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New rhodol-sulforaphane conjugates as innovative isothiocyanate-based
cytotoxic agents for cancer cells.
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Abstract: In search of semisynthetic derivatives with increased antitumor activity, we condensed
sulforaphane (SFR) with rhodol, a fluorophore platform capable of modifying the intracellular
trafficking and pharmacokinetics of the linked molecules. The two tested derivatives, namely MG28
and MG46, showed a far higher, as compared to SFR, cytotoxicity toward cancer cells. Apoptotic
cell death was preceded by the extensive generation of DNA lesions, which were repaired relatively
slowly and caused formation of micronuclei. Unlike SFR, rhodol-SFR conjugates’ DNA lesions
resulted from direct interactions with nuclear DNA. Overall, MG28 and MG46 exhibit a remarkable
cytotoxic effect, which is the likely consequence of their direct and intense DNA damaging activity,
i.e., a novel and peculiar mechanism arising from the conjugation of the parental rhodol and SFR.
Considering that a wide number of clinically used drugs kill cancer cells by inducing DNA damage,
MG could represent a new and promising chance in antitumor chemotherapy.
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Introduction

According to recent estimates, cancer is the second leading cause of death and is expected to surpass
heart disease as the leading cause of death among elderly people [1]. By 2040, the number of new
cancer cases worldwide could increase by 47% due to demographic changes alone compared to 2020.
According to GLOBOCAN 2020, 19.3 million new cancer cases and 10.0 million cancer deaths
occurred in 2020 worldwide; it has been estimated that there is a 20.4% chance of developing cancer
before age 75, with a 10.7% chance of dying from it [2].

The relative scarcity of effective diagnostic tools for early diagnosis of several cancers, the reduced
pharmacological options available to treat patients with advanced malady and the onset of multiple
drug resistance, result in poor prognosis and high mortality rates. The moderate improvement of
survival coupled with the relatively low amelioration of toxicity profiles, and the high costs of many
current anticancer therapies indicate that conventional chemotherapeutics have nearly reached a
threshold limit regarding clinical benefit and patients’ tolerance. Such a situation requires the
identification and development of new antitumor drugs and strategies to reduce cancer-associated
morbidity and mortality.

In this regard, plants constitute a primary and abundant source of chemical compounds exhibiting
anticarcinogenic, chemopreventive and/or direct cytotoxic/tumoricidal properties [3-5].
Isothiocyanates (ITCs) are prominent botanical compounds found in cruciferous vegetables - such as
cabbage and broccoli - widely consumed for their renowned cancer-preventive effects [6-8]. In
parallel, it is also known that supranutritional amounts of natural ITCs are cytotoxic to cancer cells
[9-13]. ITC’s cytotoxicity is still mechanistically studied but likely depends on multiple converging
mechanisms [14].

The most studied ITCs are phenethyl isothiocyanate (PEITC) and sulforaphane (SFR). PEITC has
been shown to target the mechanistic target of rapamycin complex 1 (mTORCL1) activity in leukemia
cells [15,16], and to selectively deplete mutant p53 expressing cancer cells [17]; PEITC was also
found to selectively kill oncogenically transformed cells through reactive oxygen species (ROS)-
mediated mechanism [18,19], hence paving the way for its therapeutic utilization in the treatment of
cancer patients.

SFR has been shown to block cell proliferation and induce apoptosis of cancer cells, thus reducing
tumor growth. Many different and partly interdependent molecular mechanisms mediate its cytostatic
and cytotoxic activities [12]. Among these mechanisms, ROS also play a role [10], particularly in the
mitochondrial respiratory chain (MRC) complex Il inhibition-dependent formation of ROS and by
the ensuing DNA damage [20,21]. The deleterious effects of SFR are potentiated by its ability to
directly bind to GSH leading to the formation of a GSH-SFR complex. The GSH-SFR complex is
exported outside the cell, causing GSH depletion [22].

Cancer chemotherapeutic agents and radiotherapy exert cytotoxic effects by inducing DNA lesions
[23]. Consequently, there is a great interest in identifying and developing new DNA-damaging agents
that can be exploited as antitumor drugs.

We designed and synthesized two novel ITC derivatives based on these premises to evaluate their
DNA-damaging and cytotoxic activities. In particular, we condensed the ITC functionality,
responsible for the biological activities of SFR and its derivatives [7], with rhodol, a fluorophore
platform capable of targeting and delivering small active molecules to subcellular organelles such as
mitochondria and endoplasmic reticulum [24]. Two different ITC-rhodol derivatives were designed
using different linkers between the functional groups; in MG28 a 6-methylene alkyl chain was
employed, while in MG46 an oxygenated alkyl chain was used (Figure 1).

Herein, we will report on the synthesis, the DNA damaging- and cytotoxic- activities, and the
mechanism of action of these two different ITC-rhodol conjugates.
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Figure 1. Drug design leading to compounds MG28 and MG46.

Results

Synthesis. Compound 1 was subjected to nucleophilic substitution with the appropriate tosyl-
activated tert-butyloxycarbonyl (BOC)-protected amine [25]. These reactions were performed in
presence of potassium carbonate and potassium iodide in dimethylformamide to provide the
corresponding derivatives 2, 3 that were subjected to acidic hydrolysis in dichloromethane to obtain
amines MG27 and MG42. Lastly, the latter amines were transformed in the corresponding
isothiocyanate for treatment with 1,1’-thiocarbonyldi-2(1H)-pyridone in dichloromethane at room
temperature to give target compounds MG28 and MG46.
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Scheme 1. Synthesis of target compounds MG28 and MG46. a) 6-((tert-butoxycarbonyl)amino)hexyl 4-methylbenzenesulfonate or 2-
(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl 4-methylbenzenesulfonate, K2COs, KI, DMF anhydrous, 24 h, reflux, for 2 yield 57%,
for 3 yield 49%; b) 6N HCI, MeOH, 12 h, rt, quantitative yields; c) 1,1’-thiocarbonyldi-2(1H)-pyridone, DCM, 12 h, rt, for MG28
yield 74%, for MG46 yield 91%.

DNA-binding activity. The two tested compounds emit a strong fluorescent signal when irradiated
at the wavelength corresponding to the maximal absorption in the visible range (459 nm for MG28,
466 nm for MG46). As reported in Figure 1SI, this fluorescence was dramatically quenched upon
binding to DNA. By monitoring the drop of the signal upon the increment of calf thymus (ct)DNA
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concentration, we derived the apparent Kd reported in Table 1SI. The two derivatives are both strong
DNA binders. Nevertheless, MG46 appears to be one order of magnitude more efficient.

