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Despite the discovery and development of novel therapies, cancer is still a leading cause
of death worldwide. In order to grow, tumor cells require large quantities of nutrients
involved in metabolic processes, and an increase in iron levels is known to contribute to
cancer proliferation. Iron plays an important role in the active site of a number of proteins
involved in energy metabolism, DNA synthesis and repair, such as ribonucleotide
reductase, which induce GO/S phase arrest and exert a marked antineoplastic effect,
particularly in leukemia and neuroblastoma. Iron-depletion strategies using iron chelators
have been shown to result in cell cycle arrest and apoptosis. Deferoxamine (DFO) was
the first FDA-approved drug for the treatment of iron overload pathologies, and has
also been recognized as having anticancer properties. The high cost, low permeability
and short plasma half-life of DFO led to the development of other iron-chelating
drugs. Pyridoxal isonicotinoyl hydrazone (PIH) and its analogs chelate cellular iron by
tridentate binding, and inhibit DNA synthesis more robustly than DFO, demonstrating
an effective antiproliferative activity. Here, we investigated the biological effects of a
PIH derivative, 3-chloro-N'-(2-hydroxybenzylidene)benzohydrazide (CHBH), known to
be a lysine-specific histone demethylase 1A inhibitor. We showed that CHBH is able to
induce cell proliferation arrest in several human cancer cell lines, including lung, colon,
pancreas and breast cancer, at micromolar levels. Our findings indicate that CHBH
exerts a dual anticancer action by strongly impairing iron metabolism and modulating
chromatin structure and function.

Keywords: novel therapies, cancer, epigenetics, iron chelating agent, chromatin remodeling

INTRODUCTION

Despite continuous advances in screening, prevention and therapy, cancer remains a leading
cause of death worldwide. Research efforts are therefore focused on finding new and specific
therapeutic targets for personalized therapies that take into account individual variability (Collins
and Varmus, 2015). However, precision medicine requires the use of precision drugs able to act
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only on the molecular determinant driving the specific
disease, without producing adverse side effects. Thus, in
recent years the drug discovery process has contributed to
scientific advancements (Drews, 2000) by identifying novel small
molecules with anticancer activity. High-throughput screening
provides a new approach to drug discovery, allowing the
screening of large libraries of heterogeneous compounds and the
evaluation of their target modulation and biological effect. Cell
death impairment is one of the six hallmarks of human cancer
(Hanahan and Weinberg, 2000, 2011). A cancer cell retains the
ability to undergo apoptosis, but signal transduction pathways are
often silenced and therefore inactive. The remarkable potential
of epigenetic drugs used in epigenetic therapy is their ability
to reactivate these signals by correcting epigenetic defects. The
last few years have seen growing scientific interest in the search
for epi-targets to be exploited in diagnostics, prognostics and
therapeutics. In addition, specific nutrients involved in different
metabolic processes have been investigated as potential targets
of anticancer drugs (Cheong et al., 2012; DeBerardinis and
Chandel, 2016; Kalyanaraman, 2017). Iron, for example, is
present inside cells in two main oxidation states, ferric (Fe?*)
and ferrous (Fe®>*), and is necessary for oxygen transport, energy
transduction, macromolecule biosynthesis, and cell proliferation
(Andrews, 2008; Pantopoulos et al., 2012). The rapid growth of
tumor cells requires a large amount of iron, and the dysregulation
of iron metabolism with increased uptake and decreased storage
contributes to cancer progression. Recent studies show the
exciting potential role of iron chelators in anticancer treatments
(Richardson, 2002; Buss et al., 2003; Hatcher et al., 2009).

The siderophore deferoxamine (DFO) was the first molecule
with a chelating mechanism used for thalassemia (Olivieri et al.,
1998), and was later evaluated in clinical trials to assess its
antiproliferative activity mediated by blocking G0/S phases for
the treatment of neuroblastoma and leukemia (Lovejoy and
Richardson, 2002; Richardson, 2005). However, DFO has two
major drawbacks: oral inactivity due to hydrophilicity and a short
half-life. Consequently, new compounds were developed as an
alternative to DFO for cancer treatment, including deferiprone
(DFP) (Jamuar and Lai, 2012; Martin-Bastida et al., 2017),
triapine (Richardson, 2002; Myers et al., 2011) and hydrazones.
Pyridoxal isonicotinoyl hydrazone (PIH) is a tridentate chelator
which binds iron by carbonyl and phenolic oxygen, and imine
nitrogen (Buss et al., 2002), with a ligand/iron ratio of 2:1.
PIH was shown to act in cells by inhibiting DNA synthesis,
as does DFO, but with greater efficiency (Richardson et al.,
1995; Richardson and Ponka, 1998), principally as a result of
its increased lipophilicity, which allows better penetration of the
plasma membrane (Lovejoy and Richardson, 2003).

Here, by screening 23 commercial molecules we better
characterized a PIH derivative, 3-chloro-N’-(2-hydroxybenzy-
lidene)benzohydrazide (CHBH), known to be a lysine-specific
histone demethylase 1A (LSD1) inhibitor (Sorna et al.,, 2013).
LSD1 was the first enzyme found able to demethylate lysines 4
and 9 in histone H3 (Hayward and Cole, 2016; Maiques-Diaz and
Somervaille, 2016) via a flavin-dependent monoamine oxidase
mechanism (Forneris et al., 2005), thereby regulating gene
expression (Miao and Natarajan, 2005; Cheng and Zhang, 2007).

LSD1 is overexpressed in several human cancer cell lines (Kahl
etal.,2006; Lim et al., 2010; Hayami et al., 2011; Niebel et al., 2014;
Chen et al., 2017; Zou et al., 2017). We found that CHBH is able
to induce cell proliferation arrest in a number of human cancer
cell lines, including lung, colon, pancreas and breast cancer, while
sparing normal cells.

Our findings show that CHBH is able to induce selective
cancer cell death through both chromatin modulation and
elimination of intracellular iron pools, making it a promising
anticancer agent.

MATERIALS AND METHODS

Cell Lines

Cell lines were tested and authenticated following the
manufacturer’s instructions: DSMZ for NB4 and ATCC for
all the others. HCT-116 and HT-29 (colon cancer), MCF7 (breast
cancer), A549 (lung cancer), MiaPaCa (pancreas carcinoma),
and A2058 (melanoma) cells were propagated in Dulbecco’s
modified Eagle’s medium (Euroclone, Milan, Italy) with 10%
fetal bovine serum (FBS) (Euroclone), 2 mM L-glutamine
(Euroclone) and antibiotics (100 U/ml penicillin, 100 mg/ml
streptomycin; Euroclone). NB4 (acute promyelocytic leukemia)
and K562 (chronic myelogenous leukemia) cells were propagated
in RPMI-1640 medium containing 4.5 g/L glucose (Euroclone)
supplemented with 10% FBS (Euroclone), 100 U/mL penicillin-
streptomycin (Euroclone) and 2 mM L-glutamine (Euroclone).
MRC5 (normal human lung) cells were propagated in Eagle’s
minimum essential medium (Euroclone) supplemented with
10% FBS (Euroclone), and 10 pg/ml gentamicin solution
(Euroclone).

Cell Cycle and Cell Death Analysis

HCT-116 and NB4 cells were treated for 24 and 72 h with
CHBH (25 wM), or with SAHA (5 wM) or PKF118-310 (1 uM),
used as positive controls of cell death. After treatment, cells
were collected, then centrifuged (1,200 rpm for 5 min) and
suspended in a solution containing 1X PBS, 0.1% sodium citrate,
0.1% NP40, and 50 mg/mL propidium iodide. After 20 min of
incubation at room temperature in the dark, cell cycle and cell
death were evaluated by FACS (FACSCalibur, BD Biosciences,
San Jose, CA, United States) and analyzed by FACS with Cell
Quest Pro software (BD Biosciences). Cell death was measured
as a percentage of cells in pre-G1 phase.

MTT Assay

The viability of cells was determined using the standard MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. Briefly, 5 x 10* cells/well were plated in a 24-well plate
and treated, in triplicate, with CHBH at different concentrations
for 24 and 72 h. MTT solution was added for 3 h at 0.5 mg/mL,
the purple formazan crystals were dissolved in DMSO (Sigma-
Aldrich, St. Louis, MO, United States) and the absorbance was
read at a wavelength of 570 nm with a TECAN M-200 reader
(Tecan, Minnedorf, Switzerland).
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Protein Histone Extraction

HCT-116 cells were treated with 25 wM CHBH for 24 and 48 h.
After treatment, cells were harvested and washed twice with PBS
(Euroclone). Cells were then lysed in triton extraction buffer
(TEB) containing PBS with 0.5% Triton X-100 (v/v), 2 mM
phenylmethylsulfonyl fluoride (PMSF), 0.02% (w/v) NaN3 at a
cell density of 107 cells/mL for 10 min on ice and centrifuged
(2,000 rpm at 4°C for 10 min). The supernatant was removed
and the pellet washed in half the volume of TEB and centrifuged
another time. The pellet was suspended in 0.2N HCI overnight at
4°C on arolling table. The samples were centrifuged at 2,000 rpm
for 10 min at 4°C and the supernatant recovered. The histone
protein was determined using a Bradford assay (Bio-Rad, Milan,
Italy).

Western Blotting

Western blotting analysis was performed following the
recommendations of antibody suppliers and loading 8 g
of histone extracts on 15% polyacrylamide gