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Abstract

Six recently synthesized cyano-substituted heteroaryles, which do not bind to DNA but are
highly cytotoxic against the human tumor cell line HelLa, were analyzed for their antitumor
mechanisms of action (MOA). They did not interfere with the expression of human
papillomavirus oncogenes integrated in the HeLa cell genome, but they did induce strong G1
arrest and result in the activation of caspase-3 and apoptosis. A computational analysis was
performed that compared the antiproliferative activities of our compounds in 13 different
tumor cell lines with those of compounds listed in the National Cancer Institute database. The
results indicate that interference with cytoskeletal function and inhibition of mitosis are the
likely antitumor MOA. Furthermore, a second in silico investigation revealed that the tumor
cells that are sensitive to the cyano-substituted compounds show differences in their
expression of locomotion genes compared with that of insensitive cell lines, thus

corroborating the involvement of the cytoskeleton. This MOA was also confirmed
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experimentally: the cyano-substituted heteroaryles disrupted the actin and the tubulin
networks in HelLa cells and inhibited cellular migration. However, further analysis indicated
that multiple MOA may exist that depend on the position of the cyano-group; while cyano-
substituted naphthiophene reduced the expression of cytoskeletal proteins, cyano-substituted

thieno-thiophene-carboxanilide inhibited the formation of cellular reactive oxygen species.

Introduction

The discovery of novel chemotherapeutics has become one of the most important goals of
medicinal chemistry. Novel heterocyclic organic compounds have been widely studied as
promising agents able to induce cancer cells to undergo one of several types of cell death, in
particular, apoptosis [1,2]. Of their various cellular targets, these compounds interfere with
cellular kinases as well as with the organization of the cytoskeleton, mainly via disruption of
the tubulin network [3,4].

As part of our continuing search for potential anticancer agents derived from
heterocyclic compounds, we previously synthesized novel heterocyclic quinolones with
strong antitumor activities, including cyano- and N-isopropylamidino-substituted derivatives
of benzo[b]thiophene-2-carboxanilides and benzo[b]thieno[2,3-c]quinolones [5], and cyano-
and amidino-substituted derivatives of thieno[2,3-b]- and thieno[3,2-b]thiophene-2-
carboxanilides and thieno[3’,2:4,5]thieno- and thieno[2’,3’:4,5]thieno [2,3-c]quinolones [6].
In parallel, we also synthesized and characterized the antitumor activities of novel cyano- and
amidino-substituted derivatives of naphtho-furans, naphtho-thiophenes, thieno-benzofurans,
benzo-dithiophenes, and their acyclic precursors [7]. The prime objective of these studies was
to create compounds with strong antiproliferative activity, primarily through the introduction
of various cyano- and amidino- substituted derivatives that would increase the DNA-binding
affinity of the lead compounds. However, one of the most striking, and unexpected,
observations was the extreme selectivity of several cyano-substituted derivatives toward HelLa
and HEp-2 cell lines, which were active within the submicromolar range. None of these
cyano-derivatives bound to DNA. Although we obtained potent antiproliferative activity using
various derivatives lacking a cyano-group [4-7], the observed perturbance of the cell cycle

and cell death (apoptosis, necrosis, or mitotic catastrophe) was mainly attributed to DNA



intercalation and the DNA damage response; moreover, none of the compounds showed
selective activity toward any of the other tumor cell lines screened.

Natural cyano-containing compounds, laetriles, have been used for decades as a form
of alternative medicine to treat cancer patients. Their claimed anticancer effects are not
supported by clinical data [8], although more descriptive in vitro studies are available that
show their mechanisms of action to be cell cycle arrest and the induction of apoptosis [9-10].
On the other hand, detailed studies of cyano-substituted heterocycles indicate that the major
antitumor mechanism of action occurs via the induction of apoptosis through the inhibition of
tubulin polymerization, and SAR (structure-activity relationships) analysis confirms that the
cyano group is essential for the induction of apoptosis and extreme cytotoxicity [11,12].
Similarly, various heteroarylacrilonitriles that disturb the cell cycle and induce apoptosis in
tumor cells [13,14] were shown to be less effective when the cyano-group was removed [13].

Recently, Hranjec et al [15] reported high antitumor activity of 2-benzimidazolyl-3-N-
methylpyrolyl-acrylonitrile in various tumor cell lines and a special selectivity of the
compound toward HeLa cells. However, no evidence exists to date that could provide a
possible explanation of the high sensitivity of HelLa cells to these compounds.

In the present study, we selected 6 cyano-substituted derivatives (Fig. 1) showing
pronounced cytotoxicity and selectivity toward HelLa cells, and investigated their antitumor
mechanisms of action in more detail. In order to confirm and substantiate our previous results,
13 tumor cell lines were screened using an MTT proliferation assay. The antiproliferative
effects of two selected representative compounds, compounds 3 and 5 (Fig. 1), were further
explored by determining whether cell cycle perturbations had occurred, assessed by flow
cytometry. Strong G1 arrest was followed by massive cell death caused by the induction of
apoptosis; this latter effect was thus further evaluated. The possibility that the selectivity of
cyano-substituted heteroaryles for HelLa cells is based on their interference with HPV
oncogenes (integrated into the HeLa cell genome) was also investigated.

The data obtained by MTT screening allowed us to compare the antiproliferative
activities of the compounds tested on different cell lines with those listed in the National
Cancer Institute’s (NCI) database. Further insight into HelLa specificity was achieved by
comparing the gene expression profiles of cyano-substituted heteroaryle-sensitive cell lines
with those of the insensitive cell lines tested. Both studies helped to direct our investigation
and to focus on the major possible targets of cyano-substituted heteroaryles, i.e. cytoskeletal

proteins.



Fig. 1 Structures of compounds under study.

Material and methods

Chemicals

The cyano-derivatives were synthesized as described earlier [5-7].

Fetal calf serum (FCS), Dulbecco's modified Eagle's medium (DMEM), penicillin—
streptomycin (PS) and glutamine were purchased from GIBCO laboratories, Grand Island,
NY. RPMI medium was purchased from Imunoloski Zavod, Zagreb. Dimethyl sulfoxide
(DMSO) and Formaldehyde were from Kemika, Zagreb. Antibodies against p27 (N-20), ERK
1 (K-23), p53 (DO-1), and PARP-1 (E-8) were purchased from Santa Cruz Biotechnology,
Inc. Other antibodies used in this study were against: E- Cadherin, N-Cadherin and p-120
Catenin (all mice monoclonal, BD Transduction Laboratories, USA); p21 (mouse
monoclonal, BD Pharmingen); Vimentin (mouse monoclonal, BioGenex, USA ); a-Tubulin
(mouse monoclonal, Calbiochem). Secondary antibodies used were ECL Anti-mouse
IgG/HRP (GE Healthcare Bio-Sciences Corp) and goat anti rabbit/HRP 1gG
(DakoCytomation, Denmark). Chemicals that were used for preparation of buffers and

reagents, as well as control compounds used for various assays, were of the highest grade



commercially available and supplied by Sigma. Other chemicals used were specified

elsewhere in the text.
Cell culture and antitumor activity assay

Antiproliferative activity was tested on the MiaPaCa-2 (pancreatic carcinoma), HEp-2
(laryngeal carcinoma), HelLa, SiHa, and Ca Ski (all cervical carcinoma), PC-3 (prostate
carcinoma), HL-60 (acute promyelocytic leukemia), HT-29, HCT 116 and SW 620 (all colon
carcinoma), H460 (lung carcinoma), MCF-7 (breast carcinoma), and MOLT-4 (acute
lymphoblastic leukemia) tumor cell lines, obtained from American Type Culture Collection
(ATCC, Rockville, MD, USA) All of the attached cells were cultured as monolayers and
maintained in DMEM (an exception was PC-3 that was maintained in RPMI), while MOLT-4
and HL-60 cells were cultured in suspension in RPMI medium, all supplemented with 10%
fetal calf serum (FCS), 2mM L-glutamine, 100 U/mL penicillin and 100 pg/mL streptomycin
in a humidified atmosphere with 5% CO; at 37°C.