The remarkably high affinity for DNA prompted us to evaluate the potential occurrence of covalent
adduct formation supported by the presence of the ITC group. We solved the reaction products
obtained after incubating our ligands with a short double-strand (ds)DNA fragment by electrophoresis
to assess this point. Results are summarized in Figure 2SI. Under native conditions, no modification
of the electrophoretic mobility of the oligonucleotide was observed in the presence of increasing
concentration of MG28. Conversely, in the presence of MG46, a faint band at lower mobility was
observed. As the latter compound has a higher affinity for DNA, this likely corresponds to the drug
being firmly bound to the nucleic acid. This band disappeared when the same reaction mixture was
loaded on a gel under denaturing conditions. This result confirmed that the interaction is fully
reversible. The same behavior was observed using single stranded DNA as a target.

MG28 and MG46 are toxic to cultured mammalian cells. The cytotoxic effect of MG compounds,
namely the ITC-containing molecules MG28 and MG46 and the precursors lacking the ITC group
MG27 and MG 42 (see Scheme 1), was investigated in Jurkat cells by checking membrane integrity
with Trypan blue exclusion assay. 1 h treatment with micromolar concentrations of MG28 and MG46
followed by 3 days of post-challenge growth caused a dose-dependent killing of Jurkat cells (Figure
2). ICsp values were 5.96 pM and 3.65 pM for MG28 and MG46, respectively. The other two
compounds, namely MG27 and MG42, under the same conditions caused no toxicity up to 32 uM
(data not shown) and were then excluded from the majority of the next experiments. The latter results
indicated the crucial role of the ITC group. For comparative purposes, the cytotoxicity of the parental
compound SFR (given under identical treatment and post-challenge conditions) is also shown in
Figure 2: the higher SFR concentration tested resulted in 66.2% =+ 8.15 cell survival, and an ICso value
of 29.7 uM was obtained. The cytotoxic effect of MG 28 and MG46 was also evaluated in different
cell lines: TK6 human lymphoblastoid cells (used in subsequent experiments, Figure 2B), the human
leukemic cells U-937, OCI-AML3, MOLM-13, and MV4-11, and the non-transformed B lymphocyte
cell line RPMI-1788 (Figure 4S1). Both MGs caused a dose-dependent and significant cell demise in
all cell lines within the same range of concentrations used in Jurkat cells, without showing selectivity
towards cancer cells or cell type (Table 2SI). The cytotoxic activity of MG28 and MG46 was further
confirmed under the same treatment conditions measuring cell viability of Jurkat cells by the
metabolic MTT assay (Figure 3SI).

CELL NUMBER
(% of control)

0 2 4 6 0 10 20 30
MG 28 or MG 46 [uM] MG 28 or MG 46 [uM] SFR [uM]

Figure 2. Cytotoxic effect of MG28 or MG46. Jurkat cells were treated with MG28 (circles), MG46 (squares) (panel A) or with SFR
(panel C) for 1 h and then grown for further 72 h in drug-free medium; TK6 cells were treated for 4 h with MGs and then grown for
further 24 h (Panel B). Cytotoxicity was then determined with the Trypan blue exclusion assay. * p<0.05; ** p<0.01; *** p<0.001
MG28 versus MG46 (two-way ANOVA).

The mode of cell death was investigated in Jurkat cells and assessed with different techniques.
Microscopically (Figure 3A), Jurkat cells exposed to MG28 show the appearance (1 h treatment plus
5 h post-challenge growth) of clear signs of apoptosis such as chromatin condensation, cup-shaped
masses and micronuclei; occasionally, secondary necrosis also appeared. Apoptotic cell death was
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confirmed biochemically. Both agents cause a rapid, dose-dependent increase in caspase 3 and
caspase 8 activities and the proportion of cells with reduced mitochondrial potential (Figure 3B-D).
The cleavage of poly-(ADP-ribose)-polymerase-1 (PARP1; Figure 3E), an important target of
caspase 3 activation, was observed. The combination of these biochemical responses indicates the
activation of the intrinsic as well as of the extrinsic apoptotic pathway.

In addition, since we have demonstrated that MG compounds target DNA, we have conducted a
preliminary study to determine how these compounds induce apoptosis. Specifically, we have
investigated whether these compounds affect p53, a tumor suppressor protein known as the "guardian
of the genome”. 3 h after treating p53-mutated Jurkat cells with MG28 and MG46 at 4 uM, p53
expression increased 45.5-fold and 70.4-fold, respectively, compared to untreated cells (data not
shown). These findings suggest that the cytotoxic effects of the compounds may involve DNA
damage, thereby implicating p53 reactivation. This preliminary characterization supports the notion
that DNA damage is likely a key component of the apoptotic mechanism of action of MGs compounds
and sets the stage for further investigation into the extent and nature of DNA damage induced by
these compounds.

Notably, the apoptotic responses described so far were elicited by the same concentrations of both
MG derivatives causing the dramatic cytotoxic effects shown in Figure 2.

There is a trend towards slightly higher efficacy for MG46 than MG28, as MG46 has a significantly
lower 1Cso value for cytotoxicity.
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Figure 3. MG 28 and MG46 induce apoptotic cell death. Apoptosis in Jurkat cells treated with MG28 or MG46. Representative
transmission electron microscopy micrograph of cells treated for 1 h with MG28 and then cultured for 5 h, showing apoptotic (ap) and
secondary necrotic (n) cells (A). Caspase 3 (B) and 8 (C) activities, mitochondrial membrane potential (D), and quantification of
cleaved PARP1 levels (E) in cells treated with MG28 or MG46 for 1 h and then grown for further 3 h or 5 min with the uncoupler
carbonyl cyanide m-chlorophenyl hydrazine (CCCP) included as a positive control. The dotted line in D and E refers to the values

obtained in untreated control cells. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 (ordinary one-way ANOVA and Sidak's or
Dunnett’s multiple comparisons test versus untreated cells).



MG28 and MG46 cause direct DNA damage and are mutagenic. The next step was to evaluate
the genotoxicity of MGs compounds by investigating their ability to promote DNA single and double-
strand breaks (SSBs and DSBs, respectively). First, their effect on nuclear DNA was studied using
the fast alkaline halo assay [26,27]. With this technique, DNA fragments resulting from the cleavage
of DNA itself diffuse out of the nuclear cage as an inverse function of their size, thus producing a
concentric halo whose radius reflects the extent of DNA damage. When observing DNA fragments
under the microscope, the size of the halo formed increases as the size of the fragments decreases due
to damage [26,27]. Halo formation can be conveniently monitored at the single cell level with
fluorescence microscopy, as seen in the representative micrograph shown in Figure 4C.

1 h exposure to both MGs induced a concentration-dependent and statistically significant increase in
SSB formation (Figure 4A) in Jurkat cells. Micromolar concentrations of MG28 or MG46 (2-8 uM)
caused a level of DNA single-strand scission similar to that elicited by 30 min treatments with 10-50
MM H203, an established and potent DNA damaging agent, and far higher than SFR (Figure 4D).
Hence, both MGs could rapidly and efficiently (within 1 h) damage DNA in a dose-dependent
manner.

