-
cording to the presence of estrogen receptor (ER), progesterone re-
ceptor (PR), and/or human epidermal growth factor receptor 2 (HER2/
ERBB2) activity. These subtypes possess differential characteristics re-
garding prognosis, incidence, therapeutic response and tumor aggres-
siveness. The heterogeneous nature and adverse effects associated with
therapeutic targeting of such diverse and crucial pathways bring chal-
lenges into the therapy and hence makes the discovery of novel, more
effective, and subtype specific anticancer molecules invaluable [1].

Estrogens (E2) play crucial roles in breast cancer development,
consequently a considerable amount of research has been done either to
block their synthesis or to modulate their activity [2]. Therefore, drugs
that function as antiestrogens in mammary tissue have been frequently
used for the treatment of hormone-dependent breast cancers. Nuclear
receptors ERα and ERβ, through E2 binding, take part in multiple cel-
lular activities such as proliferation and differentiation. In addition,
they can be found at an equilibrium [2–4] and differentially regulate
their downstream elements upon exposure to selective estrogen re-
ceptor modulators (SERMs) [5]. Moreover, their expression levels differ
among various tissues while the expression of ERα is tightly associated
with breast cancer physiology [6] as well as prognosis of breast tumors
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[7]. ERβ on the other hand has been implicated in tumor suppression
and breast carcinogenesis [8].
Multiple SERMs have been designed and assessed over the years for

breast cancer treatment [9]. Moreover, ERα and ERβ binding affinities and
downstream effects of these SERMs might differ leading to variable out-
comes [5,10,11]. Accordingly, tamoxifen (Fig. 1) belonging to the first
generation of SERMs has been shown to significantly reduce the incidence
of breast cancer. Raloxifene (Fig. 1) is a second-generation SERM ex-
hibiting a role similar to tamoxifen yet it functions as a pure antagonist in
the uterus and a partial agonist against tamoxifen-resistant breast cancers
[12]. ICI 182780 acts antagonistically in ER positive (ER+) MCF-7 cells
and can outperform raloxifene [13]. A third-generation SERM called ba-
zedoxifene (Fig. 1) that has been introduced for the treatment of breast
cancer and osteoporosis [14] is based on the pharmacophore of raloxifene.
Indole based derivatives (bazedoxifene, melatonin and KB9520), as well as
methyl and naphthyl-substituted benzimidazole derivatives also exhibit
different modes of actions on breast cancer cell lines some of which could
be through actions similar to SERMs [2,15–17]. Accordingly, a combina-
tion of affinity studies with toxicological approaches as well as molecular
profiling could be highly beneficial to help identify more selective/effec-
tive breast cancer therapeutic agents [18–21].
Indole and benzimidazole rings, which are bioavailable molecules,

constitute structures found in current drugs. These two ring structures are
also isosteres of DNA bases that carry purine and pyrimidine cores, and
they can as well be purine antimetabolites. For this reason, indole and
benzimidazole rings are thought to interact easily with biopolymers in
biosystems [22]. Benzimidazole and its derivatives are effective agents
against cancer [23,24], inflammation [25] and oxidative stress [26,27]
while also having antiviral [28] and antibacterial [28–30] effects. Indole
core has already been used to obtain novel derivatives with

antiproliferative activity [31,32]. Aside from several crucial bioactive
compounds (tryptophan, serotonin and melatonin), some of the anti-
neoplastic compounds, such as vinblastine sulfate, vincristine sulfate, vi-
norelbine ditartrate and lanreotide carry indole ring systems [33]. In ad-
dition, phenyl-indole derivatives have been shown to inhibit breast cancer
development through different mechanisms [34–36]. Similarly, recent
studies on benzimidazoles reveal that different heterocycles at 2-position
yield to potent anticancer agents for various carcinoma cell lines [37,38].
Furthermore, indole-benzimidazole hybrids have been designed and syn-
thesized by fusing the indole nucleus with benzimidazole to develop novel
selective ER modulators. These indole-benzimidazoles can represent novel
potent ERα antagonist properties and provide promising insight into the
discovery of novel SERMs for the management of breast cancer [39]. For
instance, in our previous studies, we have discovered a small molecule
with benzene sulfonyl structure exhibiting selectivity toward breast cancer
cells while sparing normal surrounding cells [40]. Also, benzene sulfonyl
structures have been shown to exhibit higher anticancer activity than
doxorubicin in breast and prostate cancers [41,42]. However, the mole-
cular mechanism of action of novel indole-benzimidazoles carrying ben-
zene sulfonyl structures has not yet been assessed. Because of the above
and the need for new compounds with better anticancer and anti-
estrogenic properties, we designed, synthesized and tested a series of in-
dole-benzimidazoles possessing ethylsulfonyl moiety (Scheme 1).

2. Material and methods

2.1. Chemistry

Melting points were determined with Buchi SMP-20
(BuchiLabortechnik, Flawil, Switzerland) and Electrotermal 9100

N
O

Tamoxifen 

SHO
OH

O

O

N

Raloxifene 

N
O

N

OH

OH

Bazedoxifene 

Fig. 1. Chemical structure of tamoxifen, raloxifene and bazedoxifene.

Scheme 1. Scheme showing previous studies and starting point of the new syntheses.
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capillary melting point apparatus (Electrothermal, Essex, U.K.) and are
uncorrected. The 1H NMR spectra in DMSO‑d6 using Varian Mercury-
400 FT-NMR spectrometer (Varian Inc., Palo Alto, CA, USA), and the
Mass spectra based on ESI(+) method using Waters ZQ micromass LC-
MS spectrometer (Waters Corporation, Milford, MA, USA) were re-
corded. For elemental analysis we used LECO 932 CHNS (Leco-932, St.
Joseph, MI, USA) instrument. Silica gel 60 (40–63mm particle size) was
used for column chromatography.

2.1.1. General procedure for synthesis of 3–12
To a solution of 4-(Ethylsulfonyl)-1-chloro-2-nitrobenzene (2)

(5 mmol) in ethanol (5mL), amine derivative (15mmol) was added and
heated under reflux, until the starting material was consumed (de-
termined by TLC, 8–48 h). Upon cooling the mixture, water was added.
The resultant yellow residue was crystallized from ethanol or purified
by column chromatography (cc) by using a mixture of hexane and ethyl
acetate in varying concentrations as eluent (Table 1) [43].

2.1.2. General procedure for synthesis of 13–22
Compounds 3–12 (3.5mmol) in EtOH (75mL) reduced by hydro-

genation using 40 psi of H2 and 10% Pd/C (40mg) until cessation of H2
uptake to obtain the catalyst before filtering off on a bed of celite and
washing with EtOH; and concentrating the filtrate in vacuo [44]. The
crude amine was used without purification (Table 1).

2.1.3. General procedure for synthesis of 23–59
A mixture of the appropriate o-phenylenediamine (1mmol), related

indole derivative (1mmol) and Na2S2O5 (40%) (2mL) in EtOH (4mL),
was refluxed until starting materials were consumed (determined by
TLC, 4–12 h). The precipitate was obtained upon pouring the reaction
mixture and then filtering and washing. The residue was purified by
column chromatography to give final product [45].

2.1.3.1. 5-(ethylsulfonyl)-2-(1H-indole-3-yl)-1H-benzo[d]imidazole
(23). Compound 23 was prepared according to general methods
starting from 4-ethylsulfonyl-benzene-1,2-diamine (1.35mmol, 0.27 g)
and indole-3-carboxaldehyde (1.35mmol, 0.195 g). The residue was
purified by cc using the mixture of ethyl acetate-hexane (1:1) as eluent
to give a light yellow solid, m.p. 157 °C (0.058 g, 13% yield).1H NMR
(400MHz, DMSO‑d6): δ ppm 1.10 (t, 3H), 3.27 (q, 2H), 7.23 (dd,
J= 8.8 Hz, J= 2 Hz, 1H), 7.53 (d, J= 8.8 Hz, 1H), 7.64 (m, 2H),
7.83–8.26 (m, 3H), 8.51 (d, J= 1.6 Hz, 1H), 11.91 (brd s, 1H, NH),
12.99 (brd d, 1H, NH).13C NMR (CD3OD): 8.02, 52.02, 106.93, 113.20,
114.42, 121.25, 123.03, 124.36, 125.67, 127.47, 128.20, 129.74,
132.78, 132.90, 136.59, 136.96, 154.36. MS (ESI+) m/z:
326.C17H15N3O2S·0.9H2O: C, 59.77; H, 4.95; N, 12.30; S, 9.38 and
found C, 59.42; H, 5.23; N, 11.91; S, 9.10.

2.1.3.2. 2-(5-bromo-1H-indol-3-yl)-5-(ethylsulfonyl)-1H-benzo[d]
imidazole (24). Compound 24 was prepared according to general
methods starting from 4-ethylsulfonyl-benzene-1,2-diamine
(0.87mmol, 0.175 g) and 5-bromo-indole-3-carboxaldehyde
(0.87mmol, 0.195 g). The residue was purified by cc using the
chloroform/ethyl acetate (1:1) as eluent to give a white solid, m.p.
192 °C (0.128 g, 36% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm
1.11 (t, 3H), 3.29 (q, 2H), 7.37 (d, J= 8.4 Hz, 1H), 7.51 (d, J= 8.8 Hz
1H), 7.63–7.71 (m, 2H), 7.88 (m, 1H), 8.27 (s, 1H), 8.68(s, 1H), 11.97
(brd d, 1H, NH), 13.04 (brd d, 1H, NH). MS (ESI+) m/z: 404.Anal.
calcd. For C17H14BrN3O2S·H2O: C, 48.35; H, 3.82; N, 9.95; S, 7.59 and
found C, 48.16; H, 3.86; N, 9.68; S, 7.45.

2.1.3.3. 5-(ethylsulfonyl)-2-(1H-indol-3-yl)-1-methyl-1H-benzo[d]
imidazole (25). Compound 25 was prepared according to general
methods starting from N1-methyl-4-ethylsulfonyl-benzene-1,2-diamine
(0.99mmol, 0.211 g) and indole-3-carboxaldehyde (0.99mmol, 0.143 g).
The residue was purified by cc using the ethyl acetate /hexane (1:1) as

eluent to give a white solid, m.p. 273 °C (0.095 g, 28% yield). 1H NMR
(400MHz, DMSO‑d6): δ ppm 1.11 (t, 3H), 3.31 (q, 2H), 4.06 (s, 3H),
7.19–7.28 (m, 2H), 7.54 (d, J= 7.6Hz, 1H), 7.72 (dd, J= 8.4Hz,
J= 2Hz, 1H), 7.84 (d, J= 8.4Hz, 1H), 8.13 (d, J= 1.6Hz, 1H), 8.20
(d, J= 2.8Hz, 1H), 8.44 (d, J= 7.6Hz, 1H), 11.93 (brd s, 1H, NH). 13C
NMR (DMSO‑d6): 7.43, 32.01, 49.77, 104.33, 110.39, 111.81, 118.21,
120.52, 120.61, 121.53, 122.54, 126.29, 127.76, 131.26, 136.08, 139.35,
142.54, 152.90.MS (ESI+)m/z: 340. Anal. calcd. For C18H17N3O2S-0.3
H2O: C, 62.69; H, 5.14; N, 12.18; S, 9.29 and found C, 62.57; H, 5.06; N,
12.21; S, 9.08.

2.1.3.4. 5-(ethylsulfonyl)-2-(5-methoxy-1H-indol-3-yl)-1-methyl-1H-
benzo[d]imidazole (26). Compound 26 was prepared according to
general methods starting from N1-methyl-4-ethylsulfonyl-benzene-1,2-
diamine (0.92mmol, 0.2197 g) and 5-methoxy-indole-3-carboxaldehyde
(0.92mmol, 0.161 g). The residue was purified by cc using the ethyl
acetate/hexane (1:1) as eluent to give a light yellow solid, m.p. 198 °C
(0.125 g, 37% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm 1.11 (t, 3H),
3.30 (q, 2H), 3.82 (s, 3H), 4.05 (s, 3H), 6.90 (dd, J= 8.8Hz, J= 2Hz,
1H), 7.43 (d, J= 8.8Hz, 1H), 7.71 (dd, J= 8.4Hz, J= 2Hz, 1H), 7.82 (d,
J= 8.4Hz 1H), 7.97 (d, J= 2.4Hz 1H), 8.14 (d, J= 2Hz, 1H), 8.15 (s,
1H), 11.80 (brd s, 1H, NH). 13C NMR (DMSO‑d6): 7.44, 32.03, 49.77,
55.38, 103.24, 104.10, 110.30, 112.55, 112.69, 118.21, 120.55, 126.93,
128.08, 131.13, 131.19, 139.33, 142.53, 153.07, 154.53.MS (ESI+)m/z:
370. Anal. calcd. For C19H19N3O3S: C, 61.77; H, 5.18; N, 11.37; S, 8.67
and found C, 61.21; H, 5.43; N, 11.52; S, 8.63.

2.1.3.5. 2-(5-chloro-1H-indol-3-yl)-5-(ethylsulfonyl)-1-methyl-1H-benzo
[d]imidazole (27). Compound 27 was prepared according to general
methods starting from N1-methyl-4-ethylsulfonyl-benzene-1,2-diamine
(1.15mmol, 0.247 g) and 5-chloro-indole-3-carboxaldehyde
(1.15mmol, 0.206 g). The residue was purified by cc using the ethyl
acetate /hexane (1:2) as eluent to give a light yellow solid, m.p. 264 °C
(0.098 g, 23% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm 1.11 (t,
3H), 3.32 (q, 2H), 4.07 (s, 3H), 7.26 (dd, J= 8.8 Hz, J= 2.4 Hz, 1H),
7.56 (d, J= 8.4 Hz, 1H), 7.72 (dd, J= 8.4 Hz, J= 2 Hz, 1H), 7.85 (d,
J= 8.8 Hz, 1H), 8.17 (d, J= 1.6 Hz, 1H), 8.30 (s, 1H), 8.50 (d,
J= 2 Hz, 1H). 13C NMR (DMSO‑d6): 7.44, 32.02, 49.70, 104.08,
110.42, 113.58, 118.33, 120.69, 120.71, 122.53, 125.20, 127.47,
129.35, 131.37, 134.74, 139.27, 142.41, 152.34. MS (ESI+) m/z:
374. Anal. calcd. For C18H16ClN3O2S.0,4 H2O: C, 56.73; H, 4.44; N,
11.02; S, 8.41; Found: C, 56.48; H, 4.38; N, 11.02; S, 8.26.

