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Abstract

Background—A novel series of structurally divergent 1,5-diaryl-3-oxo-1,4-pentadiene
analogues 1-10 displayed marked cytotoxic potencies towards a number of human leukemia/
lymphoma cells.

Objective—To identify novel selective cytotoxic compounds that induce apoptosis.

Methods—The Differential Nuclear Staining (DNS) screening protocol was utilized to measure
the cytotoxicity of all experimental dienones on several cancerous cells. Additionally, the selective
cytotoxicity index was calculated by comparing the dienone’s cytotoxicity between leukemia/
lymphoma cells vs. non-cancerous cells. Furthermore, to discern whether a selected dienone
induced cell death via apoptosis or necrosis on T-lymphocyte leukemia cells, diverse approaches
were utilized to detect individual biochemical facets of apoptosis.

Results—The dienones were tested for their anti-neoplastic efficiency on human leukemia/
lymphoma-derived cell lines. Special emphasis was applied on dienone 1, on the basis of its sub-
micromolar cytotoxicity (CCsp=0.43+0.02 pM) and high selective cytotoxicity index (11.1)
exerted on T-leukemia cells. In general, dienone 1 showed the most potent cytotoxic properties as
compared to other dienones and a related reference cytotoxin curcumin as well as the EF-24
curcumin analogue. Dienone 1 caused cell death by apoptosis in Jurkat cells as evidenced by
inducing phosphatidylserine externalization, mitochondrial depolarization and caspase-3/7. These
effects were mainly attributed to the induction of apoptotic pathways.
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Conclusion—The novel dienone 1 was found to exhibit potent anti-leukemia activity by
inducing programmed cell death/apoptosis. Consequently, dionone 1 should be developed further
to examine its potential efficacy to combat malignancies in a pre-clinical animal model.

Keywords
Apoptosis; Cancer; Caspase 3; Cytotoxins; Curcumin analogue; Leukemia; Mitochondria

Introduction

During 2016, a total of 171,550 people are projected to be clinically diagnosed with
leukemia, lymphoma or myeloma disorders in the United States [1, 2]. Moreover during the
same year, new cases of combined leukemia, lymphoma and myeloma were estimated to
account for 10.2 percent of the 1,685,210 total new cancer cases [1, 2]. Given the large
number of new projected and existing cases, it is vital to continue searching for effective
treatments against blood malignancies. Approximately 81,080 and 60,140 new cases of
lymphoma and leukemia, respectively, will be diagnosed in the US this year [2]. Non-
Hodgkin lymphoma (NLH), which is the most common type of lymphoma, affects
Caucasians at a highest rate followed closely by people of Hispanic descent [2, 3].
Hodgkin’s lymphoma is rarer and those affected have a higher overall survival rate that those
with NLH [2]. Chronic lymphocytic leukemia (CLL), which is of B-lymphocyte origin, is
one of the most common forms of leukemia in the U.S. with approximately 15,000 new
cases and over 4,000 deaths per year [2]. Although therapies have been developed for CLL,
it is still considered an incurable disease since most patients eventually relapse [4]. There are
many genetic and environmental factors that not only result in health disparities but also
affect cancer incidence and mortality [reviewed in [5]. Several anti-lymphoma therapies
have been developed in recent years that have improved survival, which include combination
chemotherapy and the use of immune modulators (monoclonal antibodies to specific
receptors), but in many cases resistance to these therapies still occurs [4, 6-14]. In addition
to resistance, side effects may curtail the use of effective drug doses; thus there is a
continuous need for novel drugs with higher potency and lower side effects. Based on the
aforementioned distressing statistics, the identification of novel anti-cancer drugs is of
paramount importance. The main goal of our current research is to discover novel anti-
cancer drugs that can eventually be used as effective therapeutics.

