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Abstract   

 

KC-53 is a novel biyouyanagin analogue with anti-inflammatory and anti-viral 

activity. Here, we examined the anti-proliferative effects of KC-53 in 13 

representative human cancer cell lines, in normal peripheral blood mononuclear 

cells (PBMCs) and in immortalized cells. With detailed molecular probing we 

unraveled its molecular mode of action in the two most sensitive cell lines; HL-60 

and CCRF/CEM. The novel agent promoted rapidly and irreversibly apoptosis in 

both leukemic cell lines at relatively low concentrations (with an IC50 of ~2.3 μM).  

Apoptosis was characterized by an increase in membrane-associated TNFR1, 

activation of Caspase-8 and proteolytic inactivation of the death domain kinase 

RIP1 indicating that the KC-53 induced mainly the extrinsic/death receptor 

apoptotic pathway. Induction of the intrinsic/mitochondrial pathway was also 

achieved by Caspase-8 processing of Bid, activation of Caspase-9 and increased 

translocation of AIF to the nucleus. FADD protein knockdown restored HL-60 and 

CCRF/CEM cell viability and completely blocked KC-53-induced apoptosis. These 

data advocate the close correlation between the FADD/Caspase-8/RIP1 signaling 

axis and apoptotic effects of KC-53, which suggests being through activation of the 

TNFR1 death receptor initiated events. Furthermore, KC-53 administration 

dramatically inhibited TNFα-induced serine phosphorylation on TRAF2 and on 

IκBα, stabilizing the cytosolic IκBα-p65/NF-κΒ and hindering p65 translocation to 

the nucleus. Reduced transcriptional expression of pro-inflammatory and pro-

survival target genes, confirmed that the agent functionally inhibited the 

transcriptional activity of p65. Our findings demonstrate, for the first time, the 

selective anticancer properties of KC-53 towards leukemic cell lines and provide a 

detailed understanding of the molecular events underlying its dual anti-proliferative 

and pro-apoptotic properties. These findings are likely to provide new insights into 

the development of innovative death receptor-targeted therapies for the treatment 

of acute leukemia. 
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Περίληψη 

 

Το KC-53 είναι ένα νεοσυντιθέμενο biyouyanagin ανάλογο μόριο με γνωστή 

ισχυρή αντιφλεγμονώδη και αντιική δράση. Στην παρούσα εργασία, διερευνήσαμε 

την αντιπολλαπλασιαστική του δράση σε 13 αντιπροσωπευτικές ανθρώπινες 

καρκινικές σειρές, σε μονοπύρηνα κύτταρα περιφερικού αίματος (PBMCs) καθώς 

επίσης και σε αθανατοποιημένα κύτταρα. Με τη χρήση αναλυτικών και ποσοτικών 

τεχνικών αποκαλύψαμε μεθοδικά το μοριακό μηχανισμό δράσης του στις δύο  

λευχαιμικές σειρές, HL-60 (APL) και CCRF/CEM (ALL), οι οποίες παρουσίασαν τη 

μεγαλύτερη ευαισθησία στη δράση του μορίου. Η ουσία KC-53 προκάλεσε άμεσα 

και μη αναστρέψιμα επαγωγή της απόπτωσης και στις δυο κυτταρικές σειρές σε 

σχετικά χαμηλές συγκεντρώσεις (με IC50 ~2.3 μM). Η απόπτωση χαρακτηρίστηκε 

από αύξηση των μεμβρανικών επιπέδων του υποδοχέα του παράγοντα νέκρωσης 

όγκων, TNFR1, ενεργοποίηση της κασπάσης 8 και πρωτεολυτική απενεργοποίηση 

της κινάσης RIP1 υποδηλώνοντας ότι, το KC-53 επάγει την ενεργοποίηση του 

εξωγενούς μονοπατιού της απόπτωσης. Επιπροσθέτως, το KC-53 προκάλεσε την 

επαγωγή του ενδογενούς μονοπατιού της απόπτωσης μέσα από την 

ενεργοποίηση της κυτταροπλασματικής πρωτεΐνης Bid, της κασπάσης 9 και της 

μετατόπισης του παράγοντα επαγωγής της απόπτωσης, AIF από το 

κυτταρόπλασμα προς τον πυρήνα. Η καταστολή της έκφρασης του πρωτεϊνικού 

μορίου FADD στις σειρές HL-60 και CCRF/CEM, προκάλεσε την ανθεκτικότητα 

των σειρών έναντι της αντιπολλαπλασιαστικής δράσης του KC-53 και ανέστειλε 

πλήρως την αποπτωτική του δράση. Επιπροσθέτως, η χορήγηση του KC-53 

παρεμπόδισε  τη δράση του παράγοντα νέκρωσης όγκων, TNFα καταστέλλοντας 

συγκεκριμένα τη φωσφορυλίωση της πρωτεΐνης, TRAF2 και του αναστολέα του 

μεταγραφικού παράγοντα NF-κΒ, IκBα. Σαν αποτέλεσμα, ο NF-κΒ παραμένει 

προσδεδεμένος με τον αναστολέα του στο κυτταρόπλασμα και αδυνατεί να 

μετακινηθεί εντός του πυρήνα. Αυτό υποστηρίζεται και από την παρατηρούμενη 

μείωση των επιπέδων έκφρασης διαφόρων γονιδίων στόχων του  NF-κΒ  μετά 

από χορήγηση του KC-53. Συγκεντρωτικά, τα πειραματικά μας δεδομένα, 

παρουσιάζουν  για πρώτη φορά, τις αντικαρκινικές ιδιότητες του KC-53 μορίου και 

παρέχουν λεπτομερή περιγραφή του μοριακού μηχανισμού δράση του. Τα 

δεδομένα αυτά θα μπορούσαν μελλοντικά να χρησιμοποιηθούν στο σχεδιασμό 

νέων στοχευμένων θεραπειών για την καταπολέμηση συγκεκριμένων μορφών 

λευχαιμίας.   
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Chapter I: Introduction  

 

Leukemia  

 

Almost twenty years have passed since the cancer stem cell (CSC) model of 

carcinogenesis was engrafted for first time  in immune-deficient mice (Bonnet and 

Dick, 1997). Nowadays, the stemness of cancer cells tends to become the seventh 

hallmark of cancer (Hanahan and Weinberg, 2011). The model was demonstrated 

by Bonnet D. and Dick J.E. in xenotransplanted blood and bone marrow (BM) 

samples from patients with acute leukemia. According to this model, a unique 

clonal and mutated leukemic stem cell (LSC) population was sufficient enough to 

promote leukemic cells expansion. This model was based on the eminent 

association of hematopoiesis to the pathogenesis of hematological malignances 

(Bonnet and Dick, 1997).  

 

Hematopoiesis is one of the main vital process of our body that take place in BM. 

It is a tightly regulated and highly hierarchical process that balances self-renewal, 

differentiation, dormancy and proliferation of the progenitor cells. Hematopoiesis, 

begins with non-differentiated hematopoietic stem cells (HSCs) with self-renewal 

capacity and finishes with the highly-differentiated cells with no self‐renewal and 

limited proliferative capacity (Weissman et al., 2001, Goldsby et al., 2002). The 

daughter cells of HSCs, the common myeloid (CMP) and lymphoid (CLP) 

progenitor cells, are committed to any of the alternative differentiation pathways 

giving rise to all blood cells (Figure 1) (Mansson et al., 2007). The mature 

hematopoietic cells are divided into three main lineages, 

erythrocytes/megakaryocytes, lymphocytes and myelocytes (Goldsby et al., 2002).  

 

Erythroid cells are the oxygen carrying red blood cells and compromise a 

homogenous entity. Lymphocytes are the cornerstone of the adaptive immune 

response deriving from CLP. The lymphoid lineage is primarily composed of T-

cells and B-cells (white blood cells) and by Natural Killer cells (NK) and dendritic 

cells. Myelocytes are heterogeneous comprising many cell subsets. All cell types 

derive from CMP giving rise to the key players of innate immunity (intrinsic or 

natural immunity) which include granulocytes (basophil, neutrophil, eosinophil) and 
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monocytes. The latter, have the ability to further differentiate into macrophages 

and dendritic cells in peripheral tissues in response to inflammation signals. 

 

Hematopoiesis regulation involves cellular and environmental cues, including the 

activity of transcription factors, signaling cascades, and non-coding RNAs. 

Deregulation of hematopoiesis due to mutations in the regulating genes can result 

in hematological disorders characterized by impaired differentiation and/or 

increased proliferation (Rieger and Schroeder, 2012). Leukemia is the most 

commonly diagnosed hematological malignancy characterized by abnormal 

 

Figure 1. The multiple lineages of human hematopoiesis. HSC, hematopoietic stem 

cell; CMP, common myeloid progenitor; CLP, common lymphoid progenitor; MEP, 

megakaryocyte–erythroid progenitor; GMP, granulocyte-monocyte progenitor; TNK, T-cell 

and Natural Killer cell progenitor; BCP, B-cell progenitor. Modified from eBioscience.com. 
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neoplastic proliferation of the cells of the immune system. It is consider as a 

complex group of diseases where the abnormal cells accumulate in the BM, blood 

and/or lymphatic tissue interfering with the production and functioning of red cells, 

white cells and platelets. The malignant cells may be HSCs that have become 

leukemic by accumulating mutations or progenitors that have reacquired the stem 

cell capability for self-renewal (Ketley et al., 2000, Pui et al., 2008, Riether et al., 

2015). Leukemia is a heterogeneous disease in terms of phenotype, prognosis, 

progression, and response to therapy. The general mechanisms underlying 

leukemic transformation are starting to be well understood. The abnormal cells can 

spread to other parts of the body, including the skin, spleen, liver, brain, and spinal 

cord (Creutzig, 1996, Pui et al., 2008). Progressively the disease can lead to 

severe anemia, bleeding, an impaired ability to fight infections, or death (Creutzig, 

1996, Pui et al., 2008, Coombs et al., 2015).  

 

There are four main types of leukemia: acute lymphoblastic leukemia (ALL), acute 

myelogenous leukemia (AML), chronic lymphocytic leukemia (CLL), and chronic 

myeloid leukemia (CML). In 2014 it was estimated that approximately 

52,380 people were going to be diagnosed with leukemia. Of these, 36% was 

account to AML and 12% to ALL. The remaining 48% was account for other types 

of leukemia and lymphoma (data adapted from American Cancer Society; Cancer 

Facts 2014). Among adults, the most common diagnosed types are CLL (36%) 

and AML (32%). The reverse is true in children were, ALL accounts for the 

majority of leukemias. Approximately, three out of four childhood leukemias are 

ALL and the remaining cases are AML (Hunger et al., 2012, Asselin et al., 2013). 

ALL occurs most frequently in people under the age of 15 or over the age of 45 

while the incidence of AML gradually increases with age and peaks at the age >80 

years. ALL it is much more common in white children than among African-

American and Asian-American children, and it is more common in boys than in 

girls. AML occur almost equally in both sexes of all races (data retrieved from 

Leukemia and Lymphoma Society; Facts 2014-2015).   

 

Despite the fact that the overall survival rate of the patients with leukemia has 

dramatically increased the past decade, there is a need to discover more effective 

and specific therapeutic agents. The remarkable improvement in leukemia 

treatment is largely the result of chemotherapy. Research has led to the growing 
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understanding of the many subtypes of leukemias and necessity to introduce 

different therapeutic approaches based on the subtype. The short- or long-term 

side-effects caused by conventional therapies impose the discovery of new 

targeted drugs for the complete cure and remission of childhood leukemia. 

 

Acute Myelogenous Leukemia 

 

Acute myeloid leukemia is also called acute myelogenous leukemia, acute 

myeloblastic leukemia, acute granulocytic leukemia or acute non-lymphocytic 

leukemia. Is a diverse disease characterized by clonal expansion and/or 

differentiation of malignant cells arising from genetically altered LSCs or progenitor 

cells that form granulocytes and monocytes (Jabbour et al., 2006, Estey, 2012). 

These genetic aberrations lead to excessive proliferation, defective differentiation 

and resistance to apoptosis of leukemic cells (Ketley et al., 2000). AML is usually 

found in the BM and blood, but it can also spread to other parts of the body, 

including the brain and skin (Creutzig, 1996). Occasionally, leukemia cells can 

form solid tumor named myeloid sarcoma (Byrd et al., 1996). 

 

As a heterogeneous disease, AML might involve one or more differentiation paths 

and several stages of maturation resulting in many subtypes of the disease. Over 

the years, two main classification for AML have been defined. The earliest was 

designed by a French-American-British cooperative group (FAB) (Bennett et al., 

1985) and the later by World Health Organization (WHO) (Vardiman et al., 2009). 

Based on the FAB system classification, AML is classified in eight subtypes, M0 

through M7 (Bennett et al., 1976, Jabbour et al., 2006). Development of leukemia 

is analogous to normal hematopoiesis and leukemic cells can often be described 

based on their corresponding cell type in normal hematopoiesis (Figure 2).  

 

FAB classes were defined based on the maturation stage and differentiation path 

of the malignant cells without taking into account chromosomal or sub-

chromosomal abnormalities (Bennett et al., 1976). Thus, FAB classification only 

recognizes the morphologic heterogeneity of AML without reflecting the genetic or 

clinical diversity of the disease (Hassan et al., 1993). Researches continuous 

efforts uncovered that many cases of AML were associated with recurring genetic 

abnormalities that affect cellular pathways of myeloid maturation and proliferation. 
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In order to accommodate the body of new research, the WHO introduced a new 

classification of tumors of hematopoietic and lymphoid tissues (Sabattini et al., 

2010). This classification was designed to include all currently available 

information, including morphology, cytochemistry, immunophenotype, genetics, 

and clinical features (Vardiman et al., 2009, Vardiman, 2010). 

 

According to WHO classification AML was divided in four main categories; AML 

with recurrent genetic abnormalities, AML with multilineage dysplasia, AML with 

myelodysplastic syndromes and AML not otherwise characterize that is divided in 

nineteen sub-categories. Table 1 shows in comparison the AML classification 

based on FAB and WHO system. Nowadays, the extensive use of microarrays, 

proteomics and next-generation sequencing, allows to scientists to identify 

undifferentiated acute leukemias or acute leukemia entities expressing 

simultaneously several antigens (van Dongen, 1995, Casasnovas et al., 2003, Cui 

et al., 2004).  

 
     Table 1. AML classification based on FAB and WHO system 

Type FAB classification  WHO classification 

M0 AML minimally differentiated AML minimally differentiated 

M1 AML with minimal maturation Acute myeloblastic leukemia 
t(8;21)(q22,q22) 

M2 AML with maturation Acute myeloblastic leukemia t(6;9) 

M3 
Acute promyelocytic 
leukemia (APL) Acute promyelocytic leukemia t(15;17) 

M4 
Acute myelomonocytic 
leukemia (AMMoL) 

 Acute myelomonocytic leukemia 
 Myelomonocytic leukemia with bone 

marrow eosinophilia (M4eo) 

M5 
Acute monocytic leukemia 
(AMoL) 

 Acute monoblastic leukemia (M5a) 
 Acute monocytic leukemia (M5b) 

M6 
Acute erythroid leukemia 
(AEL) 

Acute erythroid leukemias, including 
 Erythroleukemia (M6a) 
 Very rare pure erythroid leukemia 

(M6b) 

M7 
Acute megakaryoblastic 
leukemia (AMKL) Acute megakaryoblastic leukemia 

M8 - Acute basophilic leukemia 
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Acute Promyelocytic Leukemia  

 

Acute promyelocytic leukemia is the second most frequently diagnosed subtype of 

AML compromising a distinct entity. Historically, this type of leukemia was 

considered to be  one of the most aggressive forms of leukemia with rapidly fatal 

progression and high incidence of early hemorrhagic death (Coombs et al., 2015). 

The APL phenotype is maintained by an increased proliferation of the 

promyelocytes (see Figure 2), as a result of the concomitant (i) inhibition of 

differentiation hindering progenitors to reach the post-proliferative stage and 

subsequently undergo apoptosis and (ii) by an aberrantly activated self-renewal 

capacity (Fenaux et al., 1997).  

 

What makes APL unique among other types of leukemia is the chromosomal 

translocation t(15;17) that is consider a specific cytogenetic marker for APL 

diagnosis (Puccetti and Ruthardt, 2004). The translocation leads to the formation 

of the PML (promyelocytic leukemia gene)-RARα (retinoic acid receptor α gene), 

leading to the formation of PML-RARα oncoprotein (Cantu-Rajnoldi et al., 1994). 

The functional PML is a growth suppressor protein that regulates cell cycle 

progression and induces programmed cell death. The RARα is a nuclear receptor 

which can also act as a transcription factor of genes that are important for the 

differentiation of immature promyelocyte. The RARα protein binds to specific 

regions of DNA and recruits various repressive proteins suppressing gene 

expression. In response to specific signals, the repressive proteins are removed 

and other proteins that induce gene transcription bind to the RARα promoting gene 

transcription leading to  cell differentiation (Pandolfi, 2001). 

 

The activity of PML-RARα was thoroughly investigated by numerous research 

groups in both in vitro and in vivo models (Grignani et al., 1993, Grisolano et al., 

1997). This chimeric transcription factor binds to the RA response elements 

(RARE) recruiting histone deacetylase (HDAC) and DNA methyltransferases 

(DNMT) to the promoter regions of target gene through a co-repressor mechanism 

(Lin et al., 1998, He et al., 1998, Carbone et al., 2006, Villa et al., 2006). The 

presence of RA causes allosteric modification in the PML/RARα, leading to the 

disassociation of co-repressors and the recruitment of co-activators (Pandolfi, 

2001). This results, in the transcriptional activation of genes controlling 
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differentiation and growth arrest.  In hematopoietic cell lines this leads to the 

blockage of apoptosis and to increased differentiation in response to retinoic acid 

(RA) (Grignani et al., 1993).  

 

Various data have shown that, upon RA administration, PML-RARα transgenic 

mice show a variable percentage of promyelocytes that respond to RA-induced 

differentiation (Grisolano et al., 1997, He et al., 1997). These data were surprising 

because based on the RARα protein rearrangement, in APL, one would have 

expected that RA will not be functional. This paradox was of importance as APL 

was the first leukemia in which therapies like all-trans retinoic acid (ATRA) and 

arsenic trioxide (ATO), target the underlying molecular lesion promote the 

induction of differentiation and apoptosis with promising clinical application (Sun, 

1993, Park, 2012). The advent of ATRA therapy has transformed APL from being 

a disease with a poor outlook to one of with most prognostically advantageous 

subset of AML.   

 

Figure 2. Schematic illustration of human hematopoiesis and the developmental 

stages of AML and ALL. Grey squares show progenitor cells without established 

differentiation. Blue and yellow squares indicate granulocytic and monocytic differentiation, 

respectively. HSC, hematopoietic stem cell; CMP, common myeloid progenitor; CLP, 

common lymphoid progenitor; GMP, granulocyte-monocyte progenitor; MEP, 

megakaryocyte-erythroid progenitor; MDP, monocyte-dendritic cell progenitor. 

 

ALL

AML

AML
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Other cytogenetics alterations that may be found in APL are the translocations 

t(11;17)(q23;21) which juxtaposes promyelocyte leukemia zinc finger gene, PLZF 

to RARα (PLZF-RARα) (Jansen and Lowenberg, 2001), the t(5;17) variant  that 

fuses the genes for nucleophosmin, NPM and the RARα (NPM-PARα) (Hummel et 

al., 2002), or sporadic translocations that affect the RARα locus (Hummel et al., 

2002, Puccetti and Ruthardt, 2004). The biological activities of these fusion 

proteins have not been completely elucidated. 

 

Acute Lymphoblastic Leukemia 

 

Acute lymphoblastic leukemia, also 

called acute lymphocytic leukemia or 

acute lymphoid leukemia, is a blood 

cancer that results when abnormal 

white blood cells accumulate in the BM 

(Pui et al., 2008). It  originates from 

progenitor cells that are committed to 

differentiate in the T-cell or B-cell 

pathway by mutations that impair the 

capacity for unlimited self-renewal leading to precise stage developmental arrest 

(Pui et al., 2008) (Figure 2). The cells implicated in ALL commonly have 

rearrangements in their immunoglobulin genes and express differentiation-linked 

cell-surface glycoproteins that largely found in immature lymphoid progenitor cells 

within the early developmental stages of normal T and B lymphocytes (Pui et al., 

2008). ALL progresses rapidly, replacing healthy cells that produce functional 

lymphocytes with malignant cells (Pieters and Carroll, 2010, Advani, 2013). 

 

ALL, as AML, is classified according to the maturation of the leukemic and by the 

type of lymphocyte (Amaki, 1982, Khalidi et al., 1999). Prior to 2008, subtyping of 

ALL was based on FAB classification in which, ALL was classified as: ALL-L1, 

ALL-L2 and ALL-L3 (Bennett et al., 1976). In 2008, the WHO divided ALL into 

three distinct categories based on the surface markers and recurrent genetic 

abnormalities of the atypical lymphocytes: Acute B lymphoblastic leukemia, Acute 

T cell leukemia and Burkitt’s lymphoma (Vardiman et al., 2009, Harris et al., 1999, 

Jaffe et al., 1999) (Table 2). The two main ALL subtypes, B lymphoblastic and T-

Table 2. ALL classification based on 
WHO system 
Type  

Acute B-lymphoblastic leukemia (B-ALL) 

 Acute precusor B-cell leukemia 

 Pre B-cell lymphoblastic leukemia 
 Acute T-cell leukemia (T-ALL) 

 Pre-T cell leukemia  

 T-cell ALL 

Burkitt’s lymphoma 
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cell, were earlier found within ALL-L1 and -L2 of the FAB classification (Bennett et 

al., 1976). Most people with ALL have the B-cell type and especially, precursor B-

cell. An additional form of ALL is a unique biphenotypic leukemia in which the 

blasts have features of both myeloid and lymphoid cells or of both B and T 

lineages (Mikulic et al., 2008).  

 

Pathogenesis  

 

For most types of leukemia, as for most types of solid tumors, the precise 

pathogenetic molecular events are still unknown. Only a few cases are associated 

with inherited genetic syndromes such as Down syndrome (Pastorczak et al., 

2011, Buitenkamp et al., 2014), or with excess exposure to ionizing radiation 

(Wakeford et al., 2010) or to specific chemotherapeutic drugs like alkylating agents 

(Davies, 2001) and topoisomerase II inhibitors (Ross, 1998) (therapy-related 

leukemia). During the past years, several models have been proposed regarding 

the origin of leukemia cells and the hierarchical nature of the disease has been 

generally established (Greaves, 2006, Roboz and Guzman, 2009, Huang and Zhu, 

2012). The common axis in these models is that, LCSs cells must first regain their 

stem cell capability before becoming tumorigenic. Once this has been 

accomplished, the LSCs or progenitor cells can be further transformed by 

accumulating genetic and epigenetic alterations (secondary or cooperating 

mutations). These alterations impair the normal function of specific genes resulting 

in the loss of programmed cell death and differentiation ultimately leading to the 

progression of fully malignant diseases (Figure 3).  

 

The constant and retrospective identification of leukemia-specific fused genes, 

mono- or hyper-diploids or rearrangements in the genome, established 

chromosomal abnormalities as a hallmark of leukemia pathogenesis (Machnicki 

and Bloomfield, 1990, Robinson, 2001, Cervera et al., 2010). Apart from 

chromosomal deviations, the molecular detection of gene mutations plays an 

increasingly important role in the classification, risk stratification, and management 

of leukemias (Mullighan, 2012, Hatzimichael et al., 2013, Wang et al., 2015). The 

following paragraphs describe the main cytogenetics and molecular genetics 

abnormalities found in ALL and AML leukemias.  
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Figure 3. Possible models of leukemogenesis. Despite the extremely heterogeneous 

nature of AML and less complex nature of ALL, the various subtypes seem to share 

common pathways leading to leukemogenesis. Both HSCs and progenitors cells (PC) are 

susceptible to genetic alterations that regulate self-renewal and differentiation. Precursor 

cells with a single mutation are called “pre-leukemic”. Upon secondary mutation(s) or 

epigenetic alterations precursor cells give rise to LSCs which gain the ability to 

differentiate generating leukemias. Modified by (Jordan and Guzman, 2004). 

 

Cytogenetics  

 

Chromosomal translocations (t) usually activate genes that are responsible for the 

expression of transcription factors (Tamai and Inokuchi, 2015). These transcription 

factors can exert negative or positive effects leading to aberrant expression of 

single gene products or unique fusion proteins (Pui et al., 2008, Tamai and 

Inokuchi, 2015). The leukemia-related fusion proteins function as aberrantly 

activated signaling mechanisms that directly interfere with the hematopoietic 

differentiation program (Zhu and Emerson, 2002). The t(8;21), is among the 

commonest rearrangements found in AML (Downing et al., 2000). This 

translocation involves the RUNX1 (Runt-related transcription factor 1, also known 

as AML1) on chromosome 21 and the ETO (or MTG8; myeloid translocation) 

ononcogene on chromosome 8 generating an RUNX1-ETO (formerly AML1-ETO) 

fusion transcription factor (Miyoshi et al., 1991, Tighe et al., 1993). The fusion 

protein RUNX1-ETO has been shown to directly up-regulate the expression of Bcl-

2 pro-apoptotic gene by binding to its promoter elements (Klampfer et al., 1996).  
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Less common translocations in AML include the 11q23/MLL (myeloid/lymphoid or 

mixed-lineage leukemia) rearrangements, the t(1;22) and the  t(15;17) that 

generates the PML-RARA fusion protein. Chromosomal rearrangements involving 

the MLL gene are associated with aggressive AML and ALL in infants and therapy-

related leukemia (Sachdev et al., 2015). The gene encodes a histone 

methyltransferase (HMT) and up to now, more than 100 different 11q23 

rearrangements have been reported and more than 60 MLL fusion partners genes 

have been cloned (Zangrando et al., 2009). The t(1;22) translocation results in the 

fusion of the OTT (or RBM15; RNA-binding motif protein 15) on chromosome 1 

and MKL1 (megakaryocytic leukemia 1, also known as MAL) on chromosome 22 

(Bernard et al., 2009). The OTT-MAL fusion gene was predicted to play important 

role in chromosomal organization, Hox-induced differentiation, and Ras signaling 

(Hsiao et al., 2005). This translocation is associated closely, if not exclusively, with 

AMKL and has been detected in up to one third of such childhood cases and 

occasionally in adult AML (Hsiao et al., 2005, Ravid, 2009). 

 

Chromosomal abnormalities, like monosomies 5 and 7 or 5q deletions, are present 

in only approximately 2% to 4% of AML casesin adults (Matsumoto et al., 2009, 

Wawrzyniak et al., 2013). The deletions in 5q have been associated with p53 

tumor suppressor gene loss or mutations and with poor prognosis (Hattori et al., 

2011, Sebaa et al., 2012). Genome-wide microarray studies have also identified 

novel sub-karyotypic abnormalities such is, the acquired uniparental disomy with 

high percentage rate (Gupta et al., 2008).  

 

Similar to AML, many of the chromosomal abnormalities in ALL result in alteration 

of the function of transcription factors critical for normal hematopoiesis. The most 

frequent cytogenetic abnormalities diagnosed in ALL are the ETV6-RUNX1 

(formerly known as TEL-AML1) and the BCR-ABL1 translocations (Mullighan et 

al., 2007, Mullighan, 2012). About 25% of cases of B-ALL, harbor the ETV6-

RUNX1 fusion gene generated by the t(12;21)(p13;q22) chromosomal 

translocation. This translocation leads to the formation of ETV6-RUNX1 fusion 

protein with transcriptional activity. Specifically, the ETV6 (DNA-binding protein 

kinase TEL1) moiety of the chimeric protein converts RUNX1 from an activator to 

a repressor transcription factor (Fenrick et al., 1999). This lead to the expansion of 
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B-cell precursors with altered self-renewal capacity, enhanced survival properties 

and impaired differentiation stages (Fischer et al., 2005, Torrano et al., 2011).  

 

The reciprocal translocation t(9;22)(q34;q11) is the most frequent chromosomal 

translocation identified in adult ALL. It links the ABL1 (Abelson murine leukemia 

viral oncogene homolog 1) gene to a part of BCR (breakpoint cluster region) gene 

producing the Philadelphia chromosome (Ph) (Li et al., 2014). The BCR-ABL1 

fusion protein differs from the normal ABL1 in its preferential location in the 

cytoplasm and its constitutively elevated serine/threonine kinase activity and 

GTPase-activating tyrosine activity leading to aberrant cell differentiation, 

proliferation, and survival (Klein et al., 2004b, Lucas et al., 2010). Albeit, Ph 

translocation is most commonly associated with CML (Aliano et al., 2013, Li et al., 

2014), it can also be found in ALL (Klein et al., 2004a, Nacheva et al., 2013) and 

sporadic in AML (Klein et al., 2004a, Tirado et al., 2010).  

 

In approximately 80% of Ph+-ALL the IKZF1 (Ikaros zing finger 1 transcription 

factor) gene is deleted of the cases (Mullighan et al., 2008). Interestingly, there is 

a high-risk subgroup of Ph--ALL that is characterized by IKZF1 deletion and has a 

genetic profile similar to that of cases with Ph+-ALL (Jia et al., 2014). Mullighan et. 

al., in search of activated tyrosine kinase signaling in these subtypes of ALL, 

managed to identify activating alterations in the Janus kinases (JAK1, JAK2, 

and JAK3) in approximately 10% of high-risk Ph--ALL cases (Mullighan et al., 

2009). The expression of BCR-ABL1 further results in the activation of multiple 

signal transduction pathways including the Ras-Raf-MAPK (mitogen activated 

protein kinase), leading to growth factor independent cellular proliferation 

(Piccaluga et al., 2007). It also enhances the survival of leukemic cells through the 

modulation of pro- and anti-apoptotic molecules (Piccaluga et al., 2007, An et al., 

2010). 

 

Molecular genetics 

 

Currently, various somatic genetic abnormalities exert important roles in 

leukemogenesis, and also have important prognostic and therapeutic implications 

(Breit et al., 2006, Mullighan et al., 2007, Gutierrez et al., 2009, Mullighan et al., 

2009). The excessive assessments of high-resolution analyses have led to the 
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detection of many novel genetic abnormalities (Mullighan et al., 2007, Toujani et 

al., 2009, Harvey et al., 2010, Fujiwara et al., 2014). The CEBRA 

(CCAAT/enhancer binding protein) and GATA2 genes are the two most well-

known genes found to be associated in leukemogenesis. Currently, these 

mutations have valuable diagnostic implications in the hereditary predisposition to 

AML and the  related myelodysplastic syndromes (Godley, 2014). Mutations in the 

CEBPA gene are present in 7 - 10% of human patients with AML (Kirstetter et al., 

2008). CEBPA is a key transcription factor regulating differentiation of several cell 

types, including myeloid precursors (Kirstetter et al., 2008, Ho et al., 2009). The 

end result of double or single allele mutations is that of a null phenotype or, loss of 

function (Kirstetter et al., 2008). Even so, no genetic models have been found 

explaining the etiological relevance of CEBPA with AML. GATA1 gene is critical in 

regulating the differentiation of hematopoiesis, particularly for the erythroid and 

megakaryocyte lineages (Ferreira et al., 2005, Crispino, 2005). Although mutations 

leading to truncated forms of GATA1 are not sufficient by themselves in causing 

leukemia, they have been established as a first genetic hit in the development of 

AML and particular AMKL (Crispino, 2005)  

 

In many leukemias activating mutations of several cytokine receptors have been 

shown to result in altered signal transduction, increased cell proliferation and 

chemoresistance (Kojima et al., 2010, Singh et al., 2011). The fms-like tyrosine 

kinase-3 (FLT3) is expressed in a large majority of ALLs, including 94% of B-

lineage and 32% of T-lineage ALL. The FLT3-internal tandem duplication (FLT3-

ITD) leads to constitutive receptor activation (Choudhary et al., 2005). FLT3-ITD is 

found in the 20% of young adult and over 35% of older AML patients (Meshinchi et 

al., 2006). Both, co-expression and activating, mutations on the FLT3 gene can 

constitutively activate downstream targets, including STAT (signal transducers and 

activators of transcription) (Mizuki et al., 2000) and Src non-receptor tyrosine 

kinases (Robinson et al., 2005) that regulate proliferation, differentiation, and 

survival. Small GTPases have also been found to be abnormally expressed in 

AML. N-Ras has been reported to be mutated in approximately 10% of children 

and up to 30% of adults with AML (Shih et al., 2008). These activating mutations 

most frequently involve single-base changes resulting in inhibition of GTPase 

activity.  
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Commonly detect mutations are also found in genes relating to cell survival and 

self-renewal molecular pathways including Notch signalling. Activating mutations 

that encompass Notch1 are widely expressed in T-ALL (Ferrando, 2009) through 

mechanism that remain unclear.  Experimental data obtained by in vivo studies 

suggest that the c-Myc oncoprotein is an important downstream mediator of the 

pro-growth effects of Notch signalling in thymocytes development (Sharma et al., 

2006, Weng et al., 2006, Herranz et al., 2014). The association of Notch1 gain-of-

function mutations in more than 50% of T-ALL with sustained c-Myc levels has led 

to functional screening for Notch1 inhibitors (Weng et al., 2004).  

 

Using SNPs arrays and other genome-wide platforms many novel genomic 

alterations have recently been identified. An example is the biallelic deletion or 

epigenetic silencing of the CDKN2A whose inactivation neutralizes p53 pathway in 

many cases of T- and B-ALL (Krieger et al., 2010). In pediatric ALL, deletions 

amplifications, point mutations, and other structural rearrangements have similarly 

been reported. These genes mainly encode regulators of B-lymphocyte 

development with Pax5 gene somatic mutations having the higher frequency 

(Mullighan et al., 2007). Deletions were also detected in other developmental 

genes, such as TCF3 (Transcription factor 3), EBF1 (Early B-cell factor 1), LEF1 

(Lymphoid enhancer-binding factor 1), PTEN (phosphatase and tensin homolog 

gene) and, RB1 (Retinoblastoma 1) (Mullighan et al., 2007).  

 

Hypermethylation of densely clustered cytosines (CpG islands) within the promoter 

region of silenced gene have been also identified in acute leukemias (Wouters et 

al., 2007). Few of the many examples include hypermethylation of the CEBPA 

gene, the tumor suppressor gene FHIT (fragile histidine triad) (Zheng et al., 2004), 

and cell-cycle regulatory genes, p73, p15, and p57 (Bueso-Ramos et al., 2005). 

These altered CpG methylation profiles seem to be associated with distinct 

subsets of adult AML (Marcucci et al., 2014). Presently, scientists are also 

focusing on microRNAs in an attempt to identify specific microRNA signatures 

associated with leukemia development, relapse and therapy (Velu et al., 2014, 

Sanghvi et al., 2014, Sakamoto, 2014, Pan et al., 2014, Nemes et al., 2015). Much 

attention is also given in xenobiotic metabolism and DNA repair pathways 

(Reikvam et al., 2015). Although the number of investigations and sample sizes 

are limited, data exist to support, among others, a possible causal role for 
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polymorphisms in genes encoding carnitine palmitoyl transferase 1a (CPT1a) 

(Ricciardi et al., 2015), cytochrome P450 (Su et al., 2015), glutathione S-

transferases (Das et al., 2009, Kassogue et al., 2014), XRCCs and XPD DNA 

repair enzymes (Sorour et al., 2013, Dincer et al., 2015).  

 

Treatment and therapy   

 

A common chemotherapy treatment for acute leukemias begins with induction 

(remission induction) followed by consolidation (post-remission) chemotherapy. 

Induction therapy involves treatment with a combination of drugs in order to 

eliminate the number of blasts in the blood and BM. Consolidation therapy is used 

to destroy any remaining malignant cells through either, additional chemotherapies 

or, stem cell transplantation (SCT).  

 

Cytarabine (Ara-C), a cytosine nucleoside analogue in combination with 

anthracyclines, doxorubicin (Dox) and daunorubicin has been an important part of 

AML treatment for many decades (Seval and Ozcan, 2015). Even after 40 years, 

no other therapy has replaced this combination, as it offers a 64 % complete 

remission (CR) rate (Hamadani and Awan, 2010, Dohner et al., 2010). Dose 

escalation (Pabst et al., 2012, Larson et al., 2012, Jin et al., 2015) and 

combinatorial studies of Ara-C with other chemotherapeutic agents like idarubicin, 

aclarubicin, and methotrexate (MTX)  (Larson et al., 2012, Holowiecki et al., 2012, 

Zhang et al., 2015) have been accomplished demonstrating significant 

improvement of CR and overall survival (OS) but with extensive hematological 

side effects. Allogeneic SCT is preferred for patients with adverse risk factors for 

relapse (Suciu et al., 2003, Shimoni and Nagler, 2005, Meijer and Cornelissen, 

2008).  

 

As previously stated, targeted chemotherapy is exclusive by applied in APL. 

Current standard induction therapy for APL is the vitamin A derivative all-trans 

retinoic acid (ATRA) in combination with anthracycline and/or cytarabine followed 

by consolidation and maintenance therapy with ATRA and MTX plus 6-

mercaptopurine (MP) (Avvisati et al., 2011). Clinical trials show CR rates of 90 – 

95% and ten years OS of up to 80% (Ades et al., 2010, Avvisati et al., 2011). 

Nonetheless, APL remains associated with a significant incidence of early death 
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caused primarily by severe bleeding. Early death, rather than resistant disease 

has emerged as the major cause of treatment failure (Coombs et al., 2015). 