Growth inhibition activity was assessed as described previously, according to a slightly
modified procedure of the National Cancer Institute, Developmental Therapeutics Program.
The cells were inoculated onto standard 96-well microtiter plates on day 0 at 3 x 10° to 6 x
10° cells/well, depending on the doubling time of each cell line. Test agents were then added
in five consecutive 10-fold dilutions (108-10* M) and incubated for further 72 h. Working
dilutions were freshly prepared on the day of testing. The solvent (DMSO) was also tested for
inhibitory activity by adjusting its concentration to the same as the working concentrations
(maximal concentration of DMSO was 0.25%). Following 72 h of incubation, the cell growth
rate was evaluated by performing the MTT assay, which detects dehydrogenase activity in
viable cells. Absorbance (OD) was measured on a microplate reader at 570 nm. Each test
point was performed in quadruplicate in three individual experiments. The results were
expressed as Glsg, which is the concentration necessary for 50% of inhibition. The Glsy values
for each compound were calculated from dose-response curves using linear regression
analysis by fitting the test concentrations that gave PG values above and below the reference

value (i.e. 50%). Each result was the mean value from three separate experiments.



Flow cytometry for cell cycle Analysis

Tumor cells (2 x 10°) were seeded per well into a 6-well plate. After 24 hours, compounds to
be tested were added at 1 x 10° M concentrations. Following the desired length of time (24 h,
48 h and 72 h), attached cells were trypsinized, combined with floating cells, washed with
phosphate buffer saline (PBS), and fixed with 70% ethanol and stored at -20°C. Immediately
before the analysis, the cells were washed with PBS and stained with 50pg/ml of propidium
iodide (PI) with the addition of 0.2 pg/pl of RNase A. The stained cells were then analyzed
with Becton Dickinson FACScalibur (Becton Dickinson) flow cytometer (20,000 counts were
measured). The percentage of the cells in each cell cycle phase was determined using the
ModFit LT™ software (Verity Software House) based on the DNA histograms. The tests

were performed in duplicate and repeated at least twice.
Flow cytometry for analysis of apoptosis

Detection and quantification of apoptotic cells at single cell level, was performed using
Annexin V-Alexa 488 conjugate (Molecular Bioprobes, Invitrogen). The HelLa cells were
seeded in 6-well plates (2 x 10° cells/well) and treated with compounds 3 and 5 at 1 x 10° M
concentration. Following the desired length of time, both floating and attached cells were
collected. The cells were then washed with PBS, pelleted and resuspended in the Annexin
binding buffer (10 mM HEPES, 140 mM NaCl, 2,5 mM CaCl2, pH 7,4) containing Annexin
V-Alexa 488 conjugate, 7-actinomicyn D (7-AAD, Molecular Bioprobes, Invitrogen).
Camptothecin (10 uM, Sigma) was used as the control apoptosis-inducing agent. The cells
were then analyzed on Becton Dickinson FACScalibur flow cytometer (15,000 counts were
measured). Fluorescence compensation and analysis were performed with FlowJo (TreeStar
Inc.). Annexin V positive cells were determined to be early apoptotic and both Annexin V and
7-AAD positive cells were determined to be late apoptotic/necrotic cells.

Caspase-3 colorimetric assay

Measurement of increased enzymatic activity of the caspase-3 class of proteases in apoptotic
cells was performed using Caspase-3 Colorimetric Assay kit (R&D Systems, Inc.). The HelLa
cells were seeded in 10 cm @ Petri dishes (~ 4 dishes/ treatment, 5 x 10° - 1 x 10° cells/dish),

to obtain > 2 x 10° cells/treated sample. After 24 h the compounds to be tested were added at



1 x 10° M concentration. Camptothecin (0.5 pM, Sigma) was used as the control apoptosis-
inducing agent. Following the desired length of time (as shown in the results section),
attached cells were collected, pooled, washed with PBS, pelleted and lysed. The protein
content of the cell lysate, which was about 4-10 mg/mL, was estimated using Lowry’s method
(Bio-Rad DCProtein Assay, Bio-Rad Laboratories) according to the manufacturer’s
recommendations. The enzymatic reaction for caspase activity was carried out for 2 h in a 96
well flat bottom microplate as recommended in the kit instructions, and OD was measured on
a microplate reader at 405 nm. The reading value of each sample was normalized to the total
protein content. Results are presented as histograms that represent mean values from the three
separate experiments, where sample values were related to the control level, which was

presented as 100%.

Inference of mechanistic class by comparison of cytostatic activity profiles across cell lines

These analyses were restricted to a subset of cell lines that also appear in the cell line
screening database of the National Cancer Institute's Developmental Therapeutics Program
(DTP-NCI): HT29, HCT-116, SW-620, MCF7, NCI-H460, PC-3, HL-60(TB) and MOLT-4.
(The full DTP-NCI screening procedure consists of 60 cell lines). In order to integrate more
accurately our in-house measurements with DTP-NCI data, we used a calibration procedure to
eliminate systematic bias; this procedure has been previously described in detail [16]. Briefly,
each of the eight cell lines listed above were treated with seven standard antitumor agents,
Glso values were calculated and linear regression used to relate the activities listed in the
DTP-NCI database with our measurements, according to the function: Glsopre) = @ - Glsoin-
house) T D, Where constants a and b were determined for each cell line. In addition to the cell
lines already calibrated [16], the same procedure was performed again using the HT29 cell
line, giving Glsot2, ptr) = 0.98 - GlsgHt29, in-house) + 0.53  (correlation coefficient = 0.969;
p=1.8-10"* p-value corrected for multiple tests using Holm’s correction). A data set linking
cytostatic compounds to a molecular mechanism of action (MOA) class was kindly provided
by Dr. David Covell from DTP-NCI (personal communication) and then filtered as described
in Supek et al [16]. The file containing Glso measurements for DTP-NCI tested compounds
was downloaded from http://dtp.nci.nih.gov/docs/cancer/cancer_data.html and processed as
previously described [16]. Combining the two data sources resulted in a data set containing
514 compounds, each assigned to just one of the 12 possible MOA classes. The size of this set