2.1.3.6. 2-(5-bromo-1H-indol-3-yl)-5-(ethylsulfonyl)-1-methyl-1H-benzo
[d]imidazole (28). Compound 28 was prepared according to general
methods starting from N1-methyl-4-ethylsulfonyl-benzene-1,2-diamine
(1.65mmol, 0.228 g) and 5-bromo-indole-3-carboxaldehyde
(1.65mmol, 0.238 g). The residue was purified by cc using the ethyl
acetate /hexane (1:1) as eluent to give a light yellow solid, m.p. 259 °C
(0.052 g, 8% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm 1.11 (t, 3H),
3.31 (q, 2H), 4.06 (s, 3H), 7.35 (d, J= 8.4 Hz, 1H), 7.54 (d, J= 8 Hz,
1H), 7.71 (d, J= 8.8 Hz, 1H), 7.83 (d, J= 8.4 Hz, 1H), 8.17 (s, 1H),
8.26 (s, 1H), 8.64 (s, 1H). 13C NMR (DMSO‑d6): 7.54, 31.96, 49.72,
103.76, 110.30, 113.05, 114.14, 118.22, 120.59, 123.60, 124.81,
128.16, 129.38, 131.35, 135.22, 139.24, 142.43, 152.42. MS (ESI+)
m/z: 418. Anal. calcd. For C18H16BrN3O2S.0,35 H2O: C, 50.91; H,
3.96; N, 9.89; S, 7.55; Found: C, 50.85; H, 3.94; N, 10.27; S, 7.45.

2.1.3.7. 1-ethyl-5-(ethylsulfonyl)-2-(1H-indol-3-yl)-1H-benzo[d]imidazole
(29). Compound 29 was prepared according to general methods
starting from N1-ethyl-4-ethylsulfonyl-benzene-1,2-diamine (1mmol,
0.240 g) and indole-3-carboxaldehyde (1mmol, 0.152 g). The residue
was purified by cc using the ethyl acetate/metanol (4:0.5) as eluent to
give a white solid, m.p. 254 °C(0.130 g, 37% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 1.13 (t, 3H), 1.42 (t, 3H), 3.32 (q, 2H), 4.56 (q, 2H),
7.19–7.28 (m, 2H), 7.54 (d, J= 8 Hz, 1H), 7.73 (dd, J= 8.4 Hz,
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J= 1.6 Hz, 1H), 7.86 (d, J= 8.8 Hz, 1H), 8.09 (d, J= 1.6 Hz, 1H), 8.15
(d, J= 1.6 Hz, 1H), 8.40 (d, J= 8 Hz, 1H), 11.90 (brd s, 1H, NH). 13C
NMR (DMSO‑d6): 7.36, 14.61, 49.69, 104.04, 110.39, 111.79, 118.30,
120.43, 120.70, 121.44, 122.46, 126.35, 126.73, 131.40, 136.04,
138.33, 142.65, 151.89. MS (ESI+) m/z: 354. Anal. calcd. For
C19H19N3O2S: C, 64.57; H, 5.41; N, 11.88; S, 9.07; Found: C, 64.67;
H, 5.14; N, 11.57; S, 8.84.

2.1.3.8. 1-ethyl-5-(ethylsulfonyl)-2-(5-methoxy-1H-indol-3-yl)-1H-benzo
[d]imidazole (30). Compound 30 was prepared according to general
methods starting from N1-ethyl-4-ethylsulfonyl-benzene-1,2-diamine
(1.22mmol, 0.280 g) and 5-methoxy-indole-3-carboxaldehyde
(1.22mmol, 0.214 g). The residue was purified by cc using the ethyl
acetate as eluent to give a light yellow solid, m.p. 249 °C (0.165 g, 36%
yield). 1H NMR (400MHz, DMSO‑d6): δ ppm 1.12 (t, 3H), 1.41 (t, 3H),
3.30 (q, 2H), 3.82 (s, 3H), 4.55 (q, 2H), 6.90 (dd, J= 8.8 Hz,
J= 2.4 Hz, 1H), 7.43 (d, J= 8.8 Hz, 1H), 7.71 (dd, J= 8.8 Hz,
J= 1.6 Hz, 1H), 7.85 (d, J= 8.8 Hz, 1H), 7.95 (d, J= 2.4 Hz, 1H),
8.04 (d, J= 3.2 Hz, 1H), 8.15 (d, J= 1.6 Hz,1H), 11.76 (brd d, 1H,
NH). 13C NMR (DMSO‑d6): 7.43, 14.66, 49.76, 55.35, 103.19, 103.87,
110.37, 112.57, 112.72, 118.36, 120.71, 127.05, 127.13, 131.14,
131.41, 138.39, 142.69, 152.13, 154.52. MS (ESI+) m/z: 384. Anal.
calcd. For C20H21N3O3S.0,9H2O: C, 60.10; H, 5.74; N, 10.51; S, 8.02;
Found: C, 60.05; H, 5.75; N, 10.12; S, 7.85;

2.1.3.9. 2-(5-chloro-1H-indol-3-yl)-1-ethyl-5-(ethylsulfonyl)-1H-benzo[d]
imidazole (31). Compound 31 was prepared according to general
methods starting from N1-ethyl-4-ethylsulfonyl-benzene-1,2-diamine
(1.5 mmol, 0.342 g) and 5-chloro-indole-3-carboxaldehyde (1.5mmol,
0.269 g). The residue was purified by cc using the ethyl acetate as
eluent to give a light yellow solid, m.p. 280 °C (0.273 g, 47% yield). 1H
NMR (400MHz, DMSO‑d6): δ ppm 1.10 (t, 3H), 1.40 (t, 3H), 3.29 (q,
2H), 4.55 (q, 2H), 7.25 (dd, J= 8.8 Hz, J= 2 Hz, 1H), 7.54 (d,
J= 7.6 Hz, 1H), 7.71 (dd, J= 8.4 Hz, J= 1.6 Hz, 1H), 7.84 (d,
J= 8 Hz, 1H), 8.17 (t, 2H), 8.47 (d, J= 2 Hz, 1H), 12.07 (brd s, 1H,
NH). 13C NMR (DMSO‑d6): 7.41, 14.63, 49.69, 103.92, 110.46, 113.50,
118.51, 120.79, 120.88, 122.62, 125.28, 127.57, 128.29, 131.62,
134.63, 138.34, 142.57, 151.31. MS (ESI+) m/z: 388.Anal. calcd.
For C19H18ClN3O2S: C, 58.83; H, 4.67; N, 10.83; S, 8.26; Found: C,
58.56; H, 4.67; N, 10.64; S, 8.13.

2.1.3.10. 2-(5-bromo-1H-indol-3-yl)-1-ethyl-5-(ethylsulfonyl)-1H-benzo
[d]imidazole (32). Compound 32 was prepared according to general
methods starting from N1-ethyl-4-ethylsulfonyl)benzene-1,2-diamine
(1.8 mmol, 0.406 g) and 5-bromo-indole-3-carboxaldehyde (1.8mmol,
0.401 g). The residue was purified by cc using the ethyl acetate as
eluent to give a light yellow solid, m.p. 288 °C (0.370 g, 48% yield). 1H
NMR (400MHz, DMSO‑d6): δ ppm 1.10 (t, 3H), 1.40 (t, 3H), 3.29 (q,
2H), 4.55 (q, 2H), 7.36 (dd, J= 8.8 Hz, J= 2 Hz, 1H), 7.50 (d,
J= 9.2 Hz, 1H), 7.71 (dd, J= 8.4 Hz, J= 1.6 Hz, 1H), 7.84 (d,
J= 8.4 Hz, 1H), 8.17 (t, 2H), 8.62 (d, J= 2 Hz, 1H), 12.08 (brd s,
1H, NH). 13C NMR (DMSO‑d6): 7.36, 14.57, 49.63, 103.74, 110.40,
113.23, 113.89, 118.47, 120.84, 123.74, 125.10, 128.06, 128.14,
131.57, 134.81, 138.28, 142.50, 151.22. MS (ESI+) m/z: 434. Anal.
calcd. For C19H18BrN3O2S: C, 52.78; H, 4.19; N, 9.71; S, 7.41; Found:
C, 52.48; H, 3.98; N, 9.58; S, 7.39.

2.1.3.11. 5-(ethylsulfonyl)-2-(1H-indol-3-yl)-1-propyl-1H-benzo[d]
imidazole (33). Compound 33 was prepared according to general
methods starting from N1-(propyl)-4-ethylsulfonyl-benzene-1,2-
diamine (1.04mmol, 0.253 g) and indole-3-carboxaldehyde
(1.04mmol, 0.152 g). The residue was purified by cc using the
chloroform/ethyl acetate/hexane (2:1:1) as eluent to give a white
solid, m.p. 182 °C (0.199 g,52% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 0.89 (t, 3H), 1.13 (t, 3H), 1.78–1.84 (m, 2H), 3,32
(q, 2H), 4.49 (t, 2H), 7.18–7.27 (m, 2H), 7.53–7.55 (m, 1H), 7.72 (dd,

J=8.4 Hz, J=1.6 Hz, 1H), 7.78 (d, J=8.8 Hz, 1H), 8.07 (s, 1H), 8.14
(d, J=1.6 Hz, 1H), 8.39 (m, 1H), 11.85 (brd s, 1H). 13C NMR
(DMSO‑d6): 7.40, 10.92, 22.36, 45.57, 49.74, 104.24, 110.73,
111.85, 118.37, 120.48, 120.71, 121.46, 122.49, 126.45, 126.75,
131.43, 136.05, 138.91, 142.55, 152.20. MS (ESI+) m/z: 368. Anal.
calcd. For C20H21N3O2S: C, 65.22; H, 6.03; N, 11.54; S, 8.68; Found: C,
65.37; H, 5.76; N, 11.44; S, 8.72.

2.1.3.12. 5-(ethylsulfonyl)-2-(5-methoxy-1H-indol-3-yl)-1-propyl-1H-
benzo[d]imidazole (34). Compound 34 was prepared according to
general methods starting from N1-(propyl)-4-ethylsulfonyl-benzene-
1,2-diamine (1.06mmol, 0.258 g) and 5-methoxy-indole-3-
carboxaldehyde (1.06mmol, 0.187 g). The residue was purified by cc
using the chloroform/ethyl acetate/hexane (2:1:1) as eluent to give a
white solid, m.p. 159 °C (0.175 g, 41% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 0.90 (t, 3H), 1.13 (t, 3H), 1.79–1.84 (m, 2H), 3.32 (q,
2H), 3.82 (s, 3H), 4.48 (t, 2H), 6.90 (dd, J=8.4 Hz, J=2.4 Hz, 1H),
7.44 (d, J=8.4 Hz, 1H), 7.71 (dd, J=8,8 Hz, J=1.6 Hz, 1H), 7.87 (d,
J=8.8 Hz, 1H), 7.95 (d, J=2.4 Hz, 1H), 8.02 (d, J=2.8 Hz, 1H), 8.15
(d, J=2Hz, 1H) 11.8 (brd s, 1H) 13C NMR (DMSO‑d6): 7.40, 10.93,
22.34, 45.57, 49.73, 55.35,103.20, 103.99, 110.62, 112.55, 112.67,
118.35, 120.66, 127.08, 131.08, 131.36, 138.91, 142.51, 152.36,
154.51. MS(ESI+) m/z: 398. Anal. calcd. For C21H23N3O3S: C,
63.46; H, 5.83; N, 10.57; S, 8.07; Found: C, 63.18; H, 5.99; N, 10.50;
S, 7.93.

2.1.3.13. 5-(ethylsulfonyl)-2-(5-chloro-1H-indol-3-yl)-1-propyl-1H-benzo
[d]imidazole (35). Compound 35 was prepared according to general
methods starting from N1-(propyl)-4-ethylsulfonyl-benzene-1,2-
diamine (0.82mmol, 0.199 g) and 5-chloro-indole-3-carboxaldehyde
(0.82mmol, 0.147 g). The residue was purified by cc using the
chloroform/ethyl acetate/hexane (2:1:1) as eluent to give a white
solid, m.p. 232 °C (0.050 g, 15% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 0.88 (t, 3H), 1.10 (t, 3H), 1.76–1.82 (m, 2H), 3.30
(q, 2H), 4.48 (t, 2H), 7.24 (dd, J=8.8 Hz, J= 2 Hz, 1H), 7.54 (d,
J=8.8 Hz, 1H), 7.70 (dd, J=8.8 Hz, J=1.6 Hz, 1H), 7.86 (d,
J=8.4 Hz, 1H), 8.15–8.17 (m, 2H), 8.46 (d, J=2Hz, 1H), 12.03
(brd s, 1H). 13C NMR (DMSO‑d6): 7.34, 10.87, 22.30, 45.48, 49.60,
103.97, 110.69, 113.45, 118.46, 120.71, 120.78, 122.54, 125.20,
127.56, 128.19, 131.50, 134.51, 138.82, 142.34, 151.49. MS (ESI+)
m/z: 402. Anal. calcd. For C20H20ClN3O2S: C, 59.77; H, 5.02; N,
10.46; S, 7.98; Found: C, 59.85; H, 5.20; N, 10.54; S, 7.77.

2.1.3.14. 5-(ethylsulfonyl)-2-(5-bromo-1H-indol-3-yl)-1-propyl-1H-benzo
[d]imidazole (36). Compound 36 was prepared according to general
methods starting from N1-(propyl)-4-ethylsulfonyl-benzene-1,2-
diamine (1.11mmol, 0.269 g) and 5-bromo-indole-3-carboxaldehyde
(1.11mmol, 0.249 g). The residue was purified by cc using the
chloroform/ethyl acetate/hexane (2:1:1) as eluent to give a white
solid, m.p. 234 °C (0.079 g, 16% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 0.87 (t, 3H), 1.11 (t, 3H), 1.76–1.82 (m, 2H), 3.29
(q, 3H), 4.47 (t, 2H) 7.35 (d, J=8Hz, 1H), 7.49 (d, J=8.8 Hz, 1H),
7.7 (d, J=8.4 Hz, 1H), 7.84 (d, J=8.4 Hz, 1H), 8.11 (s, 1H), 8.16 (s,
1H), 8.6 (s, 1H), 11.98 (brd s, 1H). 13C NMR (DMSO‑d6): 7.39, 10.92,
22.35, 45.54, 49.66, 103.93, 110.76, 113.28, 113.95, 118.52, 120.85,
123.77, 125.14, 128.09, 128.24, 131.59, 134.81, 138.87, 142.40,
151.52. MS (ESI+) m/z: 446. Anal. calcd. For C20H20BrN3O2S: C,
53.81; H, 4.51; N, 9.41; S, 7.18; Found: C, 53.26; H, 4.51; N, 9.56; S,
6.98.

2.1.3.15. 5-(ethylsulfonyl)-2-(1H-indol-3-yl)-1-butyl-1H-benzo[d]
imidazole (37). Compound 37 was prepared according to general
methods starting from N1-(butyl)-4-ethylsulfonyl-benzene-1,2-diamine
(0.89mmol, 0.228 g) and indole-3-carboxaldehyde (0.89mmol,
0.129 g). The residue was purified by cc using the chloroform/ethyl
acetate/hexane (2:1:1) as eluent to give a white solid, m.p. 177 °C
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(0.044 g, 13% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm 0.82 (t,
3H), 1.10 (t, 3H), 1.29 (m, 2H), 1.71–1.75 (m, 2H), 3.30 (q, 2H), 4.50
(t, 2H), 7.15–7.24 (m, 2H), 7.51 (d, J= 7.6 Hz, 1H), 7.70 (dd,
J=8.8 Hz, J=1.6 Hz, 1H), 7.85 (d, J=8.4 Hz, 1H), 8.06 (d,
J=2.4 Hz, 1H), 8.12 (d, J=1.6 Hz, 1H), 8.34 (d, J=8Hz, 1H),
11.84 (brd s, 1H). 13C NMR (DMSO‑d6): 7.33, 13.42, 19.31, 31.02,
43.90, 49.65, 104.16, 110.62, 111.79, 118.31, 120.41, 120.67, 121.36,
122.43, 126.36, 126.71, 131.35, 135.96, 138.77, 142.50, 152.10. MS
(ESI+) m/z: 382. Anal. calcd. For C21H23N3O2S-0,2 H2O: C, 65.49;
H, 6.12; N, 10.91; S, 8.30; Found: C, 65.20; H, 6.11; N, 11.10; S, 8.30.

2.1.3.16. 5-(ethylsulfonyl)-2-(5-chloro-1H-indol-3-yl)-1-butyl-1H-benzo
[d]imidazole (38). Compound 38 was prepared according to general
methods starting from N1-(butyl)-4-ethylsulfonyl-benzene-1,2-diamine
(1.08mmol, 0.277 g) and 5-chloro-indole-3-carboxaldehyde
(1.08mmol, 0.194 g). The residue was purified by cc using the
chloroform/ethyl acetate/hexane (2:1:1) as eluent to give a white
solid, m.p. 221 °C (0.065 g, 14% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 0.87 (t, 3H), 1.13 (t, 3H), 1.32–1.37 (m, 2H),
1.75–1.79 (m, 2H), 3.30 (q, 2H), 4.51 (t, 2H), 7.28 (dd, J=8.4 Hz,
J=2.4 Hz, 1H), 7.58 (d, J=8.4 Hz, 1H), 7.74 (dd, J=8.4 Hz,
J=2Hz, 1H), 7.88 (d, J=8.8 Hz, 1H), 8.2 (s, 2H), 8.48 (d,
J=2.4 Hz, 1H), 12.08 (brd s, 1H). 13C NMR (DMSO‑d6): 7.45,
13.58, 19.44, 31.14, 44.01, 49.69, 104.05, 110.76, 113.57, 118.57,
120.78, 120.90, 122.65, 125.31, 127.63, 128.33, 131.59, 134.60,
138.84, 142.45, 151.55. MS (ESI+) m/z: 416. Anal. calcd. For
C21H22ClN3O2S: C, 60.64; H, 5.33; N, 10.10; S, 7.71; Found: C,
60.23; H, 5.37; N, 10.38; S, 7.62.

2.1.3.17. 5-(ethylsulfonyl)-2-(5-bromo-1H-indol-3-yl)-1-butyl-1H-benzo
[d]imidazole (39). Compound 39 was prepared according to general
methods starting from N1-(butyl)-4-ethylsulfonyl-benzene-1,2-diamine
(0.86mmol, 0.220 g) and 5-bromo-indole-3-carboxaldehyde
(0.86mmol, 0.194 g). The residue was purified by cc using the
chloroform/ethyl acetate/hexane (2:2:1) as eluent to give a white
solid, m.p. 235 °C (0.040 g, 10% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 0.86 (t, 3H), 1.13 (t, 3H), 1.30–1.39 (m, 2H),
1.73–1.80 (m, 2H), 3.33 (q, 2H), 4.54 (t, 2H), 7.38 (dd, J=8.8 Hz,
J=1.6 Hz, 1H), 7.53 (d, J=8.4 Hz, 1H), 7.78 (dd, J=8.4 Hz,
J=1.6 Hz, 1H), 7.88 (d, J=8.8 Hz, 1H), 8.17 (s, 1H), 8.2 (d,
J=1.6 Hz, 1H), 8.62 (d, J=2Hz, 1H), 12.06 (brd s, 1H). 13C NMR
(DMSO‑d6): 7.40, 13.52, 19.39, 31.09, 43.98, 49.66, 103.92, 110.72,
113.28, 113.96, 118.54, 120.86, 123.73, 125.14, 128.11, 128.23,
131.59, 134.81, 138.79, 142.42, 151.48. MS (ESI+) m/z: 460. Anal.
calcd. For C21H22BrN3O2S: C, 54.78; H, 4.81; N, 9.12; S, 6.96; Found:
C, 54.28; H, 4.67; N, 9.51; S, 6.96.

2.1.3.18. 1-cyclohexyl-5-(ethylsulfonyl)-2-(1H-indol-3-yl)-1H-benzo[d]
imidazole (40). Compound 40 was prepared according to general
methods starting from N1-cyclohexyl-4-ethylsulfonyl-benzene-1,2-
diamine (0.94mmol, 0.265 g) and indole-3-carboxaldehyde
(0.94mmol, 0.136 g). The residue was purified by cc using the
chloroform/ethyl acetate (1:1) as eluent to give a light yellow solid,
m.p. 250 °C (0.263 g, 69% yield). 1H NMR (400MHz, DMSO‑d6): δ
ppm 1.14 (t, 3H), 1.32–1.43 (m, 3H), 1.66 (d, 1H), 1.85–1.98 (m, 4H),
2.29–2.37 (m, 2H), 3.30 (q, 2H), 4.62–4.68 (m, 1H), 7.15–7.26 (m, 2H),
7.55 (d, J= 8.4 Hz, 1H), 7.68 (dd, J= 8.8 Hz, J= 1.6 Hz, 1H), 7.84 (d,
J= 2.8 Hz, 1H), 7.97 (d, J= 8 Hz, 1H), 8.10 (d, J= 8.8 Hz, 1H), 8.14
(d, J= 1.6 Hz, 1H), 11.79 (brd s, 1H, NH). 13C NMR (DMSO‑d6): 7.28,
24.32, 25.47, 30.49, 49.70, 56.58, 104.18, 111.96, 113.11, 118.84,
120.12, 120.29, 122.27, 126.46, 127.13, 131.29, 136.05, 136.85,
143.42, 152.21. MS (ESI+) m/z: 408. Anal. calcd. For
C23H25N3O2S.0,3H2O: C, 66.89; H, 6.25; N, 10.18; S, 7.74; Found: C,
66.57; H, 5.95; N, 9.94; S, 7.97.

2.1.3.19. 1-cyclohexyl-5-(ethylsulfonyl)-2-(5-methoxy-1H-indol-3-yl)-1H-

benzo[d]imidazole (41). Compound 41 was prepared according to
general methods starting from N1-cyclohexyl-4-ethylsulfonyl-benzene-
1,2-diamine (1.05mmol, 0.297 g) and 5-methoxy-indole-3-
carboxaldehyde (1.05mmol, 0.184 g). The residue was purified by cc
using the chloroform/ethyl acetate (1:1) as eluent to give a light yellow
solid, m.p. 163 °C (0.061 g, 13% yield). 1H NMR (400MHz, DMSO‑d6):
δ ppm 1.13 (t, 3H), 1.32–1.44 (m, 3H), 1.66 (d, 1H), 1.85–1.98 (m, 4H),
2.30–2.36 (m, 2H), 3.31 (q, 2H), 3.77 (s, 3H), 4.60–4.66 (m, 1H), 6.89
(dd, J= 8.8 Hz, J= 2.4 Hz, 1H), 7.45 (m, 2H), 7.67 (dd, J= 8.8 Hz,
J= 1.6 Hz, 1H), 7.79 (d, J= 2.8 Hz, 1H), 8.09 (d, J= 8.8 Hz, 1H), 8.14
(d, J= 1.6 Hz, 1H), 11.68 (brd s, 1H, NH). 13C NMR (DMSO‑d6): 7.37,
14.04, 24.38, 25.56, 30.55, 49.72, 55.24, 56.63, 59.71, 101.51, 104.01,
112.74, 112.82, 113.17, 118.88, 120.31, 126.95, 127.66, 131.10,
131.25, 136.92, 143.49, 152.45, 154.43. MS (ESI+) m/z: 438. Anal.
calcd. For C24H27N3O3S. 0,9H2O: C, 63.52; H, 6.40; N, 9.26; S, 7.05;
Found: C, 63.60; H, 6.40; N, 8.86; S, 6.81.

2.1.3.20. 2-(5-chloro-1H-indol-3-yl)-1-cyclohexyl-5-(ethylsulfonyl)-1H-
benzo[d]imidazole (42). Compound 42 was prepared according to
general methods starting from N1-cyclohexyl-4-ethylsulfonyl-benzene-
1,2-diamine (1.12mmol, 0.315 g) and 5-chloro-indole-3-
carboxaldehyde (1.12mmol, 0.200 g). The residue was purified by cc
using the chloroform/ethyl acetate (2:1) as eluent to give a white solid,
m.p. 182 °C (0.201 g, 41% yield). 1H NMR (400MHz, DMSO‑d6): δ
ppm 1.14 (t, 3H), 1.38–1.43 (m, 3H), 1.67–2.00 (m, 5H), 2.30–2.35 (m,
2H), 3.33 (q, 2H), 4.63–4.69 (m, 1H), 7.26 (dd, J= 8.8 Hz, J= 2 Hz,
1H), 7.59 (d, J= 9.2 Hz, 1H), 7.71–7.73 (m, 1H), 7.98 (d, J= 2 Hz,
1H), 8.05 (d, J= 1.6 Hz, 1H), 8.14–8.19 (m, 2H), 12.06 (brd s, 1H,
NH). 13C NMR (DMSO‑d6): 7.35, 24.33, 25.43, 30.42, 49.65, 56.94,
103.06, 113.64, 113.78, 118.48, 119.64, 120.88, 122.60, 125.31,
127.56, 129.22, 131.93, 134.68, 136.47, 141.93, 151.22. MS (ESI+)
m/z: 442. Anal. calcd. For C23H24ClN3O2S: C, 62.50; H, 5.47; N, 9.51;
S, 7.25; Found: C, 62.23; H, 5.71; N, 8.94; S, 7.12.

2.1.3.21. 2-(5-bromo-1H-indol-3-yl)-1-cyclohexyl-5-(ethylsulfonyl)-1H-
benzo[d]imidazole (43). Compound 43 was prepared according to
general methods starting from N1-cyclohexyl-4-ethylsulfonyl-benzene-
1,2-diamine (1.10mmol, 0.311 g) and 5-bromo-indole-3-
carboxaldehyde (1.10mmol, 0.246 g). The residue was purified by cc
using the chloroform/ethyl acetate (1:1) as eluent to give a white solid,
m.p. 184 °C (0.335 g, 79% yield). 1H NMR (400MHz, DMSO‑d6): δ
ppm 1.13 (t, 3H), 1.40 (m, 3H), 1.67 (s, 1H), 1.86–1.98 (m, 4H),
2.29–2.35 (m, 2H), 3.31 (q, 2H), 4.63–4.69 (m, 1H), 7.36 (dd,
J= 8.4 Hz, J= 1.6 Hz, 1H), 7.53 (d, J= 8.4 Hz, 1H), 7.68 (dd,
J= 8.4 Hz, J= 2 Hz, 1H), 7.93 (d, J= 2.8 Hz, 1H), 8.10 (d,
J= 8.8 Hz, 1H), 8.20 (dd, J= 11.2 Hz, J= 1.6 Hz, 2H), 11.99 (brd s,
1H, NH). 13C NMR (DMSO‑d6): 7.27, 24.32, 25.41, 30.45, 49.65,
56.65, 103.78, 113.05, 113.21, 114.00, 118.91, 120.40, 122.70,
124.92, 128.30, 128.40, 131.47, 134.83, 136.76, 143.23, 151.43. MS
(ESI+) m/z: 488. Anal. calcd. For C23H24BrN3O2S.0.45 H2O: C,
55.86; H, 5.07; N, 8.49; S, 6.48; Found: C, 55.85; H, 4.85; N, 8.15; S,
6.43.

2.1.3.22. 1-benzyl-5-(ethylsulfonyl)-2-(1H-indol-3-yl)-1H-benzo[d]
imidazole (44). Compound 44 was prepared according to general
methods starting from N1-benzyl-4-ethylsulfonyl-benzene-1,2-diamine
(0.80mmol, 0.230 g) and indole-3-carboxaldehyde (0.80mmol,
0.115 g). The residue was purified by cc using the chloroform/ethyl
acetate (1:1) as eluent to give a white solid, m.p. 252 °C (0.066 g, 20%
yield).1H NMR (400MHz, DMSO‑d6): δ ppm 1.14 (t, 3H), 3.31 (q, 2H),
5.85 (s, 2H), 7.09 (d, J= 7.2 Hz, 2H), 7.19–7.34 (m, 5H), 7.49 (d,
J= 7.2 Hz, 1H), 7.68–7.78 (m, 3H), 8.19 (s, 1H), 8.44 (d, J= 7.2 Hz,
1H), 11.77 (brd s, 1H, NH). 13C NMR (DMSO‑d6): 7.38, 47.38, 49.68,
103.92, 110.74, 111.87, 118.48, 120.63, 121.09, 121.50, 122.63,
125.96, 126.33, 126.84, 127.48, 128.93, 131.90, 135.98, 136.57,
139.12, 142.69, 152.61. MS (ESI+) m/z: 416.Anal. calcd. For
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C24H21N3O2S.0,5C4H8O2-0,5H2O: C, 66.65; H, 5.59; N, 8.97; S, 6.84;
Found: C, 66.68; H, 5.40; N, 8.98; S, 6.90.

2.1.3.23. 1-benzyl-5-(ethylsulfonyl)-2-(5-methoxy-1H-indol-3-yl)-1H-
benzo[d]imidazole (45). Compound 45 was prepared according to
general methods starting from N1-benzyl-4-ethylsulfonyl-benzene-1,2-
diamine (0.70mmol, 0.203 g) and 5-methoxy-indole-3-carboxaldehyde
(0.70mmol, 0.123 g). The residue was purified by cc using the
chloroform/ethyl acetate (1:1) as eluent to give a white solid, m.p.
296 °C (0.036 g, 12% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm
1.13 (t, 3H), 3.32 (q, 2H), 3.80 (s, 3H), 5.83 (s, 2H), 6.88 (dd,
J= 8.8 Hz, J= 2.4 Hz, 1H), 7.09 (d, J= 7.2 Hz, 2H), 7.23–7.39 (m,
4H), 7.67–7.74 (m, 3H), 7.96 (d, J= 2.4 Hz, 1H), 8.19 (d, J= 1.2 Hz,
1H), 11.64 (brd s, 1H, NH). 13C NMR (DMSO‑d6): 7.89, 47.89, 60.18,
55.81, 103.62, 104.17, 111.15, 113.09, 113.29, 118.98, 121.52,
126.47, 127.44, 127.72, 127.96, 129.43, 131.47, 132.32, 137.08,
139.62, 143.19, 153.31, 155.07. MS (ESI+) m/z: 446. Anal. calcd.
For C25H23N3O3S: C, 67.39; H, 5.20; N, 9.43; S, 7.19; Found: C, 67.29;
H, 5.45; N, 9.30; S, 7.16.