 

Multidrug chemotherapy regimens including cyclophosphamide, Ara-C, vincristine, 

anthracyclines, steroids, asparaginase, MTX and MP are cornerstones in pediatric 

ALL therapy since the 80s. A different treatment regimen, named “HyperCVAD”, 

composed of hyperfractionated cyclophosphamide, vincristine, Dox and 

dexamethasone is typically used in adults, resulting in 40% long-term survival 

(Kantarjian et al., 2004). Remarkably, recent studies indicate a better outcome 

among adolescents and young adults when treated on pediatric protocols instead 

of adult protocols (Dombret et al., 2014). These studies have changed the current 

ALL treatment in adults, excluding older patients who are treated with less intense 

regimens. Allogeneic SCT is used only for ALL patients with high risk of relapse.  

 

In the recent future, the most promising treatment approaches for leukemia will be 

targeted molecular therapies similar to that of ARA. Investigations are focusing in 

the discovery of small inhibitory molecules of kinases FLT3 (Li et al., 2012, Ma et 

al., 2014) and mTOR (Chiarini et al., 2012, Daver et al., 2015),  CDK inhibitors 

(Baumer et al., 2014), heat shock protein (HSP) antagonists (Walker et al., 2013), 

inhibitors of γ-secretase (Okuhashi et al., 2010) or, proteasome inhibitors like 

Bortezomib (PS-341) that is currently approved as remedy for mantle lymphoma 

(Don and Zheng, 2011). Histone deacetylase inhibitors (HDACIs) like Vorinostat 

(SAHA) (Nimmanapalli et al., 2003, Song et al., 2014) and DNA demethylating 

agents including Decitabine (5-aza) (He et al., 2015, Kadia et al., 2015) are also 

under pre-clinical and clinical investigations for the treatment of AML and ALL. At 

present, both Vorinostat and Decitabine have been approved by the U.S. Food 

and Drug Administration (FDA) for the treatment of cutaneous T-cell lymphoma 

and myelodysplastic syndromes (MDS) correspondingly.  
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Programmed Cell Death – Apoptosis 

 

Apoptosis is the main form of programmed cell death (PCD) and has proven to be 

an evolutionarily conserved mechanism (Huang et al., 2000, Ouyang et al., 2012). 

It plays a multivital role in developmental biology, immunology, normal growth and 

homeostasis, ageing, and degenerative processes (Renehan et al., 2001). It can 

be easily distinguished by specific morphological and energy-dependent 

biochemical characteristics of dying cells including, cell shrinkage, extensive 

plasma membrane blebbing, phosphatidylserine externalization, nuclear 

condensation, chromosomal DNA fragmentation, and a number of intracellular 

substrate cleavages (Cohen, 1997, Renehan et al., 2001, Ouyang et al., 2012). 

 

Apoptosis occurs in three non-distinctive phases: induction, execution and 

degradation (Cohen, 1997, Renehan et al., 2001). The induction phase involves 

the initiation of pro-caspase cascades in response to several stimuli such as, DNA 

damage, physiological stress and inflammation, leading to exert production of pro-

apoptotic molecules. The execution phase is characterized by the mitochondrial 

outer membrane permeabilization (MOMP), cytochrome c and mitochondrial 

proteins release, and activation of proteases into the cytosol. The critical result of 

degradation phase is the various morphological changes that demonstrate the 

commitment to cell death (Takahashi and Earnshaw, 1996, Cohen, 1997). The 

final outcome of the apoptotic machinery culminates in the cleavage and 

fragmentation of DNA and the formation of apoptotic bodies (Savill and Fadok, 

2000).  

 

Molecular regulators of apoptosis 

 

Caspases are the key mediators of apoptosis. Once caspases are activated, there 

is an irreversible commitment towards cell death. Caspases, consist a family of 

cysteine aspartyl-specific proteases (Nunez et al., 1998). Thus far, in human, they 

have been identified ten major caspases. Based on their function and on which 

phase of apoptosis they are activated, caspases are categorized into:  initiator 

(Caspases 2, 8, 9 and 10), effector or executioner (Caspases 3, 6, and 7) and 

inflammatory caspases (Caspases 1, 4 and 5) (Tait and Green, 2010). Other 

caspases that have been recognized are, Caspase-11, which is reported  to 
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contribute to lethality in mouse models of sepsis (Jimenez Fernandez and 

Lamkanfi, 2015), Caspase-12, which can mediate endoplasmic-specific apoptosis 

(Szegezdi et al., 2003), Caspase-13, which has been found to be expressed only 

in cattle (Koenig et al., 2001), and Caspase-14, which is highly expressed in 

embryonic tissues and appears to be important for keratinocyte terminal 

differentiation (Eckhart et al., 2000).  

 

Caspases are synthesized as inactive pro-enzyme (zymoge/pro-caspase) 

containing an N-terminal prodomain followed by a C-terminal catalytic domain 

(Thornberry, 1998). The catalytic domain is a heterodimer compromised by a large 

subunit of 17 - 21 kDa and a smaller subunit of 10 - 13 kDa (Figure 4) (Thornberry, 

1998, Tait and Green, 2010). Initiator caspases have longer prodomain than 

effector caspases and their activation depends on conserved motifs within this 

domain. Caspases -9 and -2 have a caspase activation and recruitment domain 

(CARD) while, Caspase-8 has a death effector domain (DED) both of which, 

enable the interaction with molecules that regulate their activity (Thornberry, 

1998). Initiator caspase activation involves dimerization of the inactive monomers 

followed by interdomain cleavage (autoproteolysis) (Tait and Green, 2010). 

Executioner caspases are present as inactive dimers in cells and are becoming 

enzymatically active upon cleavage by active initiator caspases (Figure 4).  

 

All caspases can cleave substrates in a highly specific manner after the Asp 

residue in short tetrapeptide motifs (Thornberry et al., 1997). The collection of 

initiator caspase substrates is limited and includes self-cleavage, BCL-2 homology 

3 (BH3)-interacting domain death agonist (BID) and executioner caspases. By 

contrast, executioner caspases cleave hundreds of diverse substrates that 

ultimately cause the morphological and biochemical changes observed during 

apoptosis (Degterev et al., 2003). Initiator caspases, also respond to distinct 

stimulus. Caspases, -2 and -9 respond to changes in mitochondrial potential, 

whereas Caspase, -8 and -10 sense activation of death receptors (DRs).  

 

The executor Caspase-3, is considered to be the most active effector caspase 

where it is processed and activated by any of the initiator caspases. Caspase-7 

can be activated only by Caspase-9 while Caspase-6 is a downstream substrate of 

Caspase-3 (Cullen and Martin, 2009). Cleavage of specific substrates by 
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Caspases -3, -6 and -7  has the effect of either, activating effector molecules or, 

triggering characteristic structural changes observed in apoptotic cells (Porter and 

Janicke, 1999). For instance, Caspase-3 can specifically activates the 

endonuclease CAD (caspase-activated DNase) that cleave DNA promoting DNA 

degradation and chromatin condensation (Sakahira et al., 1998, Porter and 

Janicke, 1999). Other substrates of effector caspases include PARP-1 (poly-

ADPribose polymerase-1), alpha-Fodrin, nuclear protein NUMA and cytokeratins 

(Slee et al., 2001).  

 

 
Figure 4. The initiator and executor caspases of apoptosis. (a) Inactive caspases 

(pro-caspases) composed of an N-terminal prodomain and a C-terminal catalytic domain 

that is comprised by a p20 large subunit and a p10 small subunit. (b) The prodomain of 

the initiator caspases contains motifs that enable the interaction with other regulatory 

molecules (i.e. Fas-associated death domain, FADD). These molecules respond to stimuli 

that cause the clustering of the initiator caspase and their autoproteolysis, so that they can 

proceed to activate the effector caspases. Adapted from (Tait and Green, 2010). 

 

PARP-1 is one of the first substrates cleaved by Caspase-3 and Caspase-7 during 

the early stages of apoptosis (Kaufmann et al., 1993).  It is an abundant nuclear 

protein essential for initiating various DNA repair mechanisms (Langelier et al., 

2012). PARP-1 is a 116 kDa protein that contains three main functional domains; 

an amino-terminal DNA-binding domain, a central automodification domain and 
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the C-terminal catalytic domain. DNA single-strand and double-strand breaks in 

cells are recognized by PARP-1 enzymes which are rapidly recruited to the 

damage site to regulate the process of autoPARylation. PARP-1 activation results 

in the synthesis of PAR (poly(ADP-ribose) polymers and enrolment of other repair 

enzymes (i.e. histones, DNA polymerases, topoisomerases, DNA-ligases) that 

bind to DNA strand breaks and reseal or repair the damage (Ko and Ren, 2012). 

Through this process, PARP-1 does not only regulates DNA cellular repair but also 

other cellular activities including gene transcription, DNA replication, protein 

degradation, cytoskeleton organization and many others (Ko and Ren, 2012). 

During the execution phase of apoptosis, PARP-1 is proteolytical inactivated by 

Caspase-3 and -7 by cleavage into a 25 kDa N-terminal and 89 kDa C-terminal 

fragment (Soldani and Scovassi, 2002). This eliminates PARP-1 activation in 

response to DNA damage-fragmentation during the early stages of apoptosis and 

helps commit cell to the apoptotic pathway.    

 

Apart from caspase-dependent programmed cell death (CD-PCD), researchers 

have discovered a specific type of apoptosis independent of caspases activation 

(CID-PCD). This type of programmed cell death is triggered by the involvement of 

specific mitochondrial factors that are released from the mitochondrial 

intermembrane space (MIS) to the cytoplasm. Apoptosis-inducing factor (AIF) 

(Cande et al., 2002) and Endonuclease G (EndoG) (van Loo et al., 2001) are two 

of the well-known mediators of CID-PCD. Reactive oxygen species (ROS), have 

also been reported to contribute to CID-PCD (Circu and Aw, 2010). ROS can 

induce irreversible and intensive oxidative modifications of lipid, protein, or DNA 

promoting cell death (Zong and Thompson, 2006). The excess mitochondrial ROS 

production is a result of extensive mitochondrial electron transport and is a feature 

commonly observed in dying cells (Zong and Thompson, 2006). 

  

AIF is a flavoprotein with NADPH oxidase and NADH reductase activities (Cande 

et al., 2002). It is synthesized as a non-apoptogenic precursor in the cytosol and 

efficiently imported into the MIS. During apoptosis, the mature form of AIF (57 

kDa) is generated by removal of the amino-terminal mitochondrial targeting 

sequence by Calpains (calcium-activated cysteine proteases) and Cathepsins 

(lysosomal proteases) and becomes potentially apoptogenic (Susin et al., 1999, 

Lorenzo and Susin, 2007). Following MOMP, AIF is released form the MIS and 
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translocates to the nucleus, where it induces peripheral chromatin condensation 

and large-scale (50 kbp) DNA fragmentation through mechanisms that remain to 

be clarified (Daugas et al., 2000). Although AIF is a CID death effector, evidence 

shows a crosstalk between AIF and caspase cascade at several levels. 

Particularly, it has been shown that, when caspase activation occurs early during 

apoptosis, the release of AIF is secondary to the activation of Caspases-2 (Lassus 

et al., 2002), or Caspase-8 (Susin et al., 1999), or to cytochrome c release (Susin 

et al., 1999). Therefore, AIF and caspases may cooperate in apoptosis execution 

depending on the specific apoptosis-inducing stimulus (Cande et al., 2002). 

EndoG, is another important mitochondrion-specific nuclease that translocates to 

the nucleus during apoptosis. Once released from mitochondria, EndoG cleaves 

chromatin DNA into nucleosomal fragments (180 kbp) independently of caspases 

(Li et al., 2001). In addition, EndoG was found to play important role in 

mitochondrial DNA replication and was proven to be released along with 

cytochrome c (Cote and Ruiz-Carrillo, 1993). 

 

The Bcl-2 family is comprised of evolutionary related proteins and important 

regulators of apoptosis. These proteins govern MOMP and can be either pro-

apoptotic or anti-apoptotic. Some of the anti-apoptotic proteins include Bcl-2, Bcl-

x, Bcl-xL, Bcl-XS, Bcl-w, BAG, and some of the pro-apoptotic proteins include Bcl-

10, Bax, Bak, Bid, Bad, Bim, Bik, and Blk (Ola et al., 2011). These members are 

classified on the basis of structural similarity to the Bcl-2 homology (BH) domains 

(BH1, BH2, BH3 and BH4), and a transmembrane domain. The BH3 domain exist 

in all members and is essential for their heterodimerization while is the minimum 

domain required for the pro-apoptotic function (Hosseini et al., 2013). 

 

The balance between anti- and pro-apoptotic members is important because it 

determines whether the cell will commit to apoptosis or will abort the process. 

Following a death signal, pro-apoptotic proteins are activated through post-

translational modifications (i.e. phosphorylation, dephosphorylation, cleavage) 

leading to their translocation to mitochondria, from which apoptosis can be initiated 

(Shamas-Din et al., 2011). It is believed that, the main mechanism of action of the 

Bcl-2 family of proteins is the regulation of cytochrome c release from the 

mitochondria via alteration of MOMP and secondly mitochondria derived activator 

of caspases including initiator Caspase-9 (Engel and Henshall, 2009, Ola et al., 
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2011). Specifically, it has been shown that Bcl-2 and Bax interact with proteins of 

the mitochondrial permeability transition (PT) pore complex (Narita et al., 1998). 

The opening of the PT pore or translocation of Bax-like proteins from the cytosol to 

the mitochondrion cause the release of IMS proteins. Several studies have 

demonstrated that these proteins can interact with each other and these 

interactions can neutralize their pro- or anti-apoptotic functions. For instance, Bid 

and Bim are termed activator BH3-only proteins, as they directly induce Bax/Bak-

dependent MOMP (Kim et al., 2006).   

 

The tumor suppressor protein p53 (TP53) is an important pro-apoptotic factor. 

Under normal conditions p53 is a short-lived protein sequestered in the cytoplasm 

in complex with its inhibitor, HDM2 (Moll and Petrenko, 2003). In response to 

genotoxic damage, p53 translocates from the cytoplasm to the nucleus and arrests 

progression of the cell cycle in G1 and/or G2M phase (Jin and Levine, 2001). If the 

DNA damage cannot be repaired, the cell undergoes apoptosis. Even though the 

exact apoptotic mechanisms of p53 have not been completely clarified, p53 

appears to govern apoptotic signals received by the mitochondrial (Schuler and 

Green, 2001). Interestingly, p53 was found to interact with the Bcl-xL and Bcl-2 

proteins promoting MOMP, and therefore cytochrome c release (Mihara et al., 

2003). p53, also promotes the expression of pro-apoptotic regulators such as 

members of the Bcl-2 family (i.e. Bid, Bax, PUMA, Noxa) (Moll and Petrenko, 

2003, Day et al., 2008), the TNF-related apoptosis-inducing ligand (TRAIL) (Wu et 

al., 1997) and the apoptotic peptidase activating factor 1, Apaf-1 promoting the 

formation of apoptosome (Fortin et al., 2001, Schuler and Green, 2001). 

Interestingly it has been proven that, p53 can boost the activation of the caspase 

cascade by both transcription-dependent (MacLachlan and El-Deiry, 2002) and –

independent (Ding et al., 1998, Varfolomeev et al., 1998) mechanism.  

 

Apoptotic pathways  

 

The mechanisms of apoptosis are highly complex and sophisticated, involving a 

sequence of molecular events. The two major cellular death pathways that 

transduce the effects of various death inducers are the extrinsic or death receptor 

pathway and the intrinsic or mitochondrial pathway (Elmore, 2007). Both the 
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extrinsic and intrinsic pathways converge on the same terminal, the execution 

phase.  

 

Extrinsic pathway 

 

The extrinsic signaling pathway involves death receptors (DRs) that are members 

of the tumor necrosis factor receptor (TNFR) gene superfamily (Locksley et al., 

2001, Wiens and Glenney, 2011). The members of this family share similar 

cystein-rich extracellular domains and are uniquely characterized by the presence 

of an 80 amino acid motif in their cytoplasmic C-terminal region, namely death 

domain (DD) (Ashkenazi and Dixit, 1998). DD is crucial for transmitting apoptotic 

or other signals from the cell surface to the intracellular signaling pathways. The 

most well-characterized human DRs and their cognate ligands include; Fas/FasL, 

TNFR1/TNFα, DR3/TL1A, DR4/Apo2L (TRAIL), and DR5/Apo2L (TRAIL) 

(Ashkenazi and Dixit, 1998, Gonzalvez and Ashkenazi, 2010) (Figure 5). They 

have also been identified three ‘decoy’ receptors that are unable to transmit 

apoptotic signals, namely, DcR1, DcR2 and DcR3 (Liu et al., 2003, Rizzardi et al., 

2009). DcR1 is anchored to the plasma membrane through a glycophospholipid 

moiety and lacks an intracellular domain, DcR2 is a transmembrane protein 

harboring a truncated, nonfunctional DD, whereas DcR3 is a soluble protein which 

contains no transmembrane domain (Yu et al., 1999, Gonzalvez and Ashkenazi, 

2010). Decoy receptors were found to inhibit apoptosis by compete for binding to 

other DRs. More specifically, DcR -1 and -2 compete with DR4 and DR5 for 

binding to TRAIL whereas, DcR3 compete with Fas and DR3 for the binding of 

TLI1A (Yu et al., 1999, Gonzalvez and Ashkenazi, 2010). 

 

Upon ligand binding, adapter proteins with corresponding DD are recruited to the 

cytoplasmic domain of the receptors. Ligand engagement typically causes the 

association of adaptors proteins such as Fas-associated DD protein (FADD) 

(Wajant, 2002, Villa-Morales and Fernandez-Piqueras, 2012). FADD then 

associates with inactive procaspase-8 via a shared DED leading to the formation 

of the death-inducing signaling complex (DISC) and resulting in the auto-catalytic 

activation of procaspase-8 (Kischkel et al., 1995). Once Caspase-8 is activated, 

the execution phase of apoptosis is triggered (Figure 6).  
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Figure 5. Death receptors and their ligands. DRs belong to the TNFR superfamily. 

They contain cyteine-rich extracellular domains and have a cytoplasmic domain of about 

80 amino acids called death domain (DD). The best-characterized ligands and 

corresponding death receptors include; FasL/Fas, TNFα/TNFR1, TL1A/DR3, Apo2L/DR4 

and Apo2L/DR5. The decoy receptors (DcRs) are non-signaling members of the TNFR 

superfamily that compete with DRs for ligand binding. Modified by (Gonzalvez and 

Ashkenazi, 2010).  

 

Intrinsic pathway  

 

The intrinsic signaling pathway involves a diverse array of non-receptor-mediated 

stimuli. These stimuli produce intracellular signals that may act in either a positive 

or negative way. Negative signals involve growth-factor deprivation, hormone and 

cytokines that suppress death programs. Stimuli that act in a positive manner 

include UV radiation, hypoxia, toxins, viral infections, DNA-damage and free 

radicals. The intrinsic pathway is regulated by Bcl-2 family proteins. The anti-

apoptotic Bcl-2 proteins are inhibited by the pro-apoptotic members of the family 

like PUMA and Bid in response to an intrinsic signal. This results in Bax and Bak 

oligomerization, leading to MOMP and the release of second mitochondria-derived 

activator proteins from the IMS into the cytosol (Saelens et al., 2004, Ouyang et 

al., 2012). These proteins include the cytochrome c, Smac/DIABLO, and the 

serine protease HtrA2/Omi (Garrido et al., 2006, Moffitt et al., 2010). The released 

of cytochrome c, along with apoptosis protease activating factor-1 (APAF-1) and 

procaspase-9, form the apoptosome. Within the apoptosome, clustered 
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procaspase-9 gets activated and cleaves downstream effector caspases, leading 

to the hallmark of apoptosis (Brunelle and Letai, 2009, Moffitt et al., 2010) (Figure 

6). The release of Smac/DIABLO from the mitochondria promotes apoptosis by 

binding to and neutralizing members of the family of inhibitor of apoptosis proteins 

(IAPs) (Schimmer, 2004).  

 

The crosstalk between the extrinsic and intrinsic pathways  

 

The crosstalk between the two pathways can be observed at both the execution 

and initiation level, facilitating in the enhancement of the apoptotic outcome of the 

two pathways. Agents or stress-inducers can sensitize cells to DR-induced 

apoptosis or the opposite, death signals may enhance cells sensitivity to 

mitochondrial-mediated apoptosis (Soderstrom et al., 2002, Metkar et al., 2003, 

Shankar and Srivastava, 2004, Cuello et al., 2004). Based on the requirement of 

the intrinsic pathway for apoptosis induced by DRs, cells can be divided into type I 

and type II cells (Scaffidi et al., 1998, Abdulghani and El-Deiry, 2010). In type I 

cells, activated Caspase-8 is sufficient enough to direct activate the effector 

caspases and lead to the execution of apoptosis. In type II cells, only a small 

amount of FADD and Caspase-8 are recruited to DISC and, as a result, activated 

Caspase-8 is insufficient and requires the involvement of mitochondria to finally 

induce apoptosis. Under these circumstances, the BH3-only protein, Bid, is 

cleaved by Caspase-8 which results in its activation - truncated Bid (tBid), and 

mitochondrial translocation (Figure 6) (Luo et al., 1998, Li et al., 1998). tBid, then 

interacts with Bax/Bak proteins increasing the release of cytochrome c from the 

mitochondria (Gonzalvez et al., 2010, Schug et al., 2011).  

 

The cellular-FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein (c-

FLIP) was found to play an important role in the classification of type I or II cells. c-

FLIP is a protein that is homologous to caspase-8 that is recruited to the DISC and 

inhibits the processing and activation of procaspase-8 (Safa, 2012).  When the 

long isoform (c-FLIPL) of the protein exists in high levels, c-FLIP exerts anti-

apoptotic effects at the DISC while, when present in low levels, promoting 

apoptosis (Krueger et al., 2001, Chang et al., 2002).  
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Figure 6. An overview of the extrinsic and intrinsic apoptotic pathways. In the 

extrinsic pathway, binding of ligands to DRs leads to the recruitment of FADD. 

Procaspase-8 binds to FADD leading to DISC formation. Activated Caspase-8 directly 

activates executioner caspases (Caspase, -3, -6, and -7) (type I cells) and/or cleaves Bid 

(type II cells). Translocation of the tBid to the mitochondria promotes the assembly of 

Bax/Bak that further enhances apoptosis. When c-FLIP levels are elevated in cells, 

Caspase-8 recruits c-FLIP to form a Caspase-8/c-FLIP heterodimer which does not trigger 

apoptosis. In the intrinsic pathway, Bax/Bak translocation to the mitochondria promotes 

MOMP. This induces the release of proteins Smac/DIABLO which promotes apoptosis by 

binding to and antagonizing IAPs. Cytochrome c is released into cytosol and, in 

combination with Apaf-1 and Caspase-9, forms the apoptosome. Active Caspase-9 

initiates a proteolytic cascade of effector caspases activation that leads to morphological 

hallmarks of apoptosis. DNA damage can also promote activation and expression of p53-

dependent genes such as PUMA and Noxa, which can bind to anti-apoptotic proteins Bcl-

2/Bcl-xL, thereby opposing their effect. Modified by (Goncharenko-Khaider et al., 2013). 
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Deregulation of apoptosis in leukemia 

 

The hematopoietic system is particularly sensitive to deregulation of apoptosis as 

LSCs go through a high turnover rate. Therefore, these cells have to sustain a 

tight balance between cell apoptosis and proliferation. Alterations in gene 

expression or protein activation affect this balance, leading to accumulation of 

leukemic cells. Consistent with this notion, over-expression of Bcl-2 (Nuessler et 

al., 1999, Mehta et al., 2013) and deletions or mutations of p53 (Wattel et al., 

1994, Melo et al., 2002) common in AML and ALL, resulting in resistance to drugs 

that induce apoptosis through the intrinsic pathway.  

 

Deregulation of Bcl-2 family members plays an important role for the 

transformation of myeloid cells. Bcl-2 gene can accumulate somatic mutations in 

one or both alleles, and is also involved in chromosomal translocation that result in 

elevated levels of Bcl-2 mRNA and protein production (Kitada et al., 2002). 

Activating mutations by retroviral integration in the Bcl-xL gene have also been 

reported in AML and T-ALL (Noronha et al., 2003, Addeo et al., 2005). 

Experimental results from these studies suggest that elevated levels of Bcl-2 

protein expression may be associated with adverse clinical outcome; reduced 

rates of CR and shorter disease OS for some groups of patients with CLL and 

AML (Nuessler et al., 1999, Kitada et al., 2002, Mehta et al., 2013). In addition to 

the BCL-2 family proteins, apoptosis is often disturbed through upregulation of 

IAPs. Changes in expression levels of IAPs are due to chromosomal translocation, 

mutations, amplifications, or loss of endogenous inhibitors (Smolewski and Robak, 

2011). Gene expression signatures that included c-IAP2 were correlated with poor 

OS in newly diagnosed AML patients while, in childhood de novo AML, high XIAP 

expression was found to be an unfavorable prognostic factor and was also 

associated with poor response to chemotherapy in pediatric T-ALL (Fulda, 2012, 

Fulda, 2014) .  

 

Although p53 mutations occur in only 10 - 15% of AML cases, they are associated 

with the most aggressive disease courses and drug resistance (Abdel Hamid et 

al., 2015, Weisberg et al., 2015). The translocations that fuse MLL with the ELL 

(eleven nineteen lysin rich leukemia) gene and CBFb (core-binding factor subunit 

beta) overexpression were found to be associated with p53 suppressed 
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transcriptional activity and subsequent chemoresistance in AML (Wattel et al., 

1994, Kitada et al., 2002, Melo et al., 2002). In overall, p53 depletion promotes 

AML by enabling aberrant self-renewal typically by activating Ras signaling 

pathways and impair terminal myeloid differentiation,  while p53 point mutations 

are associated with drug resistance and adverse outcome (Gilliland et al., 2004, 

Zhao et al., 2010). 
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TNFR1: a Key Modulator of Life and Death   

 

The TNFR superfamily (TNFRSF) in humans consist of at least 27 members with 

unique structural features that couple them directly to signaling pathways for 

cellular activities in cells such as proliferation, inflammation, apoptosis and 

differentiation (Locksley et al., 2001, Biswas and Ferrarini, 2012). The capacity to 

induce cell death is a special property with great adaptive value that only few 

members of the family possess. Among the 6 homologous receptors able to 

stimulate apoptosis (for details see § Extrinsic pathway), tumor necrosis factor 

receptor 1, TNFR1 (TNFRSF1A) owns a distinct and superior position. The 

interesting feature of TNFR1 is that, depending on the cellular context, it can 

promote equally and efficiently either pro-inflammatory and pro-survival signaling 

pathways or apoptosis (Schrofelbauer and Hoffmann, 2011, Mak and Yeh, 2002).  

 

TNFR1 is a single transmembrane glycoproteins with a cysteine rich-extracellular 

domain (Grell et al., 1994) and an extracellular pre-ligand-binding assembly 

domain, PLAD that enables receptor trimerization upon activation by its ligand, 

TNFα (Chan et al., 2000). TNF-α is a cytokine that has been shown to play many 

important physiologic roles. It is expressed as a 26 kDa transmembrane protein 

that can be cleaved by the metalloprotease TACE (TNFα-converting enzyme) to 

release a 17 kDa soluble TNFα form (Idriss and Naismith, 2000). TNFα forms non-

covalently-bound homotrimers which are capable of becoming a secreted form.  

 

Following activation, TNFR1 initiates signaling by recruiting one of two death 

domain (DD)-containing platform adaptor molecules: (i) TRADD (TNF receptor-

associated DD) that engages both apoptotic and nonapoptotic signaling pathways 

and (ii) FADD that generally mediates apoptosis (Kischkel et al., 1995). TRADD 

adaptor protein recruits a DD-containing kinase termed receptor interacting 

protein-1 (RIP1). RIP1 in turn recruits TNF receptor associated factor-2, TRAF2 

and/or TRAF5, as well as c-IAP1 and c-IAP2 that are TRAF2-associating ubiquitin 

ligases (Figure 7) (Chen and Goeddel, 2002). These adaptor proteins act in 

concert with RIP1 to engage downstream phosphorylation cascades to activate 

nuclear factor kappa B (NF-κB) or c-Jun N-terminal kinases (JNK) or p38 (MAPK) 

pathways, which promote proinflammatory and prosurvival transcriptional 

responses (Figure 7) (Hayden and Ghosh, 2008, Varfolomeev and Vucic, 2008). 
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Τhe formation of TRADD/RIP1/TRAF2 prosurvival complex (Complex I)  at the 

level of the plasma membrane is temporary since a large portion of this complex 

dissociates from TNFR1 within an hour and forms a second proapoptotic complex 

in the cytosol (Micheau and Tschopp, 2003). Specifically, when RIP1 polyubiquitin 

(poly-ub) chain is removed, RIP1 dissociates from TRAF2 and binds to 

TRADD/FADD/Caspase-8 (Complex II). Shortly after that, procaspase-8 is 

proteolytically cleaved to active Caspase-8 which in turns cleaves and inactivates 

RIP1 and RIP3, promoting apoptosis (Hitomi et al., 2008) (Figure 7). The switch 

between cell survival and death is very complicated and is believed that cell 

content and microenvironmental factors are responsible for the TNFR1 fine-tuning 

(Baker and Reddy, 1998).     

 

 

Figure 7. TNFR1 apoptotic and survival signaling. Once TNFR1 is stimulated by its 

ligand (TNFα), two complexes with opposing effects on cell fate can be formed: a pro-

survival and a pro-apoptotic complex. TRADD adaptor protein provides a scaffold for the 

assembly of prosurvival complex I by binding RIP1, TRAF2 and c-IAPs. TRAF2 and c-

IAPs direct the formation of polyubiquitin chains linked through lysine 63 (K63) of ubiquitin 

on RIP1, thereby allowing it to interact with the TAK1/TAB2/3 complex. K63-linked 

polyubiquitination on TRAF2 can also recruit the TAK1/TAB2/3 complex. TAK1 activates 

the IKK complex that in turn phosphorylates the NF-κB (p65/p50) inhibitor IκB to induce its 

K48 polyubiquitination and proteasomal degradation. Once freed from its inhibitor, NF-κB 

translocates to the nucleus to activate transcription. A20 and CYLD remove K63-linked 

polyubiquitin chains from RIP1 and abolish its ability to activate NF-κB. The proapoptotic 

complex II formation involves FADD-mediated recruitment and activation of caspase-8 for 

RIP1 cleavage. Modified by (Declercq et al., 2009).  
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The route of survival 

 

TRADD recruitment to activated TNFR1 organizes the assembly of the Complex I 

proteins: RIP1, TRAF2 and/or TRAF5 and cIAP1/2. TRAF proteins are cytoplasmic 

proteins that directly interact with the intracellular domains of TNFR1 and serve as 

the signal transducers of the TNFR1 pathway. Experiments aimed at the 

identification and characterization of these proteins resulted in the isolation of six 

total, distinct TRAF proteins (termed TRAF-1 through 6) (Arch et al., 1998).  The 

members of TRAF family share several structural motifs. The C-terminal portion of 

the TRAFs domain is highly conserved while the N- terminal domain is less 

conserved and conforms a coiled-coil α-helix motif, and is accountable of the 

oligomeric qualities of TRAFs (Arch et al., 1998, Lee and Lee, 2002). TRAFs, 

either as homodimers or heterodimers, can associate with the C-terminal signal 

transducing component of the TNFR1, playing a central role in the regulation of 

cell survival and apoptosis (Lee and Lee, 2002). 

 

TRAF2 has E3 ubiquitin-protein ligase activity and catalyzes the formation of K63-

linked poly-ub chains on itself, as well as on its substrates, RIP1, IKK (inhibitor of 

NF-κB kinase), BIRC3 (baculoviral IAP repeat containing 3) and TICAM1 (Wertz 

and Dixit, 2010). The K63-linked poly-ub chain of TRAF2 acts as scaffold for the 

recruitment of TAK1 (transforming growth factor- activated kinase-1) and its 

partner proteins TAB2/3 (TAK1 binding protein-2/3), as well as the apoptotic 

adaptor proteins c-IAP1 and c-IAP2 (Figure 7) (Rothe et al., 1995). These 

ubiquitination events are essential for TNFα-induced NF-κΒ and JNK pathways 

activation (Chen, 2005, Ea et al., 2006). In particular, it has been shown that 

TRAF, -2, -5 and -6 overexpression can activate the NF-κΒ, JNK and p38 

cascades (Lee and Lee, 2002). Yeh. et. al., also observed that TRAF2-deficient 

mice failed to activate JNK in response to TNFα (Yeh et al., 1997), while more 

recent studies showed that inactivating mutations of TRAF2 is a dominant-

negative event, neutralizing TNFα-induced NF-κB activation (Blackwell et al., 

2009, Zhang et al., 2011).  

 

The mechanisms by which TRAF2 activates NF-κB remains unknown, while still 

remaining undefined in the membrane-proximal events of TRAF2 activation. 

TRAF2 has been reported to be phosphorylated at serine (Ser) residues 
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(Chaudhuri et al., 1999). Particularly, following TNFα administration TRAF2 is 

phosphorylated at residues Ser11 and Ser55 (Blackwell et al., 2009, Thomas et 

al., 2009). These phosphorylation are essential TNFα-induced secondary and 

prolonged IKK activation and for the expression of a subset of NF-κB target genes. 

Thus, TRAF2 Ser phosphorylation inhibits apoptosis and promotes cell survival.  

 

RIP1 kinase, is a multifunctional protein that contains an N-terminal 

serine/threonine kinase and a C-terminal DD. When TNFα stimulates TNFR1, 

RIP1 regulates whether the cell lives by activating NF-κB or dies by apoptosis or 

necroptosis (programmed necrosis) (Declercq et al., 2009, Weinlich et al., 2011). 

The kinase domain of RIP1 is involved in regulating necroptosis while the DD 

regulates RIP1 recruitment to the intracellular domain of TNFR1. Within Complex 

I, RIP1 is modified by polyubiquitination mediated through cIAPs and TRAF2 E3 

ubiquitin ligase activity.  

 

RIP1 decorated with K63-linked poly-ub chains promotes the assembly of 

downstream signaling components including TAK1 and TAB2/3. In addition, the 

IKK complex is also anchored to RIP1 via binding of NEMO (NFκB essential 

modulator) to K63-linked poly-ub chains (Figure 7). The poly-ub of RIP1 and 

recruitment of NEMO functions as the first pro-survival checkpoint at early after 

TNFR1 stimulation because this restrains the apoptosis-inducing property of RIP1 

by sequestering it from procaspase-8. The ub chains can be removed by the 

deubiquitinases (DUB), A20 and protease, cylindromatosis (CYLD) (Wertz et al., 

2004, Wilson et al., 2009). When K63 polyubiquitination of RIP1 is reduced by the 

action of deubiquitinases or by cIAPs (Mahoney et al., 2008) or TRAF2 depletion 

(Lee et al., 2004, Wertz et al., 2004), RIP1 loses its ub-binding proteins and 

switches its function to that of promoting cell death. 

 

Signaling to NF-κB activation  

 

NF-κB family of transcription factors regulate the expression of various genes 

implicated in many physiological processes, including immunity, inflammation and 

cell survival (Oeckinghaus and Ghosh, 2009). The role of NF-κB in these 

processes is to recruit and activate various immune cells by inducing the 

transcription of proinflammatory mediators like chemokines, cytokines such as 

Chri
sti

an
a S

av
va



  

33 

TNF-α and interleukins (IL), -1, -6, and 8, and anti-apoptotic factors including c-

IAP1/2 and c-FLIP (Grivennikov et al., 2010). Nevertheless, in the end NF-κB 

activity is down-regulated in order to prevent chronic inflammation.  Uncontrolled 

inflammation can be accompanied by several autoimmune diseases and can have 

critical role in the development and pathogenesis of cancer and leukemias 

(Grivennikov et al., 2010, Gasparini et al., 2014).  

 

 
Figure 8. The NF-κB family of transcription factors. The five members of NF-κB family, 

RelA (p65), RelB, c-Rel, p50/p105 (NF-κB1) and p52/p100 (NF-κB2). p50 and p52 are 

derived from the longer precursor proteins p105 and p100, respectively. All members 

have an N-terminal REL homology domain (RHD). Rel members have a transcriptional 

activation domain (TAD) at the C-terminus. TA1 and TA2 are subdomains of the TAD. 

Ankyrin-repeat motifs (ANK) are found only in the C-terminus of precursors proteins. DD, 

death domain; LZ, RelB-transactivation domain containing putative leucine-zipper-like 

motif. Adapted from (Perkins, 2007).  

 

The NF-κB family comprises five members: RelA (p65), RelB, c-Rel, p50/p105 

(NF-κB1), and p52/p100 (NF-κB2) (Figure 8) (Napetschnig and Wu, 2013). Both 

p105 and p100 are synthesized as precursor proteins that are processed to the 

smaller active forms of p50 and p52. All members share an N-terminal REL 

homology domain (RHD) (Perkins, 2007, Hayden and Ghosh, 2008). This domain 

is essential for NF-κB dimerization, interaction with inhibitors of κΒ (IκBs), nuclear 

translocation and binding to DNA. RelA, c-Rel and RelB proteins also have a 

transcriptional activation domain (TAD) at the C-terminus, which is important for 

the transcription of NF-κB target genes (Perkins, 2007, Hayden and Ghosh, 2008). 

The TAD is absent in the NF-κB subunits p50 and p52, therefore they may repress 

transcription unless associated with a TAD-containing NF-κB family member or 

other proteins capable of co-activator recruitment (Ghosh et al., 1998, Hayden and 
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Ghosh, 2008). In most cells, the most prominent form of NF-κB is the p65/p50 

heterodimer followed by the p50/50 and p65/p65 homodimer complexes (Mankan 

et al., 2009). 

