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ABSTRACT

Thiosemicarbazones (TSC) are a subclass of irolaibhg agents that are believed to
have an anticancer activity. The high potentialtfer application of this compound class can
be illustrated by a fact that three TSC have edtehaical trials. The ability to chelate metal
ions results in several biochemical changes in dékular metabolism and growth. An
important factor that determines the antitumorvagtiof TSC is a level of iron regulatory
proteins and the antioxidant potential that is gmetor each type of cancer cell. However,
despite the increasing interest in TSC, their meigma of anticancer activity is still unclear.
For a more effective and rational design, it isc@l to determine and describe the
abovementioned issues. In this report, we deseriberies of new TSC that are designed on
the four main structural scaffolds. The anticareivity of these compounds was evaluated
against a panel of cancer cell lines including nodmd breast cancers and gliomas. Special
attention was paid to the metal-dependent protdihs.impact of the tested TSC on the cell
cycle and redox homeostasis was also determinesselresults confirm a p53-independent
mechanism of apoptosis.

1. Introduction



Thiosemicarbazone derivatives (TSC) are commonbmknfor their wide biological
activity, whichincludes their anticancer, antimicrobial and anéivproperties [1]. Interest in
this family of compounds has increased significantter the years from the very first report
in 1950 to the thousands of papers that were phdaisn 2017. Currently, the anticancer
activity of TSC is being most extensively investegh and several drug candidates are
entering the clinical phase [2]-[4] (NCT02688101CT00004213, NCT02433626). A
leading TSC compound, Triapin8-AP), was carefully investigated in clinical phasentdl
trials. The research indicated that this TSC alonen a combination with gemcitabine,
cisplatin or radiation effectively inhibits the gvth of different types of tumors (NSC
#663249, IND # 68338). Surprisingly, despite sughainic progress and the many papers
that describe the molecular mechanism of the aaifathis family of compounds, there are
still many gaps in the complete understanding eirthigh anticancer activity.

The inhibition of cancer cell proliferation that ¢aused by TSC is connected with
several factors such as the deactivation of thentbleotide reductase (RR) enzyme [5], cell
cycle inhibition [6], reactive oxygen species (R@@heration [7], the chelation of important
metal ions [8] and its influence on the proteinat tare crucial in life and death processes of
cells [9], [10]. The issue is complex enough tolakpconsistent mechanism of action or even
general remarks on target specificity. On the othend, individual features of the cancer
types may change the cellular reaction to TSC dred dutcome of therapy. Other less
frequently addressed features that affect the tmapksof TSC activity are their own structural
features. This is more evident in a wide grouprohichelators in which the nature of the
complexes determines the susceptibility to the ¢femeaction and thus the generation of
ROS. Thiosemicarbazones produce ROS by switchihgesm the different oxidation states
of the metal ions in the redox reaction. For exanijpbn ions exist in the form Feand F&*
and these forms participate in the redox reacfidre binding of the metal ion by a ligand
(TSC), that does not saturate its coordinationssitay allow or even facilitate the redox
cycle. This ability could be changed by the donne that form a coordination bond with
the metal [11]. This is also why fully coordinatimpelators such as DFO do not generate
ROS [12], [13]. Lovejoy et al. conducted an expeniinwith the preincubation of cells with a
strong chelator that binds the metal ions in a. ddlier the incubation with the active TSC,
there was no cytotoxic effect, which means thataingtelation is essential for the activity of
TSC [14].

With the expansion of the TSC class, it has becanear that this group is

heterogeneous enough to reveal some distinct vhtyailp the mechanism of action. Prime
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examples are8-AP and Dp44mT whose different mechanisms were published [15f Th
debate is still ongoing as a topoisomerase inhpidativity was suggested f@p44mT [6],
which was previously verified [16]. As we have waety worked in this scientific field for
some time, we found it quite confusing and worthtipg more effort into clarifying this
situation. Therefore, in the present work, we delbseventeen newly synthesized THg.(

1) from four of the most frequently described growgrsl evaluated their activity profile.
Compoundsia-e, which have a dipyridyl moiety, are among the traxdive TSC [17], [18].

A second important group are Triapine and its agglavhich are built on one pyridine ring
(2a-9 [2], [8]. Quinoline Ba-h) and quinazolined|, 3j) derivatives have been developed on
the basis of their multicenter chelating abilitydalmave also provided several active agents
[19]-[22].
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Figure 1: Structures of the studied compounds.

2. Results and discussion



2.1.Chemistry

The synthesis of the TSC was carried out accorttiignown procedures. Compounds
la-e, which were built on a dipyridyl moiety, were oioiad from ketone and appropriate
amines as was described earlier [20]. The pyrithiesemicarbazoneZa-c were synthesized
from pyridine thiosemicarbazide as reported earf@r The quinoline and quinoxaline

aldehydes were used to form the corresponding aleres3a- .

2.2.Cytotoxicity studies

Iron chelators have gained strong interest forrthegh level of activity and
multitarget mechanisms of action. After an inisakccess3-AP appeared to cause side effects
such as methemoglobinemia. The next generatiorS@f that are di-substituted at a terminal
amine group (N4) were extensively investigatedhsyRichardson’s group [23]-[25]. Among
them, the derivatives of di-2-pyridylketone were thost active wittbp44mT and an analog
with a cyclohexyl substituent in the amine grolpC) as prime examples [26]. A series of
derivatives with alkyl and an aryl substituentghe amine group were investigated BRpT
(di-2-pyridine) andBpT (2-benzoylopyridine) thiosemicarbazones [17], [2Akerestingly,
although an alkyl substitution is beneficial foetactivity, their increasing lipophilicity has a
rather detrimental effect [10]. Consequently, lardpait still reasonably lipophilic morpholine
and phenylpiperidine (as in COTI-2) substituentaymesult in active compounds [20], [28],
[29].

Our current report combines several structural gsoof the TSC family that confirm
this trend. In general, all of the compounds wertva against all of the cancer cell lines.
Moreover, their activity was at least two ordersnzdgnitude higher than Triapine. For the
characterization of the antiproliferative activity all of the newly synthesized derivatives,
lae, 2a-c, and3aj, we selected six cell lines that represent differeiman tumors and one
normal fibroblast line. We focused on colon (HCT61p53" and p53) and breast cancers
(MCF-7), which are some of the most common typtuofors. Additionally, we also selected
gliomas (U-251, Hs 683), which are particularly garous due to their aggressiveness and the
fact that they are difficult to treat. To determitiee selectivity index, we selected normal
human dermal fibroblasts (NHDF). In our research,explored the effect of the p53 tumor
suppressor protein on inhibiting cell growth. Itaegmmonly known that more than 50% of
cancers have a mutation in thEe53gene. P53 is a cell-protecting protein that plingsrole
of a genome guard. Cancers that have a mutatitimsrprotein are more aggressive and are

prone to drug resistance. The prognosis for thaseits is also poor [30]. In our experiments,
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we selected two cell lines that had alteration§®»3gene. Namely, a colon carcinoma with
a double-deletion HCT 116 — p53which loss of the p53 function as well as a distboma
U251, which expressed a point missense mutatidrctienged arginine to histidine at codon
273. The latter mutation has been revealed to benpally more oncogenic for targeting the
protein to the nucleus [31]. As is presentedTable 1, all of the compounds that were
synthesized showed good activity against all caneéirlines, which was higher th&AP.
The 1G5 values varied from 0.01 pM (compoudon HCT 116 p53) to values that can be
considered to be inactive (>25 uM). For better igjarwe used a color code map to
distinguish between the highly active {G1 uM, marked as red), active (§Cl-6.25 UM,
marked as yellow) and inactive g£>6.25 uM marked as grey) compounds. Their activity
against fibroblasts was used to determine the thatgandexes (SlI) of each cell line. These

data are presented Trable S1in theSupporting Information .