A major interest in our laboratories is the design and development of curcumin related
analogues containing the 1,5-diaryl-3-0xo0-1,4-pentadienyl pharmacophore [15] as cytotoxic
agents. In these compounds, alkylation of cellular constituents can take place sequentially at
the olefinic carbon atoms that are adjacent to the aryl rings. This successive attack may lead
to tumor-selective toxicity since studies have shown that after an initial chemical insult,
some tumors are more vulnerable to a further toxic effect than are non-malignant cells [16,
17]. The 1,5-diaryl-3-0xo0-1,4-pentadienyl pharmacophore has been mounted on piperidyl
and cycloaliphatic scaffolds [18, 19]. Additional interactions with cellular components at
auxiliary binding sites may occur when phosphoryl groups are placed on the nitrogen atom
of the piperidyl rings as illustrated by the enones 4-6 [20](Figure 1). In recent years, we
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have identified and characterized various dienone molecules with potent anti-cancer
activities that also induce apoptosis [21-23].

The objectives of the present investigation are as follows. First, in view of the need for new
bioactive agents to combat leukemias and lymphomas, a number of structurally divergent
1,5-diaryl-3-o0x0-1,4-pentadienes 1-10 were evaluated against a wide range of hematological
malignancies in order to identify a lead compound for further development. Second, their
toxicity towards non-transformed cells was investigated with the goal of assessing whether
these compounds demonstrate tumor-selective toxicity. Third, an investigation of the modes
of action of a lead cytotoxin was implemented.

MATERIALS AND METHODS

Chemical Synthesis and Reagents

The synthesis of 1 was accomplished by the reaction of 1-methyl-4-piperidone with 4-
hydroxybenzaldehyde to produce 3,5-(4-hydroxybenzylidene)-4-piperidone which was
further condensed with 4-(2-diethylaminoethoxy)benzoyl chloride to produce 3,5-bis{4-[4-
(2-diethylaminoethoxy)phenylcarbonyloxy]benzylidene}-1-methyl-4-piperidone (1). The
structure of this compound was confirmed by 1H NMR (500 MHz), 13C NMR (125 MHz),
mass spectrometry and elemental analysis. Details of the synthesis of 1 (and related
compounds) will be submitted to a chemically oriented journal in the near future. The
synthesis and or methods for preparation of the other compounds used have been previously
published to produce 2 [24], 3 [25], 4-6 [20], 7, 8 [26], 9 [27] and 10 [28]. For the bioassays,
the compounds were dissolved in DMSO to prepare a 1 mM stock solution and stored at
-20°C. The final solvent concentrations on the experimental cultured cells were 1% (v/v),
which had negligible effect on any of the parameters studied and was used as the solvent
control. Hoechst 33342 (Hoechst; Invitrogen, Eugene, OR); and propidium iodide (PI; MP
Biomedicals, Solon, OH) stock solutions were prepared in PBS, diluted with the cell culture
medium, and added to each experimental well at a final concentration of 1 ug/ml for each
dye. Annexin V-FITC (Beckman Coulter, Miami, FL), JC-1 dye (MitoProbe JC-1 assay Kkit;
Life Technologies, Thermo Fisher Scientific, Grand Island, NY, USA), and NucView 488
Caspase-3/7 enzyme substrate (Biotium, Inc., Hayward, CA) were diluted according to the
respective manufacturers’ instructions.