MG46 had a higher DNA-damaging capacity than MG28, similar to cytotoxicity. The DNA-SSBs
caused by the two conjugates were much more slowly repaired as compared to those produced by 50
MM H20:: indeed only 26.4% + 3.55 of the initial SSBs inflicted by the oxidant could be found after
30 min and no residual one after 3 h of repair in drug-free medium, while in the case of MG28 and
MG46 (8 uM) a significant level (59,2% + 6.1 and 48,7% =+ 6.55, respectively) of the initial SSBs
remained unrepaired after 3 h of post-challenge growth.

Under the same experimental conditions, MG27 or MG42 did not cause DNA damage up to a
concentration of 32 uM (data not shown).

DNA damage was also studied in TK6 cells that, similarly to Jurkat, were sensitive to the DNA-
damaging activity of MG28 and MG46 (Figure 4B). MG46 was more active than MG28, as observed
in Jurkat cells.
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Figure 4. MG28 and MG46 induce DNA single-strand breaks in Jurkat and TK6 cells. Cells were treated with MG28 (open circles) or
MG46 (solid squares) for 1 h and immediately assayed for DNA strand scission with the FHA. Panels A and B show the level of DNA
damage in Jurkat and TK®6 cells, respectively. The level of DNA SSB is expressed as Nuclear Diffusion Factor, NDF (see Methods
section). (C) Representative micrograph of FHA-assayed Jurkat cells treated with 6 uM MG46 (the leftmost inset shows the appearance
of untreated cells) (D) Level of DNA damage caused by 30 min challenge with H20: (solid circles) or by 3 h SFR treatment (triangles)
in Jurkat cells. * p<0.05; ** p<0.01 MG46 versus MG28 (two-way ANOVA). FHA: fast halo assay.



Figure 5 illustrates the graphs that plot the levels of DNA-SSBs against the corresponding values of
cytotoxicity resulting from MG28 or MG46. A good correlation was found between these two
parameters for both compounds. Indeed, linear regression analysis of the plots gave r? values of
0.8279 for MG28 and 0.7618 for MG46.
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Figure 5. Relationships between DNA damage and cell growth inhibition. Jurkat cells were treated with MG28 (0 — 6 uM) (A) or
MG46 (0 — 6 uM) (B) for 1 h and either analyzed immediately for DNA strand scission or incubated for a further 72 h in a drug-free
medium and finally counted to determine their growth. The levels of DNA damage were then plotted against the corresponding growth
inhibition values.

The ability of MG compounds to induce DNA damage was further confirmed through the analysis of
H2AX phosphorylation (P-H2AX), as marker of DNA DSBs. An increase of about 2-fold of H2AX
phosphorylation (P-H2AX) was recorded in Jurkat cells for all tested concentrations of MG46 and
MG28 (Figure 6); etoposide 10 pg/ml was used as a positive control with a 3.6-fold compared to
untreated cells.
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Figure 6. MG28 and MG46 induce H2AX phosphorylation (P-H2AX). Jurkat cells were treated with MG28 or MG46 for 3 h, and then
P-H2AX expression was analyzed via flow cytometry. The dotted line refers to the values obtained in untreated control cells. * p<0.05;
** n<0.01 (ordinary one-way ANOVA and Dunnett’s multiple comparisons test versus untreated cells).

The next series of experiments were aimed at determining whether the DNA damage caused by MG28
and MG46 resulted in the formation of micronuclei (MN), which represent more complex, secondary
genotoxic events and chromosomal instability. The two compounds tended to promote MN formation
in a concentration-dependent manner. The increase was statistically significant at concentrations
higher than 4 uM for both agents, while at 2 uM for MG46. 4 uM of MG 28 and MG46 caused the
induction of 13.07 = 0.07 and 19.59 + 2.4 MN/1000 binucleated cells, respectively (Figure 7). The
effect of both MGs is comparable to that of mitomycin C and vinblastine, which are included as
positive controls. Hence, according to the abovementioned guidelines, the two MGs can be classified
as mutagens. Previous studies indicated that the parental compound SFR is not mutagenic [28].
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Figure 7. MG28 or MG46 induces micronuclei formation. (A) TK6 cells were treated with increasing concentrations of MG28 or
MG46 for 4 h, grown for 20 h in a drug-free medium, and finally assayed to determine the number of micronuclei. The dotted line
refers to the basal level of micronuclei scored in untreated control cells. Also shown was the effect of mitomycin C (0.8 mg/ml) and
vinblastine (2 mg/ml), both included as positive controls. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 (ordinary one-way
ANOVA and Dunnett’s multiple comparisons test versus untreated cells).. (B) Representative image of a binucleated cells with
micronucleus in TK6 cells treated with 4 uM MG46.

MG28 and MG46 are cyto- and geno-toxic under metabolically limiting conditions. The cyto-
and genotoxic effects of the two derivatives were also studied in cells under a metabolically limiting
temperature of 4°C. This approach had been previously used to comparatively determine whether the
temperature-dependent metabolic events affect and/or participate in the actual cyto- and genotoxic
response to specific agents (such as X-rays or oxidative agents) observed at physiological -
metabolically permissive — temperature [26,27,29,30]. To this aim, DNA damage and growth
inhibition were assessed using the same protocols of the experiments illustrated in Figures 3 and 4,
except that the 1 h treatment with MG28 or MG46 was conducted at 4°C. Interestingly, under this
condition, both MGs caused an accumulation of DNA SSBs similar to that observed at physiological
temperature (Figures 8A and B) and promoted some increase in the cytotoxic response, with 1Csg
values at 4°C of 3.99 uM and 2.54 uM as compared to 5.96 uM and 3.65 uM at 37°C for MG28 and
MG46, respectively. Again, a good correlation was found between the levels of DNA damage and
the corresponding cytotoxic responses elicited at 4°C (Figures 8C and D).
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Figure 8. Cytotoxic and DNA damaging activity of MG28 and MG46 in Jurkat intoxicated at 4°C. Cells were treated with MG28
(circles) or MG46 (squares) for 1 h and then grown for further 72 h in drug-free medium (A) or immediately assayed for DNA strand
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scission with the FHA (B). Panels C and D show the correlations obtained plotting DNA damage values versus the corresponding
cytotoxic responses. * p<0.01; ** p<0.001 MG28 versus MG46 (two-way ANOVA).