 

NF-κB signaling can be activated by canonical (or classic) or non-canonical (or 

alternative) pathway. The canonical pathway is activated by a wide range of 

stimuli, such as the cytokines, TNF-α, and the bacterial endotoxin, 

lipopolysaccharide (LPS). These stimuli activate the NF-κB dimer p50/p65 through 

TNFR1 and TNFR2, interleukin 1 receptor (IL-1R) and the toll-like receptor 4 

(TLR4) (McCool and Miyamoto, 2012). The non-canonical pathway is activated by 

lymphotoxin beta, B cell activating factor, or CD40 ligand and induces the 

processing of p100 that result in RelB/p52 mediated transcription. From a 

therapeutic point of view, only inhibition of canonical NF-κB signaling was shown 

to impair leukemic cell growth for reasons partially understood (Dos Santos et al., 

2010).  

 

Activation of NF-κB is a complex process that is governed mainly by members of 

the IκB kinase (IKK) complex, which are upstream of another set of regulator 

proteins called inhibitor of NF-κB (IκΒ). The IKK complex consists of two catalytic 

subunits with kinase activity, IKKα and IKKβ and a regulatory subunit, IKKγ, also 

known as NEMO, which serves as an adaptor protein connecting both catalytic 

domains with upstream activators (Napetschnig and Wu, 2013). The IKK complex 

is recruited to TNFR1, where it becomes activated within minutes of TNF-α 

treatment through a TRAF2/RIP1-dependent manner. As described above, poly-ub 

chains of TRAF2 and RIP1 serve as platforms for the assembly of NEMO and 

TAK1/TAB2 in IKK (Figure 7). NEMO oligomerization and TAK1/TAB2 

phosphorylation lead to a subsequent autophosphorylation of IKK proteins and 

ultimately to the inactivation of IκΒs (Delhase et al., 1999). The precise 

mechanism of IKK activation remains until now unclear.    

 
In the canonical pathway, NF-κB dimers p50/65 are sequestered in the cytosol by 

their inhibitory protein, IκΒ consisting of three proteins, namely IκBα, IκBβ and IκBε 

(Senftleben and Karin, 2002). These proteins maintain NF-κB dimers in the cytosol 

by masking their nuclear localization signal (NLS) and thus prevent NF-κB 

translocation to the nucleus (Ghosh and Karin, 2002). Downstream of TNFR1, IKK 
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complex is necessary for the phosphorylation of IκBα on Ser32 and Ser36, 

allowing targeting of IκBα by ubiquitin-proteasomal system (Karin, 1999, 

Senftleben and Karin, 2002). Upon phosphorylation, IκBα is subsequently 

ubiquitinated (K48 poly-ub) and rapidly degraded by proteasome (Figure 7) (Wertz 

and Dixit, 2010). Degradation of IκBα alters the dynamic balance between 

cytosolic and nuclear localization signals to favor nuclear localization of NF-κB 

(Hayden and Ghosh, 2008). The released dimeric combinations of RelA (p65) bind 

to κB sites (9-10 base pair DNA sites) within the promoters of target genes and 

regulate transcription through the recruitment of coactivators and corepressors 

(Hayden and Ghosh, 2008, Mankan et al., 2009). Upon NF-κB activation, the 

expression of IκBα and DUB A20 and CYLD is also induced as a negative 

feedback loop mechanism (Figure 7) (Hoffmann et al., 2002, Shembade and 

Harhaj, 2012). The newly synthesized IκBα enters the nucleus and promotes the 

disassociation of NF-κB from the DNA leading to its exportation from the nucleus. 

The enzymatic activity of A20 and CYLD promotes K48-ubiquitin-mediated RIP1 

and IKK regulators degradation resulting in the downregulation of the canonical 

NF-κB signaling cascades. 

 

The route of apoptosis  

 

Micheau and Tschopp were the first to report the existence of two distinct 

complexes with opposing arms within the TNFR1 pathway (Micheau and Tschopp, 

2003). The signaling steps that are unique to FADD-mediated TNFR1 signaling 

are limited as TRADD-mediated TNFR1 signaling pathways feed in at a proximal 

step. Thus, ligand/DR binding, recruitment of FADD to DR, and recruitment of 

caspase-8/10 with subsequent formation of DISC are the only signaling steps that 

are unique. 

 

FADD, is 28 kDa protein with bipartite architecture; is comprised of a C-terminal 

DD and an N-terminal death effector domain (DED). The DD of FADD recognizes 

and binds to TNFR1 (or other DRs) at the plasma membrane whereas, DED 

enables recruitment of the zymogen forms of initiator Caspase, -8 and/or -10 

(Barnhart and Peter, 2003). It supported that upon ligand binding (to TNFR1), 

FADD undergoes conformational changes that enable the interaction of its DED to 

one of the two DEDs of procaspase-8 (Cohen, 1997). This results to 
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oligomerization of procaspase-8, activation of its autoproteolytic activity and 

ultimately the generation of enzymatically active Caspase-8. Activated Caspase-8 

thereby activates downstream effector caspases including resulting in the 

cleavage of death substrates and subsequent rapid demise of the cell.  

 

The complex of TNFR1/FADD/Caspase-8/10 is referred as DISC. A critical 

regulator of the DISC that determines the degree of activation of Caspase-8 is the 

decoy molecule cFLIPL, DISC is negatively regulated by cFLIPL whose expression 

is regulated by the NF-κB transcriptional activity. Through a negative loop, NF-κB 

upregulates cFLIPL in order to inhibit Caspase-8-mediated apoptosis, whereas the 

E3 ubiquitin ligase, ITCH promotes c-FLIPL degradation stimulating DISC 

formation and cell death (Chang et al., 2006). (For details see §The crosstalk 

between the extrinsic and intrinsic pathways) 

 

Thus, FADD is an essential adaptor protein that links DRs with Caspase-8 and is 

considered to be critical for DRs-induced apoptosis. In support of this, FADD-

deficient mouse, thymocytes as well as, in leukemic cells present resistant to DRs-

induced apoptosis (Zhang et al., 1998, Kuang et al., 2000, Zhang et al., 2001, 

Kabra et al., 2001). Since FADD is required for full activation of caspase-8, both 

FADD and caspase-8 are required for apoptosis. Consistent with this idea, TNF-

induced apoptosis was abrogated by FADD deficiency. FADD also regulates 

necroptosis by directly regulating the RIP1-RIP3 interaction. It has been reported 

that siRNA- or shRNA-mediated knockdown of FADD in L929 mouse fibroblast 

and HT-29 human colon cells resulted in an increase in necroptosis, whereas 

FADD overexpression in L929 cells delayed RIP1-RIP3 necrosome formation and 

necroptosis (Lee et al., 2012). This is probably due to the fact that, since FADD is 

required for the activation of caspase-8, which is able to suppress necroptosis, 

FADD-deficient cells facilitate necroptotic cell death by abrogating caspase-8 

function.  

 

Therapeutic implications 

 

NF-κB possess a distinct role in leukemogenesis, leukemia progression, 

chemoresistance and relapse (Dos Santos et al., 2010, Rushworth et al., 2012, 

Kornblau et al., 2013, Kapelko-Slowik et al., 2013, Jacamo et al., 2014). Aberrant 
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activation of nuclear factor has been observed in primitive stages of AML and ALL, 

whereas almost 40% of patients have shown increased activity of NF-κB, mostly 

due to alterations in regulatory proteins of the NF-κB (Guzman et al., 2001, Dos 

Santos et al., 2010, Kapelko-Slowik et al., 2013). Other genetic alterations 

associated with dysregulation of NF-κB include missense mutations in IκΒα (Oh 

and Ghosh, 2013) and chromosomal translocations involving the IκΒ family 

member, Bcl-3 (Collins et al., 2014, Schlette et al., 2005). NF-κB directly binds the 

promoters and induces expression of several anti-apoptotic genes, including the 

Bcl-2 family members Bcl-xL, the IAP-family member c-IAP2, and the gene c-FLIP 

(Mora et al., 2003, Benayoun et al., 2008, Varfolomeev et al., 2015). Thus, 

elevations in NF-κB activity can increase cellular resistance to apoptosis, affecting 

both the intrinsic and extrinsic pathway. Blocking the NF-κB signaling with the use 

of degradation-resistant IκB proteins (Adekoya et al., 2001, Poligone and Baldwin, 

2001), IKK inhibitors (Cilloni et al., 2006, Carvalho et al., 2007) or by the use of 

proteasome inhibitors (Saito et al., 2013, Koyama et al., 2014, Nishioka et al., 

2014), could enhance the sensitivity of cells to apoptosis inducing stimuli. 

 

The extrinsic pathway of apoptosis is a promising target for anticancer drug 

development as it induces cell death independent of p53 and hence, is active in 

p53-mutated cells. Targeting the activation of the extrinsic pathway will therefore 

bypass mutations in the intrinsic pathway. Clinical trials aiming to evaluate the 

anticancer efficacy of TNF family members originated with the use of human TNFα 

mainly in advanced solid cancers (Lejeune et al., 2006, Roberts et al., 2011). 

Recombinant human TNFα (rhTNFα) has been tested as a systemic treatment in 

several phase I and phase II clinical trials and used as both a single agent and in 

combination with chemotherapeutics (Balkwill, 2002). Even though rhTNFα was 

proven as an effective anticancer agent in preclinical studies, these attempts were 

disappointing as clinical activity was rarely obtained; rhTNFα was unable to trigger 

apoptosis via TNFR1 unless the initial NF-κB pathway was blocked (Micheau et 

al., 2001). In addition, rhTNFα was highly cytotoxic towards hepatocytes causing 

severe side effects and lacked of evidence for therapeutic benefit (Roberts et al., 

2011). Therefore, for the development of rational death receptor-targeted therapy 

it is important to discover agents able to activate death receptor without triggering 

the NF-κB cascade and furthermore, be able to overcome mitochondrial block. 
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Agents that target TNFR1 efficiently and inhibit leukemic cell growth have not yet 

been identified. 

 

Nevertheless, use of soluble TNF (sTNF) α in combination with the 

chemotherapeutic drug melphalan yields impressive clinical responses 

(Eggermont et al., 2003, Rothbarth et al., 2004). In these applications, sTNF was 

infused at over 50 times the maximal tolerated dose (MTD) as identified during 

systemic sTNF therapy. This high dose of TNF induced endothelial cell apoptosis, 

whereas normal blood vasculature was not influenced. Apart from TNFR1, TNFR2 

signaling was shown to be required to sensitize tumor vasculature to apoptotic 

TNFR1 signaling supporting that, the combined use of a low dose of sTNF with a 

TNFR2 agonists may optimize therapeutic effects on tumor vasculature and 

minimize toxicity. Of interest in this respect is the development of TNF-based 

fusion proteins like the TNC-scTNFR2 (Bueno et al., 2011), that specifically 

activate TNFR2 sensitizing cancer cells to TNFR1 mediated apoptosis. It is hence 

clear that TNFR1 is deemed as target for inclusion in cancer targeted strategies. 

At the present, researchers are focus on the development of TNFR1-targeted 

cancer immunotherapies with very promising and encouraging preliminary results 

(Bremer, 2013, Moran et al., 2013). 
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 Hypericum Plant Genus 

 

Hypericum is a plant genus including about 490 species in the family 

Hypericaceae (Clusiaceae). The name Hypericum derives from the Greek name 

of the plant Hyperikon. The word roots are “hyper” meaning over and “eikon” 

meaning image. The common name for the plants of this genus is Saint John's 

wort, a name given by early Christians in honor of John the Baptist. In Cyprus and 

Greece, these plants are acknowledged as balsam or sedge.  

 

Plants of this genus have been used medicinally for at least 2000 years. Many of 

their therapeutic applications including their uses as antiviral and vulnerary, stem 

from traditional Greek medicine, originally documented by the ancient Greek 

medical herbalists Hippocrates, Theophrastus, Dioscorides, and Galen 

(Bombardelli and Morazzoni, 1995). As practical folk-remedies, they had been 

widely used for the treatment of cold, chest congestion, burns, asthma, skin 

problems, menstrual disorders and to alleviate nervous disorders (Bombardelli and 

Morazzoni, 1995, Wurglics and Schubert-Zsilavecz, 2006).  

 

Nowadays, the species of Hypericum have attract the interest of many chemist 

because of their well-documented anti-depressive (Wurglics and Schubert-

Zsilavecz, 2006, Crupi et al., 2013), anti-tumoral (Masuda et al., 2003b, Tanaka et 

al., 2009a, Pia Schiavone et al., 2014) and anti-microbial activities (Huang et al., 

2013, Pia Schiavone et al., 2014). Furthermore, due to their strong antiviral 

(Nicolaou et al., 2008, Nicolaou et al., 2011, Chang et al., 2012, Esposito et al., 

2013) properties they are under preclinical investigations for the treatment of 

human immunodeficiency virus (HIV). Of the total species, six species namely H. 

chinense, H. choisianum, H. cordifolium, H. monanthemum, H. podocarpoides and 

H. trigonum were identified as rare (Robson, 1985) and four species, H. 

choisanum, H. oblongifolium, H. perforatum and H. sampsonii were recorded as 

multipurpose species used in pharmaceutical,  cosmetics, energy and food 

industry (Wang et al., 2002).  
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Hypericum chinense (Chinese St. John’s wort)  

 

Hypericum chinense (biyouyanagi in Japanese) although is a well-known species 

of the Hypericum genus, has not been extensively studied. Its formal scientific 

name is Hypericum monogynum and it has a list of various comprehensive 

synonyms including H. monogynum salicifolium, H. salicifolium, H. chinense L. 

var. salicifolium, H. chinense latifolium, H. chinense obtusifolium, H. chinense 

salicifolium, Komana salicifolia, and Norysca chinensis (Robson, 1985).   

 

Plant description 

H. chinense is a perennial, woody, evergreen 

member of the Hypericum genus. It is an upright 

plant, about 0.5-1.3 m high with branchy stems in 

the upper part and irregular twigs. Leaves are 

simple, narrow, elliptic and oval, with glandular 

dots containing essential oils. Branched clusters 

of golden yellow flowers with, long stamens and 

dark roseate seeds are blossom from June to 

August (Hsi-wen et al., 2007). It is widely cultivated in China and Japan and is 

native to North and West Europe, Africa, Asia, Central America and Australia. It 

can be found in a range of habitats and plant communities, including forest, 

woodland, rangeland, and prairie communities. 

 

Pharmacology and bioactive constituents 

 

Extracts from H. chinense have a long tradition. As folk medicine in Eastern Asia 

they have being applied in the treatment of hepatitis, acute laryngopharyngitis, 

conjunctivitis, sepsis, fever and snakebite (Reviewed in (Xu et al., 2015)). In 

Japan, the plant was prominently used for the treatment of female disorders such 

as abnormal uterine bleeding, dysmenorrhea and depression-related syndromes 

(Pinarosa A., 2005). 

 

The pharmacological effects of this herb are related to the active ingredients 

contained in the plant, some of them are primary metabolites and others are 

secondary metabolites. The first phytochemical studies on H. chinense dates back 

Hypericum chinense  
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on 1987, when Nagai M. & Tada M. discovered and isolated the antimicrobial 

phloroglucinols compounds chinesin I and II from the plant’s flowers (Nagai and 

Tada, 1987). Two years later, Matsuzaki T. research group came across with a 

novel spiro-lactone molecule isolated from the stems and leaves of the plant (Tada 

et al., 1989). Currently, more than ten classes of bioactive compounds, namely 

polycyclic polyprenylated acylphloroglucinols (PPAPs) (Tanaka et al., 2009a), 

naphthodianthrones (hypericin), flavonoids (quercetin, quercitrin, hyperoside, rutin, 

epicatechin) (Wang et al., 2002), procyanidines, phenylpropanes, xanthones, 

shikimic, and oleanoic acid (Wang et al., 2002) and, essential oils and tannins 

(Masuda et al., 2003a) have been identified form different parts of the plant. Some 

of these secondary metabolites exhibit highly interesting biological properties, 

including antimicrobial activities, cytotoxicity against human tumor cell lines, as 

well as selective inhibition of HIV-replication. The plant also contains compounds 

with radical scavenging abilities and strong antioxidant activities (Masuda et al., 

2003a).   

 

Notable attention has been given to PPAPs as this special class of complex 

products it can only be found in the plants of the genus Hypericum (Ciochina and 

Grossman, 2006). PPAPs display a spectrum of biological activities such as 

antimicrobial, antioxidant, inhibition of lipid peroxidation, cytotoxic, and anti-HIV 

activities (Ciochina and Grossman, 2006). Nowadays, hyperforin and adhyperforin, 

two of the major PPAPs are considered as the main bioactive compounds 

responsible for the antidepressant effects of St. John’s wort (Medina et al., 2006, 

Wurglics and Schubert-Zsilavecz, 2006). Both known (Tanaka et al., 2009a) and 

unique PPAPs (hypermongones A−J) (Xu et al., 2015) have been isolated and 

identified in H. chinense.  

 

Compare to the others members of its genus, H. chinense roots extracts contain 

unusually high quantities of xanthones, prenylated xanthones and biyouxanthones 

(Tanaka and Takaishi, 2006, Tanaka and Takaishi, 2007, Tanaka N. et al., 2010) 

exhibiting significant antidepressant (Muruganandam et al., 2000) and anti-

proliferative (Tanaka et al., 2009b) activities. Further investigation of this species 

has resulted in the isolation of three novel meroterpenoids with a unique dilactone 

structure, biyoulactones A, B and C (Tanaka et al., 2011). In 2010, Wang W. et. 

al., reported the isolation of a series of novel metabolites from the leaves of the 
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plant. Among them were two norlignans, hyperiones A-B, and three new 

acylphloroglucinols, aspidinol C and hyperaspidinols A-B (Wang et al., 2010). 

Recently, extensive phytochemical analysis of the plant brought up numerous 

constituents with novel structurally intriguing skeletal motifs. This includes  

chipericumins A, B, C and D (Abe et al., 2012), tricyclic meroterpenoids, and 

biyoulactones (Tanaka N. et al., 2012) and rare hypermongones A-J with inhibitory 

effects on nitric oxide (NO) production (Xu et al., 2015).  

 

Biyouyanagins A and B 

 

As previously mentioned, spiro-lactone-related derivatives were the first 

compounds to be isolated and characterized in H. chinense. Among them, 

biyouyanagins have attracted much scientific interest because of their fascinating 

chemical structures and intriguing biological activities. Thus far, two main 

biyouyanagins were found pure in nature, biyouyanagin A and biyouyanagin B 

(Figure 9). Worth mentioning here is that H. chinense is the only source of 

biyouyanagins in nature. Biyouyanagins are structural derivatives of terpene, are 

hydrophobic molecules and contain sesquiterpene (zingiberene), cyclobutane, and 

spiro-lactone (hyperolactone C) moieties (Figure 9).  

 

 

 

 

 

 

 

Figure 9. Chemical structure of biyouyanagin A and B isomeric molecules. The 

molecules contain sesquiterpene, cyclobutane, and spiro-lactone moieties. Adapted from 

(Nicolaou et al., 2011). 

 

Biyouyanagin A was first isolated by Tanaka N. and co-workers in 2005 while 

investigating the methanol (MeOH) extract from the leaves of H. chinense for new 

bioactive natural products (Tanaka et al., 2005). This natural molecule showed to 

possess selective inhibitory activity against HIV replication and lipopolysaccharide 

 

biyouyanagin A                                        biyouyanagin B Biyouyianagin A 

KC-53 

Biyouyianagin B 
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(LPS)-induced cytokine production (Tanaka et al., 2005). More specific, the 

molecule inhibited the HIV replication in H9 lymphocytes with an EC50† value of 

0.79 μg/ml, whereas at 10 μg/ml it inhibited the LPS-induced production of 

interleukins IL-10, IL-12 and TNFα. 

 

Few years later, Nicolaou K.C. achieved biyouyanagin A total synthesis, 

establishing a 24-epimer absolute configuration (Nicolaou et al., 2007), as well as 

revision and determination of its stereochemistry and synthesis of several 

analogues (Nicolaou et al., 2008). Comparison studies of the newly synthesized 

biyouyanagin A analogues with hyperolactone C analogues, brought to the light 

significant information regarding the structure-activity relationships (SAR) of the 

molecule (Nicolaou et al., 2008, Tanaka et al., 2009a). Researchers observed that, 

hyperolactone C and some of its analogues displayed comparable, and in some 

cases more potent, anti-HIV activities (IC50‡ = 12 - 29 μM) than biyouyanagin A 

and its analogues (IC50 = 19 - 31 μM) (Nicolaou et al., 2008). Moreover, 

biyouyanagin A was evaluated for its cytotoxicity against human cancer cell lines 

including multiply drug-resistant (MDR) cell lines; KB-C2 (colchicine resistant skin 

carcinoma) and K-562/Adr (doxorubicin resistant CML) (Tanaka et al., 2009a). The 

compound displayed a moderate cytotoxicity in all cell lines tested with an IC50 

between 16.6 and 38.8 μΜ. Similar results against MDR cancer cell lines were 

evident in hyperolactones A, C and D and in 4-hydroxyhperolactone (Tanaka et 

al., 2009a). Conclusively, the above findings argue that, biyouyanagins biological 

activities might reside in their spiro-lactone (hyperolactone C) structural domain.  

 

Following Nicolaou K.C. photocycloaddition§ synthesis of biyouyanagin A, Tanaka 

N. achieved the isolation of a second biyouyanagin molecule named, biyouyanagin 

B (Tanaka et al., 2009a) (Figure 9). This new molecule, proved to be a 

stereoisomer of biyouyanagin A. It has identical molecular formula (C31H38O4) and 

sequence of atoms to that of biyouyanagin A but differs in the three-dimensional 

positioning of atoms in space (Figure 9). The structure of biyouyanagin B was 

                                                           
† Half maximal effective concentration 
‡ Half maximal inhibitory concentration 
§ Cycloaddition-type reaction that entails the formation of new molecules by the reaction of two 

unsaturated molecules via two atoms from each molecules ([2+2]). In the thermal process a form of light is 

used. 
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further revised and several new biyouyanagins, including biyouyanagin C, were 

synthesized (Nicolaou et al., 2010). The novel biyouyanagins have not yet been 

discovered in nature but are believed to physically exist based on biosynthetic 

considerations. 

 

Been recently discovered, there is limited information about the biological 

properties of biyouyanagins B and C apart, from their anti-HIV activity. Both 

isomers were found to evoke prominent activity against HIV with IC50 values of 

42.9 μM and 83.9 μM, respectively (Nicolaou et al., 2011, Chang et al., 2012). 

What is more important, the two isomers were more effective than biyouyanagin A 

which, in the same bioassay exhibited an IC50 near to 123.4 μM (Nicolaou et al., 

2011, Chang et al., 2012). Biyouyanagin B along with biyouyanagin A, were also 

examined for their potential against LCMV (lymphocytic choriomeningitis virus), 

the prototype member of the arenavirus family that includes several causative 

agents of deadly hemorrhagic fever disease. The two molecules exhibited 

significant activity against LCMV by preventing its replication and gene expression 

in the middle micromolar range (~50 μΜ) (Nicolaou et al., 2011). Both the anti-HIV 

and anti-LCMV mechanisms of action of biyouyanagins remain to be elucidated.  

 

Biyouyanagin analogue 53 (KC-53)  

 

With such unique molecular architecture and important biological properties, 

biyouyanagin A received notoriety as prominent synthetic target. Our collaborator 

Nicolaou K.C., once he had completed synthesizing the molecular framework of 

biyouyanagin structure (Nicolaou et al., 2007, Nicolaou et al., 2008), he moved 

towards exploring the molecular space around this structure in an attempt of 

discovering simpler structures with enhanced biological activities (Nicolaou et al., 

2011, Chang et al., 2012). By applying developed synthetic technology he 

companied a variety of different building blocks achieving the design of a library 

consisting of 64 novel molecules; 22 biyouyanagins, 14 hyperolactone C 

analogues and 28 biyouyanagin analogues molecules.   

 

The members of the newly-synthesized compound library were subjected for their 

anti-viral and anti-inflammatory properties through a series of experiments. The 

comprehensive results of this study revealed a promising new lead molecule; the 
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post-photocycloaddition modified biyouyanagin analogue 53, hence KC-53 (Figure 

10). KC-53 exposed higher anti-HIV potencies than biyouyanagins A and B, and 

was the most active compound from the entire library (Nicolaou and Kannas, 

2011, Nicolaou et al., 2011, Chang et al., 2012). However, in comparison to the 

well-known HIV drug AZT (Zidovudine), KC-53 was less efficacious as AZT 

exhibited an IC50 of 0.056 μΜ whereas KC-53 an IC50 of 7 μΜ. On the contrary, in 

the anti-inflammatory tests, KC-53 proved to be equally potent as the commercially 

available products. In the LPS-induced cytokine assay, the agent elicited selective 

effects on the production of specific anti-inflammatory cytokines (Chang et al., 

2012). Precisely, in THP-1 human macrophage cells, KC-53 at 10 μΜ inhibited the 

production and secretion of cytokines IL-6, IL-1β, and TNFα by 90 - 96%. In 

addition, no effect on the production of cytokines IL-1α and IL-8 was observed. Up 

until now, the agent has not been evaluated for any other biological properties. 

The investigation of this novel agent and the further examination of its anti-tumor 

properties are especially appealing and challenging. 

 

KC-53 was obtained from biyouyanagin analogue 37 after post [2+2] 

photocycloaddition modifications (Figure 11). The one side of its structure, is 

principally the same as that of a natural biyouyanagin (biyouyanagin-like domain), 

while the other side, is a structural motif like the nitrogenous bases found in DNA 

(nucleic acid-like domain) (Figure 10). Whether its biological properties are 

primarily derived from its dichloronucleobase- or its biyouyanagin-like domain or 

both remains an open issue at the present.  

  

 

 

Figure 10. Chemical structure of biyouyanagin analogue 53 (KC-53). The compound 

consists of a biyouyanagin- and a nucleic acid-like moieties.  
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Figure 11. Preparation of post [2+2] modified biyouyanagin analogue 53 (KC-53). 

PPh3; Triphenylphosphine, DIAD; Diisopropyl azodicarboxylate. Adapted from (Nicolaou 

et al., 2011). 

 

Without literature available information concerning the physicochemical properties 

of the agent, we followed an in silico-based approach in order to define some of its 

basic characteristics. Our previous experience in computer-aided drug discovery 

techniques and in predictive models design** (Kannas et al., 2015), enabled us to 

estimate the druglikeness of KC-53. With the use of LiSIs predictive tool†† which 

was developed based on the Lipinski’s rule of five for oral drugs, we achieve to 

determine the drug-like properties of KC-53 (Table 3) (unpublished data). 

According to the Lipinski’s rules (Lipinski, 2004) a compound is more likely to be 

membrane permeable if it meets the following criteria: 

 a molecular weight less than 500 daltons 

 no more than 5 hydrogen bond donors (nitrogen or oxygen atoms with one 

or more hydrogen atoms) 

 not more than 10 hydrogen bond acceptors (nitrogen or oxygen atoms) 

 a polar surface area no greater than 140 Ǻ2 

 a lipophilicity (expressed as logP) less than 5 

 

As was proven, KC-53 matches all the above physicochemical criteria (Table 3) 

especially those of lipophilicity as is the most important physical property of a drug 

in relation to its absorption, distribution, potency, and bioavailability. What is more, 

these findings are signifying the potential pharmacological use of this lead 

compound and may be valuable for the future development of drugs. Therefore, 

                                                           
** GRANATUM Platform (http://www.granatum.org/pub/) 

†† Galaxy Platform; Life Sciences Informatics Systems (LiSIs) Tools (http://lisis.cs.ucy.ac.cy/root) 

 

               analogue 37                                                                            KC-53 
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pharmacokinetic and metabolism studies are necessary to be performed and 

define the pharmaceutical importance and prospects of this novel agent. 

 
Table 3. KC-53 drug-like properties  

 

The drug-like properties of KC-53 were estimated with the use of LiSIs predictive tool. The 

three-dimensional (3D) structure of the molecule was generated using CORINA online 

software‡‡ (green; Cl, blue; N, white; H, red; O, gray; C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
‡‡ https://www.molecular-networks.com 

Property Value 

Molecular Weight (MW) 498 

Hydrogen Bond Donors (HBD) 0 

Hydrogen Bond Acceptors (HBA) 7 

Topological Polar Surface Area (PSA) 74.64 A2 

Octanol Water Partition coefficient 
(LogP) 

3.52 

 

3D Structure of KC-53 
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Project Hypothesis and Aims 

 

Apoptosis evasion is a hallmark of cancer and has been connected to cancer 

pathogenesis, progression and chemoresistance (Gerl and Vaux, 2005). 

Elimination of cells bearing activated oncogenes or stimulation of tumor 

suppressor mediators may provide a selection pressure to overcome resistance. 

TNFR1 fine-tuning might be of significant importance in cancer treatment, as 

switching the balance between the TNFR1 pro-survival/NF-κB and pro-

apoptotic/Caspase-8 axis in support of the latter, can restore the apoptotic defense 

mechanism (Bremer, 2013). Based on the above literature information and 

considering the key role of NF-κB in the inflammatory response (Xiao and Ghosh, 

2005), we hypothesized that, KC-53 with documented anti-inflammatory 

properties (Nicolaou et al., 2011) may exhibit pro-apoptotic efficacy mediated 

through its interference with the TNFR1/NF-κB pathway. In this study we used a 

panel of human cancer cell lines in order to examine the antitumor activity of KC-

53 and unravel its underlying mechanism of action. Following extensive and 

systematic investigation, we report for first time the anticancer efficacy of KC-53 

and the mechanism of its dual anti-proliferative and pro-apoptotic action in cancer 

cells. To examine our hypothesis we evaluated the following specific aims:  

 

Specific Aim 1: To investigate the anti-proliferative potency of KC-53 in 

normal and cancer human cell lines  

 

Evaluation of KC-53 cytotoxic effects 

The effects of KC-53 on cell viability have not been investigated in any cancer 

type. In this study we assessed the anti-proliferative effect of KC-53 by using a 

panel of human cancer cell lines and normal or immortalized cells. In particular we 

determined (i) the most sensitive and most resistant cell lines and (ii) the optimal 

concentration of the agent that is selectively cytotoxic to cancer cells but not in 

normal cells. The two most sensitive cell lines were selected to further investigate 

the anticancer mode of action of KC-53.    

 

Identification of KC-53 cytostatic activity 

Decrease in cell viability can be caused either by delayed cell cycle progression or 

by increased cellular death, or both. To investigate this, we implemented cell cycle 
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analysis after administration of KC-53 to HL-60 and CCRF/CEM acute leukemia 

cells as well as in normal PBMC cells.   

 

Specific Aim 2: To examine the mechanism by which KC-53 induces 

apoptosis 

 

Quantification of apoptotic effect induced by KC-53 in acute leukemia and 

normal cells  

The apoptotic potency of the agent was quantified in leukemic cells by assessing 

DNA fragmentation, as well as Annexin V and Propidium Iodide (PI) staining which 

serve as molecular markers of apoptosis for the quantification of early and late 

apoptotic cells correspondingly. Apoptosis quantification was also determined by 

the COMET assay, a method that enables the measurement of DNA strand breaks 

and DCFH-DΑ assay for the detection of reactive oxygen species (ROS) which 

cause DNA oxidative damage.  

 

Evaluation of the expression, activity and sub-cellular distribution of 

proteins involved in apoptotic signaling pathways  

The two major pathways that are involved in apoptosis are the 

intrinsic/mitochondrial pathway and the extrinsic/death receptor pathway. To 

investigate which apoptotic pathway is activated by KC-53, we determined the 

effect of KC-53 on the activation of initiator and effector Caspases, as well as, on 

the membrane and cytosolic levels of death receptors (DRs) and their adaptor 

molecules.  In addition, we examined the effect of the agent on the levels of 

activated Caspase-8 and on its substrate Bid. The sub-cellular distribution of AIF 

endonuclease, which translocates from mitochondria to the cytosol and therefore 

to the nucleus during CI-PCD, was also investigated in the presence of KC-53.  

 

Specific Aim 3: To evaluate the effect of KC-53 on TNFR1 signaling pathways  

 

Investigation of the mechanism by which KC-53 hinders the NF-κB cascade 

Based on the results of Specific Aim 2 where we evaluated the effect of KC-53 on 

the activation of the extrinsic apoptotic pathway, we further investigated the TNFR 

downstream events. Activation of NF-κB signaling is initiated by extracellular 

stimuli including TNFα. These stimuli are recognized by TNFR1 and transmitted 
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into the cell, where adaptor signaling proteins initiate the signalling cascade. In 

order to examine these pathways, we initially determined the expression levels of 

FADD and RIP1, and therefore the phosphorylation and total levels of TRAF2 and 

IκΒα proteins.  

 

Evaluation of the NF-κB sub-cellular localization and transcriptional activity 

The sub-cellular localization of p65/NF-κB was investigated by immunoblotting and 

immunofluorescence while its transcriptional activity was evaluated by determining 

the mRNA levels of selected p65 target genes using RT-PCR methodology. 

 

Specific Aim 4:  To investigate the effect of KC-53 on molecules involved in 

apoptosis 

As a final point, we performed loss- of function studies in order to evaluate the 

proposed molecular mechanism of action of KC-53. For this purpose, we 

generated transiently transfected cell lines in order to manipulate the expression 

levels of candidate proteins. 
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Chapter II: Materials and Methods   

 

Synthesis of KC-53 

 

KC-53 was prepared by Nicolaou K.C. laboratory as previously described 

(Nicolaou et al., 2011).  

 

Chemicals and Reagents 

 

Fetal bovine serum (FBS), horse serum (HS), antibiotic/antimycotic, epidermal 

growth factor (EGF), insulin, cholera toxin, hydrocortizone, L-glutamine, HEPES, 

Sodium Pyruvate and media used in cell culture were purchased from Gibco, 

Invitrogen (Carlsbad, California, USA). Etoposide and doxorubicin were purchased 

from Tocris (Bristol, UK). The pan caspase inhibitor, z.vad.fmk was purchased 

from Sigma (St. Louis, Missouri, USA). TNFα, and PS-341 (Bortezomib) were 

purchased from Merck Millipore (Darmstadt, Germany). Protease inhibitor cocktail 

was obtained from Roche (Indianapolis, IN). Caspase -3, -7, -8, -9, PARP1, RIP1, 

Bid, AIF, TNFR1, TNFR2, Fas, DR3, DR5, DcR3, TRADD, FADD, p-IκBα, p-

TRAF2, NF-κB/p65 and α-Tubulin antibodies were purchased from Cell Signaling 

Technology (Danvers, Massachusetts, USA). Total TRAF2, total IκBα, Bax, Bcl-2, 

total and p-p53, total and p-JNK, EGFR, Histone H3 and GAPDH antibodies were 

obtained from Santa Cruz Biotechnology (Heidelberg, Germany). All other 

reagents were purchased from Sigma (St. Louis, Missouri, USA). 

 

Cell Culture  

 

MCF-7, MDA-MB-231-TXSA, MCF-12F, A-549, PC-3, LoVo, Ishikawa, KHOS, 

STSA, Jurkat, HL-60, CCRF/CEM, Raji and Daudi were obtained from the 

American Type Culture Collection (ATCC) (Manassas, VA). PBMCs were isolated 

from the blood of healthy, non-smokers volunteers based on the Cyprus National 

Bioethics Committee (CNBC) regulations.   

 

MCF-7, MDA-MB-231-TXSA, STSA, LoVo, Ishikawa and KHOS cells were 

cultured in DMEM supplemented with 10% FBS, 1% antibiotic/antimycotic and 4 
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mM L-glutamine, PC-3, A-549, Jurkat, HL-60, CCRF/CEM, Raji and Daudi in RPMI 

supplemented with 10% FBS, 1% antibiotic/antimycotic and 4 mM L-glutamine, 

and MCF-12F in DMEM-F12 supplemented with 20 ng/ml EGF, 100 ng/ml cholera 

toxin, 500 ng/ml hydrocortizone, 10 μg/ml insulin, 5% HS and 1% 

antibiotic/antimycotic. All cells were cultured in 95% air, 5% CO2, 37 °C. For 

cryopreservation cells were suspended in freeze medium comprising by complete 

growth medium supplement with 5% (v/v) dimethyl sulfoxide (DMSO) and stored in 

liquid nitrogen.  

 

Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs) 

 

Human normal PBMCs were isolated from heparinised venous blood samples of 

healthy, nonsmoker volunteers by density gradient centrifugation method using 

Ficol-Histopaque (Sigma). The heparinised blood was layered on Histopaque in 

the ratio of 1:1 and subjected to centrifugation at 2,000 rpm, for 30 min at room 

temperature (RT). The white layer representing PBMCs was collected with the use 

of an 18G syringe and transferred to new tube. The suspension of cells was 

washed twice with 1X PBS followed by centrifugation at 2,000 rpm, for 10 min at 

RT. Cell pellet (PBMCs) was cultured in RPMI supplemented with 10% FBS, 1% 

antibiotic/antimycotic and 4 mM L-glutamine. After 24 h incubation (95% air, 5% 

CO2, 37 °C) non adherent cells (B- and T-cells) were collected and maintained in 

RPMI supplemented with 10% FBS, 1% antibiotic/antimycotic, 4 mM L-glutamine 

and 100 ng/mL TNFα.  