2.1.3.24. 1-benzyl-2-(5-chloro-1H-indol-3-yl)-5-(ethylsulfonyl)-1H-benzo
[d]imidazole (46). Compound 46 was prepared according to general
methods starting from N1-benzyl-4-ethylsulfonyl)benzene-1,2-diamine
(0.85mmol, 0.246 g) and 5-chloro-indole-3-carboxaldehyde
(0.85mmol, 0.152 g). The residue was purified by cc using the
chloroform/ethyl acetate (1:1) as eluent to give a white solid, m.p.
265 °C (0.139 g, 36% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm
1.15 (t, 3H), 3.32 (q, 2H), 5.86 (s, 2H), 7.09 (d, J= 7.6 Hz, 2H),
7.25–7.34 (m, 4H), 7.52 (d, J= 8.8 Hz, 1H), 7.70–7.78 (m, 2H), 7.8 (s,
1H), 8.25 (s, 1H), 8.51 (d, J= 2 Hz, 1H), 11.95 (brd s, 1H, NH). 13C
NMR (DMSO‑d6): 7.31, 47.33, 49.62, 103.71, 110.71, 113.48, 118.61,
120.70, 121.16, 122.66, 125.34, 125.90, 127.45, 128.24, 128.89,
132.05, 134.46, 136.38, 139.05, 142.53, 151.95. MS (ESI+) m/z:
450. Anal. calcd. For C24H20ClN3O2S: C, 64.06; H, 4.48; N, 9.33; S,
7.12; Found: C, 63.47; H, 4.46; N, 9.19; S, 7.05.

2.1.3.25. 1-benzyl-2-(5-bromo-1H-indol-3-yl)-5-(ethylsulfonyl)-1H-benzo
[d]imidazole (47). Compound 47 was prepared according to general
methods starting from N1-benzyl-4-ethylsulfonyl-benzene-1,2-diamine
(0.83mmol, 0.240 g) and 5-bromo-indole-3-carboxaldehyde
(0.83mmol, 0.185 g). The residue was purified by cc using the
chloroform/ethyl acetate (1:1) as eluent to give a white solid, m.p.
267 °C (0.226 g, 55% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm
1.13 (t, 3H), 3.33 (q, 2H), 5.87 (s, 2H), 7.08 (d, J= 7.2 Hz, 2H),
7.25–7.38 (m, 4H), 7.48 (d, J= 8.8 Hz, 1H),7.69–7.78 (m, 2H), 7.87 (s,
1H), 8.25 (s, 1H), 8.66 (d, J= 1.6 Hz, 1H), 11.97 (brd s, 1H, NH). 13C
NMR (DMSO‑d6): 7.38, 47.34, 49.63, 103.61, 110.75, 113.41, 113.97,
118.68, 121.23, 123.77, 125.25, 125.94, 127.50, 128.10, 128.13,
128.95, 132.05, 134.73, 136.43, 139.10, 142.55, 151.95. MS (ESI+)
m/z: 496. Anal. calcd. For C24H20BrN3O2S.0,3H2O: C, 57.67; H, 4.15;
N, 8.40; S, 6.41; Found: C, 57.66; H, 4.12; N, 8.17; S, 6.13.

2.1.3.26. 5-(ethylsulfonyl)-1-(4-fluorobenzyl)-2-(1H-indol-3-yl)-1H-benzo
[d]imidazole (48). Compound 48 was prepared according to general
methods starting from N1-(4-fluorobenzyl)-4-ethylsulfonyl-benzene-
1,2-diamine (0.68mmol, 0.210 g) and indole-3-carboxaldehyde
(0.68mmol, 0.099 g). The residue was purified by cc using the
chloroform/ethyl acetate (2:1) as eluent to give a white solid, m.p.
234 °C (0.080 g, 27% yield). 1H NMR (400MHz, DMSO‑d6): δ ppm
1.13 (t, 3H), 3.31 (q, 2H), 5.82 (s, 2H), 7.08–7.24 (m, 6H), 7.48 (d,
J= 7.2 Hz, 1H), 7.69 (dd, J= 8.4 Hz, J= 1.6 Hz, 1H), 7.71 (d,
J= 8.8 Hz, 1H), 7.80 (d, J= 2.4 Hz, 1H), 8.17 (d, J= 1.2 Hz, 1H),
8.41 (d, J= 8.4 Hz, 1H), 11.73 (brd s, 1H, NH). 13C NMR (DMSO‑d6):
7.31, 46.68, 49.62, 103.80, 110.66, 111.82, 115.69 (d, J= 21.3 Hz),
118.46, 120.57, 121.07, 121.45, 122.57,126.26, 126.81, 128.04 (d,
J= 8.4 Hz), 131.90, 132.65 (d, J= 3.1 Hz), 135.94, 138.95, 142.66,

152.47, 161.32 (d, J= 242.3 Hz), 170.23. MS (ESI+) m/z: 434. Anal.
calcd. For C24H20FN3O2S.0,5C4H8O2: C, 65.39; H, 5.06; N, 8.79; S,
6.71; Found: C, 65.18; H, 5.02; N, 8.71; S, 6.68.

2.1.3.27. 5-(ethylsulfonyl)-1-(4-fluorobenzyl)-2-(5-methoxy-1H-indol-
3yl)-1H-benzo[d]imidazole (49). Compound 49 was prepared according
to general methods starting from N1-(4-fluorobenzyl)-4-ethylsulfonyl-
benzene-1,2-diamine (0.54mmol, 0.168 g) and 5-methoxy-indole-3-
carboxaldehyde (0.54mmol, 0.095 g). The residue was purified by cc
using the chloroform/ethyl acetate (2:1) as eluent to give a light yellow
solid, m.p. 260 °C (0.044 g, 18% yield). 1H NMR (400MHz, DMSO‑d6):
δ ppm 1.13 (t, 3H), 3.32 (q, 2H), 3.80 (s, 3H), 5.82 (s, 2H), 6.89 (dd,
J= 8.8 Hz, J= 2.4 Hz, 1H), 7.10–7.18 (m, 4H), 7.39 (d, J= 8.8 Hz,
1H), 7.67–7.77 (m, 3H), 7.96 (d, J= 2.4 Hz, 1H), 8.19 (d, J= 1.6 Hz,
1H), 11.66 (brd s, 1H, NH). 13C NMR (DMSO‑d6): 7.31, 46.68, 49.60,
55.24, 103.08, 103.55, 110.55, 112.53, 112.72, 115.68 (d,
J= 21.7 Hz), 118.43, 120.98, 126.87, 127.16, 128.03 (d, J= 8.4 Hz),
130.92, 131.84, 132.64 (d, J= 3.5 Hz), 138.93, 142.64, 152.64,
154.51, 161.30 (d, J= 242.3 Hz). MS (ESI+) m/z: 464. Anal. calcd.
For C25H22FN3O3S.0,2H2O: C, 64.27; H, 4.83; N, 9.00; S, 6.85; Found:
C, 64.02; H, 4.98; N, 8.69; S, 6.62.

2.1.3.28. 2-(5-chloro-1H-indol-3-yl)-5-(ethylsulfonyl)-1-(4-fluorobenzyl)-
1H-benzo[d]imidazole (50). Compound 50 was prepared according to
general methods starting from N1-(4-fluorobenzyl)-4-ethylsulfonyl-
benzene-1,2-diamine (0.52mmol, 0.162 g) and 5-chloro-indole-3-
carboxaldehyde (0.52mmol, 0.094 g). The residue was purified by cc
using the chloroform/ethyl acetate (2:1) as eluent to give a white solid,
m.p. 230 °C (0.097 g, 40% yield). 1H NMR (400MHz, DMSO‑d6): δ
ppm 1.12 (t, 3H), 3.32 (q, 2H), 5.83 (s, 2H), 7.08–7.15 (m, 4H), 7.24
(dd, J= 8.8 Hz, J= 2 Hz, 1H), 7.50 (d, J= 8.4 Hz, 1H), 7.69 (dd,
J= 8.4 Hz, J= 2 Hz, 1H), 7.76 (d, J= 8.4 Hz, 1H), 7.9 (s, 1H), 8.22 (d,
J= 1.6 Hz, 1H), 8.48 (d, J= 2.4 Hz, 1H), 11.96 (brd s, 1H, NH). 13C
NMR (DMSO‑d6): 7.31, 46.44, 49.55, 103.61, 110.68, 113.49, 115.72
(d, J= 21.1 Hz), 118.62, 120.69, 121.20, 122.66, 125.33, 127.41,
128.03 (d, J= 7.7 Hz), 128.28, 132.04, 132.52 (d, J= 2.6 Hz),
134.43, 138.92, 142.51, 151.82, 161.32 (d, J= 240 Hz). MS (ESI+)
m/z: 468.Anal. calcd. For C24H19ClFN3O2S: C, 61.60; H, 4.09; N, 8.98;
S, 6.85; Found: C, 61.51; H, 4.10; N, 9.00; S, 6.86.

2.1.3.29. 2-(5-bromo-1H-indol-3-yl)-5-(ethylsulfonyl)-1-(4-fluorobenzyl)-
1H-benzo[d]imidazole (51). Compound 51 was prepared according to
general methods starting from N1-(4-fluorobenzyl)-4-ethylsulfonyl-
benzene-1,2-diamine (0.66mmol, 0.202 g) and 5-bromo-indole-3-
carboxaldehyde (0.66mmol, 0.146 g). The residue was purified by cc
using the chloroform/ethyl acetate/hexane (2:1:1) as eluent to give a
white solid, m.p. 240 °C (0.099 g, 29% yield). 1H NMR (400MHz,
DMSO‑d6): δ ppm 1.13 (t, 3H), 3.32 (q, 2H), 5.86 (s, 2H), 7.10–7.18 (m,
4H), 7.38 (dd, J= 8.8 Hz, J= 2 Hz, 1H), 7.48 (d, J= 8.4 Hz, 1H), 7.71
(dd, J= 8.4 Hz, J= 1.6 Hz, 1H), 7.78 (d, J= 8.4 Hz, 1H), 7.91 (d,
J= 2.8 Hz, 1H), 8.25 (d, J= 1.6 Hz, 1H), 8.66 (d, J= 2 Hz, 1H), 11.99
(brd s, 1H, NH). 13C NMR (DMSO‑d6): 7.31, 46.64, 49.64, 103.49,
110.68, 113.34, 113.92, 115.72 (d, J= 21.2 Hz), 118.63, 121.20,
123.70, 125.20, 127.97, 128.02 (d, J= 8.3 Hz), 128.113, 132.05,
132.51 (d, J= 3.2 Hz), 134.67, 138.91, 142.50, 151.79, 161.32 (d,
J= 241.5 Hz). MS (ESI+) m/z: 514. Anal. calcd. For
C24H19BrFN3O2S: C, 56.26; H, 3.74; N, 8.20; S, 6.25; Found: C,
56.51; H, 4.02; N, 7.72; S, 5.84.

2.1.3.30. 5-(ethylsulfonyl)-1-(3,4-difluorobenzyl)-2-(1H-indol-3-yl)-1H-
benzo[d]imidazole (52). Compound 52 was prepared according to
general methods starting from N1-(3,4-difluorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (0.64mmol, 0.209 g) and indole-3-
carboxaldehyde (0.64mmol, 0.093 g). The residue was purified by cc
using the chloroform/ethyl acetate/hexane (2:1.5:1) as eluent to give a
white solid, m.p. 262 °C (0.175 g, 61% yield). 1H NMR (400MHz,
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DMSO‑d6): δ ppm 1.11 (t, 3H), 3.31 (q, 2H), 5.82 (s, 2H), 6.77 (d,
J=8.4 Hz, 1H), 7.16–7.36 (m, 4H), 7.48 (d, J=7.6 Hz, 1H), 7.69 (dd,
J=8.8 Hz, J=1.6 Hz, 1H), 7.75 (d, J=8.4 Hz, 1H), 7.80 (d,
J=2.8 Hz, 1H), 8.18 (d, J=1.6 Hz, 1H), 8.41 (d, J=8.4 Hz, 1H),
11.77 (brd s, 1H). MS (ESI+) m/z: 452. Anal. calcd. For
C24H19F2N3O2S: C, 63.85; H, 4.24; N, 8.42; S, 7.10; Found: C, 63.61;
H, 4.41; N, 8.97; S, 6.91

2.1.3.31. 5-(ethylsulfonyl)-1-(3,4-difluorobenzyl)-2-(5-methoxy-1H-indol-
3-yl)-1H-benzo[d]imidazole (53). Compound 53 was prepared
according to general methods starting from N1-(3,4-difluorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (0.71mmol, 0.233 g) and 5-
methoxy-indole-3-carboxaldehyde (0.71mmol, 0.125 g). The residue
was purified by cc using the chloroform/ethyl acetate/hexane (2:1:1) as
eluent to give a white solid, m.p. 271 °C (0.151 g, 44% yield). 1H NMR
(400MHz, DMSO‑d6): δ ppm 1.11 (t, 3H), 3.30 (q, 2H), 3.79 (s, 3H),
5.80 (s, 2H), 6.78 (d, 1H), 6.87 (dd, J=9Hz, J=2.4 Hz, 1H),
7.24–7.39 (m, 3H), 7.67–7.76 (m, 3H), 7.94 (d, 1H), 8.19 (d,
J=1.2 Hz, 1H), 11.65 (brd s, 1H).MS (ESI+) m/z: 482. Anal. calcd.
For C25H21F2N3O3S: C, 62.36; H, 4.40; N, 8.73; S, 6.66; Found: C,
61.94; H, 4.60; N, 8.61; S, 6.68.