Cytotoxicity and DNA damaging capacity of MGs are not mediated by oxidative mechanisms.
As discussed above, intramitochondrial ROS generation was shown to play a significant role in the
cyto- and genotoxicity of SFR [8,13,20,21]. To assess whether MGs activate the same mechanisms,
Jurkat cells were treated (1 h with 6 uM of MG28 or 4 uM of MG46) in the absence or presence of
the iron-chelator o-phenanthroline (3 uM) or of the mitochondrial complex | inhibitor rotenone (1
uM). These two conditions lead to the blockage of the Fenton reaction and the prevention of ROS
leakage from the MRC. Unlike the parental ITC SFR, neither DNA damage nor cytotoxicity caused
by the ITC-rhodol conjugates could be attenuated by these cotreatments (Figures 9A and B).

NDF
IS
CELL NUMBER
IS
o

MG28 MG 46 SFR MG 28 MG 46 SFR

Figure 9. Effect of o-phenanthroline or of rotenone on MG28 and MG46 cyto- and genotoxicity. Cells were treated with MG28 (6
HUM) or MG46 (4 uM) for 1 h or with SFR (30 uM for 3 h) in the absence or presence of o-phenanthroline (3uM) or rotenone (200 nM)
and then immediately assayed for (A) DNA strand scission with FHA (A) or (B) cytotoxicity following 48 h of post-challenge growth
in drug-free medium. *p<0.01 as compared to SFR alone (two-way ANOVA followed by Dunnett’s post hoc).

Discussion and conclusions

Rhodols are being investigated as possible carriers capable of implementing known anticancer drugs
activity [24]. An activatable prodrug combining biotinylated piperazine-rhodol with the
topoisomerase I inhibitor SN-38 was recently synthesized and studied [31]. In this case, the
combination aimed to obtain new theranostic drugs, i.e., agents allowing the simultaneous targeted
imaging and cytotoxicity in cellular cancer models [32].

Here, SFR was conjugated with the biocompatible fluorescent probe rhodol to combine the favorable
cellular and intracellular kinetic of the latter [24,33] with the cytotoxic activity of the ITC moiety and
investigate whether such new molecules could achieve a higher cytotoxic potential [7]. Indeed, SFR,
besides being an established chemopreventive agent [6], at supranutritional concentrations has been
shown to exert cytotoxic, pro-apoptotic, and DNA damaging activity, which might be exploited for
anticancer purposes [3,11,12,34,35].

The two conjugates, MG28 and MG46, characterized by a different linker between rhodol and ITC,
exhibited a remarkable cytotoxic activity under different experimental conditions. In particular, we
showed that concentrations below 10 uM of both agents were significantly toxic to Jurkat cells. The
cytotoxic activity was unrelated to the cell type as different cell lines (TK6 human lymphoblasts, U-
937, OCI-AML3, MOLM-13, MV4-11 leukemic cells, and the non-transformed B lymphocyte
RPMI-1788 cells) were also sensitive - and to a similar extent - to MG28 and MG46. Hypothesizing
a mechanism of action involving DNA damage, this outcome is not surprising. Indeed, although
antitumor DNA targeting agents might have different effects on different cells and tumor types
depending on several factors including but not limited to (i) the specific mechanism of action, (ii)
cellular uptake, (iii) metabolism or variations in DNA repair capacity, expression levels of DNA repair
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proteins, and other cellular factors, it is quite common to have a poor selectivity of action, as in the
case of the clinically approved doxorubicin [36] or cisplatin [37].

In Jurkat cells the two SFR derivatives were far more cytotoxic than the parental compound SFR,
whose 1Csg value was ca. one order of magnitude higher than those of the two rhodol conjugates. The
compounds lacking the ITC group, namely MG27 and MG42, were neither cytotoxic nor DNA
damaging (see also below) within the concentrations studied (up to 32 uM). This observation suggests
that the lethal and genotoxic effects of the active derivatives MG28 and MG46 do not depend on the
intrinsic properties of the parental rhodol constituents but rather on their conjugation with SFR.

The type of cell death caused by the two MGs was apoptotic, as evaluated biochemically and
microscopically. The apoptotic response was rapid and involved both the intrinsic and extrinsic
pathways; transmission electron microscopy analysis showed clear ultrastructural hallmarks of
apoptosis temporally conceivable with the onset of the biochemical events, i.e., increased caspase 3
and caspase 8 activities, reduced mitochondrial activity and increased levels of cleaved PARPL.
Apoptosis can be triggered by various stimuli, among which DNA lesions are particularly effective
[38,39]: in the case of MG 28 and MG46, DNA SSBs and DSBs are likely to represent a pivotal
trigger. Indeed, unlike the rhodol moieties alone, MG27 and MG42, both derivatives were capable of
extensively damaging DNA in a cell type-independent manner, as assessed with the FHA and H2AX
phosphorylation levels. Notably, in Jurkat and TKG6 cells, the concentrations and the exposure times
resulting in DNA strand scission were the same, causing a cytotoxically-relevant response;
furthermore, DNA breaks were scored within 1 h treatment, i.e., their formation preceded the onset
of apoptotic signs. These findings might indicate a causal relationship between DNA damage and
cytotoxic activity. Interestingly, good correlations were found when the cytotoxicity of MG28 or
MG46 was plotted against the corresponding levels of DNA SSBs in Jurkat cells.

The slow repair time (T%2 >3 h) of DNA SSBs, i.e., their persistence, further strengthens their pivotal
cyto- and genotoxic relevance in the MGs-intoxication process. The critical accumulation of DNA
breaks and their delayed repair lead to a significant increase of micronuclei in TK6 cells when
exposed to the two MGs, resulting in a mutagenic effect. Notably, the fact that SFR lacks any
mutagenic effect implicitly highlights the differences between the nature of the lesions caused by the
parental compound and the two rhodol conjugates.

Accordingly with this latter notion, in a previous paper we demonstrated that SFR could damage
DNA via an indirect, ROS-dependent mechanism involving the intramitochondrial production of
H20, and its subsequent diffusion into the nucleus. Unlike SFR, the MG28- and MG46-DNA-
damaging activity could not be prevented by the iron chelator o-phenanthroline, which blocks the
Haber-Weiss reaction responsible for generating oxygen radicals [30,40], or the MRC complex |
inhibitor rotenone [41], which prevents the production of superoxide anions caused by the
SFR/Complex Il interactions [8,21]. Hence the mechanism by which MGs damage nuclear DNA is
not ROS-dependent.

At the same time, a link between DNA damage and apoptosis could be the formation of DSBs and
the possible subsequent activation of p53. Further studies will be necessary to identify the exact
mechanism of action of MGs.

Further mechanistic insights derive from the outcomes of the experiments conducted at metabolically
limiting exposure conditions, i.e., at 4°C versus 37°C, an approach used elsewhere to unravel the
contribution of cellular metabolism to the overall toxic response elicited by specific agents
[26,27,29,30]. Surprisingly, we found that MG28 and MG46 cause a slightly, although non-
significantly, more extensive damage to nuclear DNA at 4°C than at 37°C. In other words, the two
SFR derivatives damage DNA independently of cellular metabolism: hence their DNA lesions are
likely to result from a direct attack on DNA helices. Importantly, this inference is in remarkable
accordance with the high affinity and binding capacity to isolated DNA of MG28 and MG46 shown
in Figures 1S1 and 2SI and Table 1SI.