IC50< 1 uM
IC501-6.25uM
IC50 > 6.25 uM
Table 1: Antiproliferative activity of the studied compounds

Activity - I1C 5o [pM]
Comp. | Let116 | HET 116
N ) MCF-7 U-251 Hs 683 NHDF
p53" p53
3-AP 1.12+0.28 | 1.34+034 | 2.33+043 | 1.48+056| 1.76 +0.29 >25
la
18.88 + 1.59
(Dp44mT)
1b 10.30 + 1.07
1c 12.87+0.99
1d 3.20+1.32 >25
le 12.32 + 0.37
2a 5.13+1.24 6.95 + 3.65 >25
2b >25




4.68 £2.86 | 13.28 £ 0.56

13.06 £ 1.9

18.31+0.92| 5.85+045 --

6.33+1.61 >25

8.52+2.14 | 14.74+0.79

1.10+0.33

554+1.49 | 14.81+0.72

3.22+0.77

3e 5.10+1.79

3f 11.69+1.77 >25

12.09 + 0.61

16.66 + 5.57

1.19+0.32 21.34+1.34

1.06 £0.14 3.62+1.16

6.27 £ 1.95 - - >25

3j 547+1.19

The greatest activity among the newly synthesizedpound was shown by pyridine
derivative2c (ICso on HCT 116 p53 equals 0.010 pM). The activity dramatically deceeas
(30 times) for the wild-type HCT 116. CompouBd primarily inhibited the proliferation of
the MCF-7 (IGo = 0.021 puM), and U-251 (Kg = 0.036 uM) cells while the Hs 683 cells
were rather resistant (4= 4.68 uM). This trend (p53 influence) was obsdriar all of the
investigated derivatives excedih, 3c and3h, which had little or no difference in §gagainst
both colon carcinoma lines. This observation idipalarly important because to date almost
no similar findings have been reported for TSC.the best of our knowledge, TSC iron
chelators have not been distinguished between ildetype and p53 null cell lines [8], [20],
[22], [32]. Only a few, sporadic quinoline-basednmmounds that exhibit a preference to HCT
116 p53” have been published to date [21]. What is everermieresting is that most of the
compounds presented able 1 are also highly active against U251. Odly 3g and 3h
have no preference for the brain tumor cell lifldaus, this is the first evidence that a change
in the TP53 gene in cancer cells may result in an increasusgeptibility to chemotherapy
with some TSC. The next most active compound 2asvhich also had the greatest effect on
HCT 116 p53 (ICso = 0.014uM). In this case, along with a prior observatiae, observed a
decrease in the activity (12 times) in responsthédincubation with HCT 116 p%3as well.



For this compound, we also observed a consideiabibition of the proliferation of the
MCF-7 (IGo = 0.015 uM) and U-251 (Kg= 0.021 uM) cells and a moderate effect on the Hs
683 cells (IGy = 0.51 uM). Compoundc had a very similar pattern of the inhibition oeth
proliferation of selected cell lines and, addititbyyathis compound was the best inhibitor of
the Hs 683 cells (165 = 0.17 uM). In the light of that observation itgsite interesting that
gliomas are one of the most treatment-resistanbtsim

Crystal structures show that a metal atom is corgglethrough three atoms of a
ligand — N (from the pyridine ring) and N and S(fr the thiosemicarbazone group) [33]. The
nitrogen from the terminal amine group does notigpate in chelating, but it still has an
impact on the cytotoxic activity. Double-alkylati@s inDp44mT, DpC and other highly
active TSC increases the basicity of the N4 atorntherrelative lipophilicity of a molecule
[10], [34]. Stacy et al. reported thBp44mT, but not3-AP, penetrates the lysosomes and
forms complexes that have a high redox potentiathwiFe or Cu [35]. Further
permeabilization through the lysosome membraneslgéadan initiation of the autophagic
pathway [36], [37]. Moreover, the importance ofedactron-withdrawing group at the imine
carbon of the thiosemicarbazone moiety (aspa series) has also been indicated. This has
on influence to lipophilicity, which in addition tds basic character is crucial to being
sequestrated by lysosomes [35].

Conversely, in a recent report of Hager and cowstke Triapine derivative
(Me:NNMe,) that was obtainedia the double methylation of both amine groups apgb&o
be active at nanomolar concentrations [38]. Howetee mechanism of action that was
revealed consists of the inhibition of the proteisulphide-isomerase (PDI). Importantly, this
mechanism has been confirmed ibyvitro assays, which showed that the Cu-complex of
Me:NNMe,, but not Triapine, effectively inhibits the PDIzme. This may suggest that the
dimethylamine group is crucial for the ligand-protateraction at least for some TSC.

In our seriesl compounds, we observed that the activity can bersely correlated
with the electron-withdrawing effect of the substit in the phenylpiperazine moiety. The
derivative 1d with the strongest electron-accepting para-ngroup was the least active
compound in this group. Compourid, which is the closest derivative of our reference
Dp44mT (1a), deserves more attention as well. The substiiutdith a morpholine ring
caused a significant decrease in the activitylmagainst all of the cancer cell lines that were
tested. As was presented by Serda et al. the mianphand piperazine derivatives of
Dp44mT can be active (I is ten times lower) against both HCT 116 cell $if20]. In the

current study, thiomorpholine compourdd was significantly less active thadp44mT
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against HCT 116 cell lines (700 and 180 times retppaly). The detrimental effect of
heterocyclic sulphur was also visible in the quimelbased compoun®a, which was
completely inactive in this series.

A comparison of the activity of seriflsand 2 led to the conclusion that similar
structural effects promote the cytotoxic activity both series. The electron-withdrawing
substituents in the phenyl ring are crucial for #adivity (compare the methoxya and
nitro- 2¢). However, the pyridine derivatives were generslightly more activeXd vs. 2¢).

In series3, which was based on the quinoline moiety, we olesbrthe greatest
diversity in biological activity. The thiomorphobknderivative 3a, which opens this family
and compound3f are the least active in this series. In turn, twaversion of the
thiomorpholine ring into a phenlypiperazine tagraficantly improved its activity. Derivative
3d was the fifth most active compound among the {8stigated TSC. 1§ fluctuated in the
range of 0.031-0.065 pM for MCF-7, U-251 and HCB b3, respectively. The effect of
the p53 protein on the response to treatment wamtbst noticeable fa3d. This compound
was 35 times more active on the HCT 116 that hddletion of theTP53 genethan on the
wild type that had an active p53 protein{J& 0.065 vs. 1.10 uM). Similarly, it also had a
high level of activity against the second p53-mutd@51 cell line. The substitution of the
OMe group on 4-CN, 3,4-di-Cl or 4-GEaused a loss of selectivit8d vs. 3b, 3¢, 3g, and
3h). Among the serie8 compounds3f and3j (together with3a) were the least active. This
may indicate that the OH group might be a steriditance for metal binding3¢é vs. 3f).
Moreover, the addition of the N atom in the quinelring had a negative effect on its activity
(3cvs. 3i, 3d vs. 3)). This observation confirms the effect of the #l@t-accepting effect of
the substituents in the phenylpiperazine fragmieait Wwas observed for mono- and dipyridine
TSC. Compound8g and3h, which had an electron-withdrawing groupsCRkad a high level
of activity. On the other hand, the non-selectdeethat had an electron-donating methoxy
group was also active (but not against HCT 116"pp3The lower level of activity of the
nitro or cyano derivatives might be explained oe thasis of their lower lipophilicity
compared to the trifluoromethyl or dichloro derivas.

The selectivity indexes for all of the selectedl dieles are presentesh Table S1
(Supporting Information). Despite their high lewdl anticancer activity, the calculated Si

were high, which makes the investigated TSC promgisandidates for further research.

2.3.Cell cycle assay



The interesting antiproliferative profiles promptaed to explore the mechanism of
action in more detail. The cytotoxicity results, islhwere discussed earlier, suggest a p53-
independent mechanism of action. To evaluate typethesis, we decided to perform a more
in-depth investigation of three cell lines; HCT 183", MCF-7 and U-251. The most active
compounds in those cells were selected. In thediep, we measured the effect of the tested
compounds on the cell cycle. The results of thegemments are presented king. 2, and
Fig. S1, S2In all of the cases, we detected the effect eftédsted compounds on the cell
cycle phase, which was most pronounced in the HOF ckells Fig. 2). The population of
cells decreased (compared to the control) in th&5G@hase after treatment with all of the
tested compounds. The decrease reached more octde¥3%. The reverse occurred in the
case of the S phase where we observed an incre#ise ¢ell population from 17 to 23%d].

For the G2/M phase, we detected a similar situatitie highest growth rate was 10% 3bx;
while this was in the range 2-10% for the rest. SEhebservations suggest that investigated
compounds inhibit the cell cycle in the S or G2/Napes.

HCT116 p53"™
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Figure 2: Effect of the tested TSC (0.5 uM) on regulating tied cycle in HCT 116 cells.
The histograms show the distribution of the cellthe GO/G1, S and G2/M phases of the cell
cycle for one of the experiment8)( The table shows the mean + SD percentage ofédle

in the GO/G1, S and G2/M phases of the cell cydenfthree independent experimeris. (



The data were analyzed using one-way ANOVA withaamfBrroni’s post-hoc test: *p<0.05,
**p<0.01, ***p<0.001 compared to the contrdl}.

In the case of the next analyzed cell lines — MC&id U-251, we observed a similar
but less visible trendHg. S1, S2. A decrease in the cell population in GO/G1 phaseé an
increase in the S and G2/M phases suggest thabfathe tested compounds inhibit
proliferation in the S and G2/M phases.