2.1.3.32. 5-(ethylsulfonyl)-1-(3,4-difluorobenzyl)-2-(5-chloro-1H-indol-3-
yl)-1H-benzo[d]imidazole (54). Compound 54 was prepared according
to general methods starting from N1-(3,4-difluorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (0.89mmol, 0.293 g) and 5-chloro-
indole-3-carboxaldehyde (0.89mmol, 0.160 g). The residue was
purified by cc using the chloroform/ethyl acetate/hexane (2:1:1) as
eluent to give a white solid, m.p. 258 °C (0.209 g, 48% yield). 1H NMR
(400MHz, DMSO‑d6): δ ppm 1.11 (t, 3H), 3.30 (q, 2H), 5.83 (s, 2H),
6.76 (d, 1H), 7.22–7.36 (m, 3H), 7.50 (d, J=8.4 Hz, 1H), 7.70 (dd,
J=8.6 Hz, J=1.6 Hz, 1H), 7.76 (d, J=8.4 Hz, 1H), 7.9 (d,
J=1.6 Hz, 1H), 8.23 (d, J=1.6 Hz, 1H), 8.47 (d, J=2.4 Hz, 1H),
11.96 (brd s, 1H). MS (ESI+) m/z: 486. Anal. calcd. For
C24H18ClF2N3O2S: C, 59.32; H, 3.73; N, 8.65; S, 6.60; Found: C,
59.01; H, 3.74; N, 8.45; S, 6.45

2.1.3.33. 5-(ethylsulfonyl)-1-(3,4-diflorobenzyl)-2-(5-bromo-1H-indol-3-
yl)-1H-benzo[d]imidazole (55). Compound 55 was prepared according
to general methods starting from N1-(3,4-difluorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (0.72mmol, 0.234 g) and 5-bromo-
indole-3-carboxaldehyde (0.72mmol, 0.160 g). The residue was
purified by cc using the chloroform/ethyl acetate/hexane (2:2:1) as
eluent to give a white solid, m.p. 248 °C (0.141 g, 37% yield). 1H NMR
(400MHz, DMSO‑d6): δ ppm 1.14 (t, 3H), 3.33 (q, 2H), 5.86 (s, 2H),
6.80 (d, 1H), 7.29–7.39 (m, 3H), 7.49 (d, J=8.8 Hz, 1H), 7.75 (dd,
J=8.4 Hz, J=1.6 Hz, 1H), 7.79 (d, J=8.8 Hz, 1H), 7.91 (d,
J=2.8 Hz, 1H), 8.26 (d, J=1.2 Hz, 1H), 8.65 (d, J=2Hz, 1H),
12.00 (brd s, 1H). MS (ESI+) m/z: 532. Anal. calcd. For
C24H18BrF2N3O2S: C, 54.35; H, 3.42; N, 7.92; S, 6.04; Found: C,
54.43; H, 3.20; N, 7.84; S, 6.01.

2.1.3.34. 5-(ethylsulfonyl)-1-(3,4-diclorobenzyl)-2-(1H-indol-3-yl)-1H-
benzo[d]imidazole (56). Compound 56 was prepared according to
general methods starting from N1-(3,4-dichlorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (0.44mmol, 0.158 g) and indole-3-
carboxaldehyde (0.44mmol, 0.064 g). The residue was purified by cc
using the chloroform/ethyl acetate (2:1) as eluent to give a white solid,
m.p. 247 °C (0.070 g, 33% yield). 1H NMR (400MHz, DMSO‑d6): δ
ppm 1.15 (t, 3H), 3.34 (q, 2H), 5.88 (s, 2H), 6.90 (dd, J=8.2 Hz,
J=2.4 Hz, 1H), 7.20–7.27 (m, 2H), 7.49–7.60 (m, 3H), 7.71 (dd,
J=8.2 Hz, J=2Hz, 1H), 7.78 (d, J=8.8 Hz, 1H), 7.82 (d, J=2.8 Hz,
1H), 8.21 (d, J=1.6 Hz, 1H), 8.45 (d, J=7.2 Hz, 1H), 11.81 (brd s,
1H).13C NMR (DMSO‑d6): 7.30, 46.30, 49.61, 103.62, 110.58, 111.84,
118.52, 120.62, 121.45, 122.63, 126.04, 126.85, 128.37, 130.07,
130.80, 131.09, 131.41, 132.07, 135.95, 137.73, 138.88, 142.65,

152.43, 161.22. MS (ESI+) m/z: 484. Anal. calcd. For
C24H19Cl2N3O2S-0.5 H2O: C, 58.42; H, 4.08; N, 8.51; S, 6.49; Found:
C, 58.30; H, 4.31; N, 8.78; S, 6.04.

2.1.3.35. 5-(ethylsulfonyl)-1-(3,4-diclorobenzyl)-2-(5-methoxy-1H-indol-
3-yl)-1H-benzo[d]imidazole (57). Compound 57 was prepared
according to general methods starting from N1-(3,4-dichlorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (1.01mmol, 0.363 g) and 5-
methoxy-indole-3-carboxaldehyde (1.01mmol, 0.177 g). The residue
was purified by cc using the chloroform/ethyl acetate (2:1) as eluent to
give a white solid, m.p. 242 °C (0.065 g, 12% yield). 1H NMR
(400MHz, DMSO‑d6): δ ppm 1.11 (t, 3H), 3.31 (q, 2H), 3.79 (s, 3H),
5.83 (s, 2H), 6.89 (m, 2H), 7.37 (d, J=8.8 Hz, 1H), 7.46 (d, J=2Hz,
1H), 7.53 (d, J=8.4 Hz, 1H), 7.67–7.76 (m, 3H), 7.95 (d, J=2.4 Hz,
1H), 8.19 (d, J=1.6 Hz, 1H), 11.65 (brd s, 1H).13C NMR (DMSO‑d6):
7.31, 46.30, 49.61, 55.25, 103.08, 103.39, 110.50, 112.57, 112.79,
118.52, 121.15, 126.06, 126.87, 127.20, 128.37, 130.05, 130.94,
131.09, 131.40, 132.08, 137.74, 138.87, 142.64, 152.61, 154.57. MS
(ESI+) m/z: 514. Anal. calcd. For C25H21Cl2N3O3S C, 58.37; H, 4.11;
N, 8.17; S, 6.23; Found: C, 58.04; H, 4.06; N, 7.83; S, 5.98.

2.1.3.36. 5-(ethylsulfonyl)-1-(3,4-dichlorobenzyl)-2-(5-chloro-1H-indol-
3-yl)-1H-benzo[d]imidazole (58). Compound 58 was prepared
according to general methods starting from N1-(3,4-dichlorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (0.56mmol, 0.202 g) and 5-chloro-
indole-3-carboxaldehyde (0.56mmol, 0.101 g). The residue was
purified by cc using the chloroform/ethyl acetate (2:1) as eluent to
give a white solid, m.p. 278 °C (0.045 g, 15% yield). 1H NMR
(400MHz, DMSO‑d6): δ ppm 1.12 (t, 3H), 3.32 (q, 2H), 5.86 (s, 2H),
6.86 (dd, J=8.4 Hz, J=2Hz, 1H), 7.24 (dd, J=8.8 Hz, J=2Hz,
1H),7.47–7.53 (m, 3H), 7.71 (dd, J=8.2 Hz, J=1.6 Hz, 1H),7.77 (d,
J=8.4 Hz, 1H), 7.90 (d, J=3.2 Hz, 1H),8.24 (d, J=1.6 Hz, 1H), 8.49
(d, J=2Hz, 1H), 11.96 (brd s, 1H).13C NMR (DMSO‑d6): 7.31, 46.26,
49.55, 103.44, 110.61, 113.52, 118.69, 120.69, 121.35, 122.72,
125.39, 125.99, 127.39, 128.32, 128.39, 130.09, 131.11, 131.42,
132.21, 134.45, 137.60, 138.85, 142.51, 151.80. MS (ESI+) m/z:
518. Anal. calcd. For C24H18Cl3N3O2S:C, 55.56; H, 3.50; N, 8.10; S,
6.18; Found: C, 55.19; H, 3.35; N, 7.92; S, 5.98.

2.1.3.37. 5-(ethylsulfonyl)-1-(3,4-dichlorobenzyl)-2-(5-bromo-1H-indol-
3-yl)-1H-benzo[d]imidazole (59). Compound 59 was prepared
according to general methods starting from N1-(3,4-dichlorobenzyl)-4-
ethylsulfonyl-benzene-1,2-diamine (0.78mmol, 0.280 g) and 5-bromo-
indole-3-carboxaldehyde (0.78mmol, 0.174 g). The residue was
purified by cc using the chloroform/ethyl acetate (2:1) as eluent to
give a white solid, m.p. 156 °C (0.055 g, 12% yield). 1H NMR
(400MHz, DMSO‑d6): δ ppm 1.13 (t, 3H), 3.33 (q, 2H), 5.89 (s, 2H),
6.88 (dd, J=8.4 Hz, J=1.6 Hz, 1H), 7.38 (dd, J=8.8 Hz, J=2Hz,
1H),7.48–7.56 (m, 3H), 7.73 (dd, J=8.2 Hz, J=1.6 Hz, 1H),7.80 (d,
J=8.8 Hz, 1H), 7.91 (d, J=3.2 Hz, 1H),8.27 (d, J=0.8 Hz, 1H), 8.66
(d, J=1.6 Hz, 1H), 12.00 (brd s, 1H). 13C NMR (DMSO- d6): 12.45,
47.26, 56.68, 103.65, 110.68, 113.47, 118.45, 120.69, 121.03, 122.65,
125.31, 125.87, 127.40, 127.42, 128.23, 128.88, 132.60, 134.41,
136.37, 139.00, 142.47, 151.90. MS (ESI+) m/z: 564. Anal. calcd.
For C24H18BrCl2N3O2S-0,5H2O:C, 50.52; H, 3.35; N, 7.37; S, 5.60;
Found: C, 50.14; H, 3.05; N, 7.12; S, 5.35.

2.2. Biological activity assays

2.2.1. Cytotoxic assays on human cancer lines
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide

(MTT) (Molecular Probes) was used to measure cell viability. Cell lines
(MCF-7, MDA-MB-231 and HEPG2) were seeded onto 96-well plates
with 10,000 cells/well in phenol-free media (DMEM-low-glucose,
GIBCO). After 24 h, the cells were exposed to compounds listed in
Table 2 with different concentrations for another day. All compounds
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were tested first at 0.25 µM, 2 µM, 16 µM and 40 µM doses using MCF-7
cells. At each dose, percent cell viability was calculated in relationship
to the DMSO control for each concentration. Selected compounds were
further studied using three different cell lines (MCF-7, MDA-MB-231,
and HEPG2) at eight different concentrations to calculate IC50 values.
Camptothecin was used as a positive control (0.25 and 2 µM) as there
was a DMSO group for calibration for each drug concentration. Cells
were then fixed according to the manufacturer’s instructions and in-
tensities were measured spectrophotometrically (BIO-TEK/µQuant
Universal Microplate Spectrophotometer and BIO-TEK/KC junior soft-
ware (v.1.418)). Percent viability was calculated at each dose, sepa-
rately, by dividing the blank subtracted average OD values of each
treated sample with the blank subtracted average ODs of corresponding
DMSO treated counterparts; and the resulting values were multiplied by
100 to obtain percentile viabilities. One-way ANOVA followed by
multiple comparisons (MATLAB R2016a) were used to test differences
in group means between the drug and DMSO control groups at each
concentration. For clustering the MTT data, percentiles were divided by
100 and logarithmically transformed at base two before performing
hierarchical clustering. For testing the significance of mean differences
between groups from the MCF-7 four-concentration screening, raw data
from each plate of compounds were statistically compared with respect
to their corresponding DMSO control values at each concentration,
separately. For wider dose screens, IC50 values for each cell line were
calculated using GraphPad Prism (v. 6.05). Further statistical analyses
were performed by using the viability values obtained from MCF-7 and
other cell lines, to determine any relationship between the viability and
R1 or R2 status of the derivatives. n-way ANOVA analyses with log2
transformed viability values (in R environment), and one-sided Wil-
coxon-rank sum test and logIC50 (GRcalculator [46]) were performed
by taking into account the triplicate values of viability scores and
corresponding treatment concentrations. In GRcalculator analyses,
sigmoidal fit and capping GR values below 1 were used. Additionally,
two-way ANOVA with Tukey’s multiple comparisons was performed to
test the significance of difference between specific groups of com-
pounds in GraphPad Prism (v. 6.05), by using cell viability values in
triplicates. Principal component analysis (PCA) was used for further
investigating the effect of cell line and concentration; and log2 trans-
formed cell viability was used for the analysis.

2.3. Molecular docking analyses with multiple targets

ERα ligand-binding domain (PDB ID:1a52, resolution: 2.8 Å) file
was obtained from the RCSB Protein database website [47]. Additional
proteins were tested to analyze the selectivity of compounds against
ERα. These compounds were protein kinase C beta II (PDB ID:1pfq,
resolution: 1.9 Å), glycogen synthase kinase 3 (PDB ID:1io9, resolution:
2.7 Å), platelet-derived growth factor receptor beta (PDB ID:3mjg, re-
solution: 2.3 Å), tubulin (PDB ID:1sa0, resolution: 3.58 Å) and vEGFR2
kinase domain (PDB ID:2xir, resolution:1.5 Å), respectively. Proteins
were prepared with Maestro’s Protein Preparation Wizard [48] and the
gridbox was prepared via the Receptor Grid Generation module of
Maestro [49]. Binding sites of co-ligands were used for gridbox gen-
eration. 2D builder was used to draw the ligands and same ligands were
minimized and prepared with the LigPrep module [50]. Tautomers and
conformers were generated to maximize the number of conformers. For
all the complexes, bound ligands were used. Structures of these com-
pounds were procured from DrugBank [51], and were subjected to the
identical LigPrep procedure. After this, Ligand Docking process of the
Glide program was initiated [52]. Precision was set to SP (Standard
precision) and Ligand Sampling was set to Flexible. 10 poses were
generated for each ligand and poses having the least binding energies
amongst them were evaluated. 2D-interaction diagrams were visualized
via Ligand Interactions. Additionally, molecular descriptors of these
compounds were calculated via the QikProp module and assessed ac-
cordingly [53].

2.4. Microarray analyses of novel-indole benzimidazole derivatives and
comparative transcriptomics

MCF-7 cells were exposed to compounds 48, 49, 50, 51, and 53 for
24 h at a dose of 20 µM. Total RNA was extracted from each sample
where DMSO control and 51, each, had two biological replicates
(RNeasy Mini Kit (QIAGEN)) before performing microarray experi-
ments using HuGene 2.0 ST platform (Affymetrix). Data were normal-
ized via Transcriptome Analysis Console Software (V3.0.0.466) using
default Affymetrix analysis parameters and rma using affy package
[54]. For differential expression analysis of 51 (n= 2) in comparison
with DMSO (n= 2), the limma toolbox of R was used [55]). Volcano
plot of statistical significance against fold change between control and
51 treated MCF-7 cells was generated in MATLAB. For multiple probes
hitting the same gene, the probe with the lowest adjusted p-value was
used.
GSEA was performed for each compound separately with default

parameters to calculate the KEGG pathway enrichment using MSigDB
[56]. Significantly enriched pathways were chosen (false discovery rate
(FDR) q value<0.25); and commonly enriched KEGG pathways were
reported. LINCS database was used to identify compounds with the
most and least similar expression profiles to significantly up- and down-
regulated gene lists obtained from 51 (top 150 and bottom 150 ranked
genes according to their logFC values) [57].