 

Proliferation Assay 

 

A total of 1x104 cells were seeded per well of a 96-well plate in 200 μl medium 

supplemented with the appropriate agent(s) or vehicle control(s) as described in 

the figure legends. At the end of each incubation period, 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) at a final concentration of 0.5 mg/ml 

was added to the medium and left to be metabolized for 3 h. Following that, plates 

were centrifuged at 1,500 rpm, for 5 min. The medium was removed and 150 μl of 

DMSO were added in each well and incubated on a microplate shaker under 

gently shaking (250 rpm) for 20 min at RT. The absorbance measured at 570 nm, 

was proportional to the number of viable cells per well. 

Chri
sti

an
a S

av
va

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl


  

53 

Table 4. Features of the cell lines used 

PB, peripheral blood; BM, bone marrow; E, epithelial; F, fibroblast; wt, wild type; -, 

deletion or rearrangement; +, mutation; n/a, not available 

 

 

 

 

 

                                                           
§§ Data adapted from UMD TP53 mutation database (http://p53.free.fr) 

Cell Line Tissue Morphology p53§§ Disease 

Hl-60  PB promyeloblast -/- Leukemia (APL) 

CCRF/CEM  PB T  lymphoblast +/+ Leukemia (T-ALL) 

LoVo  Colon 

(metastatic) 

E wt Colorectal 

Adenocarcinoma 

Jurkat  PB T lymphoblast +/+ Leukemia (T-ALL) 

Daudi  PB B lymphoblast wt/+ Burkitt’s Lymphoma 

KHOS  BM F, E wt/+ Osteosarcoma 

MDA-MB-231-

TXSA 

Breast 

(metastatic 

site) 

E wt/+ Breast 

Adenocarcinoma 

STSA Stomach E n/a Gastric 

Adenocarcinoma 

MCF-12F Breast E wt/+ Normal 

Raji  BM B lymphoblast +/+ Burkitt’s Lymphoma 

A549 Lung E wt Lung Carcinoma 

Ishikawa  Uterus 

(metastatic 

site) 

E wt/+ Endometrial 

Adenocarcinoma 

PC-3  Prostate 

(metastatic 

site) 

E -/+ Prostate 

Adenocarcinoma 

MCF-7  Breast E -/+ Breast 

Adenocarcinoma 

PBMCs  PB B and T 

lymphocytes 

wt Normal 
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Cell Cycle Analysis 

 

Cells were seeded at a concentration of 1x106 per a 100 mm plate and treated 

with KC-53 for the indicated concentrations and times at 37 oC. Following 

incubation, samples were harvested by centrifugation at 1,500 rpm, for 5 min at 4 
oC and washed with ice cold PBS. Cells resuspended in ice cold PBS were fixed in 

70% ethanol and stored at 4 oC. After 24 h, cells were harvested by centrifugation 

at 1,500 rpm, for 5 min at 4 oC and washed with ice cold PBS followed by 

centrifugation at 1,500 rpm, for 10 min at 4 oC. Afterward, cells were stained with 

300 μl of propidium iodide (PI) staining solution (0.2 mg/ml RNase A, 0.01 mg/ml 

PI in PBS) and incubated for 15 min at 37 oC. Samples were analyzed for DNA 

content using the Guava EasyCyte™ flow cytometer and the GuavaSoft analysis 

software (Millipore, Watford, UK). 

 

Annexin-V/PI Staining 

 

Cells were seeded at a concentration of 1x106 cells per a 100 mm plate and 

treated with KC-53 or doxorubicin (Dox) as indicated. Following incubation cells 

were harvested by centrifugation at 1,500 rpm, for 5 min at 4 oC. Subsequently, 

cells were washed with ice cold PBS followed by centrifugation at 1,500 rpm, for 5 

min and stained using Annexin-V Alexa Fluor® 488/PI, as described by the Tali™ 

apoptosis kit (Life Technologies, Carlsbad, CA). In brief, cells were resuspended in 

Annexin binding buffer (ABB), so that there is at least 100 μl of cells per individual 

assay at a concentration of approximately 5x105 -5x106 cells/ml. Then, 5 μl of 

Annexin-V was added to each sample and incubated in the dark, for 20 min at RT. 

Cells were then centrifuged at 1,000 rpm, for 15 min and resuspended in 100 μl of 

ABB. To each sample, 1 μl of PI was added and incubated in the dark, for 1-5 min 

at RT. Cell viability, death and apoptosis were evaluated using the Tali™ Image-

based Cytometer (Life Technologies, Carlsbad, CA). The Annexin-V(+)/PI(-) cells 

were recognized as early apoptotic cells by the cytometer software whereas, the 

Annexin-V(+)/PI(+) cells were identified as late apoptotic/dead cells. Similarly, the 

Annexin-V(-)/PI(-) cells were identified as viable cells. 

 

 

Chri
sti

an
a S

av
va



  

55 

Cell Death/DNA Fragmentation Detection Analysis 

 

Cells were added at a concentration of 1x104 cells per well of a 96-well plate and 

treated with KC-53 in the present or absence of pan-caspase inhibitor, z.vad.fmk 

as indicated. The quantification of mono- and oligo-nucleosomes present in the 

cytoplasm of apoptotic cells was performed using the Cell Death ElisaPLUS 

Apoptosis Kit according to the manufacturer’s instructions (Roche). Briefly, after 

incubation plate was centrifuged at 1,500 rpm, for 8 min and cells were 

resuspended in 200 μl Lysis buffer and incubated for 30 min at RT. Lysates were 

then centrifuged at 200 g, for 10 min and 20 μl of the supernatant (cytosolic 

fraction) were transferred into streptavidin coated wells. Following that, 80 μl of 

Immunoreagent (Anti-histone-biotin, Anti-DNA-peroxidase in Incubation buffer) 

were added to each sample and incubated on a microplate shaker under gently 

shaking (300 rpm), for 2 h at RT. Afterwards, solution was removed and each well 

was washed with 300 μl of Incubation buffer. Peroxidase substrate was then 

added and incubated under gently shaking (250 rpm), for 20 min at RT. After 

incubation, 100 μl of Stop solution were added and absorbance was measured at 

405 nm (against substrate) and 490 nm (against Stop solution) wavelengths. The 

background value was subtracted (Oncubation buffer + Stop solution) and the 

specific enrichment of mono- and oligo-nucleosomes was cexpressed as 

absorbance of treated cells to absorbance of corresponding negative control using 

the formula: 

𝐸𝑛𝑟𝑖𝑐ℎ𝑒𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑚𝑈 𝑜𝑓𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒  

𝑚𝑈 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
 

mU = absorbance  

 

Measurement of Intracellular ROS Generation 

 

Reactive oxygen species (ROS) generation was determined by performing 2,7-

dichlorodihydrofluorescin (DCFH-DA) assay. The generation of ROS promotes the 

conversion of the non-fluorescent DCFH to the highly fluorescent 2,7-

dichlorodihydrofluorescein (DCF). The fluorescence intensity (F.I.) is proportional 

to the ROS levels within the cytosol. Cells were seeded at a concentration of 4x104 

per well of a 12-well plate and DCFH-DΑ at a concentration of 100 μM was added 

and incubated for 1 h at 37 oC. Following that, plates were centrifuged at 1,500 
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rpm, for 5 min. The medium was removed and fresh medium containing KC-53 

was added to the cells. Sodium pyruvate (SP) at 1 mM was used as negative 

control while, Η2Ο2 at 100 μΜ was used as positive control. Cells were incubated 

for various interval time points (0-24 h) at 37 oC and fluorescence was measured 

in a fluorometric plate reader (Infinite 200, Tecan Systems Inc., CA, USA) at 485 

nm excitation/535 nm emission wavelengths.  

 

DNA Damage Analysis - Comet Assay 

 

Cells (1x105) were seeded in a 60 mm plate and treated with KC-53 for the 

indicated time points. Cells were also treated with 100 μM hydrogen peroxide 

(H2O2) for 30 min as a positive control. Following incubation, samples were 

harvested by centrifugation at 1,500 rpm, for 5 min at 4 °C. Cells were washed and 

re-suspended in 100-200 μl ice cold PBS. Using 50 µl of cell suspension, cells 

were mixed with low melting point agarose in a ratio of 1:10, applied to a 

CometSlide (Trevigen Inc., Gaithersburg, MD) and allowed to set for 30 min at 4 
oC. Slides were immersed in a gentle Lysis solution (Trevigen Inc.) for 1 h at 4 oC., 

washed with ice cold ddH2O, and submerged in alkaline electrophoresis buffer (1 

mM EDTA, 300 mM NaOH, pH>13) at RT for 40 min. Following that, slides were 

electrophoresed in alkaline solution at 1 V/cm (30V), 300-350 mA, for 30 min at 4 
oC. After electrophoresis, slides were rinsed in ice cold ddH2O and submerged in 

70% ice cold ethanol for 5 min and allowed to completely air dry. Samples were 

stained with 50 μl of 1XSYBR Green I (Invitrogen), and data was visualized by 

epifluorescence microscopy (excitation 494 nm, emission 521 nm). Cells were 

given a qualitative score between 0 and 4 based on the overall size of their tail. 

DNA damage score was calculated based on the equation:  

 
Σ(0 ∗  n0 +  1 ∗  n1 +  2 ∗  n2 +  3 ∗  n3 +  4 ∗  n4)

N
× 100  

 

Where, n0 was the number of cells with a score of 0, n1 was the number of cells 

with a score of 1, and so on, and N was the total number of cells counted. 

Duplicate samples were prepared for each treatment, and at least 200 cells were 

scored for each sample. 
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Caspase-8 Enzymatic Activity 

 

Caspase-8 activity was measured using the fluorogenic substrate IETD-AFC 

(KHZ0052) according to the manufacturer’s instructions (Invitrogen). In brief, a 

total of 2x106 cells were treated as indicated in figures legends. Following 

incubation, cells were harvested by centrifugation at 1,200 rpm, for 5 min at 4 oC 

and washed with ice cold PBS followed by centrifugation at 1,200 rpm, for 5 min at 

4 oC. Cell pellets were resuspended in Lysis buffer and incubated on ice for 10 

min. Lysates were centrifuged at 11,000 rpm, for 5 min at 4 oC. The supernatant 

(cytosolic fraction) was collected to new tubes and protein concentration was 

determined for each extract using Bradford reagent. Afterward, 50 μg of protein 

per 50 μl of each sample were added in the wells of a black 96-well plate already 

containing 50 μl of the Reaction buffer. IETD-AFC substrate was added to the 

extract at 50 μΜ final concentration followed by incubation in the dark, for 1.5 h at 

37 °C. Caspase enzymatic activity was measured by monitoring the release of 

fluorigenic 7-amino-4-trifluoromethylcoumarin (AFC) using an auto-microplate 

reader (Infinite 200, Tecan Systems Inc., CA, USA) at 400 nm excitation/505 nm 

emission wavelengths, slit width 15. Fold-increase in Caspase-8 activity was 

determined by direct comparison to the level of the uninduced control. 

 

Immunofluorescence Cell Staining  

 

Cells were seeded on glass coverslips (charged with HCl and 0.01% poly-L-lysine 

solution), washed 3 times with PBS and incubated as descripted in figure legends. 

Following incubation, cells were washed with PBS, fixed for 10 min in 4% 

paraformaldehyde (PFA), 10 min in 50 mM glycine solution and permeabilized with 

0.1% Triton X-100 for 10 min. Fixation was followed by blocking using 10% normal 

horse serum (Gibco) in PBS for 30 min. Cells were incubated with NF-κB/p65 

(D14E12) (Cell Signaling Technology) primary antibody at a dilution 1:400 in PBS 

containing 10% horse serum at RT for 1.5 h. Following several washes with PBS, 

fluorescein isothiocyanate-conjugated secondary antibody, Cy3 anti-rabbit 

(Jackson ImmunoResearch, West Grove, PA, USA) in blocking solution was 

added and incubated at RT for 1 h. Actin labeling was performed using Alexa Fluor 

Phalloidin 488 (Invitrogen). The slides were then with PBS and nuclei was 

counterstained using 0.1 μg/ml of 4',6-diamidino-2-phenylindole (DAPI) (Tocris) at 
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RT for 15 min. Subsequently, the stained samples were washed with PBS, 

mounted using one drop of ProLong Gold Antifade Mountant (Invitrogen) and 

stored at 4 oC overnight. Images were acquired using a Zeiss AxioImager Z1 

fluorescence microscope (Germany) equipped with a Zeiss Axiocam MR3 and 

using the Axiovision 4.8 software. 

 

RNA Isolation  

 

Total RNA was extracted with Trizol reagent (Invitrogen). Approximately 1x105 

cells were plated in 60 mm dishes and treated as described in figure legend. After 

treatment, cells were harvest by centrifugation at 1,500 rpm, for 5 min at 4 °C, 

washed with ice cold PBS and re-centrifuged under the same conditions. PBS was 

removed and Trizol was added and incubated at RT for 5 min. Next, 200 ul of 

chloroform were added and samples were incubated at RT for 2-3 min. Samples 

were then centrifuged at 12,000 rcf, for 15 min at 4 oC. Following centrifugation the 

upper aqueous phase (containing the RNA) was transferred into clean tubes, 

mixed with 500 μl of isopropanol and allowed to incubate at RT for 10 min. 

Following that, samples were centrifuged at 12,000 rcf, for 10 min at 4 oC. Formed 

RNA pellet was washed with 75% ethanol and centrifuged at 7.500 g, for 5 min at 

4 oC. RNA pellet was then air-dried, dissolved in 20 μl DNase/RNase-free H2O and 

stored at -80 oC. Total RNA concentration was determined using NanoDrop 2000 

spectrophotometer. The ratio of absorbance at 260 nm and 280 nm was used to 

assess the purity of RNA (A260/280 ~2.0). 

 

cDNA Synthesis  

 

Complementary DNA (cDNA) was synthesized with random and oligo(dT) primers 

using the PrimeScript Reverse Transcriptase (2680A) according to the 

manufacturer’s instructions (TaKaRa Bio. Inc, Dalian, China). In brief, 1 μg of total 

RNA was mixed with random and oligo(dT) primers (50 pmol each), dNTP mixture 

(10 mM each) and DNase/RNase free H2O. Samples were incubated at 65C for 5 

min and then on ice for at least 1 min. Reaction was prepared by adding to the 

RNA mixture 1XFirst Strand buffer, 5 mM DTT, 20 units RNase Inhibitor and 200 

units PrimerScript Reverse Transcriptase. The standard reaction volume was 20 

μl. Reverse transcription reaction was performed under the following condition: 
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incubation at 30 oC for 10 min, incubation at 50 oC for 60 min and incubation at 70 
oC for 15 min. cDNA was stored at -20 oC and total concentration was estimated 

by measuring the absorbance at 260 nm. 

 

Quantitative Real-Time PCR (RT-qPCR) 

 

Primer sequences were designed using Primer3 and are shown in Table 5.Real-

time RT-PCR was performed using the BioRad CFX96 Real-Time System and the 

SYBR Green PCR Master Mix (Kapa Biosystems, Massachusetts, USA) according 

to the manufacturer’s instructions. The standard reaction volume was 10 μl and 

contained 1 μl of primers pool mix (40 ng/μl each), 1 μl of cDNA (100 ng), 5 μl of 

SYBR Green PCR Master Mix and 3 μl DNase/RNase free H2O. The reaction was 

performed in optical 96-well fast thermal cycling plates and all reactions were 

performed in duplicates. The thermal-cycling conditions were the following: 

incubation at 95 oC for 10 min, followed by 40 cycles of amplification. Each cycle 

consisted of 15 sec melt at 95 oC, followed by 30 sec annealing/extension at 60oC. 

The PCR products were normalized to those obtained from GAPDH mRNA 

amplification and cDNA was quantified using the following equations:  

ΔCT =  CT1 −  CT2 

Where, CT1 refers to the gene of interest and CT2 to the reference gene 

 

ΔΔCT =  ΔCT1 −  ΔCT2  

Where, ΔCT1 refers to the treated cells and ΔCT2 to the untreated vehicle control 

 

Fold change in cDNA levels =  2 – (ΔΔCT) 

 

RNA Interference 

 

FADD siRNA (sc-35352) and negative control siRNA (sc-37007) were purchased 

from Santa Cruz Biotechnology. For the transfection procedure, HL-60 and 

CCRF/CEM cells were seeded at a concentration of 4x105/ml per well of a 12-well 

plate and FADD siRNA or control siRNA were transfected with the use of 

LipofetamineTM 2000 (Invitrogen) and siRNA Transfection Reagent (sc-29528) 

(Santa Cruz Biotechnology) correspondingly. The final concentration of siRNA in 

each well was 100 nM. 
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Table 5. Nucleotide sequences of PCR primers 

Gene Forward Primer Reverse Primer 

IL-1β 5’TCCAGCTACGAATCTCCGAC3’ 5’ACCAGCATCTTCCTCAGCTT3’ 
IL-6 5’AGTCCTGATCCAGTTCCTGC3’ 5’CATTTGTGGTTGGGTCAGGG3’ 
IL-8 5’CAGTTTTGCCAAGGAGTGCT3’ 5’TTGGGGTGGAAAGGTTTGGA3’ 
BCL-xL 5’TAAACTGGGGTCGCATTGT3’ 5’TGGATCCAAGGCTCTAGGTG3’ 
BCL-2 5’CAGCCCAGACTCACATCACC3’

 5’CATGTGTGTGGAGAGCGTCA3’
 

BCL-3 5’AAGAAACCGTGCAGCTCTTG3’ 5’CCGCTCTTAATGTCCACTGC3’ 
MCL-1 5’ATGCCAAACCAGCTCCTACT3’

 5’GCTGCATCGAACCATTAGCA3’
 

XIAP 5’TGGGGTTCAGTTTCAAGGAC3’ 5’TGCAACCAGAACCTCAAGTG3’ 
cIAP1 5’GCATTTTCCCAACTGTCCAT3’ 5’ATTCGAGCTGCATGTGTCTG3’ 
cIAP2 5’GCATTTTCCCAACTGTCCAT3’ 5’ATTTTCCACCACAGGCAAAG3’ 
cFLIP 5’TGTGCCGGGATGTTGCTATA3’ 5’CCGACAGACAGCTTACCTCT3’ 
Survivin 5’GACGACCCCATAGAGGAACA3’ 5’GACAGAAAGGAAAGCGCAAC3’ 
FADD 5’ACACAGAGAAGGAGAACGCA3’ 5’GCCTGCTGAACCTCTTGTAC3’ 
GAPDH 5’CTGACTTCAACAGCGACACC3’ 5’AAAGTGGTCGTTGAGGGCA3’ 
 

LipofetamineTM 2000 Protocol 

For each transfection sample oligomer-Lipofectamine complexes were prepared 

as follows: (a) siRNA was diluted in 100 μl Opti-MEM (or RPMI serum/antibiotics 

free) (b) 2 μl Lipofectamine reagent were diluted in 100 μl Opti-MEM (or RPMI 

serum/antibiotics free), mix gently and incubated for 20 min at RT. The siRNA and 

Lipofectamine reagent were then combined and the mixture was incubated for 30 

minutes at RT. The oligomer-Lipofectamine complexes were transferred on wells 

already containing 800 μl cells (suspended in RPMI supplement with 1% FBS and 

free of antibiotics) and incubated for 24 hours.  
 

siRNA Transfection Reagent Protocol 

For each transfection sample the following solutions were prepared as follows: (a) 

siRNA was diluted in 100 μl siRNA Transfection Medium (or RPMI 

serum/antibiotics free) (b) 6 μl siRNA Transfection Reagent were diluted into 100 

μl siRNA Transfection Medium (or RPMI serum and antibiotics free). The two 

solutions were combined and the mixture was incubated for 30 min at RT. The 

siRNA-Transfection Reagent mixture was then transferred on wells and 800 μl 

cells (suspended in RPMI supplement with 1% FBS and antibiotics free) were 

added (reverse transfection). Cells were incubated for 24 hours and then assayed 

with the appropriate protocol.  
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Preparation of Whole Cell Extract 

 

A total of 2x106 cells were treated as indicated. After incubation cells were 

harvested by centrifugation at 1,500 rpm, for 5 min at 4 °C and washed with ice 

cold PBS. Cells were lysed with ice cold RIPA buffer (150 mM NaCl, 50 mM Tris, 

50 mM EDTA, 1% (v/v) Triton X-100, 0.1% (w/v) SDS, protease inhibitors, 

phosphatase inhibitors; 5 mM NaF, 1 mM Na3VO4) and incubated at 4 °C for 10 

min. Following that, samples were centrifuged at 10,000 rpm for 10 min at 4 °C 

and supernatant (whole cell extract) was collected and stored at -80 °C. 

 

Preparation of Membrane and Cytosolic Extracts 

 

For preparation of membrane and cytosolic extracts, the Subcellular Protein 

Fractionation Kit for Cultured Cells (PI-78840) was used according to the 

manufacturer’s instructions (Thermo Scientific, Rockford, USA) with slight 

modifications. A total of 2x106 cells were treated as indicated. After incubation 

cells were harvested by centrifugation at 2,000 rpm, for 5 min at 4 °C, washed with 

ice cold PBS and pellet again by centrifugation at 2,000 rpm, for 5 min at 4 °C. 

Following that, supernatant was removed and cell pellet was resuspended in 50 μl 

ice cold Cytosolic Elution buffer (CEB) containing protease inhibitors. Samples 

were incubated at 4 °C, for 10 min. After that, lysates were centrifuged at 2,000 

rpm, for 10 min at 4 °C and supernatant (cytosolic extract) was collected to clean 

tubes. Cytosolic fraction was further cleaned up by additional centrifugation at 

10,000 rpm, for 10 min at 4 °C. Supernatant was recollected and stored at -80 °C. 

Pellet was washed twice with PBS and resuspended in 40 μl ice cold Membrane 

Elution buffer (MEB) containing protease inhibitors and incubated at 4 °C, for 10 

min. Lysate was centrifuge at 12,500 rpm, for 5 min at 4 °C and supernatant 

(membrane extract) was transferred to clean tubes and stored at -80 °C. 

 

Preparation of Nuclear and Cytosolic Extracts 

 

A total of 2x107 cells were treated as indicated. After incubation, cells were 

harvested by centrifugation at 1,500 rpm for 5 min at 4 °C and washed with ice 

cold PBS. Cells were resuspended in ice cold Lysis buffer (10 mM HEPES, 1 mM 

EDTA, 60 mM KCl, 0.5% (v/v) NP-40, 1 mM DTT, 1 mM PMSF, protease 
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inhibitors, pH 7.9) and incubated at 4 °C for 10 min. Following that, samples were 

centrifuged at 12,000 rcf for 10 min at 4 °C and supernatant (cytosolic extract) was 

collected. Cytosolic fraction was further clarified by centrifugation at 14,000 rcf, for 

10 min at 4 °C. Supernatant was recollected and stored at -80 °C. Pellet was 

washed with Washing buffer (10 mM HEPES, 1 mM EDTA, 60 mM KCl, 1 mM 

DTT, 1 mM PMSF, protease inhibitors, pH 7.9) and Nuclear suspension buffer 

(250 mM Tris-Hydrochloride, 60 mM KCl, 1 mM DTT, 1 mM PMSF, protease 

inhibitors, pH 7.8) was added to each sample. Nucleus lysis was achieved by 

sonication (4 bursts, at amplitude 4, for 4 sec with 2 min cooling between bursts) 

with the use of an ultrasonic microprocessor and clarified by centrifugation at 

10,000 rcf for 15 min at 4 °C. Supernatant (nuclear extract) was collected and 

stored at -80 °C.  

 

Bradford Protein Assay 

 

Protein concentration was determined using Bradford reagent (Sigma) as follow: A 

total of 1 μl of each sample was transferred to a well of a 96-well plate already 

containing 19 μl NaCl. Bradford reagent at 200 μl volume was then added to each 

well and mixed on a horizontal shaker for 5 min. The absorbance was measured at 

595 nm. The protein concentration of the unknown samples was determined by 

comparing samples A595 values against a standard curve. The protein standards 

(ranging from 0.25-5 μg) were prepared using bovine serum albumin (BSA). 

 

Immunoblotting 

 

Western blotting was performed with the use of Mini-PROTEAN® Tetra Cell 

system according to the manufacturer’s instructions (BIO-RAD, California, USA). 

In brief, protein extracts were mixed with SDS Sample buffer containing 

mercaptoethanol, boiled for 5 min and subjected to SDS-PAGE. 50 μg of total 

protein was loaded in each lane of 8 - 12% SDS polyacrylamide gel. After 

electrophoresis, proteins were transferred to Polyvinylidene fluoride (PVDF) 

membrane and blocked with 5% non-fat dry milk or BSA in TBS-Tween buffer for 1 

h. Following that, membranes were incubated with the appropriate primary 

antibodies in blocking solution at 4 °C overnight, and then washed with TBS-

Tween buffer. Westerns blots were probed with the specific secondary antibody in 
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5% non-fat dry milk in TBS-Tween for 1 h, at RT and protein bands were detected 

by enhcaned chemiluminescence. Anti-GAPDH, anti-Histone H3, anti-α-Tubulin 

and anti-EGFR monoclonal antibodies were used as loading controls. The buffers 

used in Western blotting are listed in Table 6. The intensity values from the 

densitometry analysis of Western blots were normalized against corresponding 

loading control using ImageJ analysis software (NIH). Intensity values were 

expressed as fold change compared to control.  
 

Table 6. Western Blotting buffers  

Buffer Composition  

4X Tris Separating buffer 1.5 M Tris-HCl, 0.4% (w/v) SDS, pH 8.8 

4X Tris Stacking buffer 0.5 M Tris-HCl, 0.4% (w/v) SDS, pH 6.8 

1X Running buffer 0.025 M Tris-base, 0.19 M glycine, 0.1% (w/v) SDS, pH 

8.3 - 8.8 

1X TBS-Tween 0.01 M Tris-base, 0.1 M NaCl, 0.1% (v/v) Tween-20, pH 

7.5 

1X Transfer buffer 25 mM Tris-base, 0.19 M glycine, 10% (v/v) methanol 

2X SDS Sample buffer 25 % (v/v) 4X Tris Stacking buffer, 20% (v/v) glycerol, 4% 

(w/v) SDS, 2% (v/v) mercaptoethanol, 0.001% (w/v) 

bromophenol blue 

 

Statistical Analysis 

 

Results for continuous variables were presented as Mean ± Standard Error. Two-

group differences in continuous variables were assessed by the unpaired t-test. P-

values are two-tailed with confidence intervals 95%. Statistical analysis was 

performed by comparing treated samples with untreated control. All statistical tests 

were conducted using Prism software version 5.0 (Graphpad, San Diego, 

California, USA). 
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Chapter III: Results 

 

KC-53 elicits strong anti-proliferative effect in human cancer cell 

lines but not in normal PBMCs 

 

The effect of KC-53 on tumor cell viability was initially determined in a series of 

human cancer cell lines to identify those that are the most sensitive to the agent.  

Thus, we have determined the effects of KC-53 on the viability of human breast 

(MCF-7, MDA-MB-231-TXSA), lung (A-549), prostate (PC-3), colon (LoVo), 

endometrial (Ishikawa), osteosarcoma (KHOS), gastric (STSA), leukemia (Jurkat, 

HL-60, CRF/CEM) and lymphoma (Raji, Daudi) tumorigenic cells. Human normal 

peripheral blood mononuclear cells (PBMCs) and “normal” immortalized MCF-12F 

breast cells were used as control cell lines. KC-53 reduced cancer cell viability in a 

dose-depended manner in all cell lines with a maximum effect on the most 

sensitive cell lines ranging from 5-10 μM (Figure 12).  

 

KC-53 exhibited the highest cytotoxicity activity towards HL-60 (AML/APL) and 

CCR/CEM (ALL) leukemic cell lines with IC50 values of 2.3 and 2.4 μΜ respectively 

(Table 7). In particular, when HL-60 and CCRF/CEM cells were treated with 5 μΜ 

of KC-53 for 48 hours, the reduction in cell viability reached the 74% in both cell 

lines (Figure 13). Lesser sensitive to the antiproliferative effects of the KC-53 were 

the Jurkat (ATL) leukemic cells (IC50 = 3.4 μΜ) and Daudi lymphoma cells (IC50 = 

3.8 μΜ) while, the Raji lymphoma cells exhibited moderate levels of resistance 

with an IC50 value of 16.3 μΜ (Figure 13 & Table 7). Remarkably, the normal 

PBMCs and the immortalized MCF-12F cells were relatively resistant to the anti-

proliferative effects of the compound eliciting the IC50 values of 60 and 16 μM 

correspondingly (Table 7). Specifically, KC-53 at 5 μΜ reduced PBMCs and MCF-

12F cell viability by 15% and 12% respectively (Figure 13). These results clearly 

suggested that the KC-53 inhibitory effects were selective against cancer cells.  

 

Since HL-60 and CCRF/CEM cells displayed the highest sensitivity in the 

presence of KC-53, these cell lines were used to further investigate the underline 

antiproliferative mechanism(s) of KC-53. In all subsequent experiments, KC-53 

was used at a final concentration of 5 μM, unless otherwise indicated. 
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Figure 12. The effect of KC-53 on the survival of various human cancer cell lines, on 

normal PBMCs and on immortalized cell line, MCF-12F. Cells were exposed to 

increasing concentrations (0-60 μΜ) of KC-53 for 48 h. Cell survival was determined with 

the MTT cell viability assay and is expressed as percentage of survival in comparison to 

vehicle treated cells. The results represent the mean ± SEM of three replicates and are 

representative of at least three different experiments. 
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Figure 13. KC-53 reduces human cancer cell viability but not PBMCs and MCF-12F 

cells. Cells were incubated with 5 μΜ KC-53 for 48 h. Cell survival was determined with 

the MTT cell viability assay and is expressed as reduction in cell viability compare to the 

vehicle control cells. The results represent the mean ± SEM of three replicates and are 

representative of at least three different experiments. (*p value < 0.05, **p value < 0.01, 

***p value < 0.001) 
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  Table 7. IC50 values of KC-53 in vitro antiproliferative activity in human cell lines 

 

Cells were incubated with increasing concentrations of KC-53 (0-60 μΜ) for 48 h. The IC50 

values were calculated from MTT viability curves. The data are expressed as the mean ± 

SD of three independent experiments performed in triplicates. 

 

 

 

 

 

 

 

 

 

Cell Line 
IC50 (μΜ) 

48 h 

Hl-60 (APL) 2.3 ± 1.0 

CCRF/CEM (T-ALL) 2.4 ± 1.0 

LoVo (Colon carcinoma) 2.5 ± 1.6 

Jurkat (T-ALL) 3.4 ± 1.7 

Daudi (Burkitt’s Lymphoma) 3.8 ± 1.9 

KHOS (Osteosarcoma)  5.0 ± 2.0 

MDA-MB-231-TXSA (Breast Adenocarcinoma) 8.0 ± 3.5 

STSA (Gastric Adenocarcinoma) 15.4 ± 5.2 

MCF-12F (Non-tumorigenic breast cells) 15.5 ± 5.5 

MCF-7 (Breast Adenocarcinoma) 16.0 ± 3.5 

Raji (Burkitt’s Lymphoma) 16.3 ± 6.1 

A549 (Lung Adenocarcinoma) 19.1 ± 10 

Ishikawa (Endometrial Adenocarcinoma) 21.1 ± 10 

PC-3 (Prostate Adenocarcinoma) 33.6 ± 9.7 

PBMCs (Peripheral blood mononuclear cells; mainly B- & T- cells) >60  
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KC-53 inhibits APL and ALL leukemia cell lines growth in a dose- 

and time- depended manner 
 

KC-53 was found to reduce HL-60 and CCRF/CEM cell growth in a dose- and 

time- depended manner producing maximum reduction in cell viability at 10 μM in 

HL-60 and at 5 μM in CCRF/CEM (Figure 14). Similar results were also observed 

in the Jurkat leukemic cell line (Figure S1). It became apparent from these growth 

response curves that the effect of the agent was almost immediate. To follow-up 

on this observation, we examined the possibility that the effects of KC-53 were 

irreversible. Towards this objective, we exposed the cells to KC-53 for 1, 3, 6 and 

12 hours followed by a post-treatment recovery period in agent-free medium for 24 

h up to 72 hours. In both cell lines viability was only partially restored when KC-53 

was removed after 1 or 3 hours of treatment (Figure 15). Treatments for 6 and 12 

hours produced a similar effect to that of continuous exposure. Thus, after 6 hours 

of treatment the compound produced an irreversible inhibition of cell growth. We 

also examined if the compound renewal will contributed to any further decrease in 

cell viability. As shown in Figure 16, in both cell lines KC-53 renewal produced a 

similar effect to that where the agent was not removed. The above results showed 

that, a single administrative dose of 5 μM KC-53 is sufficient for continuous 

inhibition of cell growth.  
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Figure 14. KC-53-induced growth inhibition of leukemic cells is dose- and time- 

dependent. Cells were treated with increasing concentrations of KC-53 for the times 

indicated. Cell viability determined by the MTT assay is expressed as percentage of 

survival in comparison to vehicle treated controls. 
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Figure 15. The effects of KC-53 are irreversible after 6 hours of treatment. Cells were 

exposed to vehicle control or 5 μΜ of KC-53 followed by removal of the agent after 1, 3, 6 

or 12 h, and a recovery period in drug free medium for 48 h. A positive control, where KC-

53 was not removed, is shown for comparison. Cell survival was determined with the MTT 

assay. The results represent the mean ± SEM of two replicates and are representative of 

at least three different experiments. (***p value < 0.001 significant difference, ns; no 

significant difference) 
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Figure 16. The renewal of KC-53 in medium does not contribute in further decrease 

in cell viability. Cells were exposed to 0 or 5 μΜ of KC-53 followed by renewal of the 

agent after 1, 3, 6 or 12 h, and allowed to grow for 24, 48 and 72 h. A positive control, 

where KC-53 was not renewed is shown for comparison. Cell survival was determined 

with the MTT assay. The results represent the mean ± SEM of three different replicates 

and are representative of at least three different experiments.  
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To further investigate and compare the anticancer activity of KC-53 to its parental 

molecule, Biy-A HL-60 and CCRF/CEM cells were incubated at various 

concentration for up to 72 hours. As it can be observed in Figure 17, KC-53 exerts 

a stronger antiproliferative effect than its parental molecule. 
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Figure 17. KC-53 exerts stronger antiproliferative activity than its parental molecule, 

Biy-A. HL-60 and CCRF/CEM cells were treated with increasing concentrations of KC-53 

and Biy-A for the times indicated. Cell viability determined by the MTT assay is expressed 

as percentage of survival in comparison to vehicle treated cells. The results represent the 

mean ± SEM of three different replicates and are representative of at least three different 

experiments.  
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KC-53 does not affect cell cycle progression neither of acute 

leukemic nor of normal PBMC cells 

 

Cancer is considered as a disease of cell cycle deregulation. Alteration in the 

expression of positive or negative regulators of cell cycle machinery lead to the 

abnormal proliferation of cancer cells (Pucci et al., 2000). Therefore, induction of 

cell cycle arrest in cancer cells is considered to be a promising therapeutic 

approach. To determine whether the growth inhibitory effect of KC-53 is 

accompanied by cell cycle arrest, we incubated HL-60 and CCRF/CEM cells with 5 

μΜ KC-53 for 3, 6, 12 and 24 h and performed flow cytometry analysis. 

 

By DNA content analysis it became obvious that the growth inhibitory effect of KC-

53 in acute leukemia cells was exclusive due to increased cell death, as no 

significant changes in the distribution of cell cycle phases were observed (Figure 

18). A time-depended increase in SubG1 phase was evidenced in both cell lines, 

indicative of apoptosis. Specifically, after 12 and 24 hours of treatment with 5 μΜ 

KC-53 there was a significant increase in SubG1 phase by 14% and 31% in HL-60 

cells (Figure 18A) and by 16% and 33% in CCRF/CEM cells (Figure 18B) 

respectively. Similar results under the same conditions were observed in KC-53-

treated Jurkat cells (Figure S2). Notably, the cell cycle profile of normal PBMCs 

was not affected when treated with KC-53 (Figure 18C). Thus, the apoptotic 

effects of KC-53 are specific towards leukemic cells impaling normal cells.  
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A.  

 

B.  

 

Figure 18. KC-53 increases SubG1 fraction in leukemic but not in normal cells. (A) 

HL-60, (B) CCRF/CEM and (C) PBMCs cells were treated with 0 or 5 μM KC-53 for 0-24 h 

prior to cell cycle analysis. The treatments were performed in duplicate and represent the 

mean ± SEM of three different experiments. (*p value < 0.05, ***p value < 0.001) (Figure 

continued in the next page) 
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C.  

 

 

Figure 18 (Continued) 
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KC-53 induces programmed cell death in acute leukemia cell lines 

but not in PBMCs 

 

The induction of apoptosis in target cells is a key mechanism for anti-cancer 

therapy. Energy-dependent biochemical pathways and distinct morphological 

features are the main characteristics of apoptosis. The morphological changes in 

apoptotic cells are accompanied by various biochemical changes, including protein 

cross-linking and DNA breakdown. One such biochemical modification is the 

expression of cell surface markers such as phosphatidylserine (PS) which 

translocates to the outer side of plasma membrane during the early apoptosis. The 

process of late apoptosis is accompanied by extensive blebbing of plasma 

membrane with tightly packed organelles. To further investigate whether the 

enchantment of cell growth inhibition induced by KC-53 is associated with 

increased of apoptosis we investigated the externalization of PS by Annexin-V-

FITC/PI assay. Annexin-V as a PS-binding protein with high affinity for 

externalized PS was used for the detection of early and late apoptosis while PI 

was used for detection of the late apoptosis and necrosis. 