The slightly higher accumulation of DNA SSBs observed at 4°C may be due to the inhibition of DNA
repair mechanisms similar to other temperature-sensitive/dependent cellular processes.
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In analogy with the tendency to the increased accumulation of MGs-DNA SSBs observed after
treatment of cells at 4°C, a slightly higher cytotoxic response could also be observed. Notably, a good
linear correlation was again found when we plotted the level of DNA lesions versus the corresponding
growth inhibition values. Our results hint at a pivotal role of DNA damage induction in MG toxicity.
Overall, the results discussed so far have three important implications.

First, the DNA lesions caused by MG28 and MG46 differ from those caused by the parental
compound SFR. Indeed, while the latter is mediated by the generation of ROS secondary to the
inhibition of the MRC, the DNA damage caused by the MG compounds depends on a metabolically
unrelated event, such as direct reactions with nuclear DNA. The fact that the DNA damage caused
by the MGs are profoundly, structurally, and mechanistically different from SFR-induced lesions is
also strengthened by the fact that MGs, unlike SFR, lead to MN formation.

Second, the DNA lesions caused by the MGs, unlike those caused by SFR, are causally related to the
cytotoxic response observed in intoxicated cells. Indeed, while we have demonstrated elsewhere that
the DNA SSBs caused by SFR concur but do not determine its cytotoxic response [21], in the case of
MGs a good correlation between the levels of DNA damage and cell death was observed
independently of significantly different experimental conditions (i.e., metabolically permissive
versus metabolically limiting intoxication temperatures). The far lower cytotoxic relevance of SFR-
DNA lesions, compared to those caused by both MGs, is not surprising: indeed, it is known that
oxidant-induced DNA SSBs, despite their abundance, are moderately toxic to mammalian cells
[27,42]. The reduced toxicity might depend on the high efficacy of the nuclear machinery repairing
oxidative lesions, which are rapidly removed. Contrarily to oxidative lesions we found that the SSBs
caused by MGs are characterized by far longer persistence, i.e., another strong clue of their non-
oxidative nature, likely at the basis of their consistent toxicological impact.

Third, the condensation with rhodol platforms significantly modifies the cellular pharmacokinetics
of ITC and facilitates, in particular, targeting the ITC residue to the nucleus via energy-independent
mechanisms (i.e., passive diffusion into the nuclei).

Taken collectively, these data clearly show that MG28 and MG46 display quantitatively and
qualitatively different toxic profiles as compared to their parental compounds. In particular, MG’s
cytotoxicity seems mostly dependent on their DNA-damaging activity. Identification of these new
characteristics suggests potential pharmacological use of the MG conjugates as chemotherapeutic
agents against cancer. Indeed, the ability to severely damage DNA represents a prominent mechanism
of action for many conventional anticancer drugs such as anthracyclines, cisplatin, maphosphamide
and other alkylating agents [23]. Of note, the activity of MG compounds seems to be not selective
for cancer cells as that of conventional anticancer agents. This aspect should be carefully investigated
to fully understand their toxicological profile.

Compared to these established drugs, MGs might also offer the advantage of being easily detectable
in biological fluids and targeted tissues by their fluorescence, which might help determine their
pharmacokinetics during the clinical routine.

Experimental Section

Chemistry. All the commercially available reagents and solvents were purchased from Sigma-
Aldrich (St. Louis, MO, USA), Alpha Aesar (Haverhill, MA, USA), VWR (Radnor, PA, USA), and
TCI (Tokyo, Japan), which were used without further purification. Reactions were followed by
analytical thin layer chromatography (TLC) on precoated TLC plates (layer 0.20 mm silica gel 60
with a fluorescent indicator UV254, from Sigma-Aldrich). The developed plates were air-dried and
analyzed under a UV lamp (UV 254/365 nm) using a KMnOg stain. Nuclear magnetic resonance
(NMR) experiments were run on Varian VXR 400 (400 MHz for *H, 100 MHz for *3C). Chemical
shifts (d) are reported in parts per million (ppm) relative to tetramethylsilane (TMS) as an internal
reference and coupling constants (J) are reported in hertz (Hz). The spin multiplicities are reported as
s (singlet), br s (broad singlet), d (doublet), t (triplet), g (quartet), and m (multiplet). Mass spectra
were recorded on a VG707EH-F apparatus, and electrospray ionization (ESI) was applied in both
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positive and negative mode. Compounds were named following IUPAC rules as applied by
ChemBioDraw Ultra (version 17.0). All the final compounds showed >95% purity by elemental
analysis.

4,4'-(o-tolylmethylene)bis(benzene-1,3-diol) (1). To a solution of Resorcinol (1 g, 9 mmol, 1 eq)
and 2-methylbenzaldehyde (0.545 g, 0.52 ml, 4.5 mmol, 1 eq) in 50 ml of dichloromethane/diethyl
ether (1/1), methanesulfonic acid was added (4.6 ml) and the resulting mixture was stirred at room
temperature for 24h.The mixture was then diluted with diethyl ether (25 ml) and ethyl acetate (25 ml)
and washed with NaHCO3 saturated solution (2 x 50 ml) and brine (50 ml) to give an orange solid
that was purified through gravity chromatography wusing as eluent a mixture of
dichloromethane/methanol (9:1). Obtained 0.826 g of a brown oil (57 % yield). *H-NMR (400 MHz,
DMSO0) § 2.01 (s, 3H), 5.56 (s, 1H), 6.21-6.27 (m, 4H), 6.41-6.44 (m, 2H), 7.10-7.03 (m, 4H).

6-hydroxy-9-(o-tolyl)-4,4a-dihydro-3H-xanthen-3-one (2). Compound 1 (0.800 g, 2.5 mmol, 1 eq)
and p-toluensulfonic acid (2.7 g, 0.02 mol, 8 eq) were dissolved in dry toluene (50 ml) and the mixture
was refluxed in a Dean-Stark apparatus for 12h. The solution was cooled down and the solvent was
removed under vacuum. The residue obtained was tacked up with ethyl acetate (30 ml) and washed
with HCI ag 1N (2 x 30 ml) and brine (2 x 30 ml). The organic phase was dried over magnesium
sulfate, dried, and evaporated to give a crude that was purified through flash chromatography using
as eluent a mixture of dichloromethane/methanol/acetic acid (9:1:0.1). Obtained 0.245 g of an orange
oil (32 % yield); *H-NMR (400 MHz, CDCls) 6 1.99 (s, 3H), 7.03-7.16 (m, 2H), 7.22-7.49 (m, 6H),
7.58 (dd, J = 7.2, 1.2 Hz, 1H).

tert-butyl (6-((3-ox0-9-(o-tolyl)-3H-xanthen-6-yl)oxy)hexyl)carbamate (5). To a solution of 6-
hydroxy-9-(o-tolyl)-3H-xanthen-3-one 2 (0.50 g, 1.6 mmol, 1 eq) in dimethylformamide (10 ml), 6-
((tert-butoxycarbonyl)amino)hexyl 4-methylbenzenesulfonate 3 [43] (0.59 g, 1.6 mmol, 1 eq) and
potassium carbonate (0.221 g, 1.6 mmol, 1leq) were added. The resulting mixture was stirred at
refluxed temperature for 12h. After this time, the solvent was removed under vacuum; the residue
was tacked up in dichloromethane (20 ml) and washed with water (2 x 20 ml), brine (20 ml). The
organic layer was dried over magnesium sulfate and evaporated to give a residue that was purified
through flash chromatography using as eluent a mixture of ethyl acetate/petroleum ether (3:1).
Obtained 0.45 g of 5 as colorless (57 % yield). *H-NMR (400 MHz, CDCls) § 1.34-1.55 (m, 13H),
1.71-1.85 (m, 4H), 2.01 (s, 3H), 3.21 (t, 2H, J = 6.0 Hz), 4.03 (t, 2H, J = 6.4 Hz), 6.46 (d, 1H, J =2
Hz), 6.50-6.55 (dd, 1H, J = 9.6, 2.0 Hz), 6.78-6.81 (dd, 1H, J = 9.2, 2.0 Hz), 6.93-6.99 (m, 3H) 7.18
(d, 1H, J =6.4 Hz), 7.30-7.37 (m, 2H), 7.47-7.52 (m, 1H).)

tert-butyl (2-(2-((3-0x0-9-(o-tolyl)-3H-xanthen-6-yl)oxy)ethoxy)ethyl)carbamate (6). To a
solution of 6-hydroxy-9-(o-tolyl)-3H-xanthen-3-one 2 (0.514 g, 1.7 mmol, 1 eq) in
dimethylformamide (10 ml), 2-(2-((tert-butoxycarbonyl)amino)ethoxy)ethyl 4-
methylbenzenesulfonate 4 (0.611 g, 1.7 mmol, 1 eq) and potassium carbonate (0.235 g, 1.7 mmol,
leq) were added. The resulting mixture was stirred at refluxed temperature for 12h. After this time,
the solvent was removed under vacuum. The residue was tacked up in dichloromethane (20 ml) and
washed with water (2 x 20 ml), brine (20 ml). The organic layer was dried over magnesium sulfate
and evaporated to give a residue that was purified through flash chromatography using as eluent a
mixture of ethyl acetate/petroleum ether (3:1). Obtained 0.40 g of 6 as colorless (49 % yield). *H-
NMR (400 MHz, CDClz) 6 1.35 (s, 9H), 1.98 (s, 3H), 3.24-3.28 (m, 2H), 3.54 (t, 2H, J = 7.2 Hz),
3.78 (t, 2H, J = 8.0 Hz), 4.17 (t, 2H, J = 4.4 Hz), 5.11 (brs, 1H), 6.40 (d, 1H, J = 2 Hz), 6.50 (dd, 1H,
J=94,24Hz),6.75 (dd, 1H, J = 9.2, 2.4 Hz), 6.88-6.93 (m, 3H), 7.08 (dd, 1H, 7.4, 0.8 Hz), 7.26-
7.36 (m, 2H), 7.38-7.40 (m, 1H).
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General procedure for the synthesis of MG27 and MG42. The corresponding Boc-protected amine
5 or 10 was dissolved in methanol and HCI ag 6N was added. The resulting mixture was stirred
overnight at room temperature. The solution was neutralized (pH = 7-8) with potassium bicarbonate
and the solvent was removed under vacuum. The residue was tacked up with dichloromethane and
washed with water (2 times), brine and dried over magnesium sulfate. The organic layers were
evaporated to give a residue that was purified through flash chromatography using as eluent a mixture
of dichloromethane /methanol/aqueous ammonia 33 % (9:1:0.1) to give the corresponding amine
MG27 or MG42.

6-((6-aminohexyl)oxy)-9-(o-tolyl)-3H-xanthen-3-one (MG27). Compound 5 (0.200 g, 0.40 mmol),
HCI ag 6N 5 ml. Obtained 0.155 g of a yellow oil (quantitative yield). *H-NMR (400 MHz, CDCls)
§ 1.39-1.47 (m, 4H), 1.74-1.83 (m, 4H), 1.99 (s, 3H), 2.65 (m, 2H), 3.99 (t, 2H, J = 6.4 Hz), 6.43 (d,
1H, J = 2.0,)6.55 (dd, 1H, J = 9.6, 2.0 Hz), 6.73 (dd, 1H, J = 9.2, 2.8 Hz), 6.91-6.96 (m, 3H), 7.14
(d, 1H, J = 7.2), 7.35-7.39 (m, 2H), 7.42-7.46 (m, 1H).

6-(2-(2-aminoethoxy)ethoxy)-9-(o-tolyl)-3H-xanthen-3-one (MG42). Compound 6 (0.250 g, 0.51
mmol), HCI ag 6N 5 ml. Obtained 0.190 g of a yellow oil (quantitative yield). *H-NMR (400 MHz,
CDCl3) 6 2.04 (s, 3H), 2.93 (m, 2H), 3.61 (t, 2H, ] = 4.8 Hz), 3.86 (t, 2H, J = 4.8 Hz), 4.24 (t, 2H, J
= 4.8 Hz), 6.43 (d, 1H, J = 1.6 Hz), 6.54 (dd, 1H, J=9.0 Hz 2.0 Hz), 6.77 (dd, 1H, J = 8.8, 2.4 Hz),
6.90-6.97 (m, 3H), 7.11-7.14 (m, 1H), 7.32-7.38 (m, 2H), 7.42-7.46 (m, 1H).

General procedure for the synthesis of MG28 and MG 46. The corresponding amine MG27 or
MG42 was dissolved in dichloromethane and 1,1’-thiocarbonyldi-2(1H)-pyridone dissolved in
dichloromethane was added dropwise. The resulting mixture was stirred overnight at room
temperature. The solvent was removed to give a residue that was purified through flash
chromatography using as eluent a mixture of ethyl acetate/petroleum ether (7:3) to give the
corresponding target compounds MG28 or MG46.

6-((6-isothiocyanatohexyl)oxy)-9-(o-tolyl)-3H-xanthen-3-one (MG28). Compound MG27 (0.076
g,0.19 mmol, 1 eq), 1,1’-Thiocarbonyldi-2(1H)-pyridone (0.043 g, 0.19 mmol, 1 eq). Obtained 0.062
g of MG28 as yellow oil (yield 74%). *H-NMR (400 MHz, CDCls) & 1.49-1.55 (m, 4H), 1.72-1.75
(m, 2H), 1.84-1.88 (m, 2H), 2.05 (s, 3H), 3.55 (t, 2H, J = 6.8 Hz), 4.09 (t, 2H, J = 6.4 HZz), 6.50 (d,
1H,J=1.6 Hz),6.59 (dd, J=1H,J=9.8, 1.2 Hz), 6.77 (dd, 1H, J = 8.8, 2.4 Hz), 6.95-6.99 (m, 3H),
7.16 (d, 1H, J = 6.8 Hz), 7.34-7.39 (m, 2H), 7.43-7.47 (m,1H); *C-NMR (400 MHz, CDCl3) § 19.73,
25.40, 26.41, 28.82, 29.78, 29.93, 45.06, 68.76, 100.90, 105.79, 114.43, 114.17, 118.19, 126.21,
129.15, 129.61, 129.64, 129.89, 130.70, 130.74, 132.56, 136.23, 150.27, 154.93, 159.11, 164.11,
185.43; HRMS (ESI) m/z: calcd for C27H25NO3S+ [M + H]+, 443.5610; found, 443.5603.

6-(2-(2-isothiocyanatoethoxy)ethoxy)-9-(o-tolyl)-3H-xanthen-3-one (MG46). Compound MG42
(0.100 g, 0.23 mmol, 1 eq), 1,1’-Thiocarbonyldi-2(1H)-pyridone (0.053 g, 0.19 mmol, 1 eq).
Obtained 0.090 g of MG46 as yellow oil (yield 91%). *H-NMR (400 MHz, DMSO) § 2.04 (s, 3H),
3.68 (t, 2H, J =5.2 Hz), 3.74-3.77 (m, 2H), 3.91 (t, 2H, J = 4.8 Hz), 4.25 (t, 2H, J = 6.4 Hz), 6.44 (d,
1H,J=2.0 Hz), 6.54 (dd, 1H, J = 10.0, 2.0 Hz) 6.80-6.82 (m, 1H), 6.94-6.98 (m, 3H), 7.13-7.15 (m,
1H), 7.32-7.38 (m, 2H), 7.42-7.45 (m, 1H); C-NMR (400 MHz, CDCls) & 19.68, 45.34, 68.24,
69.48, 69.62, 101.20, 105.79, 113.96, 114.62, 118.32, 126.18, 129.12, 129.60, 30.03, 130.71, 130.66,
132.48, 136.20, 149.84, 154.63, 159.05, 163.52, 185.76; HRMS (ESI) m/z: calcd for C25H21NO4S+
[M + H]+, 431.5060; found, 431.5072.

Fluorometric titrations. Fluorometric titrations were performed on a Perkin Elmer F20. Excitation
was set at the wavelength of pick absorption (459 nm for MG28, 466 nm for MG46). A solution of
ligand (1 mM) was added with increasing concentration of ctDNA (Sigma) in 10 mM Tris, 50
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mMKCI, pH 7.4, 25°C. For data analyses, the signal emission at 510 nm was plotted as a function of
ctDNA concentration (in residues). The reported apparent Kgs were derived from three independent
titrations.

Gel electrophoresis. Electrophoretic assays were performed on ssDNA oligonucleotides (ss-C:
d(G2ATGTGAGTGTGAGTGTGAG?2) and ss-: d(C2TCACACTCACACATCACATC?2) and on the
corresponding dsDNA (ds, obtained by annealing equimolar concentration of ss-c and ss). Stock
solutions of tested compounds were added to a 0.2 mg DNA solution in 10 mM Tris, 50 mM KCl,
pH 7.4. After 30 min incubation at 37°C, samples were loaded on polyacrylamide gels (20 %
acrylamide:bisacrylamide 19:1) under native (1X TBE) or denaturing conditions (1X TBE, 7 M urea).
Resolved bands were visualized by ethidium bromide staining and visualized on a Geliance apparatus.

Biology

Cell culture and treatments. Cells were grown at 37°C in an atmosphere of 95% air and 5% CO-,
as described in Fimognari et al. [44]. Jurkat and TK6 cells were cultured in suspension in RPMI 1640
medium supplemented with antibiotics (100 U/ml penicillin, 100 pug/ml streptomycin), 1.2 mM
glutamine and 10% fetal bovine serum. U-937, MOLM-13, and MV4-11 cells were cultured in RPMI
1640 medium supplemented with 1% antibiotics, 1% glutamine and 10% fetal calf serum; OCI-
AML3 cells were cultured in a-MEM supplemented with 1% antibiotics, 1% glutamine and 10% fetal
calf serum.; RPMI-1788 cells were cultured in RPMI 1640 medium supplemented with 1%
antibiotics, 1% glutamine and 20% fetal calf serum. For experiments, experimentally growing cells
were resuspended at 1.5 x 10° cells/ml or 0.2-0.35 x 10° cells/ml/experimental sample and treated for
the indicated times with MG compounds in complete culture medium pre-warmed at 37°C; in some
experiments, limited to the treatment stage, medium pre-chilled at 4°C was used.

Cytotoxicity assays. Immediately after treatments, cells were washed and resuspended at 7.5 x 10*
in 2 ml of drug-free medium in 35 mm culture plates; cytotoxicity was determined after 72 h (Jurkat
cells) or 24 (TK6 cells) post-treatment growth with the Trypan blue exclusion assay. Besides,
cytotoxicity was determined with the same viability assay after 72 h treatment with MG 28 or MG46
in U-937, OCI-AML3, MOLM-13, MV4-11, and RPMI-1788 cells. Briefly: an aliquot of cell
suspension was diluted 1:1 with 0.4% trypan blue and the cells were counted with a hemocytometer
or a semi-automated image-based cell analyzer. Results are expressed as “Cell number - percent of
controls”, which is the percent ratio of viable cells in treated versus untreated samples. The enzymatic
viability assay MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Merck,
Darmstadt, Germany) was additionally performed after 72 h treatment with MG28 or MG46 of Jurkat
cells. Briefly, cells were exposed to 0.5 mg/ml MTT solution in fresh medium for 90 min in the
incubator. At the end of the incubation, the MTT solution was removed and DMSO was added to
solubilize formazan salts, whose formation is proportional to cell viability. Absorbance was measured
at 570 nm using a Victor X3 multimodal plate reader (Perkin Elmer, Waltham, MA, USA).