2.4.Annexin V binding assay

The next step was to evaluate the type of cellldé&e performed the assay based on
measurements of the apoptotic cells by countingflilr@escence of FITC conjugated to
Annexin V. Only cells that had a disintegrated eeémbrane emitted the green signal. For
this experiment, we selected the same three caslas were discussed above — HCT 116,
MCF-7 and U-251Kig. 3, andS3 S4). In general, we observed the strongest effectife8h
derivative (76.18% of the apoptotic cells for MCFFig. S3B C and 64.81% for HCT 116,
Fig. 3B, C). In the HCT 116 cells, a large number of apoptoglls were observed for all of
the derivatives (60.32-39.39%) and a moderate nufioipehe restZa and3€). These results
correlate well with the 165 values for these compounds. In MCF-7, we alsootietiea strong
apoptotic effect (57.60-22.30%) for all of the camupds exceptde For U-251, the
population of apoptotic cells was smaller and ranffem 30.34 to 13.33%. The smallest

population was observed faa and3e (Fig. S49.
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Figure 3: Evaluation of the induction of apoptosis in the HCIG cells after a 48-h treatment
with TSC (0.5 pM). The histograms show the peragata early and late apoptosis for one of
the experimentsA). The table shows the mean + SD percentage oliibeearly and late
apoptotic cells from three independent experim¢Bjs The data were analyzed using one-
way ANOVA with a Bonferroni’s post-hoc test: *p<®.,0*p<0.01, ***p<0.001 compared to
the control C).

2.5.Immunoblotting

As was mentioned above, all of the compounds hgr@ater biological activity on the
cells that have a mutation or deletion of @53 gene. To further evaluate the hypothesis of
a p53-independent mechanism of apoptosis, we mezhskie expression of the proteins that
are crucial in the proliferation and activationcefl death. The levels of p53, p21, cytochrome
¢, cdc2, cyclin D1 and PARP were identified using/astern blot assay on HCT 116 /53
and MCF-7. The results are showrFigures 4and5.
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and apoptosis proteins in the HCT 116 cel3. (The densitometric analyses of cyclin D1,
cdc2, p21, p53 and cytochrome ¢ were normalizegtdotin. The results are the mean + SD
of five independent experiments. Statistical ddfezes were analyzed using one-way
ANOVA with a Bonferroni’'s post-hoc test: *p < 0.08p < 0.01, ***p < 0.001 compared to
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proteins were normalized tp-actin. The results are the mean £ SD of five irseent
experiments. Statistical differences were analyaging one-way ANOVA with a
Bonferroni’s post-hoc test: *p < 0.05, **p < 0.0%*p < 0.001 compared to the control group
(B). The effect of the TSCs on the cleaving of theRIPAprotein in MCF-7 cells. The

densitometric analysis of PARP was normalized-tabulin (C).

From the biochemical point of view, metal chelatdeprive cells of intracellular iron,
and thereby, disrupt the iron metabolism, which nhaye an effect on multiple target
molecules that are critical in regulating the pesgion of the cell cycle, cyclins, cyclin-
dependent kinases (CDKs), p53 and ¢2¥2™ (Fig. 4, 5). The progression of the cell cycle
in the G1 phase, which is followed by a transitiorthe S phase, is partially controlled by the
activation of the cyclin D1/cdk4 and cyclin E/cdk@mplexes. In addition, the activity of
cyclin D1 is associated with the g2 protein, which plays a crucial role in triggering
various effects on the cell cycle regulation. Arese in the p21™"VA ™ expression may lead
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to the arrest of the G1/S phase cell cycle, theadtgcting the stabilization of the cyclin D1
complex/cdk4. However, on the other hand, by bigdron from the intracellular space, iron
chelators may increase the expression of th&'F24™ protein, which leads to the activation
of apoptosis signaling pathways [39]. The S phastné cell cycle is regulated by cyclin A
and its corresponding cdk. In turn, the cdc2 pmtevhich is the catalytic subunit of the
heterodimer with cyclin B, is responsible for thiansition to the G2/M phase of the cell
cycle. Interestingly, iron chelators cause a marttecrease in cyclin D1, D2 and D3, which
causes the expression of cyclins A and B to alsceliaced, but to a lesser extent [17]. This
supports our observation that all of the testedpmmds caused cell cycle arrest in the S and
G2/M phasesHig. 2, S1, S2). The same phenomenon has also been reportedhelisey].
The most important regulator of the cell cycle &8 pwhich is involved in both the G1/S and
the G2/M checkpoints. p53 is engaged in the resptm#on depletion, cellular stress, DNA-
damage or the failure of the checkpoints due toattievation of the transcription of many of
the genes that are involved in the arrest of grolNA repair and apoptosis when the
damage is irreversible. Several reports have itelicéhat DFO may up-regulate the p53
expression at the post-transcriptional stage [A@pther quinoline-related chelator, COTI-2,
has been reported to have a submicromolar acigsinst cancer cells with p53 mutations
[29]. It is able to bind incorrectly folded p53 pems, thereby promoting its repair and
reactivation [41]. Interestingly, the restoratioh the tumor-suppressor protein leads to a
higher activity (lower 1Gy) against mutated cells than against their wilcetyunterparts
[28]. On the other hand, the ability to reactivef3 does not necessarily mean a high level of
activity against mutants with a severely damagedeger on with deletions [42]. It is
noteworthy that HIFXx is also believed to stabilize p53 and to leadgsaip-regulation after
iron depletion [43]. However, in our current expeents, no activation of p53 was observed
in either of the cell lines that were testddg( 4, 5). This, along with the results of the
Annexin V binding assay suggests a p53-independechanism of actiorF{g. 3, S3 S4).

The results for the cells that had been incubatgd te tested compounds differed
for HCT 116 p53* and MCF-7. Quite a high basal level of the p21 watected (in the
control cells) for the breast cancer and no oversgion was observe#i. 5). This result is
in accordance with a previously published reporttenp21 level in estrogen receptor positive
breast cancers [44]. However, theand3e derivatives decreased the level of the p21 protein
to 30 and 50%, respectivelfig. 5B). There was a significant overexpression of tmetgn
for all of the tested compounds exc8ptfor colon cancerKig. 4B). The highest effect was

observed for th&g derivative, in which the p21 level was elevatestbld. Compound4.c,
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2a and2c also had a strong effect on the p21 level anceased it roughly three-fold. On the
other hand,3h and 1le had only a limited effect. Apparently, there was relationship
between the activity level and an increase in @ik gxpression. The variation in the reactions
to TSC between the cell lines provides insight ihi@ diversity in the regulation mechanisms
for the cell cycle. The basal level of the reguiatproteins and its connection with other
factors such as hormonal activation constitute lisceesponse to changes in the redox
equilibrium. In this regard, the absolute levep@fl does not reflect either cell proliferation or
a vulnerability to cytostatic agents. Iron chelatsuch as DFO andp44mT may increase
the level of the p21 protewia transcriptional factors as was mentioned eattiemwever, the
contrary was observed in the case of MCF-7 [45]vediheless, the changes in the p21
protein expression could be a sign of the downstraativation of the apoptotic pathway.
Flow cytometry experiments indicated that the papah of apoptotic cells was higher
among the HCT 116 cells for all of the derivatiyEgy. 3).

Another indicator of apoptosis is the release dbclyrome c. In the experiments that
were performed, we observed a decrease in the moibalzial cytochrome c level in both cell
lines. The exceptions wefie, 3h, and3cin the HCT 116 cellsRig 4B). The highest level of
release was observed in the MCF-7 cell line2im(90%),3h (70%),2c, 3gand2a (60%),3e
leand3c (50%) Fig 5B). In HCT 116, this down expression was observedl lEsser extent,
but for 2c and 2a (70%), 2b (60%), 3e and 1e (50%), it was still marked. The last target
connected with apoptotic cell dead was the PARReproEvidence of apoptotic scenarios is
the detection of a cleaved fragment of the PARRepmowith molecular mass 89 kDa. We
observed cleaved PARP only in the MCF-7 cell 3erand3g and a small concentration for
3h (Fig. 5C).

These results prompted us to explore two othereprstthat are connected with cell
cycle regulation — cdc2 and cyclin D1. In genenad,observed a decrease in the expression of
the cdc2 protein in both of the tested cell lines;ept for compound3c, 2b, 1e and1c on
HCT 116. For MCF-7, this downregulation was obsdri@ all of the tested compounds,
especially for3h, 2b, 1e 1c and2a. It is interesting that the strongest effect fottbcell lines
was observed fagh (70% for HCT 116 and MCF-7). A similar situationsvabserved for the
protein cyclin D1 where there was also a decreasbdth of the investigated cell lines except
for compound®c, 3h and3gon HCT 116. For MCF-7, this downregulation was igatarly
strong for3h, leand2b (90%),1c (80%) and?a (70%). The same was observed for HCT 116
— 3¢, 3e and 2b (90%), 1c (80%) andle (70%). The most significant difference in the

activation and deactivation of the tested proteias observed foBh (downregulation for
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MCF-7, upregulation for HCT 116) an8c and 3e (downregulation for HCT 116,
upregulation for MCF-7). In general, these resatisgrelate with the cell cycle analysis and
confirm the inhibitory effect of the tested compdaron the cell cycle.