 

Accordingly, to evaluate whether HL-60 and CCRF/CEM cells undergo apoptosis, 

untreated and KC-53 treated cells were stained with Annexin-V and PI. The 

analysis of stained cells can distinguish the cells into three categories, namely 

viable (Annexin-V and PI negative), early apoptotic (Annexin-V positive, PI 

negative) and late apoptotic/necrotic (Annexin-V negative, PI positive). As 

illustrated in Figure 19, KC-53 treatment at different time periods resulted in a 

time-depended increase of early apoptotic and late apoptotic fragments. In more 

details, within 12 hours of KC-53 treatment, there was a significant increase in the 

early apoptotic fraction in both HL-60 and CCRF/CEM cells which peaked at 

26.5% and 27.5% respectively after 24 h treatment (Figure 19). In addition, 15% of 

cells from both cell lines were in the late apoptotic stage. The increase in late 

apoptotic fraction further confirms the observed SubG1 increase in the cell cycle 

findings. Apoptotic induction was also analyzed in PBMCs. As was expected, the 

agent did not affect the distribution of early and late apoptotic PBMC cells (Figure 

19). However, when normal cells were treated with the chemotherapeutic agent 

Doxorubicin (Dox) for 24 h, the increase in the early and late apoptotic fraction 

touched the 25% and 20%, correspondingly signify that an amount of more than 
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50% of the total cell population is undergoing apoptosis (Figure 19). In contrast, 

the apoptotic effects of Doxorubicin in HL-60 and CCRF/CEM were not as robust, 

affecting only 27% of the total population of both cell lines. The above data 

suggest that KC-53 apoptotic activity is specific for acute leukemia cells and it 

might be more efficacious and less toxic than Doxorubicin. 
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Figure 19. KC-53 induces apoptosis in HL-60 and CCRF/CEM cells but not in normal 

PBMCs. Cells were treated with vehicle control or 5 μΜ KC-53 for the indicated time 

points and apoptosis was assessed with Annexin-V/PI staining. Statistical significance 

was evaluated by comparing each cell population of the treated samples with the 

corresponding population of the untreated control. Doxorubicin (Dox) at 0.5 μΜ was used 

as positive control. The results represent the mean ± SEM of two different replicates and 

are representative of at least three independent experiments. (*p value < 0.05, **p value < 

0.01)  
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As mentioned formerly, DNA breakdown is one of the typical biochemical 

characteristics occurring in apoptosis. During apoptosis, cell cytosol is enriched by 

mono- and oligo-nucleosomes due to DNA fragmentation. For the detection of 

fragmented DNA, we used the ELISA Cell death detection kit. KC-53 induced 

substantial DNA fragmentation in HL-60 cells (7.4 fold increase compared to the 

control) and in CCRF/CEM cells (6.4 fold increase compared to the control) as 

shown in Figure 20A. In the presence of the caspase inhibitor, z.vad.fmk, DNA 

fragmentation was significantly reduced in HL-60 cells and it was fully abolished in 

CCRF/CEM cells (Figure 20A). These data suggest that activation of caspase 

cascades is predominantly involved in KC-53-induced apoptosis. Even though co-

incubation of KC-53 with z.vad.fmk restored DNA fragmentation it did not restore 

the viability of cells (Figure 20B). HL-60 viability increased from 43% to 60% in the 

presence of z.vad.fmk while no alterations were observed in the viability of 

CCRF/CEM. These findings indicate that inhibition of cell proliferation by KC-53 

might be mediated by both caspase-dependent (CD) and caspase-independent 

(CID) pathways in a cell-context-specific manner.  

 

DNA analysis was additionally performed with the Comet assay, also known as 

single-cell gel electrophoresis assay. KC-53-induced DNA damage was evident 

within 9 hours of treatment in both cell lines (Figure 21 & 22) and was exclusively 

attributed to apoptosis as no cellular ROS production was detected (Figure 23). 

ROS are known to be involved in CID apoptosis by promoting DNA and lipids 

oxidative damage (Circu and Aw, 2010). The addition of sodium pyruvate (SP) in 

media has been found to diminish H2O2 levels thereby producing artifacts that may 

be mistaken as a specific anticancer activity (Odiatou et al., 2013). In order to 

investigate whether the effects of KC-53 may be attributed to the production of 

H2O2 and its subsequent elimination by SP, we performed time DCFH-DA assays 

with or without the SP presence in the cell growth media. Our results clearly 

showed that KC-53 cell death effects are independent by ROS production and/or 

SP which indicate that are not due to oxidative damage (Figure 23). Additionally, 

these results support that KC-53-CID apoptotic effects are not mediated by ROS 

suggesting that other mediators of CID apoptosis might be activated. Moreover, 

ROS are one of the main mediators of non-programmed cell death, necrosis. It is 

obvious therefore, that KC-53-induced cell death is not caused by necrosis but 
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exclusively by apoptosis. Preliminary results in Jurkat cells show a similar pattern 

of KC-53-induced-apoptosis (Figure S3 & S4).  

 

A.            

 

B.  

 

Figure 20. KC-53-induced apoptosis is mainly attributed to caspases activation. 

Cells were treated with 0 or 5 μΜ KC-53 in the presence or absence of 20 μM z.vad.fmk 

for 24 h. Following incubation (A) the presence of nucleosomes in the cytoplasm was 

determined with ELISA cell death detection kit and (B) cell viability was assessed with the 

MTT assay. Etoposide (Eto) at 5 μΜ concentration was used as positive control. The 

results represent the mean ± SEM of two different replicates and are representative of at 

least three independent experiments. (*p value < 0.05, ***p value < 0.001, #p value < 

0.05, ###p value < 0.001)  
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(i)  

 

 

(ii) 

 

 

 

 

 

 

 

 

 

 

Figure 21. KC-53 induces DNA damage in HL-60 cells. Cells were treated with vehicle 

control or 5 μM of KC-53 for the times indicated and DNA damage was evaluated with the 

Comet assay. For comparison, cell samples were treated with 100 μΜ Η2Ο2 for 30 min 

which is known to produces oxidative DNA damage (positive control). (i) Images were 

obtained by fluorescence microscopy and show comet fields after SYBR Green I staining. 

(ii) The DNA damage was quantified based on the comet tail length. More than 200 cells 

were inspected per experiment, and cells with typical morphology were presented. The 

results are representative of three independent experiments. (*p value < 0.05, ***p value < 

0.001) 
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(i) 

 
 

(ii) 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. KC-53 induces DNA damage in CCRF/CEM cells. Cells were treated with 

vehicle control or 5 μM of KC-53 for the times indicated and DNA damage was evaluated 

with the Comet assay. For comparison, cell samples were treated with 100 μΜ Η2Ο2 for 30 

min which is known to produces oxidative DNA damage (positive control). (i) Images were 

obtained by fluorescence microscopy and show comet fields after SYBR Green I staining. 

(ii) The DNA damage was quantified based on the comet tail length.  More than 200 cells 

were inspected per experiment, and cells with typical morphology were presented. The 

results are representative of three independent experiments. (*p value < 0.05, ***p value < 

0.001) 
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Figure 23. KC-53-induced cell death is not caused by ROS-mediated necrotic cell 

death. HL-60 and CCRF/CEM cells were treated with vehicle control or 5 μM of KC-53 in 

the presence or absence of 1 mM Sodium Pyruvate (SP) for the indicated time points. 

Cells were also treated with 100 μΜ Hydrogen Peroxide (Η2Ο2) in the presence or 

absence of 1 mM SP as controls. ROS production was determined with the DCFH-DA 

assay. Fluorescence Intensity (F.I.) was measured in 485/535 nm and is proportional to 

the ROS levels within the cell cytosol. Statistical significance was evaluated by comparing 

treated samples with corresponding DMSO vehicle control group. The treatments were 

performed in duplicate and represent the mean ± SEM of three independent experiments. 
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KC-53 activates the TNFR1-extrinsic pathway of apoptosis with 

subsequent activation of the mitochondrial-intrinsic pathway 

 

Apoptosis is the predominant pathway for programmed cell death. The two major 

pathways that are involved in apoptosis are the intrinsic, or mitochondrial, pathway 

and the extrinsic, or death receptor pathway. Intrinsic and extrinsic pathways are 

activated by their own initiator caspases, namely Caspase-9 and -8, respectively. 

The activation of initiator caspases will, in turn, lead to activation of executioner 

caspases like Caspase-3 and -7. To fully characterize the apoptotic pathway being 

induced by KC-53, we monitored the potential activation of caspases and any 

changes in the membrane death receptor levels. 

 

In both HL-60 and CCRF/CEM cell lines, an increase in membrane-associated 

TNFR1 was evident with KC-53 treatment for 6 to 24 hours (Figure 24). The 

corresponding protein levels of TNFR2 were not significantly affected by the 

treatment (Figure 24). Densitometric analysis data can be seen in (Figure S5). The 

levels of death receptors FAS, DR3 and DR5, decoy receptor DcR3, as well as 

those of adaptor proteins FADD and TRADD, remained relatively unaffected by 

the treatment (Figure 25). The increase in TNFR1 levels was accompanied by 

strong activation and detection of the cleaved 43/41 kDa forms of Caspase-8 (C-

Casp8) and proteolytic inactivation of RIP1 (C-RIP1) (Figure 26A) indicating that 

the extrinsic pathway of apoptosis is triggered. 

 

Although mitochondria are the starting point for the intrinsic pathway, damages to 

these organelles may be the result of the extrinsic pathway. The crosstalk between 

the extrinsic and the intrinsic pathways is well established and occurs though 

Caspase-8 cleavage and activation of the pro-apoptotic protein Bid (Luo et al., 

1998, Schug et al., 2011). To investigate this scenario we determined the 

expression levels of cleaved/truncated Bid (tBid). KC-53 administration resulted in 

the detection of the 15 kDa tBid, fragment in both cell lines (Figure 26A). The 

cleavage of Bid occurred in the early stage of apoptosis (6 h) and paralleled 

Caspase-8 activation. In both cell lines the amount of the 15 kDa peptide was 

constant during the time course of apoptosis and became undetectable after 24 

hours, possibly due to further degradation to smaller fragments. The tBid 

translocation from the cytosol to the mitochondrial was also examined and data 
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are illustrated in Figure 27. Caspase-8 enzymatic activity was verified with the use 

of fluorometric protease assay kit, in the presence or absence of z.vad.fmk. KC-53 

produced a significant increase of Caspase-8 activity within 4 hours of treatment, 

and after 12 hours there was a 6.6 fold increase of Caspase-8 activity in HL-60 

cells and an 8 fold increase in CCRF/CEM cells (Figure 26B). The effects of KC-53 

on Caspase-8 activity were fully reversed by z.vad.fmk in both cell lines. Data here 

signify the major involvement of initiator Caspase-8 in KC-53-mediated apoptosis.    

 

 

 

 

Figure 24. TNFR1 membrane expression levels are increased upon KC-53 

administration. HL-60 and CCRF/CEM cells were treated with vehicle control or 5 μΜ 

KC-53 for the indicated time points prior protein extraction. TNFRs membrane and 

cytosolic expression levels were analyzed by immunoblotting. EGFR levels were 

determined as a loading control and the GAPDH levels as an indicator of cytosolic 

contamination. Numbers represents intensity values and are expressed as fold change 

compared to control. The results are representative of three repetitions. 
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Figure 25.  The expression levels of DRs and their adaptor proteins TRADD and 

FADD are not affected by KC-53 activity. Cells were treated with vehicle control or 5 μΜ 

KC-53 for the indicated time points prior protein extraction. Whole cell protein lysates were 

run by SDS-PAGE and immunoblotted with the indicated antibodies. The results are 

representative of three repetitions. 
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Figure 26. KC-53 promotes the proteolytic activation of Capsase-8. (A) Cells were 

treated with vehicle control or 5 μΜ KC-53 for the indicated time points prior protein 

extraction. Samples were run by SDS-PAGE and immunoblotted with the indicated 

antibodies. (B) Cells were treated with vehicle control or 5 μΜ KC-53 in the presence or 

absence of 20 μM z.vad.fmk. Caspase-8 enzymatic activity was determined as described 

in Methods. Etoposide (Eto) added at 5 μΜ was used as a positive control. The results in 

panel A are representative of three repetitions. The results in B panel represent the mean 

± SEM of two different replicates and are representative of at least three independent 

experiments. (***p value < 0.001) 
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Figure 27. KC-53 induces the translocation of tBid from the cytosol to the 

mitochondrial. Cells were incubated with 5 μΜ KC-53 for 6 h and cytosolic and 

mitochondrial protein extracts were prepared. Numbers represents intensity values and 

are expressed as fold change compared to control. The results are representative of at 

least three independent experiments. 

 

To further evaluate the apoptotic effect of KC-53, we monitored the expression of 

the executor Caspases, -3 and -7 and their substrate PARP1 in both cell lines. KC-

53 decidedly increased the active cleaved forms of Caspase-3 (C-Casp3; 19/17 

kDa) and Casapse-7 (C-Casp7; 20 kDa), which was evident within 6 hours of 

treatment and persisted 24 hours post-treatment (Figure 28A). The low levels of 

full-length or cleaved forms of some caspases (i.e. Caspase-3 in HL-60 cells) after 

24 hours of treatment may be attributed to prolonged activation. Caspase 

activation was accompanied by a decrease in the levels of the full length 116 kDa 

PARP1 and appearance of the cleaved 89 kDa form (C-PARP1) (Figure 28A). 

Similar results for Caspase-8 and -3 as well as for PARP1 were obtained in Jurkat 

cells (Figure S6). 

 

KC-53 equally induced activation of the initiator Caspase-9 (C-Casp9; 37/35 kDa) 

(Figure 28A) and release of apoptosis inducing factor (AIF) from the cytosol to the 

nucleus (Figure 28B). Both Caspase-9 activation and AIF release are 

characteristics of mitochondria outer membrane permeabilization (MOMP) 

apparently induced by tBid. In HL-60 cells, the nuclear levels of AIF increased up 

to 2-fold and in CCRF/CEM up to 2.8 -fold following 6 hours of treatment (Figure 

28B). Densitometric analysis data are available in Figure S7. As AIF is a mediator 

of CID, its nuclear increase provides further support to the possible involvement of 

CID mechanisms in the apoptotic pathways induced by KC-53. Similarly, 
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unaffected remained the levels of the pro-apoptotic mediator, Bax, and the pro-

survival mediator, Bcl-2 (Figure 29). Overall, the results here suggest the 

involvement of the mitochondrial/intrinsic pathway in the induction of apoptosis by 

KC-53. 

 

A.  

 

 

B. 

 

 

 

 

 

Figure 28. KC-53 promotes the activation of apoptosis executor molecules. (A) Cells 

were treated with vehicle control or 5 μΜ KC-53 for indicated times and cell protein lysates 

were immunoblotted with indicated antibodies. (B) Cells were incubated with 5 μΜ KC-53 

for 6 h and cytosolic and nuclear protein extracts were prepared. Histone H3 levels were 

determined as a loading control and the α-Tubulin levels as an indicator of cytosolic 

contamination. Numbers represents intensity values and are expressed as fold change 

compared to control. The results are representative of at least three independent 

experiments. 
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Figure 29.  Effect of KC-53 on the expression levels of Bax and Bcl-2. Cells were 

treated with 0 or 5 μΜ KC-53 for the indicated time points. Samples were run by SDS-

PAGE and immunoblotted with the indicated antibodies. The results are representative of 

three repetitions. 

 

 

Concluding, the above findings revealed that KC-53 induced apoptosis mainly 

through the TNFR1-mediated extrinsic pathway. Once TNFR1 is stimulated, two 

complexes with opposing effects on cell fate can be formed; a pro-survival and a 

pro-apoptotic complex. In the presence of phosphorylated TRAF2, pro-survival 

NF-κΒ activation dominates over pro-apoptotic Caspase-8 activation. TRAF2 

promotes RIP1 ubiquitination, facilitating the recruitment and activation of the 

downstream kinases. This leads to NF-κΒ activation preventing RIP1 from 

interacting with FADD. Under pro-apoptotic conditions, RIP1 dissociates from 

TRAF2 and binds to the FADD/Caspase-8 complex. Active Caspase-8 cleaves 

and inactivates RIP1 initiating therefore the extrinsic pathway of apoptosis. The 

detection of the cleaved, inactive form of the RIP1 kinase indicated that KC-53 

acts in favor of the pro-apoptotic complex formation and opposed to the pro-

survival complex assembly. 
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KC-53 inhibits the activation of the TNFR1/NF-κΒ pro-survival 

axis 

 

NF-κB is sequestered in the cytosol by IκΒ proteins and it is released through 

specific signaling cascades that lead to the phosphorylation of IκΒs, and 

degradation of IκΒs by the proteasome. The released NF-κB is then transported 

into the nucleus where it binds to its target sequence and activates gene 

transcription. Since the recruitment of TRAF2 in TNFR1 is required for the 

assembly of kinases regulating the phosphorylation, and therefore the degradation 

of IκBα (Lee and Lee, 2002, Micheau and Tschopp, 2003), we investigated 

whether KC-53 affects the downstream molecular events of the TNFR1 signaling 

as well as the NF-κΒ translocation to the nucleus. This was evaluated by 

monitoring the phosphorylation status and protein levels of TRAF2 and IκBα 

following induction by TNFα in the absence or presence of KC-53.  

 

We found that TNFα increased the phosphorylation levels of TRAF2 (Ser11) by 

3.5 fold in HL-60 cells and by 2.2 fold in CCRF/CEM cells (compared to the control 

levels) while KC-53 fully attenuated these effects (Figure 30). Furthermore, pre-

treatment with KC-53 fully abolished the phosphorylation of IκBα on Ser32/36 that 

was induced by TNFα, without affecting the overall IκBα levels in both cell lines 

(Figure 30). Densitometric analysis data are available in Figure S8. Furthermore, 

the TNFR1-associated pathways JNK and MEKK were not affected by the 

inhibitory effects of KC-53 as determined by the detection of the total and 

phosphorylated levels of JNK and p38 (Figure 31). 

 

Nuclear extraction and immunoblotting against the NF-κΒ subunit p65 showed a 

time-dependent decrease in the nuclear levels of p65 in response to KC-53 in both 

cell lines (Figure 32). An impressive 71% and 82% decrease in the p65 nuclear 

levels in HL-60 and CCRF/CEM cells, respectively, was noted after 6 h of 

treatment; apparently due to decreased translocation. Densitometric analysis 

charts are available in Figure S9. The KC-53-induced decrease in p65 nuclear 

expression observed by protein gel blotting was confirmed by significant reduction 

in nuclear immunostaining of p65 (Figure 33). As expected, TNFα treatment 

resulted in enhanced p65 staining in the nucleus, while co-treatment with KC-53 

decreased p65 staining (Figure 33). The present findings show that the NF-κΒ 
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translocation can be suppressed by KC-53, which suggests the involvement of an 

NF-κΒ inhibition mechanism in apoptosis. 

 

 

 

Figure 30. KC-53 diminishes TRAF2 phosphorylation and stabilizes IκΒα. HL-60 and 

CCRF/CEM cells were incubated with vehicle, KC-53 or PS-34 for the times indicate 

followed by incubation with TNFα for 20 min. Whole cell protein lysates were analyzed by 

immunoblotting. The results are representative of three repetitions. 

 

 

 

 

Figure 31. KC-53 does not affect p38 or JNK phosphorylated levels. HL-60 and 

CCRF/CEM cells were incubated with vehicle control, TNFα for 20 min or KC-53 for the 

times indicated followed by incubation with TNFα for 20 min. Whole cell protein lysates 

were analyzed by immunoblotting. The results are representative of three repetitions. 
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Figure 32. KC-53 hinders p65 translocation to the nucleus. Cells were incubated to 

either vehicle, KC-53 or PS-341 for the times indicated followed by the addition of TNFα 

for 20 min. The nuclear localization of p65 was examined by immunoblotting. The results 

are representative of three repetitions. Histone H3 levels were determined as a loading 

control and the α-Tubulin levels as an indicator of cytosolic contamination. 
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(ii) 

  

Figure 33. KC-53 hinders p65 translocation to the nucleus. (i) HL-60 and (ii) 

CCRF/CEM were treated with vehicle control, TNFα (1 ng/ml) for 20 min, or KC-53 (5 μΜ) 

for 1 h followed by incubation with TNFα (1 ng/ml) for 20 min. The subcellular localization 

of p65 was examined using fluorescence microscopy. More than 100 cells were inspected 

per experiment, and cells with typical morphology were presented. The results are 

representative of three repetitions. (Figure continued in the next page) 
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(ii) 

 

Figure 33 (Continued) 
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The efficiency of KC-53 in inhibiting TRAF2 and IκΒα phosphorylation and/or p65 

translocation was also compared with the established proteasome inhibitor, 

Bortezomib (PS-341). The inhibitor disrupts various cell signaling pathways 

including ΝFκ-Β, leading to cell cycle arrest, apoptosis, and inhibition of 

angiogenesis. As was expected, PS-341 maintained the IκΒα levels without 

abolishing the phosphorylation on Ser32/36, nor that of TRAF2 on Ser11 (Figure 

30). Nonetheless, PS-341 reduced p65 nuclear levels by 83% compared to the 

TNFα-treated samples (Figure 32). Thus, the effects of KC-53 on the nuclear 

levels of p65 are similar to those of PS-341, although the mechanism by which this 

is achieved is different between the two compounds. In addition, we compared 

KC-53 and PS-341 leukemia cell sensitivity by using the effective concentrations 

of the compounds. As expected from our former results (Figure 12, 13 and Table 

7) KC-53 decreased the viability of leukemia cell lines affecting moderately the 

normal PBMCs cells (Figure 34). Contrary to that, PS-341 decrease almost equally 

PBMCs, HL-60 and CCRF/CEM cell viability (Figure 34).  
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Figure 34. The effect of KC-53 against leukemia cell viability is more selective 

viability compared to PS-341. HL-60 and CCRF/CEM cells were treated with increasing 

concentrations of KC-53 (0-60 μΜ) or PS-341 (0-100 nM) or for 48 h. Cell viability 

determined by the MTT assay is expressed as percentage of survival in vehicle treated 

cells. The results represent the mean ±SEM of three different replicates and are 

representative of at least three different experiments.  
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Having observed the suppression of NF-κB translocation, we investigated the 

effects KC-53 on pro-survival and pro-inflammatory gene products. To address 

this, we determined the transcriptional levels of genes known to be 

transcriptionally activated by p65. Thus, cells were treated with TNFα alone (4 h) 

or with KC-53 (6 h) plus TNFα or vehicle. TNFα produced a substantial increase in 

all transcripts while KC-53 was found to significantly inhibit the expression of the 

pro-inflammatory cytokines; IL -1β, -6 and -8 and the pro-survival mediators; c-

FLIP, cIAP-1, cIAP-2, BCL-xL and XIAP, whereas MCL-1, BCL-2 and Survivin 

mRNA levels were not significantly affected (Figure 35). From these results it can 

be concluded that KC-53 represses the TNFR1 pro-survival axis in favor of pro-

apoptotic axis, blocking in this manner the activation of NF-κΒ signaling pathway in 

both cell lines. 
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Figure 35. KC-53 downregulates the expression of p65 pro-inflammatory and pro-

survival mediators. Cells were subjected to treatments either with the vehicle or TNFα (1 

ng/ml) for 4 h, or KC-53 (5 μΜ) for 6 h plus TNFα for 4 h. The PCR products were 

normalized to those obtained from GAPDH mRNA amplification. The results represent the 

mean ± SEM of two different replicates and are representative of at least three 

independent experiments. (*p value < 0.05, **p value < 0.01, ***p value <0.001) 
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Silencing of FADD protects leukemic cells from KC-53 pro-

apoptotic effects 

 

This set of experiments was designed to further evaluate the above conclusions. 

FADD is a core protein of the pro-apoptotic complex facilitating Caspase-8 

activation soon after TNFR1 activation (Tourneur and Chiocchia, 2010). In order to 

investigate whether apoptosis induction is directly linked to FADD, we used small 

interfering RNA (siRNA) to induce transient knockdown of FADD in HL-60 and 

CCRF/CEM cells (Figure 36). As shown in Figure 37A, specific targeting of FADD 

significantly restored cell viability by up to 81% and 90% in HL-60 and CCRF/CEM 

respectively. FADD knockdown was accompanied by KC-53 failure to activate 

Caspase-8, and to promote the proteolytic inactivation of RIP1 and PARP1 (Figure 

37B). Consequently, FADD-deficient cells developed resistance to the anti-

proliferative and apoptotic effects of KC-53. These data advocate the close 

correlation between the FADD/Caspase-8/RIP1 signaling axis and apoptotic 

effects of KC-53, which suggests being through activation of the TNFR1 death 

receptor initiated events.   

 

 

(i)                                                                     (ii) 

 

 

 

 

 

 

 

 

 

Figure 36. Translational silencing of FADD in HL-60 and CCRF/CEM cells. Cells were 

transiently transfected with siRNA control or siRNA FADD followed by (i) immunoblotting 

for the detection of FADD protein levels and (ii) qPCR in order to measure FADD mRNA 

levels. The results in (ii) panel represent the mean ± SEM of four different replicates and 

are representative of two separate experiments. (***p value < 0.001 compare to the 

vehicle siCtr) 
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  A.                                                                                B. 

 

 

 

 

 

 

   

 

 

 

 

Figure 37. FADD silencing inhibits KC-53 induced apoptosis. (A) Transient 

transfected cells were treated with 0 or 5 μΜ KC-53 for 24 h and cell viability was 

determined with MTT assay. (B) Transiently transfected cells were treated with 5 μΜ KC-

53 for 6 h and protein levels were determined by immunoblotting. The results in panel A 

represent the mean ± SEM of four different replicates and are representative of two 

separate experiments. The results in panel B are representative of three repetitions. (***p 

value < 0.001 compare to the vehicle siCtr) 
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Chapter IV: Discussion   

 

Even though the overall survival rate of patients with leukemia has dramatically 

increased in the past decade, there is still a strong need for discovering new 

therapeutic agents with higher specificity and milder side-effects (Reismuller et al., 

2009, Horton et al., 2010, Schmiegelow et al., 2013). A large part of these studies 

is focused on natural products that play a crucial role in the emergence and 

advancement of organic synthesis.  

 

Biyouyanagins A and B are sesquiterpene spiro-lactones isolated from the plant 

Hypericum chinense. They have a unique structural frame and a prominent activity 

against HIV replication and LPS-induced cytokine production (Tanaka et al., 2005, 

Nicolaou et al., 2008, Tanaka et al., 2009a, Nicolaou et al., 2011). KC-53 is a 

small, newly-synthetic analogue of biyouyanagin molecule poorly characterized for 

its biological properties apart from data supporting its anti-HIV activity and strong 

anti-inflammatory action. In the present study we investigate for the first time the 

anticancer efficacy of this novel compound and we examine its potential as a new 

anti-leukemic agent. Importantly, we discovered that, KC-53 reduces cancer cell 

viability and exhibits the highest cytotoxicity towards leukemic cell lines. 

Significantly, the novel agent promotes the activation of the death receptor TNFR1 

and switches pro-survival to pro-apoptotic response. In leukemia cells, KC-53 

effectively triggers primarily the extrinsic pathway of apoptosis, bypassing the p53-

mitochondrial block and hindering the p65/NF-κB survival cascade.   

 

Initially, the effects of KC-53 were evaluated in various human cancer cell lines in 

order to explore the role that the cellular microenvironment may affect the 

response to the agent. We have found that KC-53 reduces cancer cell viability in a 

dose-depended manner in all cancer cell lines and exhibits the highest cytotoxicity 

activity towards HL-60 (AML/APL) and CCR/CEM (ALL) leukemic cell lines. 

Remarkably, the normal PBMCs and the immortalized MCF-12F cells were 

relatively resistant to the anti-proliferative effects of the compound, suggesting that 

the KC-53 effects are selective against cancer cells. The observed decrease in cell 

viability is exclusive attributed to increase cell death as, the novel agent promoted 

rapidly and irreversibly apoptosis in both leukemic cell lines without affecting cell 

cycle progression neither in HL-60 nor in CCRF/CEM acute leukemia cells. 
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In order to examine the molecular mechanism(s) of induction of apoptosis we 

investigated whether KC-53 promotes the activation of death receptors and 

caspases in HL-60 and CCRF/CEM cells. Our results show that KC-53 

upregulates the membrane-associated levels of TNFR1, promoting the activation 

of initiator Caspase-8 and therefore executor Caspases, -3 and -7. Thus, KC-53 

activates the caspase-mediated apoptotic pathway in both cell lines. However, cell 

viability is not completely restored in the presence of the pan-caspase inhibitor, 

z.vad.fmk suggesting that CID mechanisms may also be involved in the mode of 

action of KC-53. This prediction is supported by the release and translocation of 

AIF from the mitochondrial to the nucleus (Figure 28B) which is commonly induced 

by Calpains and Cathepsins (Norberg et al., 2010). Interestingly, it has been 

previously shown that when Caspase-8 activity is blocked, the cell uses 

necroptosis as an alternative cell death pathway (Vandenabeele et al., 2010).  

 

Necroptosis is a form of cell death controlled by death receptors, including TNFR1 

that does not involve the activation of caspases. It is possible that following 

activation of the TNFR1 by KC-53, treatment with z.vad.fmk led to the inactivation 

of Caspase-8 preventing the degradation of RIP1 kinase. Various earlier studies 

reported that following inhibition of Caspase-8 by pharmacological interventions, 

RIP1 and RIP3 become phosphorylated and engage the effector mechanisms of 

necroptosis (Reviewed in (Vanden Berghe et al., 2010)). Based on our results, the 

ability of KC-53 to induce necroptosis cannot be excluded and requires further 

investigation. An issue that also remains open is how KC-53 promotes the 

stimulation of TNFR1 and whether this is the outcome of a direct or indirect 

interaction with the receptor.  

 

It is supported by findings in the literature that ROS are also involved in CID 

apoptosis by promoting DNA and lipids oxidative damage (Circu and Aw, 2010). 

Furthermore, ROS are considered as one of the main mediators of non-

programmed cell death, necrosis. ROS are formed as byproducts during various 

cellular mechanisms including the enzymatic conversion of H2O2 to water and 

oxygen. Recently published work from our laboratory has demonstrated that media 

containing sodium pyruvate (SP) in their formulations produce little or no H2O2 in 

comparison to media that do not contain it (Odiatou et al., 2013). In order to 

investigate the effects of the different culture conditions on the ability to KC-53 to 
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promote ROS generation in cancer cells, we treated HL-60 and CCRF/CEM cells 

with KC-53 in the presence or absence of SP in the media. Our results showed 

that KC-53 cell death is independent of ROS production and SP presence in cell 

culture media (Figure 22). Thus, it is obvious that KC-53-induced cell death is not 

caused by necrosis but exclusively by apoptosis. Consequently, the observed 

DNA damage in cells exposed to KC-53 is attributable to apoptosis and not  

oxidative damage.  

 

Despite the fact that TNFR1 is required for induction of apoptosis, the main 

signaling outcome of induced TNFR1 is the activation of NF-κB (Micheau and 

Tschopp, 2003). NF-κB signaling cascade has been well-documented in AML and 

ALL, and several preclinical studies indicate that inhibition of this pathway could be 

an effective treatment for targeted therapy of leukemia (Lo Nigro, 2013, 

Bertacchini et al., 2014, Hsieh and Van Etten, 2014). Elevated NF-κB activity in 

cancer cells provides a survival mechanism by up-regulating anti-apoptotic genes, 

thereby representing a major causative factor for drug resistance. Further on this, 

NF-κB modulates the expression of inflammatory cytokines linking chronic 

inflammation to cancer development (Hoesel and Schmid, 2013). 

 

TNFR1 pathway became a focus for anticancer therapeutics after the discovery 

that TNFα induces cell suicide. This discovery led to various attempts to stimulate 

apoptosis in cancer cells by activating TNFR1 signaling. However, initial attempts 

to activate the pathway by designing agents that activate through TNFα met with 

failure because of the inflammatory response induced by activation of the NF-κB 

pathway (Micheau et al., 2001). Anti-TNF antibodies (Song et al., 2002), IKK 

inhibitors (Cilloni et al., 2006, Carvalho et al., 2007) and proteasome inhibitors 

(Saito et al., 2013, Koyama et al., 2014, Nishioka et al., 2014) have been used to 

block the NF-κB pathway and to enhance the sensitivity of cancer cells to 

apoptosis. For instance, the proteasome inhibitor, Bortezomib is currently 

approved for the treatment of mantle cell lymphoma (Don and Zheng, 2011, Attar 

et al., 2013, Vasu and Blum, 2013, Walker et al., 2013). However, due to low 

specificity for cancer cells versus normal cells, it causes severe side-effects (Attar 

et al., 2013, Vasu and Blum, 2013, Walker et al., 2013). In particular, in a phase I 

clinical study in relapsed/refractory ALL, Bortezomib demonstrated significant 

dose-limiting toxicities (Cortes et al., 2004), whereas in a more resent phase I/II 
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trial in combination with HyperCVAD, chemotherapy showed healthy tolerance but 

moderate effectiveness in patients complete remission (CR) and overall survival 

(OS) (Daver et al., 2015).  

 

In order to investigate the potential use of KC-53 as a chemotherapeutic agent we 

compared its effects to those of Bortezomib (PS-341). Even though the 

proteasome inhibitor PS-341 is more potent than KC-53, PS-341 does not show 

selectivity between normal PBMCs and leukemia cells. What is more, our data 

revealed that KC-53 elicits effects comparable to Bortezomib’s, regarding p65 

nuclear translocation and IκBα inhibition though the mechanism by which this is 

achieved is different. These findings strongly propose a potential of KC-53 in 

cancer therapy without significant side-effects. However, evaluation of KC-53 in 

preclinical animal studies is required for assessing its potential as an effective and 

specific agent. 

 

Proteasome, which is responsible for IκΒα degradation, has many other vital 

cellular functions and it is also not feasible to block it for prolonged periods. 

Therefore, hindering NF-κB indirectly by controlling upstream regulatory 

molecules, like RIP1 or TRAF2, might be a more efficient and less cytotoxic 

approach for the treatment of leukemia and other types of cancers. Preclinical 

evidence for the importance of TRAF2 and RIP1 as targets for anticancer drugs is 

based on two observations: (i) that inactivating mutations of  TRAF2 is a dominant-

negative event, neutralizing TNFα-induced NF-κB activation (Zhang et al., 2011, 

Blackwell et al., 2009) and, (ii) RIP1-null cells or mice do not undergo TNFα-

induced cell death (Reviewed in (O'Donnell and Ting, 2012, Weinlich et al., 2011)). 

In addition, more recent data supports that the E3 ubiquitin ligase activity of 

TRAF2 contributes to TNFα resistance in FLT3-ITD-positive AML cells (Schnetzke 

et al., 2013) and in IKKε-mediated tumorigenesis (Zhou et al., 2013), through NF-

κB activation. Emerging events also support the oncogenic properties of TRAF2 in 

epithelial cancers. Aberrant TRAF2 expression or phosphorylation at Ser11 

residues contribute to malignant transformation and resistance to apoptosis 

(Sharma et al., 2014, Shen et al., 2015, Sorokin et al., 2015). This phosphorylation 

is essential for TNF-α-induced secondary and prolonged IKK activation and NF-κB 

translocation. Thus, TRAF2 Ser phosphorylation inhibits apoptosis and promotes 

cell survival.  
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In the current study, KC-53 dramatically inhibits the TNFα-induced phosphorylation 

on Ser11 of TRAF2 as well as on Ser32/36 of IκΒα. As a result, KC-53 stabilizes 

the cytoplasmic IκΒα-p65/NF-κΒ complex and hinders p65 translocation to the 

nucleus. The agent also promotes a robust degradation of RIP1 as a consequence 

of Caspase-8 aberrant activation. As such, the absence of RIP1 and phospho-

TRAF2, from the pro-survival complex blocked the downstream phosphorylation 

events leading to NF-κΒ activation. The above findings are further supported by 

knockdown experiments performed in HL-60 and CCRF/CEM cells. The 

participation of FADD in a complex with Caspase-8 and RIP1 is known to be 

required for the activation of the extrinsic pathway through TNFR1 (Lee et al., 

2012). Silencing of FADD unleashed the pro-apoptotic effects of KC-53 rescuing 

RIP1 proteolytic inactivation and contributing to resistance of HL-60 and 

CCRF/CEM to KC-53. These results strongly suggest that, following TNFR1 

activation, one of the primary apoptotic effects of KC-53 is the formation of the 

FADD/Caspsase-8/RIP1 pro-apoptotic complex. Since TRAF2 and RIP1 regulate 

several downstream regulatory molecules of the NF-κΒ cascade, the ability of KC-

53 to affect molecules such as, TAK1, A20, IKKs must be further investigated.  

 

Elevated NF-κB activity in cancer cells provides a survival mechanism by up-

regulating anti-apoptotic genes such as cFLIP (Benayoun et al., 2008), cIAP1/2 

and BCL-xL (Pahl, 1999). Besides, NF-κB modulates the expression of 

inflammatory cytokines linking chronic inflammation to cancer development 

(Hoesel and Schmid, 2013). In the current study, KC-53 reduces TNFα-stimulated 

gene expression of both pro-survival and pro-inflammatory p65-mediators at the 

basal levels (Figure 35). These findings could potentially shed light in the earlier 

report that KC-53 provokes strong anti-inflammatory activity (Nicolaou and 

Kannas, 2011, Nicolaou et al., 2011, Chang et al., 2012). It is worth noting that the 

genes evaluated in this study, have NF-κΒ binding sites in their promoter regions 

(Prasad et al., 2010). Subsequently, the effect of KC-53 on NF-κΒ transcriptional 

activity must be further investigated. 