Cell lines and Culture Conditions

Eleven human leukemia/lymphoma cancer cell lines and two normal non-cancerous cell
lines were utilized to test the cytotoxic potential of the curcumin analogues. Each lymphoid
cancer cell line selected for this study was a representative hematological malignancy with
their unigue genetic heterogeneity. Unless otherwise specified, all cell lines used in this
study were obtained from the American Type Tissue Collection (ATCC, Manassas, VA). The
lymphoid cancer cell lines used were the human T—cell lymphomas/ leukemias, Jurkat, SUP-
T1, HUT 102, MOLT-3, and CCRF-CEM, the Burkitt’s lymphomas Raji, Ramos and BJAB,
pre-B acute lymphoblastic leukemia Nalm-6 (DSMZ, Braunschweig, Germany), the human
YT natural killer (NK)-like cell line (kind gift from Dr. Robert A. Kirken from The
University of Texas at El Paso;[29]), and mouse T -cell lymphoma EL-4 cell line. The
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culture medium for the lymphoid cancer cells was Roswell Park Memorial Institute (RPMI;
HyClone). The normal human non-transformed cell lines were the CCD-112CoN colon
fibroblast, Hs-27 foreskin fibroblasts and MCF-10A mammary epithelium cell lines. Non-
transformed cell lines were selected to test the cytotoxicity of the analogues on tissues from
normal origin. CCD-112CoN and Hs-27 cells were grown in Dulbecco's Modified Eagle
Medium (DMEM; HyClone, Logan, UT) supplemented with 10% Fetal BS. MCF-10A cells
were grown in DMEM/F12 media (HyClone, Logan, UT), 10 pg/ml recombinant human
insulin (Sigma, Lenexa, KS), 20 ng/ml of epidermal growth factor (Peprotech, Rocky Hill,
NJ), 0.5 pg/ml hydrocortisone (Sigma, Saint Louis, MO), 2.5 mM L-glutamine (Life
Technologies, Paisley, Scotland, UK), and 100 U/ml penicillin and 100 pg/ml streptomycin
(Life Technologies, Carlsbad, CA). All culture media were supplemented with 10% heat
inactivated serum and with 100 U/ml penicillin, 100 pug/ml streptomycin, and 0.25 pg/ml
amphotericin B (Lonza, Walkersville, MD). The incubation conditions for the cells were
37°C in humidified 5% carbon dioxide (CO,) atmosphere, in a regular water jacketed
incubator. To guarantee high cellular viability, Hs-27 and MCF-10A cells were washed with
fresh media, as necessary, to eliminate cell debris and floating dead cells, before seeding
them on multi-well plates [30]. Hs-27 and MCF-10A cells were harvested from culture
flasks by adding 2 ml of 0.25% trypsin solution (Invitrogen, Carlsbad, CA), diluted in serum
free DMEM, and incubated for approximately 15 min at 37°C. Trypsin was neutralized by
addition of culture media with 10% serum. Cells were then centrifuged to remove the
neutralized trypsin and transferred to a new culture flask and replenished with complete
growth media. When necessary, the viability of the lymphoid cancer cells was increased by
removing dead cells via the use of a Ficoll-Paque™PLUS density gradient [31]. After
centrifugation at 400xg for 20 min at 25°C, live cells at the interface between the Ficoll-
Paque and the cell suspension media were collected and washed with fresh warm culture
media. These lymphoid cancer cells were then expanded by starting a new culture. Only
cultures containing cell viabilities of 95% or higher were used for the cytotoxicity studies.
Viability was monitored via flow cytometry after staining the cells with PI.

Live-cell Cytotoxicity Analysis via a Image-based High Throughput Screening Protocol