2.6.Generation of ROS

TSC are known for their ability to generate RO®& iRenton and Haber-Weiss reaction
and this is undoubtedly an important aspect ofcftetoxicity of TSC. The signaling nature
of ROS should be stressed, particularly in canedls ¢hat have altered redox homeostasis
[7]. An increased level of reactive oxygen speaias affect many processes such as RR
inhibition, which is responsible for catalyzing tlsgnthesis of the deoxyribonucleotides
(dNTPs) that are required for DNA synthesis. Thievag of RR is determined by subunit R2,
which contains a di-nuclear iron center that ipoesible for generating and maintaining a
tyrosyl radical that is required for catalysis. Hestabilization, which is induced by the
generation of ROS by chelators, causes a loss did®Rity and affects the progression of the
cell cycle and cell repair [46]. A combination oddox activity and intercalation is a
prerequisite for the accumulation of DNA damage.SR&e able to induce single lesions on
every base. Changes in the oxidative state haweaaict on the progression of the cell cycle
through MnSOD and cdc2 [47]. In our study, the R@&I was quantitatively measured in
both cell lines according to the CellROX protodaig. 6).
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Figure 6: Quantitative measurement of the intracellular R&&lin HCT 116 pS?;+ (A) and
MCF-7 (B) after a 24-h incubation with the tested TSC (1)pMOX (5 uM) and antioxidant

— resveratrol (100 uM). The data were normalizeth&ountreated cells (control). The results
are shown as the mean = SD of three independensuresaents. The data were analyzed
using one-way ANOVA with a Bonferroni’s post-hoste*p < 0.05, ** p < 0.01, ** p <
0.001 compared to the control group. Microscopiages of the formation of ROS in the
HCT 116 p53™* cells after a 24-h treatment with the tested T&®Ri¢entration 2 x 1§) and a
15-min incubation with hydrogen peroxide (100 uMhe negative control consisted of

untreated cells. Scale bars =@@ (C).

Doxorubicin and resveratrol were used as the pesdand negative controls, respectively. In
the colon carcinoma, the effect of TSC on the g of ROS was much higher than in the
case of MCF-7. In general, all of the TSC that wiested had a positive response to the ROS
level. The strongest effects were observed in mmoundslc, 2b, 2c, 3g and 3h, which
correlates with the activities that are presentedable 1 In an analogous experiment that
was performed on MCF-7, onBh was able to generate ROS to a significant levedossible
explanation might be the fact that MCF-7 has awattrl basal level of ROS and a higher
amount of the main GSH antioxidant [48]. It is womnentioning that colon and breast
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cancers have a different pattern of ROS, e.g. bezagers have a higher superoxide radical
but no hydroxyl radical or hypochloric acid [49]h@se differences are explained in part by
the estrogen-related redox cycle [50]. Noticealnygur experiments, the resveratrol, which a
natural antioxidant, had slightly stronger effecttbe MCF-7 than HCT 116 cells.

To confirm the importance of metal chelation in RP&duction, we performed
experiments in which the metal ions and F&* were added. As is shown Figure S6
there was no significant difference in the actiwfyTSC alone or after the addition of’Edn
some caseslé and3c) we even observed a slight decrease in the activdn ions must be
reduced to F€ in order to participate in the Fenton reactior] [$dowever, in most cases, the
addition of Cd"* resulted in a substantial improvement of the igtiof TSC alone. This
synergistic effect is a commonly known fact [7][E5]d the explanation is the participation of
CU?* complexes in the Haber-Weiss reaction [11], theagrability of copper to form
complexes with TSC [15] and the ionophoric actioh TSC, which increases the
concentration of copper in the cells [52]. Althougk concentration of both metals are tightly
regulated in the cell, there are no free coppes.i@n the other hand, the storage capacity for
this metal is also lower as requirement for thesvednt is well fulfilled by diet [53]. Finally,
an internalization of copper to lysosomes has l@mmonstrated by Stacy et al. as main
aspect of overcoming Pgp-mediated drug resistaB8g For these reasons the addition of
CU?" may result in a stronger decrease of the viahilitgells.

Additionally we conducted experiments by adding tiom-specific chelator EDTA
and we did not observe any significant effect am ¢bllular proliferationKig. S§. TSC are
particularly strong chelators with high affinity tihe iron. According to Bernhardt and
coworkers the pyridine based thiosemicarbazones wigficient to abstract Eefrom EDTA
and DFO complexes in a biologically relevant pH][34 our experiment addition of EDTA

in the concentration 10 times higher than TSC,rfwasffect on its activity.

2.7.Intercalation

Higher activity against the p53 mutant and, in ipafar, the null cell lines may be
connected with intercalation or other damage in DM2]. TSC may also increase the small
changes in genome by forming ROS after binding AD7]. To explore this possibility, a
spectroscopic analysis of a mixture of calf-thynidA with all of the derivatives was
performed. The results are shownTiable 2 along with doxorubicin, which is well-known
strong intercalator [55]. All of the compounds weide to reduce the absorbance of DNA as

expected. This effect was particularly strong2o and 3g-3i and was comparable to the
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doxorubicin. Compound8h and3i were responsible for a strong redshift in the gitsmn
maxima. The other TSC expressed a moderate blusigtiificant effect with the exception of
3cand3ewhere the effect was too small for the intercaktdhe same has been observed for
Dp44mT, which is in good agreement with the literaturg [Aterestingly, compoun@c,
which showed no sign of intercalation, also hadelectivity in either of the HCT 116 lines.
Hypochromism is considered to be the result ofraeraction between the electronic state of
chelator and the base pairs in DNA, which is a sifjmtercalation. Hyperchromism is more
often the effect of a partial uncoiling or groovi@ding. The absorption spectra of the tested

thiosemicarbazones and CT-DNA are presentédgnS7(Supporting Information).

Table 2: Spectroscopic properties of the tested TSCs thaidbto the calf-thymus DNA.

Compound | Absorptior] Changes in % _ AeMtemit | Blue/red shift*
absorbance | hypochromism
1c 268; 326 | hypochromism 15.2 1215.6 8
le 292 hypochromism 10.3 1606.7 10
2b 310 hypochromism 11.0 935.6 8
2c 396 hypochromism 24.7 955.6 4
3c 262; 300 | hypochromism 3.7 1026.7 2
3e 380 hypochromism 5.8 737.8 2
39 264; 308 | hypochromism 25.9 4031.1 2
3h 310 hypochromism] 28.7 3155.6 16
3i 364 hypochromism 29.6 6433.3 14
Dp44mT 272; 324 | hypochromism 8.2 1673.3 2
Doxorubicin 480 hypochromism 34.2 3235.6 10

*for the wavelengths of maximum absorption for indual and DNA-bound compounds.

3. Conclusions
Based on our results, it is evident that specigutar regulatory mechanisms are

crucial for understanding the antiproliferativeigty of TSC. For example, the alternative
regulation of the pro- and anti-apoptotic protemsy determine the intrinsic reaction of a cell
to an active dose of a chelator. On the other hamgver, the chemical structure determines
the additional features such as DNA intercalatiBQS generation or ionophoric activity.
These, in turn, may result in the selectivity geobf a drug. In this regard, more data would
be valuable in designing iron chelators for thec#ebiochemical microenvironment that

TSC deal with.
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4. Experimental session

4.1.Chemistry

4.1.1. General

Microwave reactions were carried out in a DiscoveB®nchMat&” (CEM)
microwave equipped with 10 mL vessels. Melting ponmeasurements were determined in a
Stanford Research Systems OptiMelt (MPA 100). Fheand *C NMR spectra were
recorded on a Bruker Ascend 500 MHz spectrometdreguencies of 500 MHz and 126
MHz and a Bruker Avance Ill 400 MHz FT-NMR spectreter at frequencies of 400 MHz
and 101 MHz using DMS@; as the solvent and TMS as the internal standand. NMR
solvents were purchased from ACROS Organics. Tenatal shifts §) are given in ppm
and the coupling constantd) (values are reported in hertz (Hz). The spin rplitiities are
described as s (singlet), d (doublet), dd (doubblelaublets), t (triplet), g (quartet) and m
(multiplet). The mass spectra were recorded witaaan 500-MS IT Mass Spectrometer.
Elemental analyses (for C, H, N) were carried oot am automatic Perkin-Elmer 240
microanalyzer (Boston, MA, USA) and were within %.4f the calculated values. All of the
evaporations were performed on a rotary evapotatder diminished pressure at 60°C. All of
the reagents and solvents, which were purchasemsh ®&CROS Organics, Asta-Tech,
Maybridge, Santa Cruz Biotechnology and Sigma-Ahlri were used without further
purification. The purity of the thiosemicarbazomness confirmed by HPLC and was at least
95%.