 

The above data firmly documents that KC-53, by blocking the phosphorylation 

and/or activation of upstream regulators of NF-κB such as TRAF2 and RIP1, 

hinders NF-κB survival axis in leukemia cells. In accordance with our results, 

similar sesquiterpene lactones, such as parthenolide, were found to retain 
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antitumor (Oka et al., 2007) and anti-inflammatory properties by direct (Siedle et 

al., 2004) or indirect (Hehner et al., 1999) inhibition of the NF-κB. In addition, KC-

53 administration could find applications in overcoming resistance and/or increase 

responsiveness of cancer cells to conventional proteasome inhibitors. Whether 

KC-53’s anticancer and anti-inflammatory activity resides with its 

dichloronucleobase- or its biyouyanagin-like moiety warrants further investigation.    

 

Unlike most chemotherapeutic drugs, ligands of the TNF family induce apoptosis 

in a p53-independent manner and are promising alternatives to conventional 

chemotherapy. Specifically for leukemia, mutational inactivation of the p53 gene 

which mainly regulates apoptosis via the intrinsic pathway reduces cancer cell 

sensitivity to conventional treatments (Wattel et al., 1994, Melo et al., 2002). Thus, 

enabling the crosstalk between the still intact components of apoptotic signaling 

pathways represents a strong approach for drug development against leukemias 

(Jacquemin et al., 2010, Droin et al., 2013).  

 

The crosstalk between the extrinsic and intrinsic pathways is well established and 

can be observed at both the execution and initiation level, enchansing the 

apoptotic outcome of the two pathways. Agents or stress-inducers can sensitize 

cells to death receptor-induced apoptosis, or the opposite, death signals may 

enhance cells sensitivity to mitochondrial-mediated apoptosis (Soderstrom et al., 

2002, Metkar et al., 2003, Shankar and Srivastava, 2004, Cuello et al., 2004). In 

this aspect, KC-53 enables the crosstalk between the extrinsic and intrinsic 

pathway enabling cell lines with non-functional p53 to bypass the p53-

mitochondrial block. Caspase-8-mediated cleavage of Bid provided the link 

between death receptor stimulation and mitochondrial apoptotic events following 

KC-53 administration. The tBid has the ability to accumulate at mitochondria and 

to initiate MOMP by interacting with Bax/Bak (Schug et al., 2011). MOMP in turn 

results in the release of pro-apoptotic factors from the mitochondrial 

intermembrane space, including cytochrome c, triggering formation of the 

apoptosome and activation of Caspase-9 (Gonzalvez et al., 2010, Schug et al., 

2011). However, we did not observed any significant changes in the expression 

levels of Bax or Bcl-2 proteins suggesting that other molecules of the Bcl-2 family 

may be involved in the induction of the intrinsic pathway of apoptosis.  
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Collectively, the above data pinpoints that KC-53-induced apoptosis is attributed to 

the cross-talk between the extrinsic and intrinsic pathways, and importantly 

bypasses the p53-mitochondrial block. The engagement of the mitochondrial 

system amplifies the killing of malignant cells; something that may be of valuable 

importance in clinical implications, since it may critically reduce the time required 

for execution of the death program. This also suggests that KC-53 may find 

applications in leukemia with non-functional p53 that developed resistance to 

apoptosis.  

 

The idea to specifically target the extrinsic pathway to trigger apoptosis in 

leukemia cells is attractive for cancer therapy since death receptors have a direct 

link to the death machinery (Jacquemin et al., 2010, Hegde et al., 2012, Droin et 

al., 2013).  Nowadays, attention is focused on the development of TNFR-targeted 

cancer immunotherapies with very promising results (Bremer, 2013, Moran et al., 

2013). Of interest is the development of TNF-based fusion proteins like the TNC-

scTNFR2, which specifically activates TNFR2 and sensitized cancer cells to 

TNFR1 mediated apoptosis (Bueno et al., 2011). Nevertheless, the potential for 

systemic administration rhTNF in cancer patients depends on the cancer cells 

selectivity of the rhTNF-based drug. The effects of KC-53 as shown here are 

specific towards leukemia cells, as it spares human normal PBMCs, and breast 

non-tumorigenic cell line MCF-12F. In this respect, the combined use of KC-53 

with TNFR2 agonist or rhTNFα in sequential treatment schedules may optimize 

therapeutic effects and minimize toxicity. 

 

The ligand of death receptors DR4/5, TRAIL remains promising as a cancer 

therapeutic, despite the fact that many tumors remain refractory towards treatment 

with TRAIL (Fulda et al., 2002, von Haefen et al., 2004, Riccioni et al., 2005). In 

most, if not all, clinical studies the lack of efficacy was probably attributed to their 

inability to overcome the mitochondrial block (Ganten et al., 2004, Morizot et al., 

2011, Jacquemin et al., 2012). In addition, the expression of Fas and DR5 (Wu et 

al., 1997) are mainly depended on p53 transcriptional activity. Consequently, cells 

that do not express p53 or express nonfunctional p53 they do not respond to 

therapy. Since KC-53 promotes apoptosis in a p53 independed manner and being 

a strong candidate for TNFR1 activation it may help to overcome TRAIL resistance 

and/or increase malignant cell sensitivity to chemotherapy.  
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Based on our findings, we propose a potential molecular mechanism of KC-53 

antiproliferative anti apoptotic properties in acute leukemia cells (Figure 38). KC-

53 acts by stimulating TNFR1 and inhibiting the phosphorylation of TRAF2, 

thereby promoting the activation of the FADD pro-apoptotic cascade inhibiting the 

NF-κΒ pro-survival axis. Precisely, following TNFR1 stimulation and TRAF2 

hypophosphorylation, the death receptor kinase, RIP1 dissociates from 

TRADD/TRAF2 pro-survival complex and associates with FADD/pro-caspase 8 for 

the formation of the pro-apoptotic complex. This leads to the activation of the 

procaspase-8 which in turns cleaves and inactivates RIP1. Activated Caspase-8 

thereby activates downstream effector Caspases, -3 and -7 that induce caspase-

depended programmed cell death. Caspase-8 also cleaves and activates Bid 

(tBid), initiating the intrinsic/mitochondrial pathway of apoptosis. tBid leads to 

Caspase-9 activation and AIF release and translocation to the nucleus. AIF may 

also be involved in the induction of caspase-independed cell death. The absence 

of RIP1 and the hypophosphorylated form of TRAF2 diminishes the 

phosphorylation of IκΒα inhibitor by downstream kinases. As a result, IκΒα fails to 

be ubiquitinated and degraded by proteasome. Thus, IκΒα remains in complex 

with NF-κB hindering its translocation to the nucleus and blocking cell survival 

signaling. 

 

The present study provides compelling evidence that the antileukemic action of 

KC-53 involves the enrollment of the anticancer TNFR1 characteristics (pro-

apoptotic axis) and resignation of the survival TNFR1 characteristics (NF-κB pro-

survival axis). Our findings show for the first time that KC-53 effectively triggers 

apoptosis by facilitating both the extrinsic and intrinsic pathway, bypassing the 

p53-mitochondrial block and hindering the p65/NF-κB survival cascade in APL and 

ALL cells. The TNFR1 stimulation and the formation of the FADD/Caspase-8/RIP1 

pro-apoptotic complex seems to be responsible for the main apoptotic effects 

mediated by KC-53 soon after its administration. KC-53-induced alterations in 

TRAF2 and IκΒα phosphorylation may also be an initiating event and an important 

component of the underlying molecular mechanism blocking NF-κB survival and 

inflammatory signaling leading to apoptosis.  

 

Because of these qualities, we anticipate that KC-53 is very likely to find 

applications, either as a single agent, or in combination with other conventional 
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chemotherapeutic agents in targeted therapeutics against acute leukemias. Our 

work also represents a new concept in the design of TNFR1-targeted therapies as 

this is the first time that an agent has been reported to stimulate efficiently TNFR1 

inhibiting cancer cell growth and concurrently eliminate the activation of NF-κB. 

   

 
Figure 38. Sequence of molecular events leading to anti-proliferative and pro-

apoptotic effects of KC-53 in leukemic cells. KC-53 stimulates TNFR1 and inhibits 

TRAF2 phosphorylation. RIP1 dissociates from TRAF2 and binds to the FADD/pro-

caspase 8 complex. This leads to the activation of the procaspase-8 which in turns 

cleaves and inactivates RIP1. Caspase-8 triggers Bid cleavage, activation of effectors 

Caspases, -3 and -7 and inactivation of PARP1 promoting cell apoptosis. tBid leads to 

Caspase-9 activation and AIF release and translocation to the nucleus. The absence of 

RIP1 from TRADD/TRAF2 diminishes the phosphorylation of IκΒα by downstream 

kinases. As a result, IκΒα is not phosphorylated and fails to be ubiquitinated and degraded 

by proteasome. Subsequently, NF-κB remains in complex with IκΒα and fails to 

translocate to the nucleus and cell survival signaling is hindered. P; phosphorylation ub; 

ubiquitination  
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Chapter V: Future Work 

 

Further investigation of the implication of TNFR1 in the mode of action of 

KC-53 

 

An issue that remains open is the precise mechanism by which KC-53 stimulates 

TNFR1. Future experiments must be carried out in order to elucidate whether KC-

53 binds (direct effect) or not (in-direct effect) to TNFR1 promoting its 

oligomerization and therefore activation. For these purpose we will perform affinity 

chromatography analysis (Rix et al., 2012) in which we will use immobilized KC-53 

in order to pull down the protein(s) of interest. If KC-53 indeed binds to TNFR1, we 

will then use mutant TNFR1 lacking the extracellular or intracellular domain in 

order to uncover the precise binding site of the KC-53.  

 

Investigation of the early phosphorylation events initiated by KC-53  

 

The data presented in this study, signify that KC-53 can switch on/off signaling 

pathways of apoptosis and survival by affecting protein kinases networks. To 

precisely unravel the phosphorylation cascade(s) that are initiated shortly after KC-

53 administration, we are planning to use a global quantitative phosphoproteomics 

approach. In collaboration with Dr. Garbis D., whose work is specialized in high-

resolution mass spectrometry analysis (LC-MS/MS), we have identified 

distinguishing signatures between KC-53-treated and untreated HL-60 cells 

(Figure S10). The preliminary results from this analysis revealed various 

phosphorylation cellular responses related to apoptosis and survival, including 

transcription and chromatin modifications, immune responses, endoplasmic 

reticulum stress response, and organelle organization. The key molecules (kinases 

and phosphatases) of these series of experiments will be further validated for their 

importance by gain- and loss- of function studies and kinases assays.   

 

Further investigation of the underlying mechanism(s) involved in NF-κB 

inhibition  

 

As part of this aim we plan to further investigate the effect of KC-53 on molecules 

acting upstream of NF-κΒ (downstream of TNFR1). As previously mentioned, DUB 
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A20 and CYLD remove K63- and K48- linked polyubiquitin chains from RIP1 and 

IKKs kinases resulting in the downregulation of the canonical NF-κB signaling 

cascade (Shembade and Harhaj, 2012, Hoffmann et al., 2002). Apart from these 

proteins, there are several other negative regulators of the NF-κB signaling 

including ITCH and TAX1BP1. Preliminary experiments in HL-60 and CCRF/CEM 

cells treated with KC-53 for 6 h, revealed that, the mRNA levels of A20 and CYLD 

are significantly increased in the treated cells correspondingly (Figure S11). To 

further explore this possibility, we will determine the effect of KC-53 on the total 

and phospho- protein levels of the molecules by immunoblotting. We expect that if 

these proteins are implicated in the NF-κΒ-inhibitory mechanism induced by KC-

53, both the total and phospho- (Ser418) levels of CYLD and total levels of A20 

and ITCH will be increased following treatment with the agent.  

 

Another part of this aim is to determine the ability of KC-53 to inhibit the 

phosphorylation and activation of IKKs. To accomplish this, we will be perform 

kinetic studies using the IKK-α and -β Assay/Inhibitor Screening kit (Cyclex). The 

effectiveness of KC-53 in reducing IKK activity will also be compared with the 

known IKK inhibitor, IKK VII (Calbiochem). CCRF/CEM and HL-60 will be treated 

with KC-53 for different time points (15 – 60 min) prior IKK-α and IKK-β isolation 

with specific antibodies. The amount of the phosphorylated substrate (IκΒα) will be 

determined by reading optical intensity at 450 nm. We anticipate that, KC-53- and 

IKK VII will produce a decrease in the basal activity of IKKs relative to the vehicle 

controls.  

 

Further evaluation of the effect of KC-53 on the NF-κΒ activity 

 

Since KC-53 was found to inhibit the translocation of NF-κΒ to the nucleus and 

TNFα-induced expression of NF-κΒ-target genes, the effect of KC-53 on NF-κΒ 

activation must be further investigated. For this aim we will use the Luciferase 

Reporter Assay (Dual-Luciferase Reporter (DLR) Assay, Promega) during which, 

HL-60 and CCRF/CEM cells will be transfected with Luciferase construct 

containing three copies of the NF-κΒ/p65 binding site upstream of the luciferase 

reporter gene. The firefly luciferase reporter is measured by adding luciferase 

assay reagent to generate a stabilized luminescent signal. Cells will be incubated 

with TNF-α followed by treatment with KC-53 and the effect of the compound on 
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the transcriptional activity of the construct will be measured using luminometer. 

We expect that NF-κΒ transcriptional activity will be inhibited in the presence of 

KC-53.  

 

Further investigation of the Caspase-independent pathways induced by KC-

53 

 

In the present study, KC-53 was able to induce caspase-independent apoptosis in 

leukemia cells. Necroptosis is one of the main CID-mechanisms induced by 

specific groups of proteases namely, Calpains and Cathepsins. In order to further 

investigate the CID mechanisms of apoptosis, we will determine the effect of KC-

53 on the activation of Calpains and Cathepsins in both cell lines by using a 

Caplain (ab65308) and Cathepsin (ab65300) activity assay kit respectively. We 

expect that, if Calpains and/or Cathepsins are implicated in the CID-cell death 

induced by the compound, the activity of these proteases will be elevated following 

treatment with KC-53. Another alternative CID apoptotic mechanism is autophagy. 

By our preliminary results using the known autophagy inhibitor, Bafilomycin A1 in 

combination with KC-53, we found that KC-53 administration does not restore cell 

viability (Figure S12), suggesting that autophagy is possibly not induced by KC-53. 

To further exclude this possibility the expression of various Autophagy (Atg)-

related genes, as well as, the activity of mTOR kinase need to be exploited. 

 

Investigation of the ability of KC-53 to act synergistically with other 

compounds 

 

Based on the proposed mechanism of action of KC-53 as derived from the current 

study, the ability of KC-53 to enhance the effect or act synergistically with 

compounds affecting the same molecular pathways will be explored. The 

combined effect of KC-53 and PS-341 which is currently approved for the 

treatment of specific types of leukemia, on proliferation and survival of leukemia 

cells will be investigated in vitro. Furthermore, the combination of KC-53 with NF-

κΒ inhibitors (CHS 828, BAY-43-9006) which are also being investigated in 

preclinical studies will also be evaluated using leukemia and normal cell lines.   
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Evaluation of the in vivo efficacy of KC-53 in acute leukemia treatment  

 

It’s critical and very important to shown in in vivo follow-up studies that such 

advanced compound remain effective and can be sufficiently active at the site of 

the tumor. In order to investigate the effects of KC-53 on leukemia cells in vivo, we 

will use A20-luciferase (luc+)-expressing leukemia cells that have been previously 

demonstrated to migrate primarily to the bone marrow with secondary infiltration of 

spleen and other lymphoid organs when injected intravenously. C57B/6 mice will 

be injected with A20 cells and then treated with the compound intraperitoneally. 

Cells growth will be monitored twice a week and after the completion of the 

experiments lymph nodes and spleens will used for the following in vitro 

experiments: (i) immunostaining analysis and (ii) ELISA assay for quantitation of 

cytokines expression levels.  
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Appendix I: Experimental Data 
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Figure S1. KC-53 inhibits Jurkat cell proliferation in a dose- and time- dependent 

manner. Cells were treated with increasing concentrations of KC-53 for the times 

indicated. Cell viability was determined by the MTT assay and is expressed as percentage 

of survival in untreated cells. 
 

 

 

 
Figure S2. KC-53 increases SubG1 fraction without affecting cell cycle progression 

in Jurkat cells. Cells were treated with 0 or 5 μM KC-53 for 0-24 h prior to cell cycle 

analysis. The treatments were performed in duplicate and represent the mean ±SEM of 

three different experiments. (**p value < 0.01) 
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Figure S3. KC-53 induces apoptosis in Jurkat cells. (A) Cells were treated with vehicle 

control or 5 μΜ KC-53 for the indicated time points and apoptosis was assessed with 

Annexin-V/PI staining. Statistical significance was evaluated by comparing each cell 

population of the treated samples with the corresponding population of the vehicle control. 

Doxorubicin (Dox) at 0.5 μΜ was used as positive control. (B) (i) Cells were treated with 

vehicle control or 5 μΜ KC-53 in the presence or absence of 20 μM z.vad.fmk for 24 h. 

The presence of nucleosomes in the cytoplasm was determined with ELISA cell death 

detection kit and in expressed as Enrichment Factor. Etoposide (Eto) at 5 μΜ 

concentration was used as positive control (ii) Cells were treated with vehicle control or 5 

μΜ KC-53 in the presence or absence of 20 μM z.vad.fmk as shown for 24 h. Cell viability 

was assessed with the MTT assay. The results represent the mean ±SEM of two different 

replicates and are representative of at least three independent experiments. (*p value < 

0.05, **p value < 0.01, ***p value < 0.001) 
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Figure S4.  KC-53 does not promote the generation of ROS in Jurkat cells. Cells 

were treated with vehicle control or 5 μM of KC-53 in the presence or absence of 1 mM 

Sodium Pyruvate (SP) for the indicated time points. Cells were also treated with 100 μΜ 

Hydrogen Peroxide (Η2Ο2) in the presence or absence of 1 mM SP as controls. ROS 

production was determined with the DCFH-DA assay. The treatments were performed in 

duplicate and represent the mean ±SEM of three independent experiments. 
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Figure S5. Representative densitometric analysis of the protein expression of 

membrane TNFRs in HL-60 and CCRF/CEM cells. Cells were treated as described in 

Figure 11A. Asterisks indicate significant increase above the value obtained in vehicle 

controls. (**p value < 0.01, ***p value < 0.001) 
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Figure S6.  KC-53 induces Caspases activation and PARP1 inactivation in Jurkat 

cells. Cells were treated with vehicle control or 5 μΜ KC-53 for 6 up to 24 h and cell 

protein lysates were run by SDS–PAGE and immunoblotted with the indicated antibodies. 

The results are representative of at least three independent experiments. 
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Figure S7. Representative densitometric analysis of the protein expression of AIF in 

HL-60 and CCRF/CEM cells. Cells were treated as described in Figure 13(ii). Asterisks 

indicate significant increase above or decrease below the value obtained in vehicle 

controls. (*p value < 0.05, **p value < 0.01) 
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Figure S8. Representative densitometric analysis of the protein expression of total 

and phosphorylated TRAF2 and IκΒα. (A) HL-60 and (B) CCRF/CEM cells were treated 

as described in Figure 15. Asterisks indicate significant increase above or decrease below 

the value obtained in vehicle controls. (*p value < 0.05, **p value < 0.01, ***p value < 

0.001) 
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Figure S9. Representative densitometric analysis of the protein expression of 

nuclear p65. HL-60 and CCRF/CEM cells were treated as described in Figure 16A. 

Asterisks indicate significant decrease below the value obtained in TNFα-treated croups. 

(**p value < 0.01, ***p value < 0.001) 
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Figure S10. Heatmap of modulated proteins of KC-53 treated cells. HL-60 cells were 

treated with 5 μΜ KC-53 for 0 up to 120 min. Following incubation, aliquots of cells 

containing 100 μg of total protein were processed to proteolysis with trypsin and Lys-C. 

The phosphoproteomic analysis was performed using multidimensional liquid 

chromatography (LC). The separated phosphopeptides were analyzed with nano-spray 

ionization based ultra high-resolution mass spectrometry (nESI FTMS). The results 

represent the mean ± 1SD of three replicates compare to vehicle control groups. Heat 

map colors indicate the log2ratio for each protein expression (red=highest and 

blue=lowest expression). 
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Figure S11. The effect of KC-53 on the expression of several negative regulators of 

the NF-κΒ pathway. HL-60 and CCRF/CEM cells were treated with vehicle or KC-53 (5 

μΜ) for 6 h. The PCR products were normalized to those obtained from GAPDH mRNA 

amplification. The results represent the mean ± SEM of two different replicates and are 

representative of at least two independent experiments. (*p value < 0.05, **p value < 0.01) 

 
 
 
 

 

Figure S12. Bafilomycin does not prevent the antiproliferative effects of KC-53 in 

HL-60 and CCRF/CEM cells. Cells were subjected to either vehicle, Bafilomycin (Baf) 

(0.5 nM) for 1 h, KC-53 (5 μΜ) or Baf for 1 h prior to addition of KC-53 for 24 h. Cell 

viability determined by the MTT assay is expressed as percentage of survival in vehicle 

treated cells. The results represent the mean ±SEM of three replicates and are 

representative of three independent experiments. (***p value <0.001, ns; non-significant) 
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Selective activation of TNFR1 and NF-κB
inhibition by a novel biyouyanagin
analogue promotes apoptosis in acute
leukemia cells
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and Andreas I. Constantinou1*

Abstract

Background: Acquired resistance towards apoptosis is a hallmark of cancer. Elimination of cells bearing
activated oncogenes or stimulation of tumor suppressor mediators may provide a selection pressure to
overcome resistance. KC-53 is a novel biyouyanagin analogue known to elicit strong anti-inflammatory and
anti-viral activity. The current study was designed to evaluate the anticancer efficacy and molecular mechanisms of
KC-53 against human cancer cells.

Methods: Using the MTT assay we examined initially how KC-53 affects the proliferation rates of thirteen
representative human cancer cell lines in comparison to normal peripheral blood mononuclear cells (PBMCs)
and immortalized cell lines. To decipher the key molecular events underlying its mode of action we selected
the human promyelocytic leukemia HL-60 and the acute lymphocytic leukemia CCRF/CEM cell lines that were
found to be the most sensitive to the antiproliferative effects of KC-53.

Results: KC-53 promoted rapidly and irreversibly apoptosis in both leukemia cell lines at relatively low concentrations.
Apoptosis was characterized by an increase in membrane-associated TNFR1, activation of Caspase-8 and proteolytic
inactivation of the death domain kinase RIP1 indicating that KC-53 induced mainly the extrinsic/death receptor
apoptotic pathway. Regardless, induction of the intrinsic/mitochondrial pathway was also achieved by Caspase-8
processing of Bid, activation of Caspase-9 and increased translocation of AIF to the nucleus. FADD protein knockdown
restored HL-60 and CCRF/CEM cell viability and completely blocked KC-53-induced apoptosis. Furthermore, KC-53
administration dramatically inhibited TNFα-induced serine phosphorylation on TRAF2 and on IκBα hindering therefore
p65/NF-κΒ translocation to nucleus. Reduced transcriptional expression of pro-inflammatory and pro-survival p65 target
genes, confirmed that the agent functionally inhibited the transcriptional activity of p65.

Conclusions: Our findings demonstrate, for the first time, the selective anticancer properties of KC-53 towards
leukemic cell lines and provide a detailed understanding of the molecular events underlying its dual anti-proliferative
and pro-apoptotic properties. These results provide new insights into the development of innovative and targeted
therapies for the treatment of some forms of leukemia.
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Background
Apoptosis deregulation occurs commonly in hematological
malignancies and has been connected to cancer pathogen-
esis, progression and chemoresistance [1]. The two main
effector cascades that are involved in apoptosis are the in-
trinsic (mitochondrial), and the extrinsic (death receptor)
pathways [2]. Alterations affecting key molecules of these
pathways such as Bcl-2, p53 and the nuclear factor κΒ
(NF-κB) lead to accumulation of malignant cells. Among
the latter, NF-κB promotes the transcription of genes en-
coding proteins involved in the suppression of cell death
by both the intrinsic and the extrinsic pathway [3, 4]. Thus,
elevation in NF-κB activity can increase cellular resistance
to apoptosis.
The extrinsic pathway of apoptosis is initiated by en-

gagement of cell surface receptors with specific ligands.
The tumor necrosis factor receptor 1 (TNFR1) pos-
sesses important roles in many cellular responses. Once
TNFR1 is stimulated by its ligand (TNFα), two com-
plexes with opposing effects on cell fate can be formed:
a pro-survival and a pro-apoptotic complex. In the
presence of phosphorylated TNF receptor-associated
factor 2 (TRAF2), pro-survival NF-κΒ activation domi-
nates over pro-apoptotic Caspase-8 activation. TRAF2
phosphorylation, occurring on Ser 11, promotes receptor-
interacting protein 1 (RIP1) ubiquitination, facilitating the
recruitment and activation of the downstream IκB kinase
complex (IKK). This leads to NF-κΒ activation [5, 6] and
concurrently preventing RIP1 from interacting with
Fas-associated death domain (FADD) protein and pro-
caspase-8 [7, 8]. Under pro-apoptotic conditions,
RIP1 dissociates from TRAF2 and binds to the
FADD/Caspase-8 complex. Active Caspase-8 cleaves
and inactivates RIP1 initiating the extrinsic pathway
of apoptosis [9, 10].
Agents that trigger the extrinsic pathway are particu-

larly intriguing, since nearly all anti-cancer drugs utilize
the intrinsic pathway to induce apoptosis, and cells often
become resistant by accumulating defects in this path-
way (Reviewed in [11]). Consistent with this notion, de-
letions or mutations of p53 [12, 13] or over-expression
of Bcl-2 [14, 15] and NF-κB [16] are common in acute
myelocytic leukemia (AML) and acute lymphocytic
leukemia (ALL) resulting in resistance to drugs that in-
duce apoptosis through the intrinsic pathway. Conse-
quently, the development of agents that trigger the
extrinsic pathway of apoptosis is a promising approach
for drug development against this disease [17–19].
Clinical trials aiming to evaluate the anticancer effi-

cacy of TNF family members originated with the use
of human TNFα mainly in advanced solid cancers
[20, 21]. Recombinant human TNFα (rhTNFα) has
been tested as a systemic treatment in several clinical
trials and used as both a single agent and in

combination with chemotherapeutics. Even though
rhTNFα was proven as an effective anticancer agent
in preclinical studies, these attempts were disappoint-
ing as clinical activity was rarely obtained; rhTNFα
was unable to trigger apoptosis via TNFR1 unless the
initial NF-κB pathway was blocked [22]. In addition,
rhTNFα was highly cytotoxic towards hepatocytes
causing severe side effects and lacked of evidence for
therapeutic benefit [20]. Subsequently, for the devel-
opment of rational death receptor-targeted therapy it
is important to discover agents able to activate the
death receptors without triggering the NF-κB cascade.
Biyouyanagins are sesquiterpene spiro-lactones iso-

lated from the plant Hypericum chinense with selective
anti-virus and anti-inflammatory properties [23–26].
Our recent research around the molecular space of
biyouyanagins structure revealed a new promising lead
molecule; the post-photocycloaddition modified analogue
53 (Fig. 1a) [26]. Specifically, in THP-1 human macro-
phage cells, KC-53 inhibited the production and secretion
of cytokines IL-6, IL-1β, and TNFα without affecting the
production of cytokines IL-1α no 1β and IL-8 [26].
Since KC-53 was found to possess anti-inflammatory

properties, and taking into consideration the key role of
NF-κB in the inflammatory response, we postulated
that, KC-53 may exhibit anticancer effects mediated
through its interference with the TNFR1/NF-κB path-
way. Our results show that among 13 cell lines tested,
HL-60 (p53−/−) and CCRF/CEM (p53mut) are espe-
cially susceptible to the KC-53 pro-apoptotic effects
due to, predominantly, activation of TNFR1 and the
concomitant inhibition of p65/NF-κB translocation to
the nucleus. The properties of KC-53, unveiled here,
are consistent with those of a promising targeted thera-
peutic that could be especially effective in the treatment
of some forms of leukemia that do not respond to
drugs inducing only the intrinsic pathway of apoptosis.

Methods
Synthesis of KC-53
KC-53 was prepared by K.C. Nicolaou laboratory as pre-
viously described [26].

Chemicals and reagents
FBS, Horse Serum, antibiotic/antimycotic, EGF, insulin,
Cholera Toxin, Hydrocortizone, L-Glutamine, HEPES,
Sodium Pyruvate and media used in cell culture were
purchased from Gibco, Invitrogen (Carlsbad, California).
Etoposide and Doxorubicin were purchased from Tocris
(Bristol, UK). The pan caspase inhibitor z.vad.fmk
was purchased from Sigma (St. Louis, Missouri). TNFα,
and PS-341 (Bortezomib) were purchased from Merck
Millipore (Darmstadt, Germany). Protease inhibitor
cocktail was obtained from Roche (Indianapolis, IN).

Savva et al. BMC Cancer  (2016) 16:279 Page 2 of 14

Chri
sti

an
a S

av
va



Caspase −3, −7, −8, −9, PARP1, RIP1, Bid, TNFR1,
TNFR2, AIF, FADD, p-IκBα, p-TRAF2, p65/NF-κB and
α-Tubulin antibodies were purchased from Cell Signal-
ing Technology (Danvers, Massachusetts). Total TRAF2,
total IκBα, Histone H3, EGFR, and GAPDH antibodies
were obtained from Santa Cruz Biotechnology (Heidel-
berg, Germany). All other reagents were purchased from
Sigma (St. Louis, Missouri).

Cell culture
MCF-7, MDA-MB-231-TXSA, STSA, LoVo, Ishikawa
and KHOS cells were cultured in DMEM supplemented
with 10 % FBS, 1 % antibiotic/antimycotic and 4 mM L-
Glutamine, PC-3, A-549, Jurkat, HL-60, CCRF/CEM,

Raji and Daudi in RPMI supplemented with 10 %
FBS, 1 % antibiotic/antimycotic and 4 mM L-Glutam-
ine, and MCF-12F in DMEMF12 supplemented with
20 ng/mL EGF, 100 ng/mL Cholera Toxin, 500 ng/mL
Hydrocortizone, 10 μg/mL insulin, 5 % Horse Serum
and 1 % antibiotic/antimycotic. All cell lines were ob-
tained from the American Type Culture Collection
(ATCC) (Manassas, VA).

Isolation of Peripheral Blood Mononuclear Cells (PBMCs)
Human normal PBMCs were isolated from hepari-
nised venous blood samples by density gradient
centrifugation method using Ficol-Histopaque (Sigma,
St. Louis, Missouri). Briefly, the heparinised blood
was layered on Histopaque in the ratio of 1:1 and
subjected to centrifugation at 2,000 rpm for 30 min.
The white layer representing PBMCs was aspirated
out and transferred into sterile centrifuge tubes. The
suspension of cells was then washed twice and cul-
tured in RPMI supplemented with 10 % FBS, 1 %
antibiotic/antimycotic and 4 mM L-Glutamine. After
24 h incubation at 37 °C non adherent cells (B- and
T-cells) were collected for use in the experiments.
Written informed consent was obtained from the do-
nors of PBMCs and ethical approval was obtained
from the Cyprus National Bioethics Committee in ac-
cordance with the Declaration of Helsinki.

Proliferation assay
A total of 1 × 104 cells were seeded per well of a 96-well
plate in medium supplemented with the different con-
centrations of KC-53 or vehicle control, for the time pe-
riods described in the figure legends. At the end of each
incubation period, MTT at a final concentration of
0.5 mg/mL was added to the medium and left to be me-
tabolized for 3 h. Following that, plates were centrifuged
at 1,500 rpm for 5 min. The medium was removed and
DMSO was added in each well and incubated with gen-
tly shaking for 20 min. The absorbance measured at
570 nm, was proportional to the number of viable cells
per well.

Cell cycle analysis
Cells were added at a concentration of 1 × 106 cells
per a 100 mm plate and treated with KC-53 for indi-
cated times at 37 °C. Following incubation, samples
were harvested by centrifugation at 1,500 rpm for
5 min at 4 °C and washed with PBS. Cells were fixed
with 70 % ethanol and stained with propidium iodide
(PI) staining solution (0.2 mg/mL RNase A, 0.01 mg/mL
PI). Samples were analyzed for DNA content using the
Guava EasyCyte™ flow cytometer and the GuavaSoft ana-
lysis software (Millipore, Watford, UK).

Fig. 1 KC-53 chemical structure and its antiproliferative effects on a
panel of cell lines and PBMCs. a Chemical structure of KC-53
molecule. b Cells were exposed to 5 μΜ of KC-53 for 48 h and
cell survival was determined using the MTT assay. Cell viability is
expressed as percentage of survival in vehicle treated cells. The
results represent the mean ± SEM of three replicates and are
representative of three different experiments. (*p value <0.05,
**p value <0.01, ***p value <0.001)
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Annexin-V/PI staining
Cells were seeded at a concentration of 1 × 105 cells per
a 60 mm plate and treated with KC-53 or Doxorubicin
(Dox) as indicated. Cells were harvested and stained
using Annexin-V Alexa Fluor® 488/PI, as described by
the Tali™ apoptosis kit (Life Technologies, Carlsbad, CA).
Cell viability, death and apoptosis were evaluated using
the Tali™ Image-based Cytometer (Life Technologies,
Carlsbad, CA). The Annexin-V positive/PI negative cells
were recognized as early apoptotic cells by the cytometer
software whereas the Annexin-V positive/PI positive
cells were identified as late apoptotic/dead cells.

Cell death detection ELISA
Cells were added at a concentration of 1 × 104 cells
per well of a 96-well plate and treated with KC-53 in
the present or absence of pan-caspase inhibitor,
z.vad.fmk as indicated. The quantification of mono- and
oligo-nucleosomes present in the cytoplasm of apoptotic
cells was performed using the Cell Death ElisaPLUS
Apoptosis Kit according to the manufacturer’s instructions
(Roche, Indianapolis, IN). The specific Enrichment Factor
of mono- and oligo-nucleosomes is expressed as absorb-
ance of treated cells to absorbance of corresponding nega-
tive control.

Caspase-8 enzymatic activity
Caspase-8 activity was measured using fluorogenic sub-
strate IETD-AFC (KHZ0052) according to the manufac-
turer’s instructions (Invitrogen, California, USA). In
brief, PBS-washed cell pellets were resuspended in Lysis
buffer and incubated on ice for 10 min. Lysate was then
centrifuged at 11,000 rpm for 5 min at 4 °C and
supernatant-cytosolic fraction was collected. Substrate at
50 μΜ final concentration was added to 50 μg of cyto-
solic extract in each well of a 96-well plate followed by
incubation for 1 h at 37 °C. Caspase activity was mea-
sured by monitoring the release of fluorigenic AFC using
an auto-microplate reader (excitation 400 nm, emission
505 nm, slit width 15). Fold-increase in Caspase-8 activ-
ity was determined by direct comparison to the level of
the uninduced control.

Preparation of nuclear and cytosolic extracts
A total of 2 × 107 cells were treated as indicated. After
incubation, cells were harvested by centrifugation at
1,500 rpm for 5 min at 4 °C and washed with ice cold
PBS. Cells were resuspended in ice cold Lysis buffer
(10 mM HEPES, 1 mM EDTA, 60 mM KCl, 0.5 % (v/v)
NP-40, 1 mM DTT, 1 mM PMSF, protease inhibitors,
pH 7.9) and incubated at 4 °C for 10 min. Samples were
then centrifuged at 12,000 g for 10 min at 4 °C and
supernatant (cytosolic extract) was collected. Cytosolic
fraction was further processed by centrifugation at

14,000 g, for 10 min at 4 °C. Supernatant was recollected
and stored at −80 °C. Pellet was washed twice with
Washing buffer (10 mM HEPES, 1 mM EDTA, 60 mM
KCl, 1 mM DTT, 1 mM PMSF, protease inhibitors,
pH 7.9) and Nuclear suspension buffer (250 mM Tris-
Hydrochloride, 60 mM KCl, 1 mM DTT, 1 mM PMSF,
protease inhibitors, pH 7.8) was added to each sample.
Nucleus lysis was achieved by sonication (4 bursts, at
amplitude 4, for 4 sec with 2 min cooling between
bursts) with the use of an ultrasonic microprocessor and
clarified by centrifugation at 10,000 g for 15 min at 4 °C.
Supernatant (nuclear extract) was collected and stored
at −80 °C.

Quantitative real-time reverse transcription PCR (RT-qPCR)
Total RNA was extracted with Trizol reagent (Invitrogen,
Carlsbad, CA) following the manufacturer’s protocol.
cDNA was synthesized with random and oligo (dT)
primers using the PrimeScript Reverse Transcriptase
(TaKaRa Bio. Inc, Dalian, China). Primers were designed
using Primer3 and are listed in Additional file 1. Real-
Time PCR was performed using the BioRad CFX96
Real-Time System and the SYBR Green PCR Master
Mix (Kapa Biosystems, Massachusetts) according to
the manufacturer’s instructions. The PCR products
were normalized to those obtained from human
GAPDH mRNA amplification.

RNA interference
FADD siRNA (sc-35352) and negative control siRNA
(sc-37007) were purchased from Santa Cruz Biotechnol-
ogy. For the transfection procedure, HL-60 and CCRF/
CEM cells were seeded at a concentration of 4x105/mL
per well of a 12-well plate and FADD siRNA or control
siRNA were transfected with the use of LipofetamineTM
2000 (Invitrogen, Carlsbad, CA) and siTransfection Re-
agent (Santa Cruz Biotechnology, Heidelberg, Germany)
correspondingly according to the manufacturer’s instruc-
tions. The final concentration of siRNA in each well was
100 nM.