The Differential Nuclear Staining (DNS) assay that was previously validated for high-
throughput screening was used to monitor the cytotoxicity of the compounds [30]. In this
process, Hoechst 33342 stains all cells and PI stains dead or dying cells [30]. Hs-27,
MCF-10A, and the lymphoid cancer cells were seeded in black flat-bottomed plastic 96-well
assay plates (BD Biosciences, Rockville, MD) at densities of 5,000 cells/well for adherent
cell lines and 10,000 cells/well for suspension cells in 100 ul of culture media/well. 1 was
tested at the final concentration of 1 uM (diluted in 1% v/v DMSO) per well according to the
CCxgq values previously examined by cytotoxicity assays. The compound was dispensed into
the wells v7a a robotic pipette (epMotion 5070, Eppendorf, New York, NY). As a positive
control for cytotoxicity, cells were treated with 300 uM final concentration of H,O5. This
was required to achieve constancy in every cytotoxicity assay, since images are segmented
based on controls. As solvent control and for normalization purposes, cells were treated with
1% v/iv DMSO. Untreated cells were also included as negative controls and as an indicator
of cell viability during the incubation period. Cells exposed to the experimental compounds,
plus their controls were incubated for a total of 20 h under the conditions described above,
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and immediately followed by image acquisition. One hour prior to imaging, the mixture of
Hoechst 33342 and PI was added. All screening was carried out in triplicate. The BD
Pathway 855 Bioimager system and its associated AttoVision v1.6.2 software (BD
Biosciences, Rockville, MD) were utilized for image collection and cytotoxic analysis, as
previously described [30]. Briefly, after the Hoechst and PI dye mixture addition and
incubation, images were captured with selected filter sets of 380/535 nm for Hoechst and
555/645 nm for PI, excitation/emission wavelengths, respectively. Images from each well
were acquired using a 20x/ NA 0.75 dry objective. To include an adequate amount of regions
of interest (ROI=cell numbers) for statistical purposes, images from nine (3x3 montage)
contiguous fields were captured per well. Under these settings the images were subsequently
analyzed using the AttoVision software. To define nuclei as individual units or ROls, pre-
processing filters and intensity thresholds were applied for image segmentation. Segmented
images were subjected to data classification by the use of the AttoVision software. The
percentage of dead cells was calculated from the total number of ROIs per well. Cell nuclei
emitting fluorescence signals from both Hoechst and P1 (fluorescence co-localization) were
considered as dead cells, while cells emitting only the Hoechst signal were counted as live
cells. Heat maps were constructed using the MeV Multiexperiment Viewer Software v.4.9.

Generation of Dose-Response Curves and Determination of CCsgg Values

The CCsq value was defined as the concentration of compound that causes 50% of cell death
as compared to solvent treated cells after 20 h of incubation. The cancerous lymphoid cell
lines and non-transformed cell lines were plated into black bottom 96-well plates at the same
densities and conditions used in the DNS assay. The CCsgq values were obtained using the
linear regression equation as previously described [32, 33]. To create dose-response curves
and determine the CCg values, each lead compound was tested at several concentrations.
Data was normalized by subtracting from each experimental value the average percentage of
dead cells from six wells treated with 1% v/v DMSO.

Selective Cytotoxicity Index

The selective cytotoxicity index (SCI) for 1 was obtained by using an equation as previously
described: SCI=CCs of non-cancerous cells/CCsg of cancer cells [21]. SCI denotes the
capacity of an experimental chemical compound or compounds (e.g. plant extracts) to
efficiently kill a specific cancer cells with minimal toxicity on the non-cancerous cells [21].
SCI values of a compound which are greater than 1 indicate greater toxicity to neoplasms
than non-malignant cells and high SCI values are preferred for any potential candidate anti-
cancer drug [21].

Apoptosis Assay via Annexin V-FITC/PI Staining

Apoptosis assays were performed on the cancerous cell lines to test whether or not 1 induced
apoptosis or necrosis. Apoptosis detection was determined by flow cytometry (Cytomics FC
500 Series Beckman Coulter) using annexin V-FITC/PI kit (Beckman Coulter, Miami, FL)
in combination with PI (essentially as previously described [32]. Untreated cells and cells
treated with 1uM curcumin, 1uM EF-24 (Sigma, 300 pM H,0,, and 1% v/v DMSO (all
reagents from Sigma-Aldrich, St. Louis, MO, USA) were included as controls and incubated
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for a total of 24 h. FITC (excitation/emission maxima of 495/519 nm) and PI (excitation/
emission maxima of 493/636 nm) emitting green and red signals, respectively, were excited
with a 20 mW argon ion laser operation at 488 nm and their ensuing fluorescence signals
were captured by using FL1 and FL2 detectors, respectively. Data acquisition and analysis
was performed by using CXP software (Beckman Coulter).