Limma analyses were performed between expression profiles of
48–49 and those of 50–51-53 compound series to identify the sig-
nificantly differentially expressed genes at the adjusted p-value <
0.05. Pathway enrichment was done on the significantly up- and down-
regulated genes between groups via STRING database with Reactome
Pathways option while Venn Diagrams of unique and variably affected
pathways were also shown [58,59].
For comparative transcriptomics, GSE35428, GSE7765 and

GSE62673 were retrieved and normalized with rma [60]. Differential
expression analyses of normalized dataset were done using limma be-
tween groups as follows: for GSE35428: E2, tamoxifen (4OHT), ICI
182780, Lasofoxifene, Bazedoxifene or Raloxifene and EtOH (control)
treatments; for GSE7765: Dioxin and DMSO (control) treatments; and
for GSE62673: AA depletion (AA (–)) and control samples. For
GSE7765, the results from hgu133A and hgu133B were merged. For
multiple probes hitting the same gene, the probe with the lowest ad-
justed p-value was used. For GSE35428 and for GSE62673 best jetset
probesets were selected for further analysis [61].
Venn diagrams were generated to represent the expression pattern

(i.e., log2 fold changes) of the significantly altered genes (N=2177, p-
value < 0.05 between 51 & E2; N=111, p-value < 0.05 between 51
& Dioxin; N= 1480, p-value < 0.05 between 51 & AA (–)). KEGG
pathway enrichment analysis was performed using the STRING data-
base; and Venn diagrams were generated based on the lists of sig-
nificantly enriched pathways. Obtained diagrams were further utilized
to form contingency tables where counts of shared and unique upre-
gulated or downregulated genes were used in performing Fisher’s exact
test in R.
Genes altered more than one-fold (FDR adj p-value < 0.05), in

response to treatment with 51, were selected for the correlation ana-
lysis. The Pearson’s correlation coefficient between each pair of treat-
ments was used for the hierarchical clustering and heatmap was per-
formed using ComplexHeatmap toolbox in R [62].

2.5. RT-QPCR assays for validation of treatment effects in MCF-7

Differential effects of candidate compounds on selected genes,
known to be modulated by E2, dioxin, AA depletion, and/or to have
roles in cell cycle, DNA damage/repair, drug metabolism were eval-
uated via RT-QPCR (LightCycler 480 II–Roche) in MCF-7 breast cancer
cells exposed to 40 µM of each compound for 24 h. Following exposure,
total mRNA was isolated and collected using the RNeasy Mini Kit
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(QIAGEN) according to the manufacturer’s instructions. Total RNA was
then converted into cDNA using RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific). Logarithmically transformed relative expres-
sion (-ΔΔCt) levels were calculated based on TPT1 as the reference gene
and DMSO treatment as the control group. The results were analyzed
via either One-way ANOVA followed by Tukey’s multiple comparisons
to evaluate the compound-based effects or a Two-way ANOVA to assess
dose-dependent effects (GraphPad Prism (v. 6.05)). ComplexHeatmap
toolbox in R was utilized; and GSE35428 (E2), GSE7765 (dioxin), and
GSE62673 (AA (–)) logFC data for the tested genes were annotated on
top of the RT-QPCR data, for comparative representation. A list of
primers was given in Table A. 1.

3. Results

3.1. Design and synthesis of indole-benzimidazole derivatives

The synthesis of compounds (Scheme 2) was initiated from 4-
chloro-benzenesulfonyl chloride. 4-(ethylsulfonyl)-1-chlorobenzene (1)
and 4-(ethylsulfonyl)-1-chloro-2-nitrobenzene (2) were synthesized
according our previous publication [42]. To a solution of 4-(ethylsul-
fonyl)-1-chloro-2-nitrobenzene (2) (5 mmol) in ethanol (5mL), amine
derivative (15mmol) was added and heated under reflux until the
starting material was consumed (determined by TLC, 8–48 h). Upon
cooling the mixture, water was added. The resultant yellow residue was
crystallized from ethanol or purified by column chromatography (cc) by
using a mixture of hexane and ethyl acetate in varying concentrations
as eluent (Table 1) [43]. 5-methoxy-indole-3-carboxaldehyde was
synthesized from 5-methoxy-indole, N,N-dimethylformamide, and
phosphorus oxychloride [63].
Compounds 3–12 (3.5mmol) in EtOH (75mL) were reduced by

hydrogenation using 40 psi of H2 and 10% Pd/C (40mg) until cessation
of H2 uptake to obtain the catalyst before filtering off on a bed of celite
and washing with EtOH, and concentrating the filtrate in vacuo [44].
The crude amine was used without purification (13–22) (see for details
Experimental Section). A mixture of the appropriate o-phenylenedia-
mine (1mmol), related indole derivative (1mmol) and Na2S2O5 (40%)
(2mL) in EtOH (4mL), was refluxed until starting materials were

consumed (determined by TLC, 4–12 h). The precipitate was obtained
upon pouring the reaction mixture and then filtering and washing. The
residue was purified by cc to obtain the final product (23–59) [45]. The
synthesis details of the compounds were provided in the Experimental
Section.

3.2. Biological evaluation of indole-benzimidazole derivatives

3.2.1. Anti-cancer activity of novel indole-benzimidazole compounds in
MCF-7 cell line
All ethylsulfonyl derivatives were analyzed for their cytotoxicity

using MTT assays. A four-dose (0.25 µM, 2 µM, 16 µM and 40 µM)
screening panel in MCF-7, an ER+ and TP53 (p53) wild-type breast
cancer cell line, was used to identify highly effective compounds. This
allowed us to screen large numbers of derivatives before pursuing se-
lected compounds in more detail. As a result, the primary anticancer
activity screening in MCF-7 showed that most of the compounds ex-
hibited significance at one or more of the concentrations (Table 2).
Hierarchical clustering of the compound relative cell viabilities (at log2
scale) helped summarize similarities between activities across doses
(Fig. 2). Accordingly, molecules numbered 23, 35, 53, 36, 27, 29, 45,
37, 50 and 51 clustered together, since they were highly effective at the
highest dose, and one or more of the other three concentrations. The
remaining compounds were less effective than the above-mentioned
compounds with respect to their level of activity. In addition, com-
pound 49 was highly effective at the highest dose, i.e., 40 µM, yet was
not effective at lower doses (Fig. 2). None of the molecules exhibited
activity at the lowest dose (0.25 µM).
Synthesized compounds had either -H, -OCH3, -Cl, or -Br at their R2

position for each of the R1 (Table 2). Therefore, the most active mole-
cule could be determined for each of the R1. According to the n-way
ANOVA, molecular substitutions by R1 and R2 resulted in alterations on
cytotoxic activities of the sulfonylethyl structures (p-value < 2e−16)
where the R1 group was the major predictor (p-value < 2e−16) of
anticancer activity rather than the R2 group (p-value: 0.0885). How-
ever, there was a significant interaction between R1 and R2 groups
based on the cell viability scores (R1x2 interaction p-value < 2e−16)
suggesting that substitution on indoles could modify the activity of

Scheme 2. Synthesis of new indole-benzimidazoles (23–59).
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benzimidazoles differentially. Analysis by GRcalculator tool indicated
that p-fluorobenzyl R1 group was one of the most effective R1 moiety
outstanding from the rest of the substitutions (p-value: 0.023) and other
cyclic aromatic side chain groups (p-value: 0.012) (Fig. 3; Fig. A.1). In
addition to the p-fluorobenzyl, the substitutions of methyl (as in com-
pound 27) and propyl on R1 exhibited anti-proliferative trends.

3.2.2. Anti-cancer activity of selected compounds on different cell lines
Upon analysis of Table 2, we selected, for further screening, several

compounds that were highly effective in reducing viability at the
highest dose 40 µM (compounds: 23 (24.36%); 27 (40.38%); 29
(44.16%); 35 (26.90%); 36 (32.85%); and 37 (43.76%)); 40 (42.19%);
45 (39.58%); 48 (59.55%); 49 (52.00%); 50 (40.52%); 51(45.69%); 53
(33.53%) and a control molecule with relatively less cytotoxic activity
(compound 46 (80.60%)). Among these, 48–51 spanning the full -p-
fluorobenzyl series exhibited similar activity at 40 µM whereas 50 and
51 were also significantly antiproliferative at a relatively lower con-
centration of 16 µM along with another related compound 53 con-
taining 3,4-difluorobenzyl group. In the wider dose panel, IC50 values of
these 13 molecules across multiple cell lines (Table 3) were studied
along with n-way ANOVA. Overall, R1 chain (p-value < 2e−16) had

significant effects on viability while the effect of the R2 side chain was
also significant (p-value < 2e−16) and varied depending on the type
of R1 (R1x2 interaction p-value < 2e−16). Moreover, there was also a
significant cell line effect (p-value: 2.62e−08) as well as a treatment
effect (p-value < 2e−16). Additional analyses with two-way ANOVA
and multiple comparison tests have implied possible trends by cell line
and R2 (Table 3; Fig. 4; Fig. A.3; Fig. A.4). Cell line specific effects in
response to treatments were observable via Principal Component Ana-
lysis (PCA) where both MCF-7 and HEPG2 lines interestingly yielded
parallel profiles in comparison to MDA-MB-231 (Fig. 4). PCA showed
that E2 responsive cell lines MCF-7 and HEPG2 were more similar to
each other than they were to the ER- MDA-MB-231 cells at lower
concentrations (up to 16 μM) while at the highest dose tested (40 μM)
each cell line assumed a relatively distinct response profile. In parti-
cular, the compound 53 exhibited low IC50 values for the TP53 wild-
type MCF-7 and HEPG2 cells (19.23 µM and 24.10 µM, respectively)
while it was not as effective in MDA-MB-231, a cell line with a mutant
TP53 allele. In accord with two-way ANOVA comparisons, most of the
candidate compounds exhibited a cell-line dependency, but not com-
pound 37 with butyl (R1) and -H (R2) substitutions (Table 3; Fig. A.4).
Nonetheless, GRcalculator assessments showed that MCF-7 was the cell

Table 2
Relative cell viability from four-dose screening with the ethylsulfonyl derivatives in MCF-7 cells. p-values were calculated using One-Way ANOVA followed by
multiple comparisons.

No R1 R2 % Relative viabilities p-values

40 µM 16 µM 2 µM 0.25 µM 40 µM 16 µM 2 µM 0.25 µM

23 -H -H 24.36 67.57 100 110.16 0.0000 0.0005 1.0000 0.2498
24 -H -Br 67.53 85.44 90.04 105.73 0.0055 0.0391 0.2914 0.9979
25 -CH3 -H 64.68 72.12 94.01 95.39 0.0000 0.0293 0.9361 0.9238
26 -CH3 -OCH3 63.70 65.96 87.64 111.74 0.0028 0.0002 0.1572 0.9931
27 -CH3 -Cl 40.38 48.75 60.56 86.70 0.0001 0.0000 0.0000 0.1723
28 -CH3 -Br 69.58 79.32 94.45 92.97 0.0000 0.0089 0.0426 0.5252
29 -C2H5 -H 44.16 45.09 77.02 87.82 0.0000 0.0000 0.0150 0.2749
30 -C2H5 -OCH3 72.80 74.36 93.02 97.33 0.0112 0.0000 0.3659 0.9644
31 -C2H5 -Cl 66.03 79.80 85.35 86.52 0.0000 0.0102 0.0001 0.1001
32 -C2H5 -Br 58.80 58.13 85.41 111.86 0.0012 0.0000 0.0862 0.9742
33 -C3H7 -H 69.52 98.64 101.48 112.94 0.0000 0.9871 0.9979 0.1720
34 -C3H7 -OCH3 69.76 99.09 91.76 91.25 0.0000 0.9961 0.7629 0.4445
35 -C3H7 -Cl 26.90 68.60 92 97.79 0.0000 0.0003 0.7776 0.9773
36 -C3H7 -Br 32.85 48.06 77.12 89.86 0.0000 0.0000 0.0089 0.3313
37 -C4H9 -H 43.76 55.21 91.36 101.55 0.0000 0.0000 0.3874 0.9919
38 -C4H9 -Cl 89.88 81.38 94.29 110.80 0.0760 0.0021 0.6895 0.2854
39 -C4H9 -Br 62.15 88.91 100.98 101.15 0.0009 0.4355 0.9990 0.9993
40 -cyclohexyl -H 42.19 83.28 103.84 108.25 0.0005 0.8736 0.1878 0.9742
41 -cyclohexyl -OCH3 64.12 85.42 91.05 102.61 0.0000 0.0008 0.3503 0.9805
42 -cyclohexyl -Cl 63.80 82.62 97.92 105.45 0.0025 0.0498 0.9865 0.9742
43 -cyclohexyl -Br 68.96 80.98 88.39 93.54 0.0000 0.0001 0.1768 0.7885
44 -benzyl -H 89.26 95.42 104.85 99.40 0.0957 0.5882 0.3247 0.9979
45 -benzyl -OCH3 39.58 54.85 84.41 95.28 0.0000 0.0000 0.0585 0.9010
46 -benzyl -Cl 80.60 109.71 93.24 92.42 0.0700 0.3435 0.7116 0.9931
47 -benzyl -Br 79.31 85.37 91.90 91.11 0.0456 0.0000 0.2589 0.4536
48 -p-fluoro benzyl -H 59.55 92.02 92.69 93.24 0.0012 0.4955 0.6626 0.9979
49 -p-fluoro benzyl -OCH3 52.00 92.06 105.67 105.33 0.0000 0.0124 0.1202 0.7249
50 -p-fluoro benzyl -Cl 40.52 46.74 96.32 109.39 0.0000 0.0000 0.3942 0.3171
51 -p-fluoro benzyl -Br 45.69 46.37 97.05 106.44 0.0000 0.0000 0.5654 0.6023
52 -3,4-difluorobenzyl -H 73.53 92.77 85.60 101.92 0.0190 0.8907 0.3750 0.9918
53 -3,4-difluorobenzyl -OCH3 33.53 43.94 86.09 95.01 0.0000 0.0000 0.0748 0.8098
54 -3,4-difluorobenzyl -Cl 65.13 70.69 91.71 90.78 0.0000 0.0003 0.3661 0.4076
55 -3,4-difluorobenzyl -Br 66.23 75.12 93.55 95.20 0.0000 0.0009 0.5591 0.8262
56 -3,4-dichlorobenzyl -H 84.14 91.57 104.71 99.27 0.1014 0.6394 0.9074 0.9998
57 -3,4-dichlorobenzyl -OCH3 86.39 90.78 90.94 106.51 0.0110 0.2980 0.3872 0.8039
58 -3,4-dichlorobenzyl -Cl 73.06 72.70 100.18 115.78 0.0001 0.0022 1.0000 0.2061
59 -3,4-dichlorobenzyl -Br 81.31 71.81 94.90 100.67 0.0016 0.0018 0.7792 0.9997
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line that seemed to be affected the most by the compounds, whereas -Br
carrying R2 moieties on the Table 2 compounds were also observed to
have more effect on viability (Fig. A.2; Fig. A.3). After obtaining the
toxicity data, we continued with docking studies and transcriptomic

analyses in order to get an understanding on the mechanisms of action.