Immunoblotting
Cells were treated as indicated and lysed with RIPA
buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.5
μΜ EGTA, 140 mM NaCl, 1 % Triton X-100, 0.1 %
SDS, protease inhibior cocktail, phosphatase inhibi-
tors; 5 mM NaF, 1 mM Na3VO4). For preparation of
membrane and cytosolic extracts, the Subcellular Pro-
tein Fractionation Kit for Cultured Cells (PI-78840)
was used according to the manufacturer’s instructions
(Thermo Scientific, Rockford) with slight modifica-
tions. The total protein concentration was determined
using Bradford reagent. Protein lysates were separated
by electrophoresis on a 8–12 % SDS-PAGE gels and
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then electrophoretically transferred to PVDF membrane.
Westerns blots were probed with the specific antibodies
and protein bands were detected by enhcaned chemi-
luminescence. Anti-GAPDH, anti-Histone H3, anti-α-
Tubulin and anti-EGFR monoclonal antibodies were used
as loading controls. The intensity values from the densi-
tometry analysis of Western blots were normalized against
EGFR, α-Tubulin or Histone H3 using ImageJ analysis
software (NIH). Intensity values were expressed as fold
change compared to control.

Statistical analysis
Results for continuous variables were presented as Mean
±Standard Error. Two- group differences in continuous
variables were assessed by the unpaired T-test. P-values
are two-tailed with confidence intervals 95 %. Statistical
analysis was performed by comparing treated samples
with vehicle controls. All statistical tests were conducted
using Prism software version 5.0 (Graphpad, San Diego,
California).

Results
KC-53 inhibits the proliferation of human cancer cell lines
The effect of KC-53 on tumor cell viability was initially
determined in a series of human cancer cell lines to
identify those that are the most sensitive to the agent.
Thus, we have determined the effects of KC-53 on the
viability of human breast (MCF-7, MDA-MB-231-
TXSA), lung (A-549), prostate (PC-3), colon (LoVo),
endometrial (Ishikawa), osteosarcoma (KHOS), gastric
(STSA), leukemia (Jurkat, HL-60, CRF/CEM) and
lymphoma (Raji, Daudi) tumorigenic cells. PBMCs and
“normal” immortalized MCF-12 F breast cells were used
as control cell lines. The HL-60 (AML/APL) and CCRF/
CEM (ALL) cell lines were the most sensitive as deter-
mined by the IC50 at 48 h (Table 1). Importantly, the
normal PBMCs and the immortalized MCF-12 F cells
were relatively resistant to the anti-proliferative effects
of the compound (Fig. 1b). KC-53 reduced cancer cell
viability in a dose-depended manner in all cell lines with
a maximum effect on the most sensitive cell lines ran-
ging from 5 to 10 μM (Additional file 2). The two most
sensitive cell lines were selected to further investigate
the anti-proliferative mechanism of KC-53.
KC-53 was found to reduce HL-60 and CCRF/CEM

cell growth in a dose- and time- depended manner pro-
ducing maximum reduction in cell viability at 10 μM in
HL-60 and at 5 μM in CCRF/CEM (Fig. 2a). It became
apparent from these growth response curves that the ef-
fect of the agent was almost immediate. To follow-up on
this observation, we examined the possibility that the ef-
fects of KC-53 were irreversible. Towards this objective,
we exposed the cells to KC-53 for 1, 3, 6 and 12 h
followed by a post-treatment recovery period in agent-

free medium for 48 h. In both cell lines viability was
only partially restored when KC-53 was removed after
1 or 3 h of treatment (Fig. 2b). Treatments for 6 and
12 h produced a similar effect to that of continuous
exposure. Thus, after 6 h of treatment the compound
produced an irreversible inhibition of cell growth.
The observed growth inhibitory effect of KC-53 in
leukemic cells was not accompanied by any significant
changes in the distribution of cell cycle phases as de-
termined by flow cytometry (Fig. 2c). However, after
12 and 24 h of treatment there was an increase in
Sub-G1 phase, indicative of apoptosis.

KC-53 induces apoptosis in HL-60 and CCRF/CEM cells
The possible induction of apoptosis by KC-53 was ini-
tially evaluated with the use of Annexin-V-FITC/PI
assay. As indicated in Fig. 3a, within 12 h of treatment
there was a significant increase in the early apoptotic
fraction of both cell lines. After 24 h of treatment,
26.5 % of HL-60 and 27.5 % of CCRF/CEM cells were
characterized as early apoptotic whereas, 15 % of cells
from both cell lines were in the late apoptotic stage.
Apoptotic induction was further analyzed by the

ELISA cell death kit which enables the detection of
mono- and oligo-released nucleosomes in the cytosol.
KC-53 induced substantial DNA fragmentation in HL-60
cells (7.4 fold increase compared to the control) and in
CCRF/CEM cells (6.4 fold increase compared to the
control) (Fig. 3b (i)). In the presence of the pan caspase

Table 1 IC50 values of KC-53 in vitro antiproliferative activity in
human cell lines

Cell Line IC50 (μΜ)

HL-60 2.3 ± 1.0

CCRF/CEM 2.4 ± 1.0

LoVo 2.5 ± 1.6

Jurkat 3.4 ± 1.7

Daudi 3.8 ± 1.9

KHOS 5.0 ± 2.0

MDA-MB-231-TXSA 8.0 ± 3.5

STSA 15.4 ± 5.2

MCF-12 F 15.5 ± 5.5

MCF-7 16.0 ± 3.5

Raji 16.3 ± 6.1

A549 19.1 ± 10

Ishikawa 21.1 ± 10

PC-3 33.6 ± 9.7

PBMCs >60

Cells were incubated with increasing concentrations of KC-53 (0–60 μΜ) for
48 h. The IC50 values were calculated from MTT viability curves. The data are
expressed as the mean ± SD of three independent experiments performed
in triplicate
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inhibitor, z.vad.fmk, DNA fragmentation was signifi-
cantly reduced in HL-60 cells and it was fully abolished
in CCRF/CEM cells. These data suggest that activation
of caspase cascades is predominantly involved in KC-53-
induced apoptosis. DNA analysis was also performed
with the Comet Assay where KC-53-induced DNA dam-
age was evident within 9 h of treatment (Additional file
3) and was exclusively attributed to apoptosis as no cel-
lular ROS production was detected (Additional file 4).
Even though co-incubation of KC-53 with z.vad.fmk

restored DNA fragmentation, it did not fully restore the
viability of cells (Fig. 3b (ii)). HL-60 viability increased
from 43 to 60 % in the presence of z.vad.fmk while no
alterations were observed in the viability of CCRF/CEM.
These findings indicate that inhibition of cell prolifera-
tion by KC-53 might be mediated by both caspase
-dependent (CD) and -independent (CID) programmed
cell death in a cell-context-specific manner.

KC-53 promotes apoptosis through activation of the
TNFR1 signaling pathway
To fully characterize the apoptotic pathway being in-
duced by KC-53, we monitored the potential activa-
tion of caspases and any changes in the membrane
death receptor levels. In both HL-60 and CCRF/CEM
cell lines an increase in membrane-associated TNFR1
was evident with KC-53 treatment for 6 up to 24 h
(Fig. 4a). The corresponding protein levels of TNFR2
were not significantly affected by the treatment
(Fig. 4a). The levels of death receptors FAS, DR3 and
DR5, decoy receptor DcR3 as well as those of adaptor
proteins FADD and TRADD remained relatively un-
affected (Additional file 5).
The increase in TNFR1 levels was accompanied by

strong activation and detection of the cleaved 43/41 kDa
forms of Caspase-8 (C-Casp8) and proteolytic inactiva-
tion of RIP1 (C-RIP1) (Fig. 4b (i)) indicating that the

Fig. 2 Effects of KC-53 on leukemic cellular proliferation and cell cycle progression. a Cells were treated with increasing concentrations of KC-53
for the times indicated. Cell viability determined by the MTT assay, is expressed as percentage of survival in comparison to vehicle treated
controls. b Cells were exposed to 0 or 5 μΜ of KC-53 followed by removal of the agent after 1, 3, 6 or 12 h incubation and cell viability
was determined after 48 h recovery in drug-free medium. A positive control, where KC-53 was not removed, is shown for comparison.
c Cells were treated with 0 or 5 μM KC-53 for the times indicated and cell cycle was assessed by FACS analysis. The results represent the mean ± SEM of
three replicates and are representative of three different experiments. (*p value <0.05, **p value <0.01, ***p value <0.001, ###p value <0.001)
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extrinsic pathway of apoptosis is triggered. The crosstalk
between the extrinsic and the intrinsic pathways is well
established and occurs though Caspase-8 cleavage and
activation of the pro-apoptotic protein Bid [27, 28]. To
investigate this scenario we determined the expression
levels of cleaved/truncated Bid (tBid). KC-53 administra-
tion resulted in the detection of the 15 kDa tBid frag-
ment in both cell lines (Fig. 4b (i)). The cleavage of Bid
occurred in the early stage of apoptosis (6 h) parallel
with Caspase-8 activation. In both cell lines the amount
of the 15 kDa peptide was constant during the time
course of apoptosis and became undetectable after 24 h,
possibly due to further degradation.
Caspase-8 enzymatic activity was verified with the use

of fluorometric protease assay kit, in the presence or ab-
sence of z.vad.fmk. KC-53 produced a significant in-
crease of Caspase-8 activity within 4 h of treatment.
Specifically, after 12 h there was a 6.6 fold increase of
Caspase-8 activity in HL-60 cells and an 8 fold increase
in CCRF/CEM cells (Fig. 4b (ii)). The effects of KC-53
on Caspase-8 activity were fully reversed by z.vad.fmk in
both cell lines.
To further evaluate the apoptotic effect of KC-53, we

monitored the expression of the executor Caspases, −3

and −7 and their substrate PARP1. KC-53 markedly in-
creased the active, cleaved forms of Caspases −3 (C-
Casp3; 19/17 kDa) and −7 (C-Casp7; 20 kDa), which
was evident within 6 h of treatment and persisted for
24 h post-treatment (Fig. 4c (i)). Caspase activation
was accompanied by a decrease in the levels of the
full length 116 kDa PARP1 and appearance of the
cleaved 89 kDa form (C-PARP1) (Fig. 4c (i)). Simi-
larly, KC-53 induced activation of the initiator
Caspase-9 (C-Casp9; 37/35 kDa) (Fig. 4c (i)) and
translocation of apoptosis inducing factor, AIF from
the cytosol to the nucleus (Fig. 4c (ii)). In HL-60
cells, the nuclear levels of AIF increased up to two
fold and in CCRF/CEM up to 2.8 fold following 6 h
of treatment (Fig. 4c (ii)). Both Caspase-9 activation
and AIF release are characteristics of mitochondrial
outer membrane permeabilization (MOMP) apparently
induced by tBid. These findings support the involve-
ment of mitochondrial-mediated intrinsic pathway in
the induction of apoptosis by KC-53. Furthermore, as
AIF is a mediator of CID apoptotic mechanisms,
these data provide further support to our previous
observation (Fig. 3b (ii)) regarding the possible in-
volvement of CID mechanisms by KC-53 action.

Fig. 3 Effects of KC-53 on cell apoptosis and DNA integrity. a Cells were treated with 0 or 5 μΜ KC-53 for the indicated time points and apoptosis
was assessed with Annexin-V/PI staining. Statistical significance was determined by comparing treated samples with the corresponding population of
the vehicle control. For comparison, Doxorubicin (Dox) at 0.5 μΜ was used as positive control. b (i) Cells were treated with 0 or 5 μΜ
KC-53 in the presence or absence of 20 μM z.vad.fmk for 24 h. The presence of nucleosomes in the cytoplasm was determined with the
ELISA cell death detection kit and is expressed as Enrichment Factor. Etoposide (Eto) at 5 μΜ was used as positive control. (ii) Cells were
treated with vehicle control or 5 μΜ KC-53 in the presence or absence of 20 μM z.vad.fmk, as shown, for 24 h. Cell viability was assessed
with the MTT assay. The results represent the mean ± SEM of two replicates and are representative of three independent experiments.
(*p value <0.05, **p value <0.01, ***p value <0.001, #p value <0.05, ###p value <0.001)
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KC-53 inhibits the activation of IκΒα and the translocation
of p65/NF-κΒ to the nucleus
TRAF2 is required for the assembly of kinases regulating
the phosphorylation and degradation of the NF-κΒ in-
hibitor, IκBα. We therefore investigated whether KC-53
treatment can affect the downstream molecular events
of the TNFR1/NF-κΒ signalling as well as NF-κΒ trans-
location to the nucleus. This was evaluated by monitor-
ing the phosphorylation status and protein levels of
TRAF2 and IκBα following induction by TNFα in the
absence or presence of KC-53.
We found that TNFα increased the phosphorylation

levels of TRAF2 (Ser11) by 3.5 fold in HL-60 cells and by

2.2 fold in CCRF/CEM cells (compared to the control
levels) while KC-53 fully attenuated these effects (Fig. 5a).
Furthermore, in both cell lines, pretreatment with KC-53
fully abolished the TNFα-induced phosphorylation of IκBα
on Ser32/36 without affecting the overall IκBα levels
(Fig. 5a). Nuclear extraction and immunoblotting against
the p65 subunit of NF-κΒ showed a time-depended de-
crease in the TNFα-induced nuclear translocation of p65
in response to KC-53 in both cell lines (Fig. 5b). An im-
pressive 71 % and 82 % decrease in the p65 nuclear levels
in HL-60 and CCRF/CEM cells was noted respectively,
after 6 h of treatment, apparently due to decreased trans-
location. The above findings, clearly show that KC-53

Fig. 4 Effects of KC-53 on Caspases and regulatory molecules of the apoptotic pathways in leukemia cells. a Cells were treated with 0 or 5 μΜ
KC-53 for the indicated time points. TNFRs membrane expression levels were analyzed by immunoblotting. EGFR was used as a loading control
and the TNFRs levels were quantified and normalized in comparison to the EGFR levels. b (i) Cells were treated with 0 or 5 μΜ KC-53 for
the indicated time points. (ii) Cells were treated with 0 or 5 μΜ KC-53 in the presence or absence of 20 μM z.vad.fmk. Caspase-8 enzymatic activity was
determined as described in Methods. Etoposide (Eto) added at 5 μΜ was used as a positive control. c (i) Cells were treated with 0 or 5 μΜ KC-53 for
the indicated time points followed by immunoblotting. (ii) Cells were incubated with 0 or 5 μΜ KC-53 for 6 h and cytosolic and nuclear
protein extracts were prepared. The numbers on top of each band represent intensity values and are expressed as fold change in comparison to the
control. The results in panels a, b (i) and c are representative of three repetitions. The results in b (ii) panels represent the mean ± SEM of two
replicates and are representative of three independent experiments. (***p value <0.001)
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stabilizes the p65/IκBα complex by inhibiting TNFα-
induced phosphorylation on TRAF2 and IκBα, preventing
in this manner p65 translocation to the nucleus.
The efficiency of KC-53 in inhibiting TRAF2 and IκBα

phosphorylation and/or p65 translocation was also
compared with the well-established proteasome inhibitor,
Bortezomib (PS-341). As was expected, Bortezomib
maintained the IκΒα levels without abolishing the phos-
phorylation on Ser32/36 neither that of TRAF2 on Ser11
(Fig. 5a). Nonetheless Bortezomib reduced p65 nuclear
levels by 83 % compared to the TNFα-treated samples
(Fig. 5b). Thus, the effects of KC-53 on the nuclear levels
of p65 are similar to those of Bortezomib although the
mechanism by which this is achieved is different.
To further test the expectation that KC-53 hinders p65

transcriptional activity, we determined the mRNA levels
of genes known to be transcriptionally activated by p65.
We found that KC-53 robustly inhibited the TNFα-
induced transcription of the pro-inflammatory cytokines;
IL -1β, −6 and −8 and the pro-survival mediators; c-FLIP,
cIAP-1, cIAP-2, BCL-xL and XIAP whereas BCL-2, MCL-1
and Survivin levels were not significantly affected (Fig. 5c).
These results are consistent with the conclusion that KC-

53 shifts the balance between the TNFR1-mediated pro-
survival and pro-apoptotic signals in favour of the latter
and thus, inhibits the activation of the NF-κΒ in HL-60
and CCRF/CEM cells. Therefore, the antiproliferative ac-
tivity of KC-53 in leukemia cells might be also attributed
in the inhibition of the NF-κΒ survival axis.

Silencing of FADD protects leukemic cells from KC-53
apoptotic effects
In order to investigate whether KC-53 apoptotic effects
are directly linked to TNFR1 pro-apoptotic signaling
axis we used siRNA for inhibiting the expression of
FADD (Fig. 6a). It is known from previous reports that,
FADD is a core protein of the pro-apoptotic complex
facilitating Caspase-8 activation soon after TNFR1 acti-
vation thus, promoting apoptosis [29]. FADD silencing
significantly restored cell viability by up to 78 and 90 %
in HL-60 and CCRF/CEM respectively (Fig. 6b). These
data suggest that downregulation of FADD confers re-
sistance to KC-53 and that, the cytotoxic effects of the
agent may be mediated through the formation of the
pro-apoptotic complex. In agreement with this, in the
absence of FADD, KC-53 was not able to activate

Fig. 5 Effects of KC-53 on TRAF2 and IκΒα phosphorylation, and p65 translocation to the nucleus. a Cells were incubated with vehicle, KC-53 or
PS-341 (for the times indicated) followed by incubation with TNFα for 20 min. Whole cell extracts were analyzed by immunoblotting. b Cells were
incubated to either vehicle, KC-53 or PS-34 as indicated followed by the addition of TNFα for 20 min. The nuclear localization of p65 was examined by
immunoblotting. Histone H3 levels were determined as a loading control and the α-Tubulin levels as an indicator of cytosolic contamination. Numbers
signifies intensity values and are expressed as fold change compared to the control. c Cells were subjected to treatments either with the
vehicle or TNFα (1 ng/ml) for 4 h, or KC-53 (5 μΜ) for 6 h plus TNFα for 4 h. The PCR products were normalized to those obtained from
GAPDH mRNA amplification. The results in panels (a) and (b) are representative of three repetitions. The results in (c) panels represent the mean ± SEM
of two replicates and are representative of three independent experiments. (*p value <0.05, **p value <0.01, ***p value <0.001)
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Caspase-8, nor to promote the proteolytic inactivation of
RIP1 or PARP1 (Fig. 6c). Taken together, the results pre-
sented here support that the FADD/Caspase-8/RIP1
signaling axis plays a crucial role in KC-53 induced
apoptosis of HL-60 and CCRF/CEM cells.

Discussion
Although the overall survival rate of leukemia patients has
dramatically increased in the past decade, there is still a
strong need for discovering new therapeutic agents with
higher specificity and milder side-effects. In the present
study we evaluated for the first time the anticancer effi-
cacy of KC-53. Importantly, we discovered that, KC-53 re-
duces cancer cell viability in a dose-depended manner in
all cell lines and exhibits the highest cytotoxicity towards
HL-60 (AML/APL) and CCR/CEM (ALL) leukemic cell
lines. Remarkably, the normal PBMCs were relatively re-
sistant to the anti-proliferative effects of the agent, sug-
gesting that the KC-53 inhibitory effects are selective
against cancer cells. We show that KC-53 efficiently and
irreversible inhibits cells growth, promoting rabidly CD
and CID apoptotic cell death. The molecular events lead-
ing to reduced survival and apoptosis have been method-
ically unravelled in this study and are illustrated in Fig. 7.
Initially, the agent up-regulates membrane-bound

TNFR1 followed by activation of Caspase-8, RIP1 prote-
olysis and activation of Caspases, −3, −7 and −9. The

failure of restoring cell viability in the presence of the
pan-caspase inhibitor, z.vad.fmk suggests that CID
mechanisms may also be involved in the mode of action
of KC-53 (Fig. 3b). This prediction is supported by the
release and translocation of AIF from the mitochondrial
to the nucleus (Fig. 4c (ii)) which is commonly induced
by Calpains and Cathepsins [30]. Interestingly, it has
been previously shown that when Caspase-8 activity is
blocked, the cell uses necroptosis as an alternative cell
death pathway (Reviewed in [31]). RIP1 and RIP3 kinase
activities are crucial for this alternative CID pathway in-
duced by death receptors, including TNFR1. Thus, acti-
vation of necroptosis by KC-53 cannot be excluded at
this point.
The participation of FADD in a complex with

Caspase-8 and RIP1 is known to be required for the acti-
vation of the extrinsic pathway through TNFR1 [32].
Down regulation of FADD with siRNA inhibited the for-
mation of the pro-apoptotic complex and, consequently,
the FADD-deficient HL-60 and CCRF/CEM cells devel-
oped resistance to the anti-proliferative and apoptotic ef-
fects of KC-53. These results strongly suggest that,
following TNFR1 activation, one of the primary apop-
totic effects of KC-53 is the formation of the FADD/
Caspsase-8/RIP1 pro-apoptotic complex. Importantly, our
data clearly show that KC-53 concurrently inhibits pro-
survival NF-κΒ signaling. We determined that KC-53

Fig. 6 Effects of FADD silencing on the antiproliferative and apoptotic properties of KC-53 in leukemic cells. a HL-60 and CCRF/CEM cells were
transiently transfected with siRNA control or siRNA FADD followed by (i) immunoblotting for the detection of FADD protein levels and (ii) qPCR
for measuring FADD mRNA levels. b Transfected cells were treated with 0 or 5 μΜ KC-53 for 24 h and cell viability was determined with the MTT
assay. c Transfected cells were treated with 5 μΜ KC-53 for 6 h and protein levels were determined by immunoblotting. The results in panels a (i)
and c are representative of three repetitions. The results in a (ii) and b panels represent the mean ± SEM of three replicates and are representative of
three separate experiments. (***p value <0.001)
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strongly inhibited the TNFα-induced phosphorylation on
Ser32/36 of IκΒα. The hypo-phosphorylated form of IκΒα
stabilizes the cytoplasmic IκΒα/p65 complex, blocking in
this manner p65 translocation to the nucleus. Conse-
quently, KC-53 TNFα-stimulated gene expression of both
pro-survival and pro-inflammatory p65-mediators. This
effect of KC-53 could also explain the previously reported
anti-inflammatory activity of KC-53 [26].
The use of anti-TNF antibodies and specific agents to

block TNFRs and NF-κB activation has been a valuable
approach against inflammatory diseases [33]. Proteasome
inhibitors [34] and IKK inhibitors [35, 36] have also been
used to block the NF-κB pathway and to enhance the sen-
sitivity of cancer cells to apoptosis. For instance, the prote-
asome inhibitor Bortezomib is currently approved for the
treatment of mantle cell lymphoma [37, 38]. However, due
to low specificity for cancer cells versus normal cells, it

causes severe side effects [37]. The proteasome, which is
responsible for IκΒα degradation has many other vital cel-
lular functions and it may also not be feasible to block it
for prolonged periods. Consequently, hindering NF-κB by
controlling upstream regulatory molecules such as RIP1
and TRAF2 might be a more efficient and less cytotoxic
approach in comparison to Bortezomib for the treatment
of blood diseases. Preclinical evidence for the import-
ance of TRAF2 and RIP1 as targets for anticancer drugs
is based on two observations: (i) that inactivating muta-
tions of TRAF2 is a dominant-negative event, neutraliz-
ing TNFα-induced NF-κB activation [6, 39] and, (ii)
RIP1-null cells or mice do not undergo TNFα-induced
cell death (Reviewed in [40, 41]). Our data revealed
that, KC-53 induced a robust degradation of RIP1 and
dramatically inhibited the TNFα-induced phosphoryl-
ation on Ser11 of TRAF2. As such, the absence of RIP1

Fig. 7 Sequence of molecular events leading to anti-proliferative and pro-apoptotic effects of KC-53 in leukemic cells. KC-53 stimulates TNFR1
and inhibits TRAF2 phosphorylation. RIP1 dissociates from TRAF2 and binds to the FADD/pro-caspase 8 complex. This leads to the activation of
the procaspase-8 which in turns cleaves and inactivates RIP1. Caspase-8 triggers Bid cleavage, activation of effectors Caspases, −3 and −7 and
inactivation of PARP1 promoting cell apoptosis. tBid leads to Caspase-9 activation and AIF release and translocation to the nucleus. The absence
of RIP1 from TRADD/TRAF2 complex diminishes the phosphorylation of IκΒα by downstream kinases. As a result, IκΒα is not phosphorylated and
fails to be ubiquitinated and degraded by proteasome. Subsequently, NF-κB remains in complex with IκΒα, fails to translocate to the nucleus and
cell survival signaling is hindered. P phosphorylation, ub ubiquitination
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and phospho-TRAF2, from the pro-survival complex
blocked the downstream phosphorylation events lead-
ing to NF-κΒ (space) activation.
Unlike most chemotherapeutic drugs, ligands of the

TNF family induce apoptosis in a p53-independent man-
ner and are promising alternatives to conventional chemo-
therapy. Specifically for leukemia, mutational inactivation
of the p53 gene which mainly regulates apoptosis via the
DNA damage-induced intrinsic pathway, reduces cancer
cell sensitivity to conventional treatments [12, 13]. In this
aspect, KC-53 enables the crosstalk between the extrinsic
and intrinsic pathway enabling cell lines with non-
functional p53 to bypass the p53-mitochondrial block.
Caspase-8-mediated cleavage of Bid provides the link
between death receptor stimulation and mitochondrial
apoptotic events. In both HL-60 (p53−/−) and CCRF/
CEM (p53mut) KC-53 promoted the activation of Bid and
the cleavage of Caspase-9. tBid has the ability to accumu-
late at mitochondria and to initiate MOMP [27]. MOMP
in turn results in the release of pro-apoptotic factors from
the mitochondrial intermembrane space, including cyto-
chrome c, triggering formation of the apoptosome and ac-
tivation of Caspase-9. Collectively, our data identified the
key role of the TNFR1 pathway in KC-53-induced apop-
tosis, where the engagement of the mitochondrial system
amplified cell death. This may have clinical implications,
since it may critically reduce the time required for execu-
tion of the death program. This also suggests that KC-53
may find applications in the treatment of p53 mutant
cancers and help to overcome resistance.
The idea to specifically target the extrinsic pathway to

trigger apoptosis in malignant cells is attractive for can-
cer therapy since death receptors have a direct link to
the death machinery. However, the clinical application of
TNFα and Fas is hampered by severe toxic side effects
[42, 43]. TRAIL remains promising as a cancer thera-
peutic, despite the fact that many tumors remain refrac-
tory towards treatment with TRAIL [44–46]. In most, if
not all, clinical studies the lack of efficacy was probably
attributed to their inability to overcome the mitochon-
drial block [47–49]. KC-53 appears to be a strong candi-
date for TNFR1 activation and may help to overcome
TRAIL resistance and/or increase malignant cell sensi-
tivity to chemotherapy. Our work also represents a new
concept in the design of TNFR1-targeted therapies as
this is the first time that an agent has been reported to
stimulate efficiently TNFR1 inhibiting cancer cell growth
and concurrently eliminate the activation of NF-κB.

Conclusions
Our findings show for the first time that, KC-53 effect-
ively triggers apoptosis by facilitating both the extrinsic
and intrinsic pathway, bypassing the p53-mitochondrial
block and hindering the p65/NF-κB survival cascade in

APL and ALL cells. Because of these qualities we antici-
pate that KC-53 is very likely to find applications, either
as a single agent, or in combination with other conven-
tional chemotherapeutic agents in targeted therapeutics
against acute leukemias.
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Additional file 1: Nucleotide sequences of PCR primers. (PDF 186 kb)

Additional file 2: The effect of KC-53 on the survival of various human
cancer cell lines, on PBMCs and on the immortalized “normal” cell line,
MCF-12 F. Cells were exposed to increasing concentrations (0–60 μΜ) of
KC-53 for 48 h. Cell survival was determined with the MTT cell viability
assay and is expressed as percentage of survival compared to vehicle
controls. The results represent the mean ± SEM of three replicates and
are representative of at least three different experiments. (TIF 54 kb)

Additional file 3: KC-53 induces DNA damage in HL-60 and CCRF/CEM
cells. HL-60 and CCRF/CEM cells were treated with vehicle control or
5 μM of KC-53 for the times indicated and DNA damage was evaluated
with the Comet assay. For comparison, cell samples were treated with
100 μΜ Η2Ο2 for 30 min which is known to produces oxidative DNA
damage (positive control). (i) Images were obtained by fluorescence
microscopy and show comet fields after SYBR Green I staining. (ii) The
DNA damage was quantified based on the comet tail length. The results
are representative of three independent experiments. (*p value <0.05,
***p value <0.001). (TIF 522 kb)

Additional file 4: KC-53 does not promote the generation of reactive
oxygen species in leukemic cells. HL-60 and CCRF/CEM cells were treated
with vehicle control or 5 μM of KC-53 in the presence or absence of
1 mM Sodium pyruvate (SP) for the indicated time points. Cells were
also treated with 100 μΜ Hydrogen peroxide (Η2Ο2) in the presence or
absence of 1 mM SP as controls. ROS production was determined with
the DCFH-DA assay. The treatments were performed in duplicate and
represent the mean ± SEM of three independent experiments. (TIF 55 kb)

Additional file 5: The expression of death receptors and adaptor
proteins upon KC-53 administration. HL-60 and CCRF/CEM cells were
treated with 0 or 5 μΜ KC-53 for the indicated times prior protein
extraction. Proteins were separated by SDS-PAGE and immunoblotted
with the indicated antibodies. The results are representative of three
repetitions. (TIF 335 kb)
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Abstract: Modern methods of drug discovery and development in recent years make a wide use of computational 
algorithms. These methods utilise Virtual Screening (VS), which is the computational counterpart of experimental 
screening. In this manner the in silico models and tools initial replace the wet lab methods saving time and resources. This 
paper presents the overall design and implementation of a web based scientific workflow system for virtual screening 
called, the Life Sciences Informatics (LiSIs) platform. The LiSIs platform consists of the following layers: the input layer 
covering the data file input; the pre-processing layer covering the descriptors calculation, and the docking preparation 
components; the processing layer covering the attribute filtering, compound similarity, substructure matching, docking 
prediction, predictive modelling and molecular clustering; post-processing layer covering the output reformatting and 
binary file merging components; output layer covering the storage component. The potential of LiSIs platform has been 
demonstrated through two case studies designed to illustrate the preparation of tools for the identification of promising 
chemical structures. The first case study involved the development of a Quantitative Structure Activity Relationship 
(QSAR) model on a literature dataset while the second case study implemented a docking-based virtual screening 
experiment. Our results show that VS workflows utilizing docking, predictive models and other in silico tools as 
implemented in the LiSIs platform can identify compounds in line with expert expectations. We anticipate that the 
deployment of LiSIs, as currently implemented and available for use, can enable drug discovery researchers to more easily 
use state of the art computational techniques in their search for promising chemical compounds. The LiSIs platform is 
freely accessible (i) under the GRANATUM platform at: http://www.granatum.org and (ii) directly at: 
http://lisis.cs.ucy.ac.cy. 
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INTRODUCTION 

 Virtual Screening (VS) can be the first step prior to 
biological screening. The objective of VS is to select the 
most promising compounds that will be subsequently 
scanned in a laboratory setting. In this manner a subset of a 
large dataset is being tested increasing the probability to 
identify lead compounds against specific biological targets 
[1, 2]. In this respect the method is related to machine 
learning and statistical techniques, such as classification and 
regression. These methods target to develop predictive 
models for the identification of the properties of unknown 
compounds based on a set of compounds with known 
properties. Typically, VS processes involve substantial num- 
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bers of molecules and combine a variety of computational 
techniques, often organized in complex computational 
pipelines [3]. 
 Scientific Workflow Management Systems (SWMS) are 
powerful tools with immense potential to expedite the 
design, development and execution processes of computat-
ional experiments. SWMS can be applied by scientists for 
the solution of complex computational problems [4] and also 
to design complex in silico experiments [5]. 
 In this paper we propose a VS platform based on 
scientific workflow modelling. A preliminary version of this 
study was presented in [6]. 
 The Life Sciences Informatics (LiSIs) platform [7] is a 
part of GRANATUM [8], an EU FP7 project. The aim of 
GRANATUM [8] is to provide biomedical researchers 
access to state of the art computational tools to perform 
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complex cancer chemoprevention experiments and to 
conduct studies on large-scale datasets. 
 Cancer chemoprevention is defined as the use of natural, 
synthetic, or biologic chemical agents to reverse, suppress, 
or prevent carcinogenic progression to invasive cancer [9]. 
The experimental approach for the discovery of cancer 
chemopreventive agents is similar to the typical drug 
discovery process (DDP) [10]. 
 Chemoprevention research (CPR) and DDP are highly 
similar processes, therefore the tools used for drug discovery 
can also be applied to CPR. In this context, computational 
tools can be used to develop specific models for the needs of 
chemoprevention. For example, SWMS used for VS in DDP, 
such as Taverna [11-13], KNIME [14, 15], PipelinePilot [16] 
and IDBS InforSence Suite [17], can also be adapted for use 
in CPR. Researchers in the chemoprevention field do not 
generally use these computational tools. Apparently, the 
field of cancer chemoprevention can be advanced by 
customised, and easy to use in silico tools for data handling 
and analysing. 
 It should be emphasized that to the best of our knowledge 
there are no similar tools to LiSIs in cancer 
chemoprevention. Moreover, it is noted that the proposed 
platform features: (i) free and open access to the research 
community, (ii) it is integrated on the GALAXY platform 
that is familiar to molecular biologists, (iii) it aims to have a 
user friendly interface, (iv) it is part of a larger integrated 
project, GRANATUM, offering access to semantic web 
technologies, text mining tools, and collaborative 
environment for sharing data sets, models, etc. [8]. 
Furthermore, the paper covers two case studies that are used 
to evaluate and validate the system: (1) a case study on 
QSAR model for mutagenicity, and (2) on estrogen receptor 
(ER) binding. 

VIRTUAL SCREENING PROCESS 

 VS process is carried out on libraries of real or virtual 
compounds and requires known measured activities of 
control compounds or a known structure of the biomolecular 
target [18]. When only measured activities of compounds are 
known, virtual screening uses analogue-based library design, 
classification and regression models or any combination of 
these. 
 Since no method is generally applicable to all cases, a VS 
experiment takes into account the requirements of each case. 
For example, if high quality ligand activity measurements 
are available, regression methods (Quantitative Structure 
Activity Relationship - QSAR modelling) can be used to 
extract with confidence rules predicting ligand similarity, 
and binding action [19]. 
 When the structure of the target receptor is known the VS 
method typically relies on protein-ligand docking and small 
molecule modelling. Initially, it takes the advantage of the 
knowledge about the receptor site to model it and then perform 
docking from a database. A number of conformations are 
usually sampled for each molecule [20] and a score for every 
possible docking is computed [21]. Due to the computationally 
demanding processes computer clusters are employed by the 
pharmaceutical industry [20, 22]. In addition, databases of 

multiple conformers of compounds are prepared in advance to 
avoid their reproduction for every VS run [23]. Often, multi-
objective methods may be used that enable the use of numerous 
objectives, analogue or target-based, to identify compounds that 
simultaneously meet multiple criteria relevant to the virtual 
screening experiment pursued [24]. 
 The key measure for validating the success of VS is the 
achievement of high enrichment targeting in an experimental 
hit rate for the subset of compounds it recommends which is 
significantly better over that of a random compound set [22]. 
A successful process with high enrichment results in 
considerable savings in resources and time, since fewer 
compounds need to be physically screened while most hits 
present in the original large database are retrieved. In 
practice, to enrich the results of VS, several methods are 
tried and their results are combined to produce a concise, 
high quality virtual hit list [20, 21]. Furthermore, it is also a 
common practice to perform a pre-processing step where 
databases of molecules are cleaned by filtering out 
compounds with undesired properties. These properties 
include, a large size, high flexibility and non-compliance to 
Lipinski’s rule of 5 [25]. During this step compounds 
containing known unwanted substructures, e.g. known 
toxicophores, may also be eliminated [22]. Although 
significant algorithmic improvements have been achieved in 
the VS process, accuracy still varies depending on the 
pharmaceutical target, the virtual library and the docking and 
scoring methods used. The last step is the evaluation of the 
VS experiment results typically via visual inspection by a 
human expert [26]. 

SCIENTIFIC WORKFLOW MANAGEMENT SYSTEMS 

 SWMS target in accelerating scientific discovery by 
incorporating in their processing steps, data management and 
analysis, simulation, and visualization tools into a single 
platform. Most importantly SWMS provide an interactive 
visual interface that facilitates the design and execution of 
workflows. A brief overview of the field is given whereas a 
more detailed review on SWMS can be found in [27]. 
 Scientific workflow (SW) based platforms provide tools 
that automate the execution of a class of in silico 
experiments, offering significant benefits for all the phases 
of an experiment’s life-cycle. In the context of the design 
and implementation phase, a repository of tried and tested 
workflows can be available to the scientists to choose from. 
During the execution phase, as experimenting is by 
definition a repeatable process, workflows can relieve the 
scientists of repetitive tasks, while at the same time enable 
keeping track of all the intermediary steps and data 
(provenance). These traces can be used at a later stage to 
enable the reproducibility of the experiment. Provenance 
information [28] is also useful during the analysis phase to 
see the evolution of the research, trace the origin of an error 
or go back to a previous stage and change the direction of 
research. Visualization tools are provided for this phase as 
well for assisting in the evaluation of the results. 
 Through the use of SWs, interdisciplinary teams can 
collaborate closely, share workflows and computational 
components and jointly undertake research initiatives 
requiring end-to-end scientific data management and 
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computational analysis. Moreover, recent advances in grid 
technologies allow workflows to exploit parallel executions 
enabling large-scale data processing. 

MATERIALS AND METHODS 

 LiSIs [7] aims to provide a set of tools to create, update, 
store and share SWs for the discovery of active compounds 
for biomedical researchers. Access to LiSIs can be achieved 
via a web interface through a password protected login 
process either from the GRANATUM portal [8] (preferred 
access point) or directly from the LiSIs portal [7]. The login 
process provides different levels of access to platform 
functionality based on the user profile. The user is able to 
assemble SWs utilizing available in silico models and tools 
loaded into the platform. Depending on the user profile and 
associated permissions, users may also construct new models 
and tools through the development of custom workflows 
made available by the system for this purpose. Workflows 
execute on the system server. The execution results can also 
be stored on the user’s GRANATUM workspace [8], where 
the user is able to access, manipulate or share them with 
other users. 
 

 Fig. (1) is an illustration of the chemoinformatics tools 
available on LiSIs. Below is a brief description of each tool 
category. 

INPUT LAYER 

 The Input Layer consists of the following two component 
categories: 
 Data File Input: provides tools which support parsing 
different chemical and biological data files. File formats 
currently supported include Chemical Data Files, which are sdf 
(SDF - Structure Data File), smi (SMILES - Simplified 
Molecular Input Line Entry Specification), pdb (PDB - Protein 
Data Bank), pdbqt (AutoDock Protein and Ligand data files) 
and Biological Data Files which are csv (CSV - Comma 
Separated Values), tab (Tab Separated Values) and also text 
files. 
 These tools get as input ASCII files and create output files 
which are pickled Python objects, which we reference them as 
binary files. 
 GRANATUM File Input: A component which provides 
GRANATUM’s platform users to upload on LiSIs files located 
at GRANATUM workspace [8]. 

 
Fig. (1). Chemoinformatics tools available on LiSIs, each tool is under a specific layer. 
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 ChemSpider Molecule Retrieval: A component which given 
a file with molecules common name it uses ChemSpider API to 
retrieve information available for those molecules, and returns 
the result as a SMILES file. 

PRE-PROCESSING LAYER 

 The Pre-Processing Layer consists of the following four 
component categories: 
 Descriptors Calculation: This component provides tools 
for calculating various descriptors of chemical compounds. 
Currently the platform enables calculation of whole-
compound descriptors with the use of RDKit [29]. Example 
descriptors include molecular weight, number of hydrogen 
bond donors and acceptors, polar surface area, number of 
rings, calculated octanol - water partition coefficient 
(cLogP), molecular complexity based on the method 
proposed by Barone [30] and molecular flexibility, as well as 
molecular fingerprints which can be one of Morgan 
(circular) fingerprints [31], MACCS [32], Atom-Pair [33], 
Topological Torsion [34], and topological fingerprints, a 
Daylight like fingerprint based on hashing molecular sub-
graphs [35]. 
 Docking Preparation: This component provides the 
following tools: 
• 3D Coordinate Calculator: A tool for preparing 

compounds for docking experiments, by calculating 
their 3D coordinates and creating the appropriate files 
required by the docking software used by LiSIs. 

• Protein Cleaner: A tool provided by AutoDock, 
which is used to automate the process of cleaning a 
protein to create the required files used by AutoDock 
Vina [36, 37]. 

All the tools of this layer use as input and output 
binary files. 

PROCESSING LAYER 

 The Processing Layer consists of the following five 
component categories: 
 Attribute Filtering: This component provides tools for 
implementing compound selection filtering tuned on the 
compounds chemical and biological attributes. These 
components enable the user to pre-select ranges of 
acceptable values on available compound properties 
(including properties calculated by the Chemical Descriptors 
component and properties provided externally from the Data 
Input Layer). Three tools are available under this category, 
“Chemical Properties Filter”, “GRANATUM Ro5 Filter” 
and “Lipinski Ro5 Filter”. 
 Compound Similarity: This component provides tools for 
implementing filters for selecting compounds based on their 
chemical structure similarity to other compounds designated 
by the user. Two tools are available under this category, 
“Similarity Filter” and “Diversity Filter”. 
 “Similarity Filter” requires two input datasets; the one is 
used as the reference dataset and the other as the query  
 

dataset. The results are two datasets, which are subsets of the 
initial reference dataset, where the first one contains the 
compounds that are similar to the query dataset and the 
second one contains those that are not similar. 
 “Diversity Filter” on the other and requires only one 
input dataset and it generates two datasets where the first 
contains the compounds that are not similar among them and 
the second contains compounds that are similar among them. 
 Substructure Matching: This component provides tools 
for implementing filters for selecting compounds based on 
whether they contain (or not) the chemical substructure(s) 
designated by the user. 
 This tool requires as input one dataset of compounds and 
at least one substructure in SMiles ARbitrary Target 
Specification (SMARTS) format. 
 Docking Prediction: This component provides tools for 
implementing filters for selecting compounds based on 
predicted binding affinity of a compound to a target protein 
using in silico docking prediction. The LiSIs platform 
currently uses AutoDock Vina, a popular docking 
application, freely available to the academic research 
community. AutoDock Vina attempts to find the best 
receptor-ligand docking pose by employing a scoring 
function that takes into consideration both intramolecular 
and intermolecular contributions, as well as an optimization 
algorithm [36]. 
 Predictive Modelling: This component aims to provide 
the user with the tools to construct data-driven predictive 
models based on available information on a set of 
compounds. These models are used to predict biochemical 
properties of interest of new compounds and to select those 
with an acceptable profile. Our platform uses system’s 
underlying R installation to support the creation and reuse of 
predictive models. 
 This component makes use of four widely used 
predictive modelling algorithms by the chemoinformatics 
community: Decision Trees (DT), Random Forests (RF), 
Support Vector Machines (SVM), and k-Nearest Neighbours 
(k-NN) [38]. 
 Molecular Clustering: This component provides a 
unified interface to different molecular clustering methods 
such as Agglomerative Hierarchical Clustering, Divisive 
Hierarchical Clustering, k-Means Partitional Clustering and 
k-Medoids Partitional Clustering. The provided molecular 
clustering is based on fingerprint similarity or distance. 

POST-PROCESSING LAYER 

 The Post-Processing Layer consists of the following two 
component categories: 
 Output Reformatting: This component provides a tool to 
convert results in various formats supported by OpenBabel 
[39]. 
 Binary File Merging: This component provides a tool for 
merging binary files, containing chemical structure objects 
with processing component results, into one binary file. 
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OUTPUT LAYER 

 The Output Layer consists of the following component 
category: 
 Storage: This component covers the storage of results in 
various formats for future reuse and sharing. The tools 
available under this component category convert, binary files 
containing in silico molecules, to various file formats such as 
SMILES, SDF, CSV and Tabular. 

THIRD PARTY TOOLS USED BY LISIS 

 The LiSIs platform uses the following 3rd party tools that 
are freely available: 
 Galaxy [40-42], a web-based platform widely used in the 
biomedical community for intensive data processing and 
analysis, used for the customized SWMS platform; 
 RDKit [29], an open source chemoinformatics toolkit; 
 Pybel [43], a Python wrapper for the OpenBabel 
chemoinformatics toolkit [39], used for chemical file format 
transformations; 
 R [44], a statistical environment that supports data 
mining, machine learning and statistics based functionalities; 
caret (Classification and Regression Training) package [38] 
is used for the generation and reuse of Predictive Models and 
for Molecular Clustering; 
 AutoDock Vina [36, 37] docking application used to 
support docking experiments functionality. 

RESULTS 

Comparison with other open source Scientific Workflow 
Management Systems 

Taverna 

 Taverna is an open-source, grid-aware workflow 
management system [11-13]. It has found wide application 
in the bioinformatics, chemistry, data- and text-mining and 
astronomy communities although the system is domain 
independent. It is comprised of the Taverna Workbench 
graphical workflow authoring client, a workflow 
representation language, and an enactment engine. Taverna 
is implemented as a service-oriented architecture, based on 
web service standards. From the advent of its design Taverna 
was an application that applied web services technology to 
workflow design. That meant that tools created using 
different programming languages (e.g. Java, Perl, Python, 
etc.) or platforms (UNIX, Windows, etc.) could now be 
accessed via a web service interface eliminating any need for 
integration. The same applied to the databases available on 
the web. As a result, researchers could design and execute a 
pipeline of web services, with little programming 
knowledge. Its architecture supports parallelism, both intra-
process and inter-process, asynchronous service support and 
separation of data and process spaces to support scaling to 
arbitrary data volumes. 
 A vital component of Taverna’s open architecture is the 
plug-in functionality. Various plug-ins have been developed 
for accessing online bio-catalogues or for integrating 

chemoinformatics processing services. Provenance also 
plays an integral part in Taverna, allowing users to capture 
and inspect details such as who conducted the experiment, 
what services were used, and what results were produced. An 
additional strong feature of Taverna is workflow sharing. 
The users have direct access to the myExperiment [45] social 
collaboration site where they can upload or download 
workflows as needed. 

KNIME 

 Konstanz Information Miner (KNIME) is a modular 
environment that supports operations such as data integration 
from various sources, processing, modelling, analysing and 
mining, as well as parallel execution [14,15]. KNIME is 
primarily used in pharmaceutical research with some 
applications reported in other areas like customer resource 
management and data analysis, business intelligence and 
financial data analysis. It is an open-source platform free for 
non-profit and academic use. It is available as a local desktop 
application but additional features such as user 
authentication, web services integration, web browser 
interface, remote server and cluster execution are available in 
(and restricted to) the professional package. 
 The platform enables the user to visually assemble and 
execute data pipelines providing an interactive view of the 
results. KNIME pipeline(s) consist of modular independent 
components that combine different projects in a single 
pipeline. At the same time its expandable architecture 
enables the easy integration of newly developed tools. 
 One highlight of KNIME’s latest additions is the ability 
to support Predictive Model Markup Language (PMML) 
[46]. The PMML is an XML-based markup language that 
enables applications to define models related to predictive 
analytics and data mining and to share those models between 
PMML-compliant applications [47]. As a result a model 
developed by KNIME can be exported and then used in 
another data mining engine. Another characteristic is the 
addition of database ports that are JDBC-compliant that 
work directly in the database enabling even preview of the 
actual data inside the database tables [46]. 
 Although written in Java, KNIME, permits running 
Python, Perl and other code fragments through the use of 
special scripting nodes. This is extremely useful as the 
majority of scientific work is currently under the form of 
Python or Perl scripts. 
 KNIME functionality is enriched by integrating 
functionality of different data analysis open source projects 
for machine learning and data mining, for statistical 
computations and visualizations as well as many 
chemoinformatics plug-ins. 

Galaxy 

 Galaxy is a web-based platform for data intensive 
biomedical research [40-42]. It provides a framework for 
integrating computational tools and an environment for 
interactive data analysis, reuse and sharing. As stated in [40, 
41] the primary design considerations of Galaxy were 
accessibility, reproducibility and transparency. Galaxy is 
accessible to scientists with no programming knowledge 
through the use of Galaxy tools. It produces reproducible 
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computational analysis results by generating metadata for 
each analysis step through the automated production of 
Galaxy History items. It also promotes transparency by 
enabling the sharing of data, tools, workflows, results and 
report documents. 
 A structured well-defined interface allows the wrapping 
of nearly any tool that can be run from the command-line 
into a Galaxy tool. The platform is open source and has been 
designed specifically to meet the needs of bioinformaticians 
supporting sequence manipulation with built in libraries. It 
does not support any control flow operations or remote 
services. Additionally it does not use a workflow language 
but rather a relational database. The Galaxy workflow 
system allows for analysis using multiple tools incorporated 
to the system which may be built and run or extracted from 
past runs, and rerun. 
 Pages are a unique feature to Galaxy. They are online 
documents used to describe the analysis performed but also 
to provide links to the Galaxy objects that were used in the 
analysis, i.e. Histories, Workflows, and Datasets. This 
enables the reader of the document to have direct access to 
the dataset used, to import the workflow and reproduce the 
experiment himself. It also makes it even easier for another 
scientist to continue and build upon reported previous work. 
 A recent Taverna-Galaxy integration allows the 
generation of Galaxy tools from Taverna 2 workflows [48]. 
The tools can then be installed in a Galaxy server and 
become part of a Galaxy pipeline. Moreover, Galaxy 
workflows can be directly shared through the myExperiment 
site [49]. Galaxy can also be instantiated on cloud computing 
infrastructures and interfaced with grid clusters [50]. 

CONCLUDING REMARKS 

 KNIME is considered among the top open source 
software for chemoinformatics. Taverna is a prominent web 
service oriented platform employed in more than 350 
organizations around the world with frequent enhancements. 

Two recent ones being Taverna Mobile and Taverna On-line 
(under development) [51]. Galaxy is a promising platform 
where the online features prevail as unique among the three 
systems. 
 Galaxy offers additional benefits due to its online nature. 
There is no need to set up installations on local machines or 
remote servers, no downloads, no conflicts and no updates to 
worry about. All tools are available at any personal computer 
from anywhere in the world provided that they are connected to 
the internet. The same applies to data. A scientist can import 
data in the system and process them with the appropriate 
workflow or design a new one. Moreover the data and work are 
secure and can be backed up and protected depending on user 
preferences and specific system specifications. Importantly, all 
data and work can be shared with other collaborators in real 
time. Galaxy can even offer the more advanced features such as 
transparent access to grid services or the cloud, thus, offering 
speed and efficiency for scientific processes that are 
computationally expensive and/or data intensive. 
 Table 1 is a comparison of LiSIs (Galaxy) to KNIME and 
Taverna platforms. This comparison is focused on their 
system level and their deployment details. 

CASE STUDY: QSAR MODEL FOR MUTAGENICITY 

 LiSIs was used to create a QSAR model for Mutagenicity 
to predict mutagenic and non-mutagenic compounds. 
 The process of creation and validation of QSAR models 
in LiSIs can be summarized in four distinct steps: 

Datasets Loading on LiSIs Platform 

 Two datasets are needed for training a QSAR model. A 
dataset containing chemical information of the compounds 
either in SMILES or SDF format (see “SMI/SDF File 
Reader”), and a dataset containing the biological information 
of the compounds (see “Property File Reader”). 

Table 1. Comparison of free scientific workflow management systems used in virtual screening process. 
 

 KNIME Taverna LiSIs 

System Details 

Software Platform KNIME Taverna + myExperiment Galaxy (Modified) 

OS Requirements Cross Platform Cross Platform Linux 

Web based No (Desktop based) No (Desktop based) Yes 

Cluster deployment difficulty Moderate (Need license) Moderate Moderate 

Cloud deployment difficulty High Moderate Low 

Open Source Yes Yes Yes 

Tool development difficulty Moderate Moderate Low 

Tools Details 

Chemoinformatics Packages CDK, RDKit, OpenBabel, Indigo, EMBL-EBI, Vernalis, Enalos, etc. CDK RDKit, In-house tools 

Machine Learning Tools Weka, R R R 

Docking Tools Available with commercial license Not Available AutoDock Vina 

2D/3D Visualization Tools Available Available Not Available 

Community size Very Large Very Large Large (Galaxy) 

Chri
sti

an
a S

av
va



LiSIs: An Online Scientific Workflow System for Virtual Screening Combinatorial Chemistry & High Throughput Screening, 2015, Vol. 18, No. 3    7 

Chemical and/or Structural Descriptors Calculation 

 Chemical and structural descriptors are the features of the 
compounds. LiSIs provides a tool to calculate a specific set 
of chemical descriptors (see “Descriptor Calculator”) and a 
tool for calculating a specific set of structural descriptors 
(fingerprints) (see “Fingerprint Calculator”). 
1. Model(s) training and validation: 
 During the training process the algorithm used strives 

to correlate the calculated descriptors for each 
compound with its biological or chemical 
property/activity. Training is usually followed by 
validation; the process by which the robustness and 
prediction performances of the QSAR model(s) are 
established. LiSIs performs those two processes in 
tandem, while at the same time tries to optimize the 
algorithm that does the prediction for its main tuning 
parameter. To achieve this LiSIs employs learning 
algorithms provided by the R environment. LiSIs 
currently supports four tools to create a QSAR model 
based on different algorithms: 
a. k-Nearest Neighbours: 

 Description: A compound is classified by a majority 
vote of its k nearest neighbours. 

 Tuning variable: Number of neighbours (k). 
b. Support Vector Machines: 

 Description: An SVM model is a representation of the 
training data as points in space, mapped so that the 
different compound classes are divided by a gap that 
is as wide as possible. New compounds are projected 
into that same space and predicted to belong to a class 
based on which side of the gap they are placed. 

 Tuning variable: Soft margin (C). 
c. item Decision Trees: 

 Description: Recursive partitioning builds a decision 
tree that uses several dichotomous dependent 
variables to try and classify chemical compounds. 

 Tuning variable: Complexity (cp). 
d. Random Forests: 

 Description: Random forests are an ensemble method 
that, during training, builds a large number of 
decision trees that utilize a specified number of 
random descriptors. The final prediction is the mode 
of the predictions by the individual trees. 

 Tuning variable: Number of variables randomly 
sampled as candidates at each split (mtry). 

 Cross-validation is a model validation technique to assess 
how the results of a predictive model will generalize to an 
independent data set. In general, cross-validation partitions 
the sample into training and test sets using the former to 
build the model and the latter to assess its performance. The 
procedure is performed multiple times and the final 
validation results are the average of the repeats. 
Alternatively, LiSIs offers the option to create bootstraps out 
of the original data as training sets while using the original 
data as the test set. The available algorithms provide 
different cross-validation options, such as: 

a. Bootstrapping 
b. 0.632+ bootstrapping: An improvement of the classic 

bootstrapping designed to correct the bias introduced 
by including data points of the test set into the 
training set. 

c. k-Fold Cross-Validation 
d. k-Fold Cross-Validation done multiple times 
e. Leave One out Cross-Validation 
f. Leave Group out Cross-Validation: This method is 

repeated splitting of the data into training and test sets 
(without replacement). 

 Best model selection can be performed by using one of 
the available tuning metrics: 
a. Accuracy 
b. Area Under the Curve 
c. Cohen’s Kappa 
d. Sensitivity 
e. Specificity 
1. Model(s) Annotation and Publishing: 
 Once the QSAR model is created and validated the 

user has the option to make it publicly available to the 
rest of the LiSIs’ users. The model can then be 
utilized by the “Property Predictor” tool to filter-out 
compounds predicted to lack or possess specific 
properties. The user can mix and match several 
models in a side-chain fashion to substantially reduce 
the number of compounds that will be tested in vitro 
and to enhance the enrichment ratio of the original 
data set. Prior to publishing the user is encouraged to 
annotate the QSAR model with some essential info 
such as the data source, validation performance, the 
classifying algorithm and the value of its tuning 
parameter, etc. 

 The procedure described above was used to train and 
validate four QSAR models for Mutagenicity, using DT, 
kNN, RF and SVM algorithms respectively, from which we 
later selected the best. 
 The input dataset used was the AMES Mutagenicity 
dataset available at [52] that consists of 6512 molecules, out 
of which 3503 are mutagenic (positive) and 3009 non-
mutagenic (negative). 
 Fig. (2) illustrates the workflow that has been used to 
train the QSAR model. This workflow creates four QSAR 
models using the all available algorithms. The models use 
the same train and test datasets, and specific configuration 
depending on the algorithm used in each case. At the end the 
workflow provides an aggregated report in order to identify 
the best QSAR model. When the user decides which of the 
four models is the best then he/she can annotate it 
accordingly. 
 Fig. (3) illustrates the workflow that should be used when 
you want to predict mutagenicity using this Mutagenicity 
QSAR model. The key point in this workflow is that the 
steps of “Descriptor Calculator” and “Fingerprint  
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Fig. (2). LiSIs workflow for case study: “QSAR model for Mutagenicity”. 

 
Fig. (3). LiSIs workflow for predicting mutagenicity used in case study: “QSAR model for Mutagenicity”. 
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Calculator” must have the same input parameters as the ones 
used at the same steps in the QSAR model training workflow 
illustrated in Fig. (2). At the step “Property Predictor” the 
second input should be the previously trained QSAR model 
for Mutagenicity. 
 Table 2 shows the final details of the trained 
Mutagenicity QSAR model using LiSIs alongside with the 
details of the reference mutagenicity QSAR model by 
Hansen et al. [53]. 

CONCLUDING REMARKS 

 LiSIs provides an easy and simple way to train and 
validate QSAR models using the server’s underlying R 
installation. Despite the fact that it provides a limited range 
of classification algorithms, the ones available are the most 
commonly used. 
 In this case study we used LiSIs to show its ability and 
potential in training and using QSAR models. For the 
purpose of this case study we used the AMES Mutagenicity 
dataset to train a Mutagenicity QSAR model and compare it 
with the one proposed by Hansen et al. in [53]. 
 As shown in Table 2 the QSAR model for Mutagenicity 
trained with LiSIs is comparable with the one proposed by 
Hansen et al., despite the fact that the descriptors used are 
obtained from different software. 

Case Study: Identify Natural Compounds Able to Bind to 
Estrogen Receptor-α (ER-α) and/or Estrogen Receptor-β 
(ER-β) 

 LiSIs has been used for the implementation of a VS 
experiment in order to identify natural compounds able to 

bind to Estrogen Receptor-α (ER-α) and/or Estrogen 
Receptor-β (ER-β). 
 Fig. (4) illustrates the complete workflow used by LiSIs for 
the showcase described. At the Input Layer, parsing of the input 
datasets takes place. To start with the initial datasets in SMILES 
format include 2414 compounds from Indofine chemical 
company [56], 55 compounds characterized by Medina-Franco 
et al. [57] and 21 known ER ligands retrieved from PubChem 
[58], shown in Table 3, which were used as a positive control 
dataset for the validation of docking tools. Tools were used to 
read chemical input files and create compound object structures 
for further processing by the Pre-Processing and Processing 
Layers. The total number of unique compounds pushed to the 
next layer were 2413 from Indofine (one was found to contain 
erroneous molecular information), 54 from Medina-Franco (two 
were found to be similar) and 21 from PubChem’s ER agonists 
and antagonists (one was found to contain two disconnected 
fragments), datasets for a total of 2488 compounds. 
 At the Pre-Processing Layer (see Fig. 4), a set of 
physiochemical molecular descriptors were calculated 
including Molecular Weight, Hydrogen Bond Donors, 
Hydrogen Bond Acceptors, Topological Polar Surface Area 
and Octanol - Water Partition coefficient (cLogP). 
 At the Processing Layer, the following tools were used: 
• GRANATUM Rule of Five (Ro5) filter (see Fig. 4 

Processing Layer): Molecular Weight between 160 
and 700, Hydrogen Bond Donors less or equal to 5, 
Hydrogen Bond Acceptors less or equal to 10, 
Topological Polar Surface Area less than 140, and 
Octanol - Water Partition coefficient (cLogP) 
between -0.4 and 5.6. 

 

Table 2. Mutagenicity QSAR models comparison, LiSIs versus reference. 
 

Mutagenicity QSAR Model Properties 

Description A model for predicting mutagenicity of compounds 

Dataset Details 6512 compounds, 3503 mutagenic, 3009 non-mutagenic 

Classes Mutagenic (positive), Non-mutagenic (negative) 

 LiSIs Reference QSAR Model by Hansen et al. A 

Chemical Descriptors Molecular Weight, Hydrogen Bond Acceptors, 
Hydrogen Bond Donors, cLogP, Topological 
Surface Area, Molecular Complexity, Number 
of Rings, Molecular Flexibility 

Molecular descriptors were selected from blocks 1, 2, 6, 9, 
12, 15, 16, 17, 18, and 20 of DragonX version 1.2 B based 
on a 3D structure generated by Corina version 3.4 C 

Fingerprint Descriptors Morgan (circular) Fingerprints 
Size: 512 bits 
Format: Bit-vector 
Radius: 3 
Includes chemical features 

Not Used 

Algorithms Used 

Support Vector Machines Support Vector Machines 

Decision Tree Gaussian Process 

Random Forests Random Forests 

k-Nearest Neighbours k-Nearest Neighbours 

Algorithm with best performance Random Forest Support Vector Machines 

Performance 
Sensitivity = 0.82 Sensitivity = 0.88 

Specificity = 0.80 Specificity = 0.64 
A. [53]. 
B. [54]. 
C. [55]. 
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Table 3. Known ER ligands used as positive controls for the validation of the in silico results. 
 

A/A Estrogen Ligand Docking Score ER-α Docking Score ER-β 

1 Raloxifene -11.70 -8.72 

2 Lilly-117018 -11.53 -3.80 

3 3-HydroxyTamoxifen -11.02 N/A 

4 Nafoxidine -10.88 N/A 

5 ICI-182780 -10.73 N/A 

6 Pyrolidine -10.04 N/A 

7 Clomiphene A -10.01 N/A 

8 Nitrofinene Citrate -9.87 N/A 

9 ICI-164384 -9.82 -9.13 

10 Moxestrol -9.38 -9.77 

11 Naringenine -8.55 -7.80 

12 Triphenylethylene -8.50 N/A 

13 Afema -8.15 -7.78 

14 Danazol -6.99 N/A 

15 Ethamoxytriphetol -6.67 N/A 

16 4-HydroxyTamoxifen -6.60 N/A 

17 Dioxin -6.22 N/A 

18 Estralutin -5.86 -3.80 

19 Cyclopentanone -4.88 N/A 

20 Miproxifene Phosphate -4.48 N/A 

21 EM-800 N/A N/A 

 

 
Fig. (4). LiSIs workflow for case study: “Identify natural compounds able to bind to Estrogen Receptor-α (ER-α) and/or Estrogen Receptor-β 
(ER-β)”. 
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 This filter was defined by CPR experts participating 
to the GRANATUM project [8]. 

 The filtering resulted in 1834 compounds with CPR-
like features and 654 compounds without CPR-like 
features. The compounds with CPR-like features were 
pushed for docking experiments. 

• Docking experiment against ER-α and ER-β (see Fig. 
4 Processing Layer): 

 LiSIs uses AutoDock Vina [36, 37] and has been 
setup to provide us with the maximum docking 
affinity score. The current key aim of the 
GRANATUM project was to identify ER-α 
antagonists and ER-β agonists. Docking experiments 
on the filtered combined dataset have been performed 
by employing receptors ER-α 3ERT [PDB:3ERT] and 
ER-β 1X7J [PDB:1X7J]. The appropriate Docking 
Models were created using protein structures obtained 
from the PDB database [59] and related LiSIs tools 
for automated Protein Cleaning (see Fig. 4 Pre-
Processing Layer) and Docking Model Preparation. 

 Fig. (5A) is a graphical representation of the docking 
affinity score predicted by LiSIs docking experiment tool for 
ER-α, and Fig. (5B) is a graphical representation of the 
docking affinity score predicted by LiSIs docking 
experiment tool for ER-β. The predicted binding affinity 
scores of the known ER inhibitors (see Table 3), depicted 
with red colour in Fig. (5), indicate the validity of the 
docking models prepared and the ability of these models to 
assign a lower score to inhibitors and reproduce ground 
truth. The cyan dots represent DNMT inhibitors 
characterized in [57]. The lower (most negative) the value of 
the docking score is, the higher the binding affinity. 
Consequently, the models are applicable in a VS context, i.e. 
for the prioritization of unknown compounds based on their 
predicted binding affinity to estrogen receptors. 

 Finally a selection of molecules highly ranked was hand-
picked; a small sample of those is shown in Table 4. These 
molecules have undergone in vitro investigation to provide 
feedback for the calibration of the tools used by LiSIs 
platform and also to select a small set for further research. 
 As shown in Table 4, three novel flavones, 3’,4’-
dihydroxy-a-naphthoflavone (Compound 2), 3,5,7,3’,4’-
pentahydroxyflavanone (Compound 5), and 4’-hydroxy-a-
naphthoflavone (Compound 6) were among those with high 
binding scores for ER-α and ER-β as indicated from the in 
silico docking score. Flavones, a class of flavonoids, have 
previously been demonstrated to possess estrogenic activity 
in a number of hormonally responsive systems. Their 
estrogenic and antiestrogenic activities appear to correlate 
directly with their capacity to displace Estradiol from ER 
[60]. Our in vitro results showed that Compound 2 had the 
highest affinity for both receptors while Compound 5 also 
displayed similar affinity for both ER-α and ER-β. However 
Compound 6 was found to bind only weakly to ER according 
to the binding affinity assay. Furthermore, results from the in 
silico experiments showed that three previously not 
investigated coumarins, 3(2’-chlorophenyl)-7-hydroxy-4-
phenylcoumarin (Compound 3), 3(3’-chlorophenyl)-7-
hydroxy-4- phenylcoumarin (Compound 4) and 4-benzyl-7-
hydroxy-3-phenylcoumarin (Compound 7) can potentially 
bind ER-α and ER-β based in their docking scores. 
Coumarins are natural or synthetic benzopyranic derivatives 
that form a family of active compounds with a wide range of 
pharmacological properties, including estrogen-like effects 
[61]. In vitro results showed that Compound 3 has greater 
affinity for ER-α while Compound 4 can bind with high 
affinity to both receptors. However, Compound 7 was not 
able to bind to either receptor as determined by the ER 
binding affinity assay. 
 

 

 
Fig. (5). Compounds were tested against ER-α (A) and ER-β (B) using in silico docking tools. 
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Table 4. Selection of highly ranked compounds from the final virtual screening results. 
 

A/A Chemical Structure Molecular 
Weight (g/mol) 

Concentration 
(µM) 

ER-α LDB ER-β LDB 

Binding 
Affinity 

Docking 
Score 

Binding 
Affinity 

Docking 
Score 

1 

 

272.38 10 1 -9.4 1 -10 

2 

 

304.29 
1 

10 
0.11 
0.22 

-7.59 
0.05 
0.34 

-10.39 

3 

 

348.78 
1 

10 
0.21 
2.71 

-9.73 
N/A 
0.34 

-10.03 

4 

 

348.78 
1 

10 
0.24 
2.23 

-10.34 
0.13 
2.75 

-9.67 

5 

 

304.26 
1 

10 
N/A 
0.27 

-8.81 
0.06 
0.18 

-9.61 

6 

 

228.29 
1 

10 
N/A 
N/A 

-8.18 
0.05 
N/A 

-9.88 

7 

 

328.37 
1 

10 
N/A 
N/A 

-10.13 
N/A 
N/A 

-9.13 

OH

HO H

HH
17-β Estradiol

O

OHHO

O
3',4'-dihydroxy-a-naphthoflavone

O OHO
Cl

3(2'-chlorophenyl)-7-hydroxy-4-phenylcoumarin

O OHO

Cl

3(3'-chlorophenyl)-7-hydroxy-4-phenylcoumarin

OH

HO

O

O

HO

OH

OH

3,5,7,3',4'-pentahydroxyflavanone

O
HO

O

4'-hydroxy-a-naphthoflavone

O OHO
4-benzyl-7-hydroxy-3-phenylcoumarin
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CONCLUDING REMARKS 

 In recent years, many high-throughput methods have 
been established in the effort to identify novel Estrogen 
Receptor binders with anticancer activity. However, in vitro 
assays often produce disappointing results due to the small 
percentage of novel active Estrogenic compounds 
discovered. To identify novel compounds that act as 
effective ER-α co-activator binding inhibitors (CBIs), 
Gunther et al. applied a time-resolved fluorescence 
resonance energy transfer (TR-FRET) assay developed in a 
384 well format [62]. This assay measures the binding of a 
Cy5-labelled SRC-1 nuclear receptor interaction domain to 
the ligand binding domain (LBD) of labelled ER-α leading to 
TR-FRET signal generation. Compounds that interfere with 
the TR-FRET signal are identified as potential CBIs or 
conventional ligand antagonists. Based on this method, only 
1.6% of the total compounds screened were identified as 
active as reported in (Pubchem ID 629).	  
 In the present study, we used a VS workflow 
implemented using the LiSIs platform to screen the Indofine 
database of 2413 compounds. Based on their drug-like 
criteria and docking results we selected 18 potential ER 
ligands. These were further investigated in vitro with the ER 
binding assay described by Gurer-Orhan et al. [63] with 
minor modifications. In this manner it was found that five 
agents displayed strong affinity for ER-α, three showed 
selectivity for ER-β and seven were able to bind to both 
receptors with similar affinity. In total 15 out of 18 
compounds (83.3%) were experimentally confirmed active. 
Therefore, the use of LiSIs system may allow researchers to 
execute complex biomedical studies and in silico 
experiments on largely available and high quality data 
repositories in order to facilitate the selection and prioritize 
the investigation of novel chemopreventive compounds in 
vitro. 
 Compounds with high binding affinity to the ERs based 
on the in silico results, display structural characteristics that 
are similar to Estradiol-17β (E2). All contain a phenolic ring 
which is indispensable for binding to the estrogen receptor 
[64]. The phenolic ring of Compounds 2 - 7 contains at least 
one hydroxyl group which mimics the 3’-OH of E2. 
Furthermore, all compounds have low molecular weight 
comparable to that of E2 (Molecular Weight equal to 272). 
All agents are highly hydrophobic which is required for 
binding in the ER binding pocket [65]. The differences 
observed in the binding affinities of compounds may be 
attributed to differences in structural characteristics. The 
lower ER binding affinity of Compound 5 (when compared 
to Compound 2) may be attributed to the hydrophilic 
hydroxyl group at C-11 of Compound 5 which, due to steric 
hindrance, lowers its binding affinity for both receptors [65]. 
 The LiSIs platform aims to fill the current void in the 
application of advanced chemoinformatics and 
computational chemistry technology in determining efficacy 
and predicting possible mechanism of action or identifying a 
possible receptor for a chemopreventive agent in life 
sciences research. Its successful deployment may have a 
substantial impact on enabling biomedical researchers to 
utilize state of the art computational techniques to search for 
promising chemical compounds that may lead to the 

discovery of novel agents with chemopreventive properties. 
We have shown in this paper that by utilizing the LiSIs 
platform in conjunction to a widely used docking program 
we identified compounds that can bind to ER-α and/or ER-β 
with a high degree of success rate. This in silico approach is 
expected to facilitate the process of identification of lead 
compounds with estrogenic or anti-estrogenic activity and to 
enhance considerably the discovery process for new 
therapeutic agents. 

CONCLUSION 

 In recent years, scientific workflow systems have been 
increasingly used by the chemoinformatics community. 
Several systems, both commercial and free, have been 
introduced with custom components catering to the needs of 
the drug discovery community and numerous applications 
have been described in the literature. In this paper we 
introduced LiSIs, a new SWMS platform designed and 
implemented to provide advanced computational chemistry 
and information technology tools in an online environment. 
 LiSIs enables the use of state of the art computational 
algorithms and techniques to design and implement solutions 
by reusing open source community tools such as RDKit [29], 
R [44] and AutoDock Vina [36, 37] to complement in-house 
code. Consequently, LiSIs users have access to numerous 
methods that enable operations such as molecular descriptor 
calculation, predictive model generation and use and docking 
experiments, among others. It is worth noting that, due to its 
online nature, LiSIs models, workflows and results can be 
easily shared with other platform users. 
 Future work will focus on current system limitations. 
Indicatively, LiSIs has limited visualization capabilities 
which need to be augmented and, certain components, such 
as the protein cleaner tool, need to be further expanded. 
System scalability is also a concern since the current 
infrastructure, which is limited to a single server with 12 
processing cores and 16 GB of memory, will inevitably 
become a bottleneck as the system becomes more popular. 
We also intend to incorporate tools implementing multi-
objective ranking and optimization methods to LiSIs in order 
to enable the consideration of multiple pharmaceutically 
important properties to VS and other library design 
experiments [66]. 
 The potential of LiSIs has been highlighted through two 
case studies designed to illustrate the preparation of tools for 
the identification of promising chemical structures. The first 
case study involved the development of a QSAR model on a 
literature dataset while the second implemented a docking-
based virtual screening experiment. Our results show that VS 
workflows utilizing docking, predictive models and other in 
silico tools as implemented in the LiSIs platform can identify 
compounds in line with expert expectations. For example, 
our experiments provided a chemical structure set that, once 
experimentally tested, was found to bind to ER-α and/or ER-
βwith a high degree of success as computationally predicted. 
 Moreover, the ability to readily share knowledge between 
researchers in the form of models, workflows, experimental 
data and results was found to be an additional beneficial 
feature that facilitated collaboration between distributed 
partners and, thus, the generation of new knowledge. 
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 In conclusion, we have shown that LiSIs facilitates the 
discovery of cancer chemopreventive agents. We anticipate 
that the deployment of LiSIs, as currently implemented and 
available for use, can enable drug discovery researchers to 
more easily use state of the art computational techniques in 
their search for promising chemical compounds. 
 LiSIs is available as a web based application, accessed 
directly at [7] and also under the GRANATUM platform at 
[8]. 

ABBREVIATIONS 

CBIs = Co-activator Binding Inhibitors; 
CPR = Chemoprevention research; 
DDP = Drug Discovery Process; 
DT = Decision Trees; 
ER = Estrogen Receptor; 
k-NN = k-Nearest Neighbours; 
KNIME = Konstanz Information Miner; 
LBD = Ligand Binding Domain; 
LiSIs = Life Sciences Informatics; 
PDB = Protein Data Bank; 
PMML = Predictive Model Markup Language; 
QSAR = Quantitative Structure Activity Relationship; 
RF = Random Forests; 
SDF = Structure Data File; 
SMARTS = SMiles ARbitrary Target Specification; 
SMILES = Simplified Molecular Input Line Entry 
Specification; 
SW = Scientific Workflows; 
SWMS = Scientific Workflow Management Systems; 
TR-FRET = Time-Resolved Fluorescence Resonance 
Energy Transfer; 
VS = Virtual Screening. 
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