Mitochondrial Membrane Potential Assay

The JC-1 dye (MitoProbe JC-1 assay kit) was used to study the involvement of mitochondria
during the early stages of apoptosis [23]. Jurkat cells were seeded in 24-well plates at a
density of 3x10% cells in 1 mL of media per well. Cells treated with 1 pM of 1, 50 pM
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), 1% v/v DMSO, and untreated cells
were incubated for 7 h. At the end of the incubation period, cells were transferred to flow
cytometry tubes and 1.5uL (200 uM) of JC-1 stock solution were added to each tube. After
30 min incubation at 37°C, the JC-1 stained cells were analyzed via flow cytometry
(Cytomics FC 500 Series Beckman Coulter).

Caspase-3/7 Activity Assays

Jurkat cells were seeded at a density of 100 cells/uL in 2.5 mL of media in 24-well-plates. 1
was tested at a final concentration of 1 uM. As positive controls, 2 ug/ml camptothecin and
10 uM curcumin were used according to their above determined CC50 values [23]. As
negative controls, 1% v/v DMSO-treated and untreated cells were included. Intracellular
active caspase-3/7 in response to dienone 1 was measured after 20 h of incubation. For live
cell detection of caspase-3/7 activity, NucView™ 488 apoptosis assay kit was used
containing a membrane-permeable fluorogenic caspase-3 substrate (Biotium, Inc., Hayward,
CA). Caspase-3/7 and-8 activity was analyzed by flow cytometry (Cytomics FC 500 Series
Beckman Coulter) and data was analyzed with CXP software (Beckman Coulter).

Statistical Analysis

All experiments were performed in triplicate. Averages and standard deviations were
calculated in Excel (Microsoft). Outliers, Student’s #test, and P values were calculated using
Graph Pad software. To designate whether comparisons between two sample groups have
statistical significance, a £< 0.05 value was deemed significant.

RESULTS

A Novel Curcumin Analogue 1 Shows Potent Toxicity Against Leukemia/Lymphoma Cells

The evaluation of 1-10 against leukemia and lymphoma neoplasms as well as two non-
malignant cells are presented in (Fig. 2). Compound 1 shows good potencies towards the
malignant cell lines except against EL-4, BJAB, HUT102 and Molt-3 cells and low toxicity
to the non-malignant MCF-10A and Hs-27 cell lines indicating that in general the compound
demonstrates tumor-specific toxicity. The 4-piperidones 2 and 3 are like 1 in possessing a
basic center and have similar cytotoxicity. In general the phosphoramides 4-6 have
diminished potency against the neoplasms compared to 1. The dimer 7 has a wide spectrum
of antineoplastic properties and is more potent than the analog 8 which has an additional
vinylene (-CH=CH-) group. The dienones in which the 1,5-diaryl-3-oxo0-1,4-pentadienyl
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pharmacophore is located on cyclohexyl (9) and 1, 2, 3, 4-tetrahydronaphthyl (10) rings have
the weakest potencies among the compounds 1-10. In summary, the 1-10 dienones have
promising potencies towards a range of leukemia and lymphoma cells while demonstrating
less growth-inhibiting properties towards non-malignant MCF-10A and Hs-27 cells. Overall,
the Jurkat (acute T-cell leukemia), Nalm-6 (pre-B acute lymphoblastic leukemia), CEM
(acute T-lymphoblastic leukemia) and Ramos (Burkitt’s lymphoma) were found to be the
most sensitive cell lines to the analogues as indicated by red and black squares which
represent 50-100% cytotoxicity (Fig. 2). The more resistant cells to the experimental
compounds were BJAB, Sup-T1, Molt-3, HUT-102 and the YT leukemia/lymphoma and the
non-transformed MCF-10A and Hs-27 cell lines (Fig. 2). Among the curcumin analogues
tested, 1 was selected since it exhibited potent cytotoxic properties towards human leukemia/
lymphoma cell lines, at sub-micromolar concentrations, and also, showed high selective
cytotoxicity as compared to non-cancerous cells (Table 1).

Compound 1 Exhibits Selective Cytotoxicity Index (SCI) on Leukemia/Lymphoma Cells

Jurkat cells were the most sensitive to 1 toxicity, as displayed by its sub-micromolar CCsj
value (0.43 uM; Table 1), and for this reason, this cell line was used to calculate the SCI
values. After comparing the efficiency of 1 in Killing Jurkat cells, with the three non-
malignant cells included in this study, its SCI exhibited a consistent significant values
greater than 10, even considering that the non-malignant cell lines were isolated from
diverse tissue origin; skin, breast and colon, respectively (Table 2). Thus, 1 displayed
considerable selectivity in killing Jurkat cells.

Compound 1 Induces Cytotoxicity via Apoptosis

As shown in (Table 1), the lead compound 1 showed potent activity against a variety of
leukemia/lymphoma cell lines with sub-micromolar CCsq values that in general were
significantly lower than the values obtained with curcumin and EF-24 (Table 1). Due to the
strong induction of cell death by 1 at sub-micromolar CCsg values, this compound was
tested for induction of apoptosis or necrosis, based on its ability to induce
phosphatidylserine (PS) externalization on the Jurkat and Nalm-6 cell lines. These assays
revealed that 1 induced strong PS externalization after 24 h of incubation in both cell lines
(Fig. 3). In particular, incubation of Jurkat and Nalm-6 cells with 1 uM concentration of the
analogue induced ~70% of apoptosis in Jurkat and ~50% in Nalm-6 cells (Fig. 3a & 3b)
while EF-24 did not induce PS turnover in Jurkat and only ~40% in Nalm-6. 1 exhibited
significantly increased apoptotic activity on both Jurkat and Nalm-6 cells as compared with
curcumin, being 10 (£=0.0012) and 22.3 (P < 0.0001) fold more effective, respectively,
after both compounds were tested at the same concentration (1 uM; Figure 3). Similarly, 1
was more efficient than EF-24 in inducing cell death on Jurkat cells (2= 0.0005; Fig. 3). In
addition, curcumin did not induce significant PS externalization in either the Jurkat or
Nalm-6 cell lines at the time period tested.

To further corroborate the induction of apoptotic cell death by 1, additional assays were
performed by monitoring the induction of pro-apoptotic biochemical signals. As depicted in
(Fig. 4a), 1 was found to strongly induce mitochondrial depolarization which is a hallmark
feature of apoptosis. Incubation of the cells for 7 h with 1 uM of the 1 analogue was enough
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to induce ~80% of mitochondrial depolarization in Jurkat cells (Fig. 4a). In addition, the
compound was found to activate (cleave) caspase-3/7 (>90%) in treated cells (Fig. 4b). In
summary, these findings implicate the apoptosis pathway as the main cell death mechanism
induced by 1 through the induction mitochondrial depolarization, and ultimately, caspase-3
activation.

DISCUSSION

In a recent study of similar curcumin-like compounds, we determined that several of these
agents exhibited potent toxicity to a diverse array of human tumors [22]. The evaluation of
these compounds against a wide range of tumors revealed that leukemias, lymphomas, and
colon cancers were the most sensitive to these compounds while breast and prostate cancers
and non-cancerous cell lines were more refractory to the treatments [22]. Further analyses
revealed that the cytotoxicity of representative dienones on a lymphoma cell line (CEM) was
mediated via apoptosis [22]. In this report, a new dienone was developed and characterized
that exhibits potent and selective cytotoxic activity towards hematological malignancies.

After exposure to a toxic agent, cells can mainly undergo either apoptosis or necrosis; the
two most widely recognized forms of cell death [34]. Additionally, apoptosis can be initiated
viathe intrinsic and/or extrinsic biochemical pathways [35]. The intrinsic pathway primarily
involves mitochondrial depolarization leading to caspase 3 activation [36]. Thus, our results
suggest that 1 can induce its cytotoxic effect on Jurkat cells by activating the intrinsic
apoptotic pathway, as evidenced by mitochondrial depolarization and caspase-3 activation
[37]. The intrinsic and extrinsic apoptotic signaling pathways converge upon caspase-3
activation and once this caspase is activated, cell death is irreversible [38]. Our results show
that 1 elicited significant (>90%) caspase-3 activation on Jurkat cells, corroborating that
indeed 1 induces cell death via apoptosis.

The efficiency of 1 in killing leukemia/lymphoma cells was in general more efficient than
curcumin and the analogue EF-24. Moreover, both 1 and EF-24 had more potent anti-
leukemia/lymphoma activity than curcumin. Interesting, we have noticed that 1 possesses
selective cytotoxicity towards cells derived from males. The CCgg values obtained with 1
from female (CEM, CCD112 and MCF-10A cells) and male (Jurkat, Ramos, Nalm-6 and
Hs-27 cells) donor-derived cells were grouped and an average was calculated as previously
detailed [39]. The calculated cytotoxicity value was 6.9 UM for cells derived from female
donors, whereas the average CCsg values obtained with male-derived cells was 1.7 pM.
These observations are in agreement with previous findings, supporting the existence of
gender differences in cell sensitivity to cytotoxic compounds [39-41].

CONCLUSION

Our findings suggest that 1 offers advantages over curcumin as evidenced by its potent
cytotoxic activity towards all the human leukemia/lymphoma cell lines tested. The
compound exhibited sub-micromolar CCsgq values, and displayed high selective cytotoxicity
towards malignant cells, as compared with non-cancerous cells. The /n vitro cytotoxic
concentration of 1 was approximately ten times more effective than curcumin, and on the
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basis of its SCI values, 1 is an attractive candidate as an anti-leukemia/lymphoma drug.
Additionally, findings from four independent experiments for the apoptosis assessment
indicate that 1 provoked phosphatidylserine externalization, mitochondrial depolarization,
and caspase-3/7 activation; suggesting that it activates the intrinsic apoptotic pathway.
Discovery of compounds with novel structures and cytotoxic pathways can be an
opportunistic way of targeting cancerous cells that escape from death. Future directions on
this research will be to study the molecular mechanisms of induction of pro-apoptotic genes.
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Fig. (2).

Ar?al(ylis of the cytotoxic properties of various 1,5-diaryl-3-0xo-1,4-pentadienes 1-10
against hematological malignancies. The cytotoxic potential of 10 curcumin analogues was
studied in 13 cell lines by DNS. The compounds were tested at a final concentration of 1 uM
and incubated for 20 h. For ease of presentation, a heat map was used to depict the results
that shows a gradient from green (no toxicity) to red (100% toxicity) with black representing
~50% cytotoxicity. The most affected cell lines (red squares) were Ramos, Nalm-6, Jurkat,
and CEM. The two non-transformed cell lines tested, MCF-10A and Hs-27, were not
significantly affected by the test compound after 20 h of exposure. Note that 1 at the top of
the heat map was selected for further characterization as it exhibited cytotoxic activity
against the majority of leukemia/lymphoma cell lines but not the non-transformed cell lines.
The MeV heat-map generating software was used to construct the heat maps.
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Fig. (3).
Compound 1 induced significant phosphatidylserine (PS) externalization on Jurkat and