3.3. Molecular docking studies

Structurally related R1 groups with relatively high potencies were
taken into docking analyses. On the basis of the literature on indoles
and benzimidazoles as well as PCA clusters in this study, we primarily
focused on ERα, and assessed dockings of R1:p-fluorobenzyl derivatives
and 53. Compound based statistical comparisons between the cell lines
were also in accord with these observations (Fig. A.2). Our indole-
benzimidazole derivatives tended to exhibit increased affinity to ERα,
vEGFR2, and tubulin rather than the other ones which were discussed
in Section 2.3, such as Protein kinase C beta II, glycogen synthase ki-
nase 3, Platelet-derived growth factor receptor beta.
Based on the structural analysis (Fig. 5) ERα ligand binding domain

mainly consists of hydrophobic residues. Therefore, utilization of hy-
drophobic moieties such as indole and benzimidazole may play a key
role in inhibiting or activating this receptor. The binding mode of 4-
hydroxytamoxifen with ERα suggested that a hydrogen donator group
could be important for H-bond interaction with polar residue Gly521 in
this cavity. This interaction’s distance was 2.28 Å. In the literature,
these residues including Glu353, Arg394, Phe404 and Lys529 take part
in the modulation of this receptor. Hydrophobic interactions with
Phe404 and Trp383, H-bond interactions with Glu353 and Arg394, also
a salt bridge interaction with Asp351 are important according to both
bazedoxifene and 4-hydroxytamoxifen’s patterns [64]. List of molecular
properties and ERα docking energies for all compounds were given in
Table A. 10.
One of the prominent compounds that stood out in transcriptomic

analyses, compound 51, created halogen bond interactions with both
Glu353 and Arg394. In the case of the another potent ligand 53, Phe404
joins a Pi-Pi interaction with an indole ring while the sulfonyl group
acts as the hydrogen bond donor (Fig. 6). Both ligands have provided
necessary interactions in the reference study. Their energy values were
relatively close to that of standard compound bazedoxifene.

Fig. 2. Hierarchical clustering of anti-cancer activity of the novel indole-ben-
zimidazoles. Darker tones of blue indicate stronger inhibition of cell growth.
Euclidean distance and complete linkage were used for clustering (MATLAB®).

Fig. 3. Log10(IC50) based representation and comparison of R1 carrying derivatives (GRcalculator tool was used for this purpose and comparisons between all
derivatives versus p-fluorobenzyl substituted compounds were made with a built-in one-sided Wilcoxon rank-sum test).
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According to the glide docking score results in Table 4, compounds
48, 49 and 51 have exhibited favorable affinity value against ER when
compared with those against tubulin and vEGFR2.

3.4. Gene level alterations upon exposure to indole-benzimidazoles

3.4.1. Transcriptomics analysis of compounds 48–51 and 53
Based on Fig. 3, derivatives with p-fluorobenzyl and the structurally

related compound 53 represented strong candidates for understanding
the molecular mechanisms of action of the effective novel indole-ben-
zimidazoles. For that purpose, we initiated gene level analyses in a
parallel line with molecular docking studies. Limma analysis of ex-
pression data obtained upon exposure to compound 51 demonstrated
that MCF-7 transcriptome was significantly modulated leading to up-
regulation and downregulation of a considerable number of genes
(Fig. 7; Table 5).
Additionally, the STRING protein-protein interaction network and

KEGG pathway analyses for the compound 51 were implemented to
reveal various molecular pathways that might be involved in the anti-
cancer effects of the derivatives (Table A. 2). Accordingly, stress me-
chanisms, apoptosis and ferroptosis, as well as p53 and cellular sig-
naling via MAPK pathway, were observed in addition to the metabolic
process of aminoacyl-tRNA biosynthesis. List of these pathways were
also common when the gene signatures of the compounds 50, 51 and
53 are compared, confirming similarity of the derivative exposures on
molecular level (Table A. 3). In addition to that, overall comparisons
with all the microarrayed compounds together resulted in a relatively
limited set of mutual pathways such as cell cycle and DNA replication
(Table A. 4) which might be due to milder effects on the expression by

the compounds 48 and 49 at 20 μM. Candidate pathways as well as
dose-dependent effects were further taken into account in under-
standing the mechanisms of action of these derivatives. We compared
the expression profiles of compounds 48–49 with those of 50–51–53
showing that 553 genes were differentially expressed between these
two groups (adjusted p-value < 0.05). Pathway enrichment by
STRING – Reactome Pathways demonstrated that compounds
50–51–53 led to significantly more reduction in expression of genes
related with cell cycle and ESR1 signaling while increasing the stress
response in MCF-7 cells (Fig. A.5; Table A. 5).

3.4.2. LINCS analysis
Query of the top 150 up- and 150 down-regulated genes by 51

against a large collection of compounds, gene knockdown and gene
overexpression datasets obtained from MCF-7 cells was performed
using LINCS database and the most positively and negatively correlated
compounds were provided (Table 6; Table A. 6). Among the compounds
most similar to 51 were the inhibitors of various classes such as ER
antagonists, calcium channel inhibitors (niguldipine, an amino acid
(AA) response/integrated stress response activator [65]), tubulin and
microtubule inhibitors. Besides, three out of the top ten compounds also
were carrying indole or benzimidazole backbones. Interestingly, the top
compound oxindole-I and an ER antagonist, i.e., ZK-164015, were
among them. Many of the tubulin and microtubule inhibitors from this
analysis were also found to carry either an indole or benzimidazole
scaffold (Table A. 6).

3.4.3. Comparative transcriptomics
Comparative transcriptomics analysis of the selected indole-

Table 3
IC50 (μM) values and two-way ANOVA cell line specific p-value for each selected candidate tested on MCF-7, MDA-MB-231 and HEPG2 cells (NA: Unmeasurable IC50
values, ns: not significant).

Comp. IC50 Cell line effect Comp. IC50 Cell line effect

MCF-7 MDA-MB-231 HEPG2 p-value MCF-7 MDA-MB-231 HEPG2 p-value

23 42.9536 51.4043 47.9733 <0.0001 45 32.2849 22.3872 9.9540 <0.0001
27 5.71 NA NA <0.0001 46 43.4510 10.9396 89.54 < 0.0001
29 89.3305 NA 73.7904 <0.0001 48 27.2270 20.8450 78.70 < 0.0001
35 54.4503 126.7652 32.7341 <0.0001 49 39.5367 44.2588 41.11 < 0.0001
36 15.7398 49.8884 7.8163 <0.0001 50 18.0717 36.1410 58.6138 <0.0001
37 30.4089 66.6807 31.5500 0.3538 (ns) 51 35.1560 38.2825 17.2584 <0.0001
40 40.2717 76.9130 NA <0.0001 53 19.2309 NA 24.0991 <0.0001

Fig. 4. PCA representation on cell viabilities of the cell lines upon exposure to varying concentrations of novel derivatives.
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benzimidazoles was performed using public microarray datasets for AA
(–) and exposure to E2/SERMs or dioxin, an aryl hydrocarbon activator
known to be activated by plant-based estrogens [66–68]. This approach
has further demonstrated a pattern of inverse correlation with E2 and
positive correlations with SERMs, AhR/dioxin, and AA (–) signatures
(Fig. 8). AA deprivation was the most closely associated treatment
followed by dioxin and SERMs while indole-benzimidazoles formed the
tightest cluster. Our results showed that novel indole-benzimidazoles
exhibited transcript-level effects that were more pronounced than the
generic SERMs on reverting E2 driven expression modulation. Fur-
thermore, compounds 50, 51 and 53 were found in the same cluster
while compounds 48 and 49 formed another cluster which was placed
closer to the generic SERMs. In accord with this expression profile
based clustering, compounds 48 (R2: -H) and 49 (R2: -OCH3) had higher
IC50 values, thus lower drug effectivity than 50 (R2:-Cl), 51 (R2:-Br) and
53 (R1:3,4-difluorobenzyl; R2:-OCH3) (Fig. A.4).

Fig. 5. 2D diagram of aminoacid interactions of bazedoxifene with ERα ligand-binding domain. Hydrophobic interactions are shown as green, whereas the red line
represents Pi-cation interactions. H-bond interactions are depicted as purple. Red-blue represents salt bridge interaction.

Fig. 6. 2D interaction diagrams of the two most potent compounds against MCF-7 and in microarray analyses. Brown arrow indicates halogen bond interaction and
purple one indicate hydrogen bond interaction, whilst green line represents Pi-Pi steric interaction.

Table 4
Data showing the glide scores of microarrayed compounds against different
proteins.

Compounds ERα Tubulin vEGFR2 kinase
domain

48 −7.776 −5.851 −6.348
49 −7.726 −5.575 −6.786
50 Unsuccessful

binding
Unsuccessful
binding

−6.435

51 −7.802 −5.458 −6.131
53 −6.610 −5.662 −6.813
Vincristine – −8.1 –
Tivozanib – – −10.265
Bazedoxifene −9.852 – –
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To further investigate how expression profiles of novel indole-ben-
zimidazole compounds relate with those obtained from E2 exposure,
AA depletion and dioxin treatments, we performed KEGG pathway [69]
enrichment analyses using GSEA [70,71]. The numbers of significantly
affected genes between exposures to E2 and compound 51 were re-
presented using a Venn diagram and enriched pathways were indicated
(Fig. 9; p-value < 0.05 (compound 51 & E2)). According to the com-
parisons with E2 exposure in MCF-7 cells, the inversely associated
signaling pathways included upregulation of TGF-β pathway and
downregulation of DNA replication, cell-cycle, mismatch repair, pyr-
imidine metabolism, cysteine and methionine metabolism and spli-
ceosome pathways by the novel indole-benzimidazole compounds.
Mutually upregulated and downregulated pathways were provided in
Table A. 7. Interestingly, the downregulation of similar pathways, but
this time in the same direction, were observed in the comparisons
performed with 51 versus AA (-), whereas dioxin versus 51 revealed
involvement of steroid and amino acid related metabolisms, including
downregulation of E2 signaling pathway. Furthermore, the term “fer-
roptosis” was enriched in mutually upregulated pathways for both di-
oxin and AA (–) and 51 profile. Fisher’s exact tests showed significance
(Table A. 7).

3.4.4. Validation of molecular pathways by RT-QPCR in MCF-7 cells
High throughput comparative transcriptomic analysis led to the

identification of several pathways and genes whose expressions were
altered upon exposure to the novel derivatives as well as E2, one or
more SERMs, dioxin or AA depletion. For validation by RT-QPCR, we

identified multiple genes that were modulated by E2, dioxin or AA
deprivation and/or involved in cell cycle, integrated stress response,
and drug metabolism (Fig. 10).
Our findings first showed that minor structural differences could

contribute to detectable changes on the expression of the genes we
analyzed (Fig. 10; Table A. 8; Table A. 9). For example, the compounds
49, 50 and 51 have influenced CDKN1A expression remarkably, while

Fig. 7. Volcano plot of statistical significance against fold change between
control and compound 51 treated MCF-7 cells. 546 genes were statistically
altered more than two folds (adjusted p-value with FDR < 0.05).

Table 5
The top 10 significantly altered genes in compound 51 treated samples. Adjusted (Adj.) p reflects the FDR corrected p-value, calculated with limma.

Downregulated Upregulated

Gene Symbol LogFC p-value Adj.p value Gene Symbol LogFC p-value Adj.p value

FAM111B −3.46 1.38E−07 0.001 SLC7A11 4.5 5.09E−07 0.002
IGFBP5 −2.87 1.21E−06 0.002 FAM129A 3.78 2.84E−08 0.001
GRPR −2.8 4.62E−06 0.004 ERRFI1 3.4 6.66E−08 0.001
TARP −2.79 7.62E−07 0.002 MT1F 3.35 5.07E−07 0.002
GINS2 −2.62 7.15E−07 0.002 CLGN 3.35 4.34E−07 0.002
CCNE2 −2.52 4.74E−07 0.002 GDF15 3.33 6.56E−08 0.001
DTL −2.51 5.47E−07 0.002 CYP1A1 3.31 5.57E−08 0.001
MCM10 −2.37 6.26E−07 0.002 SLFN5 2.97 1.83E−07 0.001
UCA1 −2.3 1.71E−06 0.002 DDIT3 2.97 1.11E−06 0.002
IL20 −2.23 8.91E−07 0.002 ANXA3 2.96 1.39E−07 0.001

Table 6
Top 10 ranking compounds that possess transcriptomic similarity with 51 in
MCF-7 line. Compounds with either indole or benzimidazole moieties are given
with bold characters.