of compounds (514) is slightly different to that previously reported (537) [16], as the panels
of cell lines used differed slightly between the two analyses. In the current study, compounds
were only included in the final dataset if they had <2 cell line measurements missing; for
more details, see Supek et al [16]. Data were then standardized by subtracting the mean Glsg
of a compound (calculated from tests on all cell lines) from each individual Glsy measurement
and dividing by the standard deviation; in other words, the mean Gls, for each compound was
adjusted to O and the standard deviation to 1. This MOA dataset is available on the authors'
website at http://anticancer.irb.hr/. After extraction and preprocessing, the Glso response data
were analyzed by the Parallel Random Forest (PARF) software, an open-source
implementation of the Random Forest (RF) algorithm. The RF classifier [17] is a data mining
method based on an ensemble of decision tree models that map observations about an item
(‘attributes’; here Glso values for cell lines) to conclusions about the item’s target value
(‘class’; here the MOA) by recursively splitting the data into subsets based on an attribute
value test; for more information, refer to the original RF paper [17]. PARF was run with the
‘forest size' parameter set to a large value (10000 trees). The predictive performance of the RF
classification model was estimated using the 'out-of-bag' cross-validation procedure [17] and
is given in Table 4, along with the RF model's MOA predictions for the cyano-compounds
tested.

In order to investigate which compounds from the dataset with known MOA compounds 3
and 5 are closest to (in terms of their cytostatic activity pattern across cell lines), we employed
the principal components (PC) analysis technique, as implemented in the XLStat 2010
software (Addinsoft, Paris, France). In brief, it allows high-dimensional data (here: eight cell
lines/dimensions) to be visualized on a two dimensional plot, while retaining as much
information from the original measurements as possible. Consequently, the DTP-NCI
compounds that are closest to compounds 3 and 5 in the PC plot also have the most similar
cytotoxicity profiles for each of the eight cell lines. The PC plot was created from
standardized log Glsg values (see above) for the 19 compounds belonging to the 'mitotic agent'
class, plus compounds 3 and 5, using the XLStat 2010 software. In this case, the first two PCs
together captured over half (51.4%) of the variance in the original data. PCs are dimensionless
linear combinations of log Glsy values of different cell lines and do not have a direct
interpretation. Here, PC1 correlates well with the log Glso of NCI-H460 (r=0.90), HCT-116
(r=0.62) and HT29 (r=0.52), while it anti-correlates with the log Glso of MOLT-4 (r=-0.74),
HL-60 (r=-0.63) and SW-620 (r=-0.52). PC2 correlates well with the log Gls, of the PC-3 cell
line (r=0.92) and anti-correlates with the log Glsp of MCF7 (r=-0.57).



Differentially expressed genes between sensitive and resistant cell lines

To complement the computational analysis of MOA class from cell line cytotoxicity profiles,
we turned to an independent source of information that would provide insight into the
mechanism behind the biological activity of the cyano-substituted heteroaryles. We
downloaded a large dataset of human gene expression data (Affymetrix HG-U133A platform)
that contained 1142 microarray measurements pertaining to human cell lines; the dataset is
available from EBI ArrayExpress, accession number E-TABM-185. We selected 34
microarray measurements obtained from cell lines also used in our experiments and that were
not exposed to any significant disruption of their optimal growth conditions; these mostly
corresponded to the negative control conditions used in the various experiments composing
the database. Of these, 12 samples belonged to the cell lines sensitive to the cyano-substituted
compounds (8 samples for HeLa, and 4 samples for HEp-2), while the other 22 belonged to
the insensitive cell lines (4 samples for MCF-7, 3 for SW-620, 8 for HT-29, 3 for PC-3, 4 for
HL60, and 1 for MOLT4). Each sample contained readings from 22283 microarray probes;
the task was to determine which of these probes (and their corresponding genes) carry
information useful for discerning the sensitive from the resistant cell lines, i.e. which of the
genes are differentially expressed between the two cell line categories. To this end, we used
the Random Forest "attribute importance' feature, as implemented in the PARF software. See
Breiman L [17] for a description of the algorithm, Diaz-Uriarte and Alvarez de Andrés [18]
for an application of RF for attribute selection on microarray data, and Strobl et al. [19] for
recent refinements of this methodology. We set the PARF "forest size™ (-n) parameter to
30000, and "the number of attributes to split on" (-m) parameter to 1000, and re-ran PARF
five times with different random seeds to account for between-run variability in choosing the
relevant probes; the most significant result (i.e. the lowest p-value) from the five runs was
used to rank the probes. Six hundred and seventy-six probes had minimum values (p<0.001),
equivalent to an RF attribute Z-score > 3.1, and thus could be considered to correlate with the
sensitivity of the cell lines with compounds 3 and 5. Taking into account (a) the noisiness of
microarray data, and (b) the relatively low number of measurements compared to the number
of probes, these estimates of sensitivity/expression correlation may not be reliable on a per-
gene level. Therefore, we decided not to analyze the top 10, or any other list of differentially
expressed genes, any further. Instead, to obtain a more robust result, we summarized the

entire list of 676 differentially expressed probes by analyzing their cluster enrichment in (i)



Gene Ontology categories, (ii) ‘cancer gene expression modules' [20], and (iii) sets of
Reactome interactions, using the L2L Web server [21]. The full lists of differentially
expressed probes and the Gene Ontology categories enriched with them are available on the
authors' website http://anticancer.irb.hr/; the results with p-values <0.001 and enrichment > 2x

are given in Table 5.

Quantification of HPV-18 E6 and E7 transcripts

Total RNA isolation was performed using a NucleoSpin Il kit (Macherey-Nagel, Diren,
Germany), and 2 pg of RNA were retrotranscribed with a RevertAid cDNA Synthesis Kit
(Fermentas, Ontario, Canada). The resulting cDNAs were quantified by real-time PCR using
the following primers: HPV-18 E6 forward primer 5'-
TGGTGTATAGAGACAGTATACCCCA-3’, HPV-18 E6  reverse  primer 5'-
GCCTCTATAGTGCCCAGCTATGT-3', HPV-18 E7 forward primer 5'-
CCGAGCACGACAGGAACGACT-3, HPV-18 E7 reverse primer 5'-
TCGTTTTCTTCCTCTGAGTCGCTT-3/, B-actin forward primer 5'-
GTTGCTATCCAGGCTGTG-3', B-actin reverse primer 5'-TGTCCACGTCACACTTCA-3'.
DNA amplifications were carried out using the Brillant SYBR Green QPCR Master MIX
(Stratagene) in a 96-well reaction plate format in a Mx3000P Real-Time Machine PCR
System (Stratagene). The results were normalized to the p-actin levels, and compared with

untreated controls which were set to 1.

Migration of cells

Cells were seeded at 10° per 10 cm g Petri dish. After 24 h, compounds to be tested and the
mitotic inhibitor Colchicine (Sigma) were added, as shown in the results section. Following
24 h of incubation, both floating and attached cells were collected, and washed in PBS. The
percentage of viable cells was determined using Trypan blue (Sigma) staining. Transwell
chambers for 24-well plates that contain membrane inserts with 8.0 um pores (BD
Biosciences) were inserted into each well. The cells resuspended in DMEM without FCS, but
contained 0.1 % BSA (Sigma), were added onto membrane inserts, while DMEM with FCS
was added into each well below the inserts. The cells were allowed to migrate to the
undersides of the membranes for 18 h at 37°C in a CO; incubator. Membranes were washed
with PBS, cells remaining on the upper sides of the membranes were removed using a cotton
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swab, and then the migrated cells were fixed in 4 % formaldehyde for 15 min. The cells were
stained with 0.5% Crystal violet and washed. The bottom of the chambers that contains cells
attached to the membranes was excised and placed onto microscope glass slides, and cells
were counted. The results from at least two separate experiments were used to determine

percentage of migrating cells compared to untreated controls.

Western blot analysis

Cells were seeded at 0.5 x 10° per 10 cm g Petri dish and treated after 24 h with 1 puM
concentration of compounds to be tested. After a desired length of time, cells were collected
and lysed using lysis buffer (50 mM Tris pH 7,6, 150 mM NaCl, 2 mM EDTA, 1% Nonidet
P40, 0,5% Triton X-100) with protease inhibitors (Roche) for 10 min on ice. Cell debris was
pelleted by centrifugation at 13,200 rpm, 4 °C for 10 min. About 30 pg of cytosolic proteins,
as estimated by Lowry’s method, were separated on 12% (or 8% where needed) sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
nitrocellulose membrane. For visualization of proteins and as an additional loading control,
membranes were stained with Amido Black solution (Sigma) [22]. After destaining,
membranes were blocked with 5% non-fat skimmed milk powder (Nestle) in Tris-buffered
saline, and incubated with primary antibodies overnight at 4°C. The blots were washed with
Tris-buffered saline Tween-20 (TBST) on a shaker and incubated for 90 min with secondary
antibody tagged with horseradish peroxidase. After washing with TBST for 30 min, selected
proteins were detected by SuperSignal West Pico Chemiluminescent substrate (Pierce
Biotechnology, USA) or Western Lightning Chemiluminescent substrate (PerkinElmer LAS,
Inc., USA).

Cellular tubulin staining

HeLa cells (0.5 x 10° /well) were grown overnight on 18 mm x 18 mm coverslips placed in
each well of a six-well plate. Compounds to be tested, along with the tubulin inhibitors
Paclitaxel (Sigma) and Colchicine (Sigma), were then added as described in the results
section. After 24 h, the coverslips were washed with PBS and the cells fixed in 4%
formaldehyde in PBS for 10 min, washed twice with PBS, and permeabilized with 0.1%
Triton-X 100 in PBS for 10 min. The coverslips were than washed with PBS and blocked
with 4% FCS in PBS for 30 min. After that, coverslips were incubated with anti-a-tubulin
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antibody, washed in PBS, and incubated with FITC-goat antimouse 1gG/IgM secondary
antibody (BD Pharmingen) for 1 h. After being washed with PBS, each coverslip was washed
with water and placed on a microscope slide in 1 drop of fluorescence mounting medium
(DAKO). DAPI (Sigma)(4',6-diamidino-2-phenylindole), a fluorescent stain that binds to
DNA, was added to the mounting medium in a final concentration of 100 ng/mL.
Immunofluorescence was analyzed on an Olympus BX51 microscope with an Olympus DP51

camera.

Cellular actin staining

HeLa cells (0.5 x 10° /well) were grown overnight on 18 mm x 18 mm coverslips placed in
each well of a six-well plate. Compounds to be tested, along with the control actin inhibitors
Cytochalasin B (Sigma) and Latrunculine B (Sigma), were then added as described in the
results section. Following 24 h of incubation, the coverslips were washed and permeabilized
as described for tubulin staining. The cells were incubated with Alexa fluor 594 phalloidin
(Invitrogen) for 15 min in the dark. After washing with PBS, slides were prepared and

analyzed as described for cellular tubulin staining.

Measurement of cellular reactive oxygen species (ROS) production

Cellular ROS production was examined using 2',7'-dichlorofluorescein diacetate (DCFH-DA,
Fluka), a nonfluorescent probe for intracellular ROS detection. The probe remains
nonfluorescent inside a cell until its acetate groups have been removed by intracellular
esterases and oxidized by intracellular ROS to the fluorescent compound 2'7'-
dichlorofluorescein (DCF) [23]. HeLa cells (5x10%well) were seeded into 96-well plates.
Cells were washed with Hanks' Balanced Salt Solution (HBSS, GIBCO) and treated with
10uM DCFH-DA for 30 min at 37°C. The compounds tested were then added in four
consecutive 10-fold dilutions (10®8-10°M) and the cells incubated for 2, 4, and 6 h.
Fluorescence intensity was read with a Cary Eclipse Fluorescence Spectrophotometer
(Varian) with an excitation wavelength of 500 nm and emission detection at 530 nm. The
fluorescence intensities of the treated samples are presented as percentages of untreated
control levels, set to 100%, and were obtained from at least three separate experiments

performed in triplicate.
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Results

Effect of cyano-compounds on the growth of various tumor cell lines

In order to confirm and substantiate our previous results [5-7], compounds 1-6 were screened
on a panel of 13 tumor cell lines (Table 1). The antiproliferative activity of each compound in
MiaPaCa-2, HEp-2, HelLa, SW620, and MCF-7 cell lines was reconfirmed, as was their
selectivity toward HeLa and HEp-2 cells. Further cell lines, not included in the original
screening (PC-3, HCT 116, H460, HT-29, MOLT-4, and HL-60), were introduced to allow
comparison with the NCI screening platform. Two additional cervical carcinoma cell lines,
SiHa and CaSki, were included to investigate the possibility that the high sensitivity of HelLa
cells to these compounds might be related to oncogenic transformation by HPV E6 and E7
viral oncogenes. Interestingly, none of these newly introduced cell lines, including the
cervical carcinomas, were as sensitive to the cyano-compounds as HelLa cells were; when
tested in HelLa cells, the Glsq of most compounds was in the submicromolar range. The PC-3
and HCT 116 cell lines were, however, slightly more sensitive than the other lines (Table 1).
Since the HEp-2 cell line has been shown to be contaminated with HeLa cells, the compounds

tested were expected to produce a similar effect in these cells [24].
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Table 1. In vitro inhibition of compounds 1-6 on the growth on tumor cells

Glso® (M)

Compoundb

Cell lines
. . . HCT

HEp-2 HelLa MiaPaCa  CaSki SiHa  MCF-7 SW620 116 H 460 PC3 HT29 MOLT-4
0.7£0.2 0.3+0.2 >100 >100 >100 >100 >100 33#45 >100 545 6018 >100
4+3.7 1.3+1 >100 >100 >100 >100 >100 >100 >100 2.5+0.3 >100 >100

2+1 0.6x0.1 24+14 18+2 5733 >100 >100 542 50+9 2.5+0.9 24+12 >100

7+2 5.5+1.6 54+5 33+5 62425 69441 70+17 11+0.5 40+14 207 4045 >100
0.6+0.2 0.3+0.2 >100 79415 >100 >100 16+8 11+12 66+29 2+1 3349 >100

0.6+0.2 0.3x0.2 >100 >100 >100 >100 >100 >100 >100 4.0+1.0 >100 >100

HL-60

>100

>100

>100

3246

>100

>100

8Glsp; the concentration that causes 50% growth inhibition

®See Fig. 1 for description of compounds
Cell cycle perturbations by compounds 3 and 5

Based on the strong antiproliferative activity of two structural representatives toward HelLa
cells, compounds 3 and 5 were selected for further evaluation. Flow cytometric analysis
showed that both compounds interfered with the cell cycle of HeLa cells, as shown in Fig. 2a.
There were no differences between the compounds’ effects following a 24 h exposure: cells
were severely blocked in the G1 phase, while the numbers of cells in the S and G2/M phases
were decreased. At this time point, cells showing reduced DNA content (subG1), indicative of
apoptosis, were still absent, while at 48 h both compounds strongly elevated the subG1
fraction. As expected, a further increase in the percentage of the apoptotic cells was measured
for both compounds following 72 h of treatment. Flow cytometric analysis of the cell cycle
was also performed in MiaPaCa-2 cells (Fig. 2b). None of the tested compounds influenced

the cell cycle at any of the 3 time points investigated.
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Fig. 2 DNA histograms obtained by flow cytometry, and the percentages of cells (a HeLa and
b MiaPaCa-2) in sub G1, G1, S and G2/M cell phase. Cells were treated with compounds 3
and 5 at 10 M for 24h, 48 h and 72 h. Each presented histogram is a typical result, selected

from at least two separate experiments performed in duplicates.

Changes in p21, p27, and p53 protein levels induced by compounds 3 and 5

Since compounds 3 and 5 caused severe G1 arrest in HeLa cells (Fig. 2), protein levels of
negative regulators of G1 progression, i.e. p21, p27, and, p53, were measured. Western blot
analysis showed an increase in the p27 protein level following 24 h and 48 h of treatment with
compound 3 (Fig. 3). Increased levels of p27 were only seen at the 48 h time point for
compound 5. An increased expression of p21 was obtained with compound 3 at 24 h, whereas
reduced levels were observed with compound 5. Neither of the compounds caused changes in
the expression level of the p21 protein following 48 h of treatment. The protein levels of the
tumor suppressor p53 were also investigated. Neither compound altered p53 expression,
indicating that G1 arrest and apoptosis occur in a p53-independent manner (Fig. 3).

As the expression of tubulin is altered by treatment with compound 3 (discussed in more
detail later on), total protein staining was performed using Amido Black, thus providing a

more accurate loading control.
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Amido black staining

Control Control Compound3  Compound 3  Compound 5 Compound 5 Control Control Cmpd3 Cmpd 3 Cmpd 5 Cmpd 5
24 h 48 h 24h 48 h 24h 48 h 24 h 48 h 24 h 48 h 24h 48 h

p53 - - - - - -  —
i W s
-
p27 - ——
PL s W ——— —

Fig. 3 Western blot analysis of p21, p27 and p53 protein levels. HeLa cells were treated for
24h and 48 h with compounds 3 and 5 at 1uM. Cellular proteins (30 pg) were separated on
SDS gel electrophoresis and transferred onto a nitrocellulose membrane. Specific proteins
were detected using antibodies for p21, p27 and p53, and total proteins were stained using
Amido black. Blots are representatives from at least two separate experiments.

Effects of compounds 3 and 5 on induction of apoptosis

To further confirm and quantify the induction of apoptosis in HeLa cells by compounds 3 and
5, an annexin-V assay was performed. Additional staining with 7-AAD, allowing the
separation of the early from the late apoptotic/necrotic cells, confirmed a strong induction of
apoptosis by both compounds (Table 2). A modest increase in the percentage of apoptotic
cells following 24 h of treatment was followed by a severe induction following 48 h of
treatment; compound 5 had a more pronounced effect at the 48 h time point than compound 3.

These results were also confirmed using an in-situ annexin-V assay (data not shown).
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Table 2. Induction of apoptosis in HelLa cells by compounds 3 and 5 (10° M) measured by

annexin-V assay

Flow cytometry
Treatment | Time (h)
Early apoptotic cells (%) Late apoptotic/necrotic (%)
Control 24 4.1 2.3
(DMEM) 48 7.9 4.7
24 6.9 1.8
> 48 16.1 12.8
24 6.8 2.2
> 48 25.0 15.9

Involvement of caspase-3 and PARP-1 in apoptosis induced by compounds 3 and 5

Caspase-3 activity. Given that a severe induction of apoptosis in HeLa cells was confirmed in
the above experiments, the activity of caspase-3 was measured. Both compounds increased
caspase-3 activity, but only following 48 h of treatment. Neither compound 3 nor compound 5
resulted in an increase in caspase-3 activity at the 24 h time point, while 0.5 uM of
Camptothecin, used as a positive control for apoptosis, did (Fig. 4a).

PARP-1 protein levels. Assessment of PARP-1 cleavage by a decrease in the level of
uncleaved precursor was estimated by Western blot analysis (Fig. 4b). Compound 3 did not
cause PARP-1 cleavage at any of the time points investigated, while the levels of PARP-1

uncleaved precursor were decreased following 48 h of treatment with compound 5.
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Fig. 4 Role of caspase-3 and PARP-1 in apoptosis. HeLa cells were treated with compounds 3
and 5 (10 M) for 24 and 48 h, and then submitted to further analysis. a Histograms obtained
by measurements of caspase-3 activity by Caspase-3 Colorimetric Assay. Each histogram
represents mean values from the three separate experiments, where sample values were
related to the control level, presented as 100%. b Western blot analysis of PARP-1 protein
level. Cellular proteins (30 pg) were separated on SDS gel electrophoresis and transferred
onto a nitrocellulose membrane. The primary antibody used was specific for uncleaved
precursor of PARP-1, and level of ERK 1 protein was used as the loading control. Blot is

representative from at least two independent experiments.
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Interference with transcription of HPV-encoded oncogenes by selected cyano-substituted

derivatives

To determine whether the selective antitumor actions of compounds 1, 3, and 5 correlate with
the down-regulation of E6 and E7 mRNA levels, HeLa cells were treated with 1 uM of each
compound for 24 h and 48 h, and the E6 and E7 mRNA levels determined by real-time RT-
PCR. The results, shown in Table 3, demonstrate that the compounds did not reduce the
expression of E6 and E7 genes.

Table 3. Effect of cyano-substituted heteroaryles on the steady-state levels of HPV-18 E6 and
E7 mRNAs in HelLa cells. HeLa cells were treated with 1 uM of each compounds for 24 h
and 48 h or left untreated. HeLa mRNA was retrotranscribed, and the levels of E6 and E7
transcripts were determined by real-time PCR. The results were normalized to the B-actin

transcript levels. Results are shown as the mean + SD of three independent experiments.

Compounds (1pM) Relative E6 mMRNA levels Relative E7 mRNA levels
(mean values + sb) (mean values + sp)

24 h

Untreated 1.00 1.00

1 1.18 £ 0.07 1.47 +0.18

3 1.35+0.12 1.43+0.24

5 0.98 £ 0.08 1.39+0.15

48 h

Untreated 1.00 1.00

1 1.29+£0.12 1.22+0.14

3 1.22+0.13 1.11+0.09

5 1.06 £ 0.08 0.98 £ 0.07

Computational investigation into the possible mechanisms of action

To investigate the putative mechanisms of action for cyano-substituted compounds, we drew

upon two complementary sources of large-scale measurements of biological data: (i) the
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database of cytostatic activity of various compounds at the DTP-NCI, and (ii) gene expression
measurements by microarrays. Based on a classification of cell line activity profiles, the most
likely mechanistic class for compounds 1, 3, 4, and 5 was 'mitotic agents', i.e. drugs that
interfere with mitosis by disrupting the cytoskeleton (Table 4). Compounds 3 and 5 presented
similar activity profiles, and when compared with 19 previously described cytoskeleton-acting
agents (Fig. 5), the activity profiles were most similar to some derivatives of colchicine
(NSC33410, NSC335989) and some taxanes (NSC647752, Taxotere, NSC658831).

The study of microarray data revealed a number of genes that were differentially expressed in
the cyano-substituted heteroaryle sensitive cell lines (HelLa, HEp-2) compared to the other
insensitive cell lines investigated. The differentially expressed genes were found to be more
frequent in particular gene groups, defined by: criteria of function, expression in cancer, or
interaction partners (Table 5). The statistically highly significant results, which point to
processes of cell motility and adhesion, and to localization in cell projections and the
extracellular matrix, confirmed the hypothesis that compounds 3 and 5 act on the cytoskeleton
or associated structures. On the other hand, we also noticed the appearance of genes related to
— or interacting with — growth factors (insulin, IGF) and protein kinases (SRC). Interestingly,
for cyano-substituted compounds 2 and 6, the likely mechanistic class inferred from the
cytostatic activity profiles was 'kinase agent' (Table 4), indicating the possibility that these
two compounds might also interfere with cell signaling, although it is less likely than

interference with the cytoskeleton.
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Table 4. Performance estimates of a Random Forest (RF) classifier and its predictions for

novel compounds. Average per-class precision and recall estimates of the RF model for

determining MOA class were determined using out-of-bag crossvalidation. “Precision” is the

proportion of drugs truly belonging to a class among all drugs predicted to have this class by

the model. “Recall” is the proportion of all drugs of a certain class recognized as such by the

model. Results for the cyano-substituted compounds (1-6) show the probability of belonging

to each class; the highest probability is in bold.

Number

of RF recall 1 2 3 4 5 6

compoun | RF
Mechanistic class | ds precision
Alkvlating agent 96 62.7% 77.1% 1.55% 6.38% 0.64% 0.74% 0.61% 8.34%

ylating ag

';E}g;g%g'as“c 40 531% | 425% | 141% | 869% | 275% | 3.33% | 2.07% | 5.04%
lon channel agent 19 76.5% 68.4% 5.85% 3.90% 7.85% 3.86% 3.53% 2.37%
aDn';'i':qetabome 34 71.0% 64.7% | 11.39% | 6.09% | 13.30% | 3.45% | 11.23% | 4.96%
;gfr:fa'at'“g 87 57.5% 74.7% 7.48% 2.39% 2.98% 1.89% | 23.66% | 7.25%
Kinase agent 25 75.0% 60.0% 520% | 3427% | 1.49% 0.92% 3.98% | 27.22%
Membrane agent 44 63.6% 31.8% | 10.62% | 8.68% 4.19% 5.15% 756% | 14.16%
Mitotic
(cytoskeleton) 19 70.6% 63.2% | 47.59% | 9.47% | 43.18% | 64.45% | 36.30% | 17.31%
agent
g'n‘;‘ige;base 44 711% | 614% | 686% | 1552% | 22.37% | 1381% | 507% | 9.18%
Steroid 21 63.6% 66.7% 0.32% 0.33% 0.35% 1.01% 0.45% 0.21%
ggi‘;g'rf(’merase | M 60.4% 70.7% 0.07% 1.26% 0.11% 0.46% 0.19% 0.73%
Topoisomerase Il 43 48.6% 39.5% 1.66% 3.02% 0.79% 0.93% 5.35% 3.23%

poison
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Fig. 5 A principal component (PC) plot of 19 known antitumor agents in the 'mitotic agents'
class, and the compounds 3 and 5. The PCs were derived from standardized log Glso values
(see Materials and Methods) for eight cell lines. PCs are dimensionless; See Material and
Methods section for a possible interpretation of PC1 and PC2. Numbers adjacent to dots are
the "NSC" identifier which can be used to find the compounds in the DTP-NCI databases,

except for compounds 3 and 5.
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Table 5. Gene groups enriched with genes differentially expressed between cell lines sensitive
(HeLa and HEp-2) and resistant (MCF-7, SW-620, HT-29, PC-3, HL60 and MOLT4) to

compounds 3 and 5.

List Name Description '.:Old Binomial
Enrichment p-value
Gene Ontology
Any process that activates or increases the
positive regulation of  frequency, rate or extent of the movement
cell motility of a cell. 6.79 1.89E-04
Thin cylindrical membrane-covered
projections on the surface of an animal cell
containing a core bundle of actin filaments.
Present in especially large numbers on the
microvillus absorptive surface of intestinal cells. 7.4 1.12E-04
Interacting selectively with an insulin-like
growth factor, any member of a group of
polypeptides that are structurally
homologous to insulin and share many of
insulin-like growth its biological activities, but are
factor binding immunologically distinct from it. 7.98 2.67E-07
Interacting selectively with any growth
factor, proteins or polypeptides that
stimulate a cell or organism to grow or
growth factor binding  proliferate. 3.39 6.81E-05
cyclin-dependent
protein kinase inhibitor  Stops, prevents or reduces the activity of a
activity cyclin-dependent protein kinase. 8.48 2.11E-04
Cancer Gene Expression Modules *
module_47 Module 47 (ECM and collagens) 3.01 6.02E-10
module_190 Module 190 (IGFBPs) 11.11 4.01E-08
module_474 Module 474 (untitled) 8.14 8.83E-07
module_551 Module 551 (untitled) 7.08 1.47E-04
module_384 Module 384 (adhesion molecules) 582 4.67E-04
module 515 Module 515 (untitled) 3.21 6.38E-04
Reactome *
SRC Reactome interactions for SRC 7.54 3.88E-04
INS Reactome interactions for INS 7.14 5.11E-04
INSR Reactome interactions for INSR 7.14 5.11E-04

* Comprehensive information for specific Cancer Gene Expression modules [21] is available

from http://ai.stanford.edu/~erans/cancer/

Effects of the compounds 3 and 5 on cell migration
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http://ai.stanford.edu/~erans/cancer/modules/module_515.html
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http://www.reactome.org/cgi-bin/eventbrowser?DB=gk_current&ID=57415
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The overall rate of HeLa cell migration following 24 h of treatment with compounds 3 and 5
was determined (Fig. 6); two different concentrations were investigated. Both compounds
inhibited migration in a dose-dependent manner: neither of the compounds influenced
migration at 0.5uM, while at 1uM the number of migrating cells was significantly reduced.
To exclude an effect of cytotoxicity as the cause of reduced migration, cell viability was
measured during each experiment; a survival rate of at least 80% confirmed that reduced
migration was not attributable to cytotoxic effects of the compounds. As Colchicine has also
been shown to inhibit the migration of fibroblasts [25], and Colchicine analogs have been
shown to have similar activity profiles to compounds 3 and 5, various concentrations of
Colchicine were also evaluated in parallel for their effect upon HeLa cell migration. However,
the concentrations of Colchicine that reduced the rate of cell migration were cytotoxic for

HeLa cells (data not shown).

Compound 3 Compound 5
10°M 10°M

Control cells
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Fig. 6 Migration of HelLa cells upon treatment with compounds 3 and 5. Cells were exposed
to compounds 3 and 5 at 5x107 M and 1x10°® M for 24 h, and then allowed to migrate through
a membrane inserts for 18 h. Migrated cells were stained, photographed (a) and counted.

Number of migrated cells (b) was presented as a percentage of migrated cells compared to an
untreated control.

Disruption of actin and tubulin networks by treatment with compounds 3 and 5

To determine whether compounds 3 and 5 are able to disrupt the cellular cytoskeleton of
HeLa cells composed of actin and tubulin filaments, cells were treated with compound 3 or 5
at 1 pM concnetration, stained and photographed. Although noticeable changes were not
present following 24 h of treatment (data not shown), both compounds resulted in damage to
the actin and tubulin networks 48 h post-treatment (Fig. 7). However, the observed changes
did not resemble those visible after the exposure of cells to known inhibitors of actin

(Cytochalasin B and Latrunculin B) or tubulin (Paclitaxel and Colchicine) (Fig. 7).
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Fig. 7 Cytoskeletal changes upon treatment of HelLa cells for 48 h with compounds 3 and 5 at
1 uM. Cellular actin (a) was stained using phalloidin, and positive controls included
Cytochalasin B and Latrunculine B at 5x10° M. Cellular tubulin (b) was stained using
immunofluorescence and positive controls included Paclitaxel at 10® M and Colchicine at 10

"M. DAPI was used to stain nuclei. Results are typical of three separate experiments.

Changes in the protein levels of E-cadherin, N-cadherin, p-120 catenin, vimentin, and a-

tubulin, induced by compounds 3 and 5

To evaluate further the inhibition of cytoskeletal filaments by compounds 3 and 5, changes in
the protein levels of vimentin and a-tubulin were determined following a 24 h exposure to the
compounds. Differences in the expression of adhesion molecules, including various cadherins
and p120-catenin, were also assessed. The results obtained by Western blot are presented in
Fig. 8. Compound 3 reduced the expression of N-cadherin, a-tubulin, and vimentin, while
levels of p120-catenin and E-cadherin remained unchanged. Compound 5 did not change the
expression level of any of the proteins investigated. The human keratinocyte cell line HaCaT

(CLS, Germany) was included as a positive control for E-cadherin expression.

Amido black staining

Control Cmpd 3 Cmpd 5 Control Control Cmpd 3 Cmpd 5 Control
Hela HelLa HeLa HaCat Hela Hela HelLa HaCat
p120 SR _

N - Cadherin

—

E - Cadherin

a -Tubulin E— w

Fig. 8 Effect of compounds 3 and 5 on the expression of E- cadherin, N-cadherin, p-120
catenin, vimentin and o-tubulin. The cells were treated with 1 uM concentration of each

compound for 24 h. Cellular proteins (30 pg) were separated on SDS gel electrophoresis and
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transferred onto nitrocellulose membrane. Specific proteins were detected using monoclonal
antibodies against E- cadherin, N-cadherin, p-120 catenin, vimentin and a-tubulin, and total
proteins were stained using Amido Black. Blots are representatives from at least two

independent experiments.

Alteration in the formation of cellular ROS following treatment with compounds 3 and 5

As shown in Fig. 9, both compounds decreased levels of cellular ROS in HeLa cells. This
interesting effect began quickly and was already present at 2 h. However, due to the cytotoxic
nature of compounds 3 and 5, values of ROS at longer time points, i.e. 24 h and 48 h, could
not be evaluated (data not shown). The data obtained using 1uM of compounds 3 and 5 are
presented as it is the concentration closest to the compounds’ Glso values and used as the
representative concentration across all experiments performed. As seen in Fig. 9, the

antioxidant activity of compound 5 was stronger than that of compound 3.

—a— Compound 3
120 —+— Compound 5
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=) ff —
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Fig. 9 Time responsive ROS production by compounds 3 and 5. Intracellular ROS production
was measured in HelLa cells treated with 1puM of compounds 3 and 5 by using a
nonfluorescent probe 2',7'-dichlorofluorescin diacetate. The data is presented as mean = SD of

three independent experiments
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Discussion

The purpose of this study was to elucidate the antitumor mechanisms of action of recently
synthesized cyano-substituted heteroaryles, primarily as an attempt to combine numerous
interesting aspects of their effects.

Antiproliferative screening confirmed the selectivity of six compounds for the HeLa
cell line. It was hypothesized that the particular sensitivity of HelLa cells toward these
compounds was related to HPV oncogenic transformation. However, the antiproliferative
activity of these compounds was only modest when tested in other HPV-transformed cells
(CaSki and SiHa). Moreover, the treatment of HelLa cells with these compounds was not
found to interfere with HPV-18 E6 and E7 oncogene transcription. One of the several
mechanisms by which HPV transforms an infected cell [26] is via the inactivation of the p53
tumor suppressor by E6, which targets p53 for degradation. Possible restoration of p53 protein
levels, anticipated in the case that the compounds interfere with viral oncogenes, was not
found. The unchanged levels of p53 after treatment also suggest that all of the effects
produced by the compounds, such as cell cycle disturbance and apoptosis, occurred in a p53-
independent manner. In addition to the HeLa cell line, the PC-3 cell line was also affected by
treatment with the cyano-substituted heteroaryles, although the Glsy was ten-fold higher for
most compounds. Another cell line, HCT 116, also demonstrated a certain degree of
sensitivity toward the compounds. Although both PC-3 and HelLa cells possess impairments
in their p53 statuses, HCT 116 carries wild type p53, which suggests that sensitivity to the
compounds investigated is not related to a cell’s p53 status.

Cell cycle analysis revealed strong G1 arrest following a 24 h exposure of the cells to
either compound 3 or 5 - the two representative compounds selected for further investigation
in this study. In the case of compound 3, the G1 arrest was accompanied by an increase in p21
and p27 protein expression, while a decrease in their levels accompanied treatment with
compound 5. This may suggest that compound 5 causes G1 arrest by affecting a distinct
signaling pathway to compound 3, which does not necessarily involve the inhibition of cyclin-
dependent kinases, like p21 and p27; for example, it may affect the GSK-3f3 pathway that
leads to cyclin D1 degradation [27], or the mTOR pathway that is associated with G1 arrest
and involves a decrease in p21 levels [28]. Alternatively, the more prominent induction of
apoptosis by compound 5 could be the reason for the caspase 3-induced cleavage of p21
protein [29]. Following 48 h of exposure to the compounds, the Gl-arrested cells had
undergone apoptosis without proceeding through the cell cycle. To the contrary, no
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disturbances of the cell cycle were detected in MiaPaCa-2 cells. These results are in
concordance with results of the MTT assay, which confirmed the selectivity of the
compounds for the HelLa cell line.

Induction of apoptosis by compounds 3 and 5 was further confirmed using the
Annexin-V assay. Although apoptosis was already present to some degree following 24 h of
exposure to the compounds, massive cell death by apoptosis could be detected following 48 h
of treatment. Activation of caspase-3, the most important downstream protease responsible for
the execution of apoptosis [30], was measured following a 48 h exposure to each compound.
The cleavage of PARP-1 by caspases is another important indicator of apoptosis [31]. At the
48 h time point, cleavage of PARP-1 was detected in cells treated by compound 5, which was
found to be a more potent inducer of apoptosis than compound 3, while compound 3 did not
induce PARP-1 cleavage at any time point investigated.

Cytotoxicity and the induction of apoptosis in tumor cells by selected cyano-
substituted heteroaryles is consistent with previously published data that have shown cyano-
compound structures to cause similar effects [11-13]. Our results revealed that the compounds
block the cell cycle of HeLa cells following 24h of treatment, which is followed by apoptotic
cell death. The aim of this study was to elucidate the mechanism(s) by which the compounds
trigger apoptosis and then to relate these findings to compound structure and HeLa sensitivity;
to do this, computational data analyses were carried out.

The results from the bioinformatics analysis revealed two interesting findings; 1) the
cyano-substituted heteroaryles may act as mitotic inhibitors, and 2) HeLa/HEp-2 cells differ
from the cyano-compound-insensitive tumor cell lines in their expression of locomotion-
related genes. This suggested that following treatment with the cyano-compounds, the HelLa
cells would show changes in their expression/function of intracellular actin and tubulin, as
well as other proteins involved in cell migration and organization of the cytoskeleton [32].
Furthermore, cell cycle arrest and the induction of apoptosis are caused by such changes [33].
Indeed, both of the selected compounds inhibited the migration of HeLa cells following a 24 h
exposure to the compounds. Staining of intracellular actin and tubulin revealed disruption of
the cytoskeletal network, but only after 48 h of treatment. This delay in the disruption of
actin/tubulin raised the question of whether the effect may be a consequence of and not a
cause of cell death. This issue will require additional experimentation in order to be resolved,
such as measuring tubulin polimerization, the activation of RHO and RAC GTP-ases, and the
migration of cells in a 3D matrix. These experiments are beyond the scope of the present
study. Nevertheless, changes in the migration rate, cell shape and polarity, and general
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organization of the actin/tubulin filaments following treatment with the compounds were
further substantiated by the analysis of protein expression levels. Compound 3 decreased the
levels of the cytoskeletal filaments, o-tubulin, and vimentin. The possibility that cells go
through a process that is the reverse of the epithelial-to-mesenchymal transition (EMT) was
tested by studying adhesion proteins, E-cadherin, N-cadherin, and p-120 catenin. EMT
involves changes in cell phenotype, reflecting the transition of healthy cells into cancer cells,
that are followed by changes in the metastatic potential and expression of various genes, and
which are considered as markers of cancer cells [34,35]. If cells were to revert to a less
metastatic phenotype, as well as possessing a reduced migratory potential, they should also
express higher levels of E-cadherin and p-120 catenin, and lower levels of N-cadherin.
Compound 3 did decrease the expression level of N-cadherin, but no differences were found
in the expression of the two other markers; thus the EMT hypothesis is not substantiated.
Surprisingly, compound 5 did not change the level of any tested protein. Another possibility,
that would require additional analysis to investigate, is that changes to the cytoskeleton and
migratory potential of treated HeLa cells are caused by the restoration of normal expression
and localization of polarity proteins, i.e. DIg and Scribble [36,37], which are severely
imbalanced by HPV transformation. Such a scenario would imply that the compounds are
able to interfere with HPV E6 oncogenic protein and would thus explain the special
sensitivity of HeLa cells, however the results of the other experiments performed do not
support this.

Since compound 5 only moderately influenced the integrity of the cytoskeleton yet
exhibited a high apoptotic potential, the possibility that cellular ROS formation was affected
was also tested. Disruption of the intracellular redox homeostasis, in particular by increases in
the levels of ROS (a known effect of various antitumor lead compounds), results in the
induction of apoptosis [38,39]. On the other hand, another category of potential
chemotherapeutics that alter cellular redox homeostasis — antioxidants — have an even more
beneficial effect upon the disease due to their therapeutic and preventive capacities [40]. Both
compounds 3 and 5 demonstrated antioxidative properties, although compound 3 less so than
compound 5. This finding was not too surprising in light of reports that describe antioxidant
properties of new agents structurally related to our compounds [41,42]. Interestingly, the
reduced redox environment caused by antioxidant treatment stabilizes caspases and thus
influences their activity and promotes the induction of apoptosis [43]. Furthermore, thiol
antioxidants preferentially induce apoptosis in tumor cells [44], and epigallocatechin-3-gallate

induces cell cycle arrest and apoptosis in a human keratinocyte carcinoma cell line, but not in
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normal human keratinocytes [45]. The results herein presented are preliminary and additional
studies are required, such as reduction potential measurements, and, in particular,
measurement of GSH levels. Moreover, in light of our findings, experiments that would help
to associate the induction of apoptosis and compound structure (i.e. the involvement of the
cyano-substituents) with alterations in cell redox potential should be performed. Specifically,
an activated cyano-group is toxic to a cell because it inhibits cytochrome ¢ oxidase in the
mitochondrial membrane [46], and release of cytochrome ¢ and mitochondrial membrane
potential changes are important features of apoptosis [47]. Interestingly, rhodanase — an
enzyme that detoxifies the cyano-group — is also important for maintenance of a cell’s redox
potential [48]. Therefore, additional studies to investigate various aspects of the cytotoxicity
of compound 5 should also be performed.

In conclusion, the cyano-compounds showed prominent cytotoxicity toward HelLa
tumor cells by induction of severe apoptosis, and require further analysis in order to elucidate
their antitumor mechanisms of action in more detail. Unfortunately, the identification of a
unique, major mechanism of action was not confirmed, despite its anticipation due to the
structural similarity of the compounds (i.e. the presence of the cyano-substituent) and their
shared selectivity toward HelLa cells; some similarities in their mechanisms of action were
identified however. Moreover, the question regarding what causes the compounds’ selectivity
toward HelLa cells remained unanswered. While compound 3 (a cyano-substituted
naphtothiophene) reduced the expression of cytoskeletal proteins, compound 5 (a cyano-
substituted thieno-thiophene-carboxanilide) inhibited formation of cellular ROS. The results
suggest that the cyano-group, essential for cytotoxicity and selectivity, in different structural
contexts may elicit different antitumor modes of action. Nevertheless, both of the selected
compounds studied represent promising and interesting potential chemotherapeutics that

deserve to be analyzed in greater depth.
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