Nalm-6 leukemia cells after 24 h of treatment. PS exposure on the cell surface was
monitored after treatment of two distinct lymphoma lines, Jurkat (a) and Nalm-6 (b).
Apoptosis and necrosis were examined after incubation of the cell lines and co-staining with
annexin V-FITC and PI and analyzed via flow cytometry assay. Each bar represents the
average of three replicas with standard deviations. The total percentage of apoptotic cells is
displayed as the sum of annexin V-FITC positive cells at early and late stages of apoptosis
(white bars). Pl-positive cells, but negative for annexin V-FITC, are considered undergoing
necrosis (black bars). The following controls were included in these assays: treatment with
the reference drugs curcumin and the EF-24 analogue (both at 1 uM); untreated cells as a
negative control; DMSO as the solvent control; and H,O,-treated cells as a positive control
for cytotoxicity. For both cell lines, a comparison of 1-treated cells with untreated (*) and
DMSO (%) controls, consistently resulted in ~values lower than 0.001. ~values comparing
the percentage of apoptosis induced by 1 as compared with curcumin are annotated in the
graphs. Data acquisition, processing and analysis were achieved by utilizing CXP software
(Beckman Coulter).
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Fig. (4).
Compound 1 induced mitochondrial depolarization and capase-3/7 activation in Jurkat cells.

All assays were performed by flow cytometry and approximately 10,000 events (cells) were
acquired for each sample. DMSO (1% v/v)-treated and untreated (Unt) cells were included
in all three assays as controls. (a) JC-1 polychromatic fluorophore was used as a
mitochondrial transmembrane potential indicator, after 7 h of exposure. Cells treated with
the proton ionophore, 50 uM carbonyl cyanide m-chlorophenyl hydrazone (CCCP), were
used as the positive control for mitochondria depolarization. (b) Intracellular active
caspase-3/7 was identified after 20 h of incubation v/ia NucView 488 fluorogenic substrate;
the percentage of active caspase 3/7-positive cells, exhibiting green fluorescence signal, is
indicated on the y~axis. Camptothecin (CPT; 2 ug/ml) was used as positive control. Pvalues
(***) were consistently below 0.001 when 1-treated cells were compared to DMSO-treated
cells as evaluated by using Student’s #test in all three assays. Data acquisition, processing
and analysis were performed using CXP software (Beckman Coulter). Each bar represents
the average of triplicates and the error bars represent the standard deviation of the mean.
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Cytotoxic concentration 50% (CCsp) and selective cytotoxicity index (SCI) values of 1, EF 24 and curcumin.

Table 1

Cell Line 1 EF-242 Curcumin®
CEM 0.59+0.032(8.1)¢ | 0.93+0.06 (3.1) | 10.6+0.06 (1.4)
Jurkat 0.430.02 (11.1) | 0.60£0.04 (4.9) | 10.86 % 0.04 (1.4)
Nalm 6 0.86+0.03(5.6) | 0.69+0.04(4.3) | 11.0£0.20 (1.4)
Ramos 0.71£0.01(6.7) | 3.940.74(0.7) | 9.25+0.37 (1.7)

CCD-112coN? 4.68+0.83 0.50 +0.42 15.8 £0.13
Hs-27¢ 478 +0.03 2.95+0.25 15.27 +0.38
MCE-10A7 15.6 +0.14 5.00 +0.40 14.06 +0.66

a . .
Curcumin and its EF-J4 analogue were used as reference drugs.

bCytotoxic concentration 50% (in uM) is defined as the concentration of drug required to disrupt the integrity of the cellular membrane of 50% of
the cell population as compared to DMSO treated cells, after 24 h of incubation, quantified viathe DNS assay.

cEach number in parenthesis refers to the SCI, which was obtained as follow: SCI=CCg( of non-cancerous cells/CCg( of cancer cells; for this

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

purpose Hs-27 cells were used as the non-cancerous cell line control.

a .
Human non-cancerous cell lines used as controls.

Clin Cancer Drugs. Author manuscript; available in PMC 2016 November 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Santiago-Vazquez et al.

Selective cytotoxicity index (SCI) of 1 on human T-leukemia Jurkat cells as compared with three non-

Table 2

cancerous cell lines; Hs-27, MCF-10A and CCD-112CoN.

Jurkat vs. SCI
Hs-27 111
MCF-10A 36.3
CCD-112CoN | 10.9
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