4.1.2. General procedure for the synthesis of the thiosemarbazides

The mixtures of (1,1'-thiocarbonyl) bis-1H-imidagqdb mmol) and suitable derivative
of piperazine or thiomorpholine (5 mmol) in methaechloride (25 ml) were stirred for 24 h
at room temperature. The solutions were extradtegettimes with distilled water and the
organic phases were dried over MgSénd evaporated. The obtained thioketones were
refluxed for 2 hours with hydrazine hydrate (5 mmdlhe final thiosemicarbazides were

crystallized from dry methanol.

Thiomorpholine-4-carbothiohydrazide - precursorlbfand 3a

White crystal powder; yield 89%; mp: 160-161C; *H-NMR (400 MHz, de-DMSO, ppm):&
4.03 (m, 8H, CH), 4.83 (s, 2H, NH), 9.19 (s, 1H, NH)*C-NMR (101 MHz,ds-DMSO,
ppm):5 26.4; 50.8; 182.3.
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4-(3,4-dichlorophenyl)piperazine-1-carbothiohyd@ai precursor ofc, 3c and3i

White powder; yield 68%; mp: 186-187C; *H-NMR (400 MHz,ds-DMSO, ppm):s 3.08 (s,
4H, CH,), 3.86 (m, 4H, CH), 4.76 (s, 2H, NhK), 6.93 (m, 1H, Ar-H), 7.14 (s, 1H, Ar-H), 7.40
(d, 1H,J = 9.0 Hz), 9.19 (s, 1H, NH}C-NMR (101 MHz,ds-DMSO, ppm):5 47.1; 47.3;
115.6; 116.6; 120.1; 130.9; 132.0; 150.7; 183.0.

4-(4-nitrophenyl)piperazine-1-carbothiohydrazidprecursor ofld, 2c, 3e and 3f

Yellow powder; yield 87%; mp: 207-208 C; *H-NMR (400 MHz,ds-DMSO, ppm):5 3.57 (s,
4H, CHp), 3.91 (s, 4H, Ch), 4.97 (s, 2H, Nb), 6.97 (d, 2H,J = 9.3 Hz), 8.08 (m, 2H, Ar-H),
9.15 (s, 1H, NH)*C-NMR (101 MHz,ds-DMSO, ppm):d 45.7; 46.7; 112.5; 126.2; 137.3;
154.6; 182.8.

4-(4-cyanophenyl)piperazine-1-carbothiohydrazigeecursor ofle and3b

Light orange powder; yield 70%; mp: 169-170C; *H-NMR (400 MHz, ds-DMSO, ppm):&
3.42 (m, 4H, CH)), 3.89 (m, 4H, Ch), 4.78 (s, 2H, Nb), 7.05 (s, 2H, Ar-H), 7.60 (m, 2H, Ar-
H), 9.15 (s, 1H, NH)**C-NMR (101 MHz,ds-DMSO, ppm)3 45.9; 48.9; 98.6; 114.3; 120.5;
133.8; 153.0; 182.9.

4-(4-methoxyphenyl)piperazine-1-carbothiohydrazigescursor of2a, 3d and3j

White powder; yield 81%; mp: 194-195C; *H-NMR (400 MHz,ds-DMSO, ppm):& 3.00 (s,
3H, CHs), 3.86 (M, 4H, Ch), 4.11 (m, 4H, Ch), 4.77 (s, 2H, NH), 6.83 (d, 2H,J = 9.0 Hz),
6.90 (m, 2H, Ar-H), 9.17 (s, 1H, NHJ*C-NMR (101 MHz,ds-DMSO, ppm):5 19.0; 49.9;
56.5;114.8; 118.2; 145.4; 153.7; 183.1.

4-(4-fluorophenyl)piperazine-1-carbothiohydraziderecursor of2b

Light pink powder; yield 97%; mp: 180-181°C; *H-NMR (400 MHz,ds-DMSO, ppm):5 3.09
(m, 4H, CH), 3.87 (m, 4H, Ch), 4.77 (s, 2H, N, 6.97 (m, 2H, Ar-H), 7.05 (m, 2H, Ar-H),
9.19 (s, 1H, NH)C-NMR (101 MHz,ds-DMSO, ppm):5 47.6; 49.1; 115.9; 117.9; 148.0;
157.8; 183.0.

4-[4-(trifluoromethyl)phenyl]piperazine-1-carbotthgdrazide precursor g
White powder; yield 56%; mp: 181-182C; *H-NMR (400 MHz,dg-DMSO, ppm):& 3.18 (m,
4H, CH,), 3.90 (s, 4H, Ch), 4.77 (s, 2H, NK), 7.07 (s, 2H, Ar-H), 7.51 (d, 2H,= 8.4 Hz),
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9.18 (s, 1H, NH)®C-NMR (101 MHz,ds-DMSO, ppm):3 46.6; 47.1; 114.3; 118.1; 118.4;
126.7; 153.2; 183.0.

4-[5-(trifluoromethyl)pyridin-2-yl] piperazine-1-cdnothiohydrazide precursor &Gh

White powder; yield 70%; mp: 206-207 C; *H-NMR (400 MHz,ds-DMSO, ppm):& 3.70 (s,

4H, CH), 3.87 (s, 4H, Ch), 4.76 (s, 2H, Nb), 6.93 (d, 1HJ = 9.1 Hz), 7.82 (s, 1H, Ar-H),
8.42 (s, 1H, Ar-H), 9.14 (s, 1H, NH}*C-NMR (101 MHz,ds-DMSO, ppm):5 43.8; 46.9;

49.1; 106.7; 113.7; 135.0; 145.7; 160.3; 183.0.

4.1.3. General procedure for synthesizing the thiosemicarzones

Two drops of glacial acetic acid as a catalyst wadeled to the mixtures of
thiosemicarbazides (0.5 mmol) and di(2-pyridyl) deet, 2-pyridinecarboxaldehyde, 2-
quinolinecarboxaldehyde, 8-hydroxy-2-quinolinecaddehyde or 2-
quinoxalinecarbaldehyde (0.5 mmol) in ethanol (5.nilhe glass tubes were sealed and
placed into a microwave reactor at 83°C for 20 nesuthe reactor power did not exceed

50W). The final products were crystallized from dmngthanol.

N'-[di(pyridin-2-yl)methylidene]-4-thiomorpholine-darbothiohydrazid€1b)

Yellow powder; yield 86%; mp: 22322 C; 'H-NMR (400 MHz,ds-DMSO, ppm):8 2.78 (s,
4H, CH), 4.28 (s, 4H, Ch), 7.53 (m, 3H, Ar-H), 7.96 (m, 3H, Ar-H), 8.59 (rhH, Ar-H),
8.82 (m, 1H, Ar-H), 14.65 (s, 1H, NHY’C-NMR (126 MHz,ds-DMSO, ppm): 51.9; 56.5;
123.6; 124.3; 126.3; 137.5; 148.6; 148.9; 156.0MIRESI): m/zcalculated for GH1sNsS,:
344.1004, found: 344.1004 [M+H]

N'-[di(pyridin-2-yl)methylidene]-4-(3,4-dichlorophgl)piperazine-1-carbothiohydrazidéc)
Yellow powder; yield 48%; mp: 159-160C; 'H-NMR (400 MHz,ds-DMSO, ppm):8 3.46 (s,
4H, CH,), 4.15 (s, 4H, Ch), 7.13 (d, 1HJ = 2.6 Hz), 7.43 (d, 1H] = 9.0 Hz), 7.49 (m, 1H,
Ar-H), 7.61 (m, 2H, Ar-H), 7.98 (m, 4H, Ar-H), 8.4, 1H,J = 3.9 Hz), 8.88 (d, 1H] = 4.2
Hz), 14.66 (s, 1H, NH)}*C-NMR (126 MHz,ds-DMSO, ppm):§ 47.0; 48.9; 115.2; 116.2;
119.8; 124.2; 125.1; 127.4; 131.0; 132.1; 137.8,14150.3; 156.0; 180.6. HRMS (ESt)/z
calculated for GH»1CloNgS: 471.0925, found: 471.0934 [M+H]

N'-[di(pyridin-2-yl)methylidene]-4-(4-nitrophenylijperazine-1-carbothiohydrazidd.d)
Yellow powder; yield 44%; mp: 194-195C; *H-NMR (400 MHz,ds-DMSO, ppm):5 3.84 (m,
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4H, CH), 4.82 (m, 4H, Ch), 6.97 (s, 3H, Ar-H), 7.55 (d, 2H,= 4.2 Hz), 8.07 (s, 3H, Ar-H),
8.52 (s, 2H, Ar-H), 8.83 (s, 1H, Ar-H), 9.15 (s, 1A&t-H), 14.67 (s, 1H, NH)"*C-NMR (126
MHz, ds-DMSO, ppm):6 45.8; 48.5; 112.3; 113.6; 120.2; 124.2; 126.3;.82936.9; 148.7;
148.9; 154.6; 182.8. HRMS (ESIn/z calculated for &H.,N;O,S: 448.1556, found:
448.1550 [M+H].

N'-[di(pyridin-2-yl)methylidene]-4-(4-cyanophenyiperazine-1-carbothiohydrazidd.e)

Light orange powder; yield 33%; mp: 186-187C; *H-NMR (400 MHz, ds-DMSO, ppm):5
3.58 (s, 4H, CH), 4.32 (s, 4H, Ch), 6.84 (d, 2HJ = 8.7 Hz), 7.28 (s, 1H, Ar-H), 7.41 (m,
2H, Ar-H), 7.54 (d, 3H,) = 8.7 Hz), 7.87 (m, 2H, Ar-H), 8.66 (d, 1Bi= 3.5 Hz), 8.78 (d, 1H,
J = 3.8 Hz), 14.83 (s, 1H, NH}’*C-NMR (126 MHz,ds-DMSO, ppm):5 46.1; 48.7; 99.3:
113.6; 114.9; 120.4; 124.3; 127.3; 133.9; 137.8.94153.3; 156.0; 180.5. HRMS (ESt)/z
calculated for GgH2N7S: 428.1657, found: 428.1648 [M+H]

4-(4-methoxyphenyl)-N'-[(pyridin-2-yl)methylidengjerazine-1-carbothiohydrazid@a)
Brown powder; yield 36%; mp: 161-162C; *H-NMR (400 MHz,dg-DMSO, ppm):$ 2.72 (m,
4H, CH), 3.17 (s, 3H, Ch), 3.68 (m, 4H, CH), 6.84 (s, 2H, Ar-H), 7.31 (m, 1H, Ar-H), 7.40
(m, 1H, Ar-H), 7.55 (m, 1H, Ar-H), 7.67 (m, 1H, At), 7.84 (m, 1H, Ar-H), 8.55 (d, 1H),=
4.3 Hz), 10.37 (s, 1H, CH), 15.24 (s, 1H, NHC-NMR (101 MHz,ds-DMSO, ppm)3 49.7;
55.6; 114.8; 118.2; 123.0; 125.1; 137.1; 145.2;.24849.5; 153.8; 156.8; 170.8; 182.3.
HRMS (ESI):m/zcalculated for gH2,NsOS: 356.1545, found: 356.1545 [M+H]

4-(4-fluorophenyl)-N'-[(pyridin-2-yl)methylidene]perazine-1-carbothiohydrazid@b)

Light brown powar; yield 43%; mp: 162-163C; 'H-NMR (400 MHz, ds-DMSO, ppm):8
3.17 (s, 4H, CH), 4.11 (m, 4H, CH), 7.00 (m, 2H, Ar-H), 7.08 (m, 2H, Ar-H), 7.86 (i2H,
Ar-H), 8.21 (s, 1H, Ar-H), 8.57 (dd, 1H,= 11.3; 4.7 Hz), 11.48 (s, 1H, CH), 15.24 (s, 1H,
NH). **C-NMR (101 MHz,ds-DMSO, ppm):$ 49.0; 49.4 (dJ = 6.2 Hz); 50.3; 115.7; 117.9
(dd,J = 13.3, 7.6 Hz); 120.0; 124.5; 137.3; 144.6; 14749.9; 153.8; 181.2. HRMS (ESI):
m/zcalculated for GH1oFNsS: 344.1345, found: 344.1341 [M+H]

4-(4-nitrophenyl)-N'-[(pyridin-2-yl)methylidene] pgpazine-1-carbothiohydrazid@c)

Yellow powder; yield 73%; mp: 213-214°C; 'H-NMR (400 MHz,ds-DMSO, ppm):5 3.69 (s,
4H, CH), 4.13 (s, 4H, CH), 6.97 (t, 2HJ = 8.2 Hz), 7.39 (m, 1H, Ar-H), 7.87 (m, 1H, Ar-H),
8.10 (d, 2H,J = 9.1 Hz), 8.22 (s, 1H, Ar-H), 8.59 (d, 18l,= 4.3 Hz), 11.52 (s, 1H, CH),
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15.19 (s, 1H, NH)**C-NMR (126 MHz,ds-DMSO, ppm):5 45.8; 49.4; 112.5; 120.1; 124.6;
126.3; 137.2; 137.3; 144.6; 150.0; 153.8; 154.51.18HRMS (ESI):m/z calculated for
C17H19NgO5S: 371.1290, found: 371.1280 [M+H]

N'-[(quinolin-2-yl)methylidene]-4-thiomorpholine-darbothiohydrazid€3a)

Yellow powder; yield 34%; mp: 198-199C; 'H-NMR (400 MHz,ds-DMSO, ppm):5 2.71 (s,
4H, CHp), 3.71 (s, 4H, Ch), 7.61 (d, 1H,J = 6.5 Hz), 7.76 (d, 1H] = 7.1 Hz), 7.97 (dd, 3H,
J=15.1; 7.9 Hz), 8.14 (s, 1H, Ar-H), 8.35 (s, 1EH), 12.32 (s, 1H, NH)**C-NMR (126
MHz, ds-DMSO, ppm):6 25.7; 52.1; 117.4; 127.3; 128.0; 128.4; 129.2;.33036.9; 142.4;
147.9; 154.2; 163.2. HRMS (ESH/zcalculated for GH;7N4S,: 317.0895, found: 317.0895
[M+H] "

4-(4-cyanophenyl)-N'-[(quinolin-2-yl)methylidenefeirazine-1-carbothiohydrazid@b)
Yellow powder; yield 70%; mp: 202-203 C; *H-NMR (400 MHz,ds-DMSO, ppm):5 3.58 (s,
4H, CH,), 4.14 (s, 4H, Chb), 7.02 (d, 3HJ = 8.5 Hz), 7.09 (d, 1H] = 8.5 Hz), 7.64 (m, 2H,
Ar-H), 7.81 (m, 2H, Ar-H), 8.03 (m, 2H, Ar-H), 8.3®, 1H, CH), 11.67 (s, 1H, NH}%C-
NMR (126 MHz,ds-DMSO, ppm):é 45.8; 49.4; 98.5; 114.1; 114.8; 117.8; 120.4; 428.
129.3; 130.4; 133.8; 137.0; 144.0; 148.0; 153.08.95173.0; 181.2. HRMS (ESI)n/z
calculated for GH21NeS: 401.1548, found: 401.1555 [M+H]

4-(3,4-dichlorophenyl)-N'-[(quinolin-2-yl)methylide]piperazine-1-carbothiohydrazid&c)
Yellow powder; yield 77%; mp: 18889C; *H-NMR (400 MHz,ds-DMSO, ppm):8 3.41 (s,
4H, CHp), 4.12 (s, 4H, Ch), 6.97 (d, 1H,) = 8.8 Hz), 7.18 (s, 1H, Ar-H), 7.44 (d, 18i= 8.9
Hz), 7.63 (t, 1HJ = 7.3 Hz), 7.79 (t, 1H) = 7.6 Hz), 8.02 (m, 3H, Ar-H), 8.35 (s, 1H, CH),
8.39 (d, 1H,J = 8.6 Hz), 11.67 (s, 1H, NH}*C-NMR (126 MHz,ds-DMSO, ppm): 47.6;
50.0; 115.5; 116.5; 117.8; 120.1; 127.7; 128.2;.82829.3; 130.6; 131.0; 132.0; 137.2;
144.4; 147.9; 150.6; 154.3; 181.2. HRMS (E®1)z calculated for H>0CloNsS: 444.0816,
found: 444.0810 [M+H]

4-(4-methoxyphenyl)-N'-[(quinolin-2-yl)methylidepgjerazine-1-carbothiohydrazid&d)
Yellow powder; yield 78%; mp: 161-162 C; 'H-NMR (400 MHz,ds-DMSO, ppm):$ 3.17 (m,
4H, CH,), 3.70 (m, 3H, Ch), 4.12 (m, 4H, CH), 6.86 (d, 2HJ = 9.1 Hz), 6.96 (d, 2H] =
9.1 Hz), 7.63 (m, 1H, Ar-H), 7.79 (m, 1H, Ar-H),98. (m, 1H, Ar-H), 8.03 (m, 2H, Ar-H),
8.34 (s, 1H, CH), 8.39 (d, 1H, = 8.7 Hz), 11.65 (s, 1H, NHY3*C-NMR (126 MHz, ds-
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DMSO, ppm):é 50.2; 50.5; 55.7; 114.8; 117.7; 118.2; 127.6; 22828.5; 129.3; 130.5;
137.2; 144.3; 145.4; 147.9; 153.7; 154.3; 181.2. MIR (ESI): m/z calculated for
CooH24Ns50S: 406.1702, found: 406.1695 [M+H]

4-(4-nitrophenyl)-N'-[(quinolin-2-yl)methylidenejpeérazine-1-carbothiohydrazid8e)

Yellow powder; yield 65%; mp: 206-207 C; 'H-NMR (400 MHz,d¢-DMSO, ppm):$ 3.72 (m,
4H, CH), 4.17 (m, 4H, CH), 7.01 (d, 1HJ = 8.9 Hz), 7.63 (m, 1H, Ar-H), 7.79 (m, 1H, Ar-
H), 8.01 (m, 2H, Ar-H), 8.05 (d, 2H, = 8.7 Hz), 8.11 (d, 2H] = 9.4 Hz), 8.35 (s, 1H, CH),
8.38 (d, 1H,J = 8.7 Hz), 11.70 (s, 1H, NH}*C-NMR (126 MHz,ds-DMSO, ppm):s 45.8;
49.6; 112.5; 117.9; 126.3; 127.7, 128.2; 128.5;.32930.5; 137.1; 137.2; 144.4; 147.9;
154.3; 154.5; 181.1. HRMS (ESIm/z calculated for gH21NeO,S: 421.1447, found:
421.1459 [M+H].

N'-[(8-hydroxyquinolin-2-yl)methylidene]-4-(4-nitpienyl)piperazine-1-carbothiohydrazide
(3f)

Yellow powder; yield 78%; mp: 204-205 C; *H-NMR (400 MHz,ds-DMSO, ppm):5 3.74 (m,
4H, CH), 4.14 (m, 4H, CH), 6.98 (t, 2HJ = 10.2 Hz), 7.12 (m, 2H, Ar-H), 7.42 (m, 2H, Ar-
H), 8.08 (m, 2H, Ar-H), 8.29 (d, 1H,= 8.7 Hz), 8.38 (s, 1H, CH), 9.84 (s, 1H, OH),74i(s,
1H, NH). *C-NMR (126 MHz,ds-DMSO, ppm):8 45.8; 49.6; 112.4; 112.6; 117.8; 118.6;
126.3; 128.6; 129.2; 137.0; 137.3; 138.6; 144.2,25153.6; 154.5; 181.0. HRMS (ESt)/z
calculated for GH,1N¢OsS: 437.1396, found: 437.1387 [M+H]

4-[(4-trifluoromethyl)phenyl]-N'-[(quinolin-2-yl)miaylidene] piperazine-1-
carbothiohydrazid€3g)

Yellow powder; yield 83%; mp: 20268 C; *H-NMR (400 MHz,ds-DMSO, ppm):5 3.52 (s,
4H, CH), 4.15 (s, 4H, Ch), 7.09 (d, 2HJ = 8.0 Hz), 7.55 (d, 2H] = 7.9 Hz), 7.63 (t, 1H)
= 7.2 Hz), 7.79 (t, 1H) = 7.1 Hz), 8.02 (m, 3H, Ar-H), 8.35 (s, 1H, CH)38 (d, 1H,J = 8.6
Hz), 11.68 (s, 1H, NH)**C-NMR (126 MHz,ds-DMSO, ppm):5 46.8; 49.9; 114.3; 117.8;
118.4; 124.4; 126.7 (dl = 3.7 Hz); 127.7; 128.2; 128.5; 129.3; 130.6; 237144.4; 147.9;
153.1; 154.3; 181.2. HRMS (ESIm/z calculated for @H,1F3NsS: 444.1470, found:
444.1473 [M+H].

4-[5-(trifluoromethyl)pyridin-2-yl]-N'-[(quinolin-2yl)methylidene]piperazine-1-
carbothiohydrazid€3h)
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Yellow crystal powder; yield 68%; mp: 202-203 C; *H-NMR (400 MHz,ds-DMSO, ppm):5

3.85 (s, 4H, ChH), 4.13 (s, 4H, Ch), 6.97 (d, 1HJ =8.9 Hz), 7.63 (t, 1H]) = 7.2 Hz), 7.79 (t,
1H, J = 7.4 Hz), 7.86 (d, 1H] = 8.6 Hz), 8.02 (m, 3H, Ar-H), 8.35 (s, 1H, CH)38 (m, 1H,
Ar-H), 8.46 (s, 1H, Ar-H), 11.67 (s, 1H, NHYC-NMR (126 MHz,ds-DMSO, ppm)3 44.1;
49.9; 106.7; 113.8; 114.0; 117.8; 127.6; 128.2;.32829.3; 130.5; 135.0 (d, = 3.1 Hz);
137.1; 144.4; 145.7(m); 147.9; 154.3; 160.3; 18IHRMS (ESI): m/z calculated for
Co1H20FaNeS: 445.1422, found: 445.1411 [M+H]

4-(3,4-dichlorophenyl)-N'-[(quinoxalin-2-yl)methgiene]piperazine-1-carbothiohydrazide
(3i)

Yellow powder; yield 96%; mp: 177-178 C; 'H-NMR (400 MHz,de-DMSO, ppm):$ 3.41 (m,
4H, CH,), 4.13 (m, 4H, CH), 6.96 (m, 1H, Ar-H), 7.17 (d, 1H,= 2.7 Hz), 7.43 (dd, 1H] =
9.0; 2.5 Hz), 7.87 (m, 2H, Ar-H), 8.10 (m, 2H, A}xH8.35 (s, 1H, CH), 9.38 (s, 1H, Ar-H),
11.82 (s, 1H, NH)®*C-NMR (126 MHz,ds-DMSO, ppm):5 47.5; 50.1; 115.5; 116.5; 120.1;
129.5; 130.9; 131.0; 131.2; 132.0; 132.3; 141.8t.94142.1; 143.3; 149.0; 150.5; 181.1.
HRMS (ESI):m/zcalculated for goH19CloN6S: 445.0769, found: 445.0788 [M+H]

4-(4-methoxyphenyl)-N'-[(quinoxalin-2-yl)methyliéggpiperazine-1-carbothiohydrazid8j)
Yellow powder; yield 90%; mp: 162-163 C; '"H-NMR (400 MHz,d¢-DMSO, ppm):$ 3.18 (m,
4H, CH), 3.70 (s, 3H, Ch), 4.14 (m, 4H, CH), 6.86 (m, 2H, Ar-H), 6.97 (m, 2H, Ar-H),
7.87 (m, 2H, Ar-H), 8.10 (m, 2H, Ar-H), 8.35 (s, 18H), 9.37 (s, 1H, Ar-H), 11.78 (s, 1H,
NH). **C-NMR (126 MHz,ds-DMSO, ppm):s 50.2; 50.6; 55.7; 114.8; 118.2; 129.5; 130.9;
131.2; 136.8; 141.8; 141.9; 142.0; 143.3; 145.39.14153.8; 181.1. HRMS (ESl)n/z
calculated for GH23N6OS: 407.1654, found: 407.1673 [M+H]

4.2.Biological assays

4.2.1. Cell culture

The human colon cancer cell line HCT 116 P5and the human breast carcinoma
cell line MCF-7 were obtained from ATCChe HCT 116 that have a p53 deletion (33
were kindly provided by prof. M. Rusin from the N&aSklodowska-Curie Memorial Cancer
Center and Institute of Oncology in Gliwice, Polaftie glioma cell lines U-251 and Hs 683
were kindly provided by prof. G. Kramer-Marek froiime Institute of Cancer Research in
London, England. The normal human fibroblast caeles NHDF were obtained from

PromoCell. The cells were grown as monolayer ce#uin Dulbecco’s modified Eagle’s
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medium combined with the antibiotics penicillinégitomycin (Gibco) (1% v/v) in 75 ¢m
flasks (Nunc). DMEM for HCT 116, MCF-7, U-251 ands 683 were supplemented with
12% heat-inactivated fetal bovine serum (Sigma) fmd\NHDF with 15% non-inactivated
fetal bovine serum (Sigma). The cells were cultuader standard conditions at 37°C in a
humidified atmosphere at 5% GQAIl of the cell lines were subjected to routingaoplasma
testing using the PCR technique with specMgcoplasmaprimers in order to ensure that

there was no contamination.

4.2.2. Cytotoxicity studies

The cells were seeded in 96-well plates (Nunc) d¢rsity of 5,000 cells/well (HCT
116, MCF-7, U-251, Hs 683) and 4,000 cells/well (DF and incubated at 37°C for 24 h.
The assay was performed following a 72-h incubatiotih varying concentrations of the
compounds that were being tested. Then, 20 pL @fGallTiter 96AQueous One Solution-
MTS (Promega) was added to each well (with 100 MHEM without phenol red) and
incubated for 1 h at 37°C. The optical densitiethefsamples were analyzed at 490 nm using
a multi-plate reader (Synergy 4, Bio Tek). The hssare expressed as a percentage of the
control and were calculated as the inhibitory com@gion (IGg) values (using GraphPad
Prism 7). The Ig parameter was defined as the concentration ofmapoand that was
necessary to reduce the proliferation of cellsG®5of the untreated control. Each individual
compound was tested in triplicate in a single expent with each experiment being repeated

three or four times.

4.2.3. Impact of copper and iron ions on cellular proliferation

The HCT 116 cells were seeded in 96-well platesn@uat a density of 5,000
cells/well and incubated at 37°C for 24 h. The néay, freshly prepared solutions of the
tested thiosemicarbazone derivatives, le 2a-c, 3c, 3¢ 3h, at varying concentrations were
added to the plate and incubated for the next Zdditionally, a 20 uM solution of CuSr
FeCk, was added into wells with the tested compounds. ddntrols that were supplemented
with these metal solutions did not affect the cadbility (>95 %). An MTS assay was
performed as was described above. The resultsxpressed as a percentage of the control.
Each individual compound was tested in triplicate a@ single experiment with each
experiment being repeated three times.

4.2.4. Effect of an EDTA chelator on cellular proliferation
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The HCT 116 cells were seeded in 96-well platesn@uat a density of 5,000
cells/well and incubated at 37°C for 24 h. The néay, freshly prepared solutions of the
tested compound4g, 1e 2a-c, 3¢, 3¢ 3h, at IGo concentrations were added to the plate and
incubated for the next 72h. Additionally, freshiyepared solutions of EDTA at one, five and
ten-fold 1Go concentrations that corresponded to the TSC wededinto each well. The
controls that were supplemented with EDTA did niféa the cell viability (>95 %). An
MTS assay was performed as was described aboveeShis are expressed as a percentage
of the control (untreated cells). Each individuaimpound was tested in triplicate in a single

experiment with each experiment being repeateck ttinges.

4.2.5. Reactive oxygen species formation — microscope inmegy

The HCT 116 p53" cells were seeded into eight-well chambers (Lak)&ea density
of 0.5-10 cells/well and incubated at 37°C. After 24 h, figsprepared solutions of the
tested compoundsgc, 3d, 3e (two-fold 1Cso concentration), were added. The next day, the
solutions of the tested compounds were removeditandells were washed with Phosphate
Buffered Saline (PBS) after whichy®/ of CellROX® Green Reagent (Molecular Probes™)
was added. After 30 min of incubation at 37°C, tlels were washed with PBS and then
DMEM without phenol red was added. The observati@as performed using an inverted
fluorescence microscope (IX81, Olympus) that wasiggged with a C@ incubator using a

485 nm excitation laser and a 520 nm emissiorr filte

4.2.6. Quantitative measurement of the level of ROS

The HCT 116 p53" and MCF-7 cells were seeded onto black 96-welkepla
(Corning) at a density of 9,000 cells/well and ipated at 37°C. After an overnight
incubation, the solutions of the tested compoutdsle, 2a-c, 3c, 3¢ 3g-h (1 uM) andDOX
(5 uM), were added and incubated for 24 h. In additsmiutions of 10QuM H,O, (positive
control) for 20 min and 100M resveratrol (negative control) for 24 h were atlttethe cells.
The generation of ROS was measured using a CellR(x®en Reagent (Molecular
Probes™). Additionally, the quantity of cells inckawell was determined using Hoechst
33342 (Molecular Probes™). The solutions of theéett€ompounds were removed and 100
pL of CellROX Green Reagent and Hoechst 33342 fatah concentration of UM were
added to each well. Then, the cells were incubBte@0 min at 37°C. The fluorescence was
measured using a multi-plate reader (Synergy 4,Tik) at a 485 nm excitation and a 520

nm emission for the CellROX Green Reagent and ar8dSexcitation laser and a 485 nm
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emission filter for Hoechst 33342. The experimemise performed three to four times. The

levels of ROS are expressed as the percentage @bl of the control cells.

4.2.7. Immunoblotting

The HCT 116 p53" and MCF-7 cells were seeded in 3 cm Petri dishem¢) at a
density of 0.5-1Dcells/well and incubated overnight. The next dmjutions oflc, 1le 2a-c,
3¢, 3e 3g-h (four-fold ICso concentrationyvere added and the cells were incubated for 24 h.
Cells were harvested using trypsinization and washigh cold PBS. Next, the cells were
centrifuged and suspended in an RIPA buffer (TheBuaentific) containing a Halt Protease
Inhibitor Cocktail (Thermo Scientific) and a Halh&sphatase Inhibitor Cocktail (Thermo
Scientific) along with 0.5 M EDTA and lysed for 28in on ice. Then, the lysates were
sonicated, centrifuged at 10,000 rpm for 10 mid“&@ and the supernatants were collected
for further analysis. The protein concentration wagermined using a Micro BCA™ Protein
Assay Kit (Thermo Scientific) according to the memiurer’s instructions. Equal amounts of
the proteins (20ug) were electrophoresed on SDS-Page gels and d¢resdf onto a
nitrocellulose membranes. The membranes were hiocke5% non-fat milk that was
prepared in PBS containing 0.1% Tween-20 (TPBS)fbr After blocking, the membranes
were incubated with specific primary antibodies:czd p21/@/€Pt p53  cyclin D1,
cytochrome ¢, PARRy-tubulin andp-actin overnight at 4°C, and then washed and ineaba
with horseradish peroxidase (HRP)-conjugated semgndintibodies for 1 h at room
temperature. All of the antibodies were purchasethfCellSignaling (Danvers, MA, USA)
and were diluted 1:1000 in 5% milk in TPBS. Finalthe membranes were washed and
incubated with a SuperSignal™ West Pico Chemilusgeat Substrate (Thermo Scientific).
The chemiluminescence signals were captured us@igeaniDoc™ XRS+ System (BioRad).

The experiments were performed at least three times

4.2.8. Cell cycle assay

The HCT 116 p53", MCF-7 and U-251 cells were seeded in 3 cm Péthad (Nunc)
at a density of 0.25- f@ells/well and incubated at 37°C for 24 h. Thére medium was
removed and freshly prepared solutions of the destenpounds]c, le 2a-c, 3c, 3e 3h, at a
0.5 uM concentration were added. After a 48-h treatmirat,assays were performed using a
Muse Cell-Cycle Kit (Millipore) according to the mafacturer's instructions. Briefly, the
cells were collected, washed with cold PBS andrifaged at 300 g. Then, the cells were

fixed in ice cold 70% ethanol and stored at -20%@roight, after which the cells were
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centrifuged and resuspended in 2000f the Muse™ Cell Cycle Reagent and incubated for
30 min at room temperature in the dark. After stajnthe cells were processed for cell cycle
analysis using a Muse Cell Analyzer (Millipore). ellexperiments were performed at least

three times.

4.2.9. Annexin V binding assay

The HCT 116 p53", MCF-7 and U-251 cells were seeded in 3 cm Péthies (Nunc)
at a density of 0.25- f@ells/well and incubated at 37°C for 24 h. Thée medium was
removed and freshly prepared solutions of the destenpounds]c, le 2a-c, 3¢, 3e 3h, at a
0.5uM concentration were added. After 48 h, the assare performed using an Annexin V
& Dead Cell Kit (Millipore) according to the manuwtarer's instructions. Briefly, detached
and adherent cells were collected and centrifuge®0@ g for 5 min, after which the
resuspended cells were incubated with 1@0of the Muse™ Annexin V & Dead Cell
Reagent for 20 min at room temperature in the dafter staining, the events for the live,
early and late apoptotic cells were counted usinguse Cell Analyzer (Millipore). The

experiments were performed at least three times.

4.2.10Intercalation

For the DNA binding studies, Calf-thymus DNA (CT-BNwas purchased from
Sigma Aldrich. The lyophilized CT-DNA was dissolved10 mM Tris-HCI, pH 7.9, mixed
gently and left overnight at 4°C. The purity of t@d-DNA solution was determined by
measuring the ratio of the UV absorbance at 260 28@ nm. A ratio of more than 1.8
indicated that the DNA was sufficiently free fromofeins. Then, the concentration of CT-
DNA was determined from the absorbance at 260 ringun extinction coefficient of 6,600
M™cm™. The tested TSCLE, 1e 2b-c, 3¢, 3e 3g-i, Dp44mT) andDOX were dissolved in
DMSO to a concentration of 8.35 mM, which was thesed as the stock solution for
preparing the various concentrations (25, 12.5p& & M) in 1 mL in 10 mM of Tris-HCI
(pH 7.9). Afterwards, 18 uM CT-DNA was added to firepared solutions, which were then
incubated for 1.5 h at 37°C with occasional vortgxiThe absorption spectra were measured
using a Hitachi U-2900 spectrophotometer in thgeaof 200-500 nm. All of 6600 absorption

spectra were imported and compared in OriginPro 8.0

4.2.11 Statistical analysis
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The results are expressed as the mean + standeiatiole (SD) from at least three
independent experiments. Statistical analysis veaf®pned using thene-way ANOVA with
a Bonferroni post-hoc test. A p-value of 0.05 osslevas considered to be statistically
significant. GraphPad Prism v.7.0 software (GraphBaftware, USA) was used for the

analysis.
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