Rank Score Name Description

1 99.98 oxindole-I VEGFR inhibitor
2 99.98 niguldipine Calcium channel blocker
3 99.97 AG-592 Tyrosine kinase inhibitor
4 99.96 AG-879 Angiogenesis inhibitor
5 99.96 FCCP Mitochondrial oxidative phosphorylation uncoupler
6 99.96 ZK-164015 ER antagonist
7 99.96 reserpine Vesicular monoamine transporter inhibitor
8 99.96 PD-198306 MAP kinase inhibitor
9 99.96 CGK-733 ATR kinase inhibitor
10 99.96 suloctidil Adrenergic receptor antagonist

Fig. 8. Clustergram analysis of the pairwise-correlation between generic SERMs
and compounds 48, 49, 50, 51 and 53. The genes were selected with the p-
value (< 0.05) and log fold difference (> 1) cut-offs for compound 51. Ward
linkage and Euclidian distance were used for the clustering. Red indicates po-
sitive correlation while blue indicates negative correlation in between samples
on the heatmap.
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the compound 48 (R1: -H) was less effective. Moreover, compounds 51
and 53 caused significant decreases in ANLN expression and 48 and 50
were additionally more effective in altering the levels of WDHD1. In-
terestingly, GADD45A expression was modulated by compounds 48, 50
and 51 while compound 49 did not lead to overexpression of
GADD45A. Compound 53 containing 3,4-difluorobenzyl at R1 position
also induced CDKN1A and GADD45A expression while having reduced
expression of cell cycle related genes (at both ANLN and WDHD1).
Further taking GSE35428 and GSE7765 data into account, the ex-
posures to E2 and indole-benzimidazole were found to be inversely
associated implicating the derivatives investigated herein as E2 an-
tagonists. In addition to the E2 signaling, CYP1B1 and HMOX1 were
also upregulated by AhR agonist dioxin while changes in DDIT3,

SLC7A11 and HMOX1 were similarly affected by indole-benzimidazoles
and AA depletion which further suggested the involvement of multiple
mechanisms in compound responses. Later analyses, where we com-
pared gene expression levels of the primary E2 target genes, CCND1,
TFF1 and PGR, using different exposure concentrations (20 µM vs
40 µM), also presented additional confirmation on the dose-dependent
relationship between the derivatives and E2 signaling (Fig. A.6). Here,
only TFF1 gene represented a dose-dependent difference (p-value:
0.0207) whereas CCND1 and PGR did not (p-values: 0.6284 and
0.4252, respectively). Moreover, the microarray and RT-QPCR experi-
ments performed with doses of 20 µM and 40 µM respectively, had
shown that compounds 50, 51 and 53 yielded stronger effects on the
expression of these genes. However, a 40 µM exposure to 48 or 49

Fig. 9. KEGG pathway enrichment analysis
results for Compound 51 and (A) E2, (B)
Dioxin and (C) AA (–). Significantly en-
riched (p-value < 0.05) genes and related
pathways that are mutually affected are
depicted, especially for E2 comparisons.
Fisher’s exact p-values are (A) < 2.2e−16,
(B) 4.415e-05 and (C) < 2.2e−16.
Detailed list of enriched pathways (for A, B
and C) and the contingency table for the
comparisons are provided in Table A. 7.

Fig. 10. Validation of selected AhR/dioxin, in-
tegrated stress response/AA (–), and E2/SERM
modulated genes by RT-QPCR in MCF-7 cells ex-
posed to the compounds 48, 49, 50, 51 and 53 for
24 h at 40 µM. Relative quantity (RQ) values are
depicted in log2 and color scale (blue-to-red (ne-
gative-to-positive)). TPT1 is used as the house-
keeping gene; along the x-axes, the compound
names were given. Top annotation values are
gathered from three different public datasets and
our own microarray data; and log fold change va-
lues are represented for the corresponding genes in
a color scale (blue-to-red (negative-to-positive)
where gray points represent missing values due to
microarray platform used in aminoacid depletion
study. Exact log2 relative quantity values and sig-
nificance signs can be accessed in Table A. 8 and
Table A. 9. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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exhibited similar responses when compared with the other three mo-
lecules investigated, suggesting a dose-dependent increase in tran-
scriptional response.

4. Discussion

In the present study, we have synthesized and characterized a set of
novel indole-benzimidazoles carrying benzene sulphonyl structures, to
assess their cytotoxicity, structural affinity to potential targets (mainly
ER), molecular expression profiles and association with the regulators
of anticancer pathways. Accordingly, we found most of our compounds
significantly reduced the cell viability of ER+ MCF-7 cells, especially at
a concentration equaling to 40 µM. In addition, we have utilized dif-
ferent statistical tools to understand the structure-activity relationships
(SARs) better. For that purpose, we have analyzed our data using
ANOVA and multivariate techniques such as PCA and hierarchical
clustering which proved valuable to make distinctions among the
compounds with respect to dose, molecular group, and cell line dif-
ferences. Regarding the substitutions (Table 1 & Table 2), both R1 and
R2 groups were found to be important in altering the anticancer effect
of the indole-benzimidazole scaffold. However, there was a significant
interaction between these two groups of which future studies should
take into consideration.
Structurally related R1 group members (48, 49, 50 and 51) ex-

hibited single position changes yet showed differential anti-pro-
liferative activity on MCF-7 cells. In addition, this group had the lowest
average IC50 values when compared with the other molecule series
warranting further analyses. Our strategy also involved differential
expression profiling of MCF-7 cells exposed to compound 51 exhibiting
the lowest growth inhibition at 16 μM, along with compound 50, fol-
lowed by stringent transcriptomics comparisons across full series and
with an additional related compound 53 from R1:3,4-difluorobenzyl
group, exhibiting even stronger anti-proliferative effects towards E2
responsive cell lines. Future studies should consider extending the
above mentioned approach to other compound series and cell lines with
differing characteristics to better understand the molecular mechanisms
by which novel indole-benzimidazoles exert their effects.
The differences observed in cell viability profiles can be due to

multiple factors, such as the dose and/or tissue specificity (breast vs.
liver) as well as the cell line’s batch, molecular receptor status (e.g., ER
and AhR) and pathway activity (e.g., TP53 and AA (–) stress). For ex-
ample, compound 53, whose microarray-based molecular effects
(20 μM) closely resembling those of compounds 50 and 51 in MCF-7
cells, might lead to a different expression profile in the ER-/TP53 mu-
tant MDA-MB-231 cell line, exhibiting lower sensitivity to 53. On the
other hand, a compound which is similarly active in the breast cancer
cells based on IC50 values can be more active in another batch or type of
cancer cell line, as in the case of compound 51. In conclusion, although
our structural models have suggested potential affinity to ER for com-
pounds 51 and 53, a comparative transcriptomics approach further
demonstrated that downstream molecular effects of these novel indole-
benzimidazoles are likely to be driven via multiple routes/pathways
(e.g., AhR), and not just ER. This notion can further explain the ob-
served cell- and dose-dependent differences in anti-cancer activity.
Taking the docking results into account, one possible reason of the

higher activity shown by compounds 51 and 53′s could be the increased
amount of halogen bond (a type of H-bond) interactions. Also, the
presence of bromine group may enhance lipophilic characteristic of
indole moiety creating a more successful binding pattern. Therefore
compound 51 was elected as a possible candidate for future assessment
and pharmacokinetic development studies. Unsuccessful ER binding
profile obtained for the compound 50 was an unexpected case, con-
sidering its similarity to the compounds 51 and 53 based on the gene
expression and cytotoxicity results obtained. Although the situation
here is suggestive for alternative binding profiles towards ER or other
protein targets, such cases demand further re-evaluations, primarily in

silico. In addition, glide scores overall yielded positive results, even
though observed affinity levels were lesser in the derivatives than the
standard compounds, meaning that the derivatives had the tendency to
form stable ligand-protein complexes with ERα. Moreover, it was clear
that ERα might not be the only binding target of the derivatives, but
also some other proteins in inducing cell death. Nevertheless, in this
current study, in silico findings and literature investigations [72,73]
nominate ERα as the most favorable indole-benzimidazole target in
comparison to ERβ, tubulin and vEGFR.
Aside from docking studies, the expression profiling of compounds

48–51 (R1:p-fluorobenzyl; R2:-H, -OCH3, -Br, -Cl) and 53 (R1:3,4-di-
fluorobenzyl; R2:-OCH3) and comparative transcriptomics with public
datasets have significantly increased our understanding of the mole-
cular mechanisms mediating the effects of indole-benzimidazoles in ER
+ breast cancer cells. The use of comparative transcriptomics and RT-
QPCR analyses further validated and supported our findings.
Previously, altered expression of cell cycle, DNA replication, en-
doplasmic reticulum stress and DNA damage response-related processes
have been reported in MCF-7 cells when exposed to CTet, an indole-3-
carbinol derivative [74,75]. However, herein we, for the first time,
show significant and positive associations between the expression
profiles of indole-benzimidazoles and those of the selected ER antago-
nists, AhR agonist dioxin, and AA deprivation. Furthermore, these
comparative transcriptomics approaches implicate indole-benzimida-
zoles in simultaneous modulation of multiple cancer-relevant pathways
leading to a strong anticancer behavior in a dose-dependent manner,
where the effects were more profound for 50, 51 and 53 at 20 μM, than
the compounds 48 and 49.
STRING analyses have shown that stress mechanisms, aminoacyl-

tRNA metabolism and ferroptosis might be involved in these anti-cancer
effects. For instance, aminoacyl-tRNA metabolism can be driven by
steroids and sex hormones in breast cancer where the ER status of the
cancer matters in cell proliferation rate, in return [76–78]. In addition,
AA deprivation can affect the charging status of specific tRNA iso-
acceptor, underlying interaction between abundant amino acids in the
environment which further influences the efficiency of the translation
processes [79,80]. The transcriptomic similarity between our deriva-
tives and AA deprivation profiles further supports the involvement of
aminoacyl-tRNA biosynthesis pathway where ER modulation can in-
fluence this pathway. Interestingly, aminoacyl-tRNA metabolism and
AA signaling have regulatory roles also in ferroptosis which can further
explain the selected derivatives’ anti-cancer responses [81–83].
GSEA results also helped identify the conserved and associated al-

terations in the molecular/cellular pathways driven by 51 and E2, di-
oxin or AA (–) exposures. Results pointed to some shared mechanisms
among the treatments that have been previously indicated with cancers.
Among the associated pathways, TGF-β and cell cycle pathways have
been widely studied while pyrimidine metabolism is one of the path-
ways more recently gained attention in breast cancer therapy [84,85].
Inversely correlated signatures between E2 and AA(–) further under-
lined the close relationship between amino acid metabolism and ER
signaling [86]. Besides that, downregulation of ER signaling was a
mutual mechanism between 51 and dioxin exposures further under-
lying ER modulatory roles for the indole-benzimidazoles and AhR sig-
naling [66,68]. Moreover, aminoacyl and AA-related pathways, as well
as ferroptosis, were among the enriched terms across multiple dataset
comparisons strongly pinpointing crucial roles in the downstream ef-
fects of indole-benzimidazole derivatives.
Additionally, transcriptomic signature of the compound 51 had re-

markable similarities with certain LINCS database compounds that
were screened in MCF-7 cells. At the top of the most similar compounds
was a multitargeting compound oxindole-I, which also carries an indole
moiety and constitutes the pharmacophore of the drug sunitinib [87].
Derivatives of this compound have been found to be involved in gen-
eration of oxidative stress leading to cell death [88]. In support of that,
double-stranded RNA-dependent protein kinase (PKR) that mediates
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stress responses can be targeted by an imidazole-oxindole type deri-
vative (C16 compound) also mediating ferroptosis in the end [89].
Additionally, its derivative compound sunitinib shares similar features
on cell death with sorafenib, another known ferroptotic agent [90,91].
The presence of oxindole structure can also affect the aryl hydrocarbon
receptor which is in a strong relationship with stress pathways, fer-
roptosis, amino acid metabolism and ER signaling [92–96]. Tran-
scriptomic similarity with dioxin further supports the involvement of
this pathway and others in downstream effects of indole-benzimidazole
exposure. The second top hit compound, niguldipine, is a calcium
channel blocker that can lead to unfolded amino acid stress response
and ferroptosis [65,97]. One of the other top hit compounds were FCCP,
a mitochondrial oxidative phosphorylation uncoupler and again a fer-
roptosis inhibitor [98], and ZK-164015, an ER antagonist containing an
indole moiety. Moreover, the transcriptional profile of reserpine, an-
other indole carrying structure, which also strongly influences the Nrf2-
mediated anti-oxidative stress pathway [99] also has exhibited sig-
nificant similarity with compound 51. The presence of indole or ben-
zimidazole backbones in multiple ER modulators and tubulin inhibitors
strongly supported the notion for the involvement of tubulin related
mechanisms in response to indole-benzimidazole derivatives
[100–102]. Even though in silico docking results revealed low potency
of the derivatives in tubulin binding, actual binding and affinity profiles
should be further tested via in situ experiments.
In this study we have identified several effective novel indole-ben-

zimidazole compound series and found out that some bearing p-fluor-
obenzyl and alkyl groups on R1 were active at concentrations lower
than 40 μM. In addition, molecular profiling of five related compounds
with varying anti-proliferative efficacies enabled us to address the as-
sociation between levels of anti-proliferation and gene expression
modulation. Molecular pathways contributing to drug efficacy included
unfolded protein/stress response, cytosolic tRNA aminoacylation, ESR1
signaling and cell cycle. Accordingly the chemical structure of the re-
latively more active compounds 50, 51 and 53 could be used as tem-
plates for future designs.
Among the screened compounds, substitutions on R2 were restricted

to four bases only, and the alterations on R2 moieties were able to affect
the potency of R1 bearing scaffolds differentially, suggesting that a
wider scale of R2 based substitutions holds potential for improvements
in the activity levels. In addition to that, sulfonyl side chain groups
were limited with ethyl substitutions only. Therefore, applications of
other alkyl moieties as well as aryl groups demand further experiments
[103]. In addition, N-benzylation of the derivatives could also enhance
their activity levels [39].
Moreover, indole aryl sulfonamides are also known to act as ar-

omatase inhibitors in ER+ MCF-7 cell line [103]. Accordingly, our
novel compounds carrying these functional groups can exhibit similar
activity with steroid based aromatase modulators warranting further
study.

5. Conclusions

In conclusion, cellular, structural as well as comparative tran-
scriptomic approaches have enabled us to gather valuable insights into
the pharmacological action of the novel derivatives generated in this
study. Analyzing the lead compounds in detail we have identified their
antiestrogenic effects as well as novel mechanisms involving ami-
noacyl-tRNA metabolism, AA depletion mediated integrated stress re-
sponse, ferroptosis and AhR pathway, all of which have not previously
been assigned for indole-benzimidazoles. Our study has brought about
the possibility that the derivatives can also have the ability to target
multiple genes/pathways. Elucidation of the targets requires further
study including advanced modeling approaches and functional inter-
ventions at the molecular level.
Some important SARs emerging from the present study could also be

summarized as follows: indole-benzimidazoles that have either p-

fluorobenzyl or small alkyl groups at their R1 position in addition to
electron-withdrawing groups in R2 might have relatively more effective
anticancer activities. The compound 51 containing p-fluorobenzyl at R1
position and –Br at R2 position was one of the prominent compounds
against MCF-7 cells as validated by microarray analyses as well as
docking studies. Although the limited range of sample size and inter-
action between side-chain moieties obscure more definitive conclu-
sions, applied statistical approaches underline the nature of R1 and R2
groups and their effects on multiple cell lines. Therefore, not only p-
fluorobenzyl, but also difluorobenzyl (53), methyl (27) and propyl
substitutions (36) on R1 might warrant future studies where genotypes
of the samples and applicable doses should be taken into account.
Binding profiles of the derivatives also supported the notion that

there can be multiple targets involved in their cytotoxic action. As we
have seen here, the derivatives can play roles as SERMs, tubuline in-
hibitors, as well as modulators of amino acid metabolism, AhR sig-
naling, and ferroptosis. The relevance of these derivatives as significant
antiestrogen molecules demands functional investigations which will
clearly provide useful information in the therapy of breast cancer.
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