Measurement of caspases 3 and 8 activities. Apoptosis was quantified 3 h post-treatment using
caspase 3 and 8 activity assays. Caspase activities were analyzed using the Caspase 3 Colorimetric
Protease Assay Kit or Caspase 8 Colorimetric Protease Assay Kit (Thermo Fisher Scientific,
Carlsbad, CA, USA). Caspases recognize and cleavage the substrates IETD (lle-Glu-Thr-Asp) or
DEVD (Asp-Glu-Val-Asp), specific for caspase 8 and 3, respectively, conjugated with the
chromophore p-nitroanilide (pNA). Briefly, after treatments, 3 x 10° cells/sample were washed in
PBS (phosphate-buffered saline) 1X and lysed in Cell Lysis Buffer on ice for 10 min. After
centrifugation at 10000 x g, protein concentration of the supernatants was determined according to
the Bradford assay [45]. Cellular lysates, normalized by protein concentration, were then incubated
with 2X Reaction Buffer, DTT 10 mM and 200 uM of caspase 8 or caspase 3 substrate for 2 h at
37°C in the dark. The absorbance of the chromophore pNA free was measured at 405 nm with the
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microplate reader Victor X3 (Perkin Elmer, Waltham, MA, USA). Caspase activities were reported
as a fold increase in treated cells compared to untreated cells.

Transmission electron microscopy. Jurkat cells were treated for 1 h with MG compounds, post-
incubated for 5 h, washed and immediately fixed in situ with 2.5 % glutaraldehyde in 0.1 M phosphate
buffer for 15 min. Cells were centrifuged and pellets were fixed in a new fixative solution for 45 min.
0s04 post-fixation, alcohol dehydration, and Araldite embedding were performed as reported [46].
Ultrathin sections were deposited on nickel 400 mesh grids and stained with uranyl acetate and lead
citrate. They were observed with a Philips CM10 transmission electron microscope (Philips Medical
Systems S.p.A., Monza, Italy) at 80KV.

Determination of mitochondrial membrane potential. MitoProbeTM DilCy1(5) Assay kit
(Molecular Probes) was used to determine the mitochondrial membrane potential. DilC1(5)
(1,1,3,3,3',3'-hexamethylindodicarbo-cyanine iodide), accumulated in mitochondria with active
membrane potentials, produces far-red fluorescence: the fluorescence intensity decreases with the
leakage of mitochondrial membrane potential. The mitochondrial membrane-potential disrupter
CCCP (carbonyl cyanide 3-chlorophenylhydrazone) was positive control. After treatments, 10° cells
were stained with 50 nM DilC1(5) for 20 min at 37°C, 5% CO,. After washing in 1X PBS, cells were
analyzed via flow cytometry by EasyCyte 5HT (Merck Millipore). For each sample, at least 10000
events were evaluated. Results were expressed as a percentage of cells with decreased mitochondrial
potential compared to untreated cells.

Analysis of PARP and p53 expression. The expression of cleaved PARP1 and p53 was analyzed in
Jurkat cells. Briefly, 3 h post-treatment with concentrations of MG 28 and MG46 up to 6 uM, 1 x 10°
cells/sample were fixed and permeabilized by 4% paraformaldehyde and 90% methanol, respectively.
Cells were then incubated for 30 min with recombinant rabbit monoclonal cleaved PARP antibody
0.5 pg/ml (MA5-37112, Invitrogen, Thermo Fisher Scientific, Rockford, IL, USA) or anti-p53 mouse
monoclonal antibody 1 pg/1 x 10° cells (sc-71817, Santa Cruz Biotechnology, Dallas, TX, USA).
After washing with incubation buffer (1X PBS added with 1% bovine serum albumin), samples were
incubated with secondary antibodies: goat anti-Rabbit 1gG (H+L) antibody Alexa Fluor™ 647 0.5
pg/ml (Invitrogen) or F(ab")2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor™ 647, 5 pug/ml (Invitrogen), respectively. Samples were analyzed via flow cytometry
using Guava EasyCyte 6-2L (Luminex, Austin, TX, USA) and the fold increase of mean fluorescence
intensity (MFI) compared to untreated cells.

Fast halo assay (FHA). FHA has been carried out as described in [47]. Briefly, after the treatments,
the cells were resuspended at 4.0 x 10* /100 pl in ice-cold phosphate-buffered saline (8 g/l NaCl, 1.15
g/l Na2HPQg4, 0.2 g/l KH2POg4, 0.2 g/l KCI) containing 5 mM EDTA: this cell suspension was diluted
with an equal volume of 2.0 % low-melting agarose in phosphate-buffered saline and immediately
sandwiched between an agarose-coated slide and a coverslip. After complete gelling on ice, the
coverslips were removed, and the slides were immersed in 0.3 M NaOH for 15 min at room
temperature. Ethidium bromide (10 pg/ml) was directly added to NaOH during the last 5 min of
incubation. The slides were then washed and destained for 5 min in distilled water. The ethidium
bromide-labeled DNA was visualized using a Leica DMLB/DFC300F fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) and the resulting images were digitally recorded on a
personal computer and processed with an image analysis software (Scion Image). The extent of strand
scission is expressed as nuclear diffusion factor (NDF), which represents the ratio between the total
area of the halo plus nucleus and that of the nucleus [47].

H2AX phosphorylation assay. P-H2AX was assessed after 3 h treatment of Jurkat cells with
concentrations of MG28 and MG46 up to 8 uM. Briefly, cells were fixed with paraformaldehyde 4%
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and permeabilized using methanol 90%. After permeabilization, cells were washed with incubation
buffer and incubated for 30 min with the antibody anti-P-H2AX (Ser139) eFluor™ 660 (dilution
1:200, 50-9865-4, eBioscience™, Invitrogen). Etoposide 10 pug/ml was used as a positive control.
Samples were analyzed via flow cytometry and results were expressed as a fold increase of P-H2AX
in treated cells versus untreated cells.

MN assay. MN assay was conducted on TK6 cells exposed for 4 h to MG28 and MG46 increasing
concentrations, resulting in <55 + 5% of cytotoxicity and grown for further 20 h in drug-free medium.
Therefore, the highest concentration tested was 4 uM for both MGs, which caused 74.25 + 12.76%
(MG28) and 64.21 + 2.14% (MG46). MN assay was performed according to [48]. In short,
cytochalasin-B (Sigma-Aldrich) was added after 44 h at a final concentration of 6 pg/ml. From each
sample, a slide was prepared using a cytocentrifuge. Slides were stained with May-Griinwald/Giemsa
and left to dry at room temperature. The frequency of micronuclei in 1000 binucleated cells was
analyzed by microscopic analysis (magnification 100x in immersion). The obtained results were
expressed in terms of increased frequency of micronuclei in treated cultures compared to that of
control cultures.

Statistics. The statistical analyses for each experimental condition are provided in the figure legends.
Specifically, the methods for data analysis, including the tests used, significance levels, and any
adjustments for multiple comparisons, are detailed alongside each corresponding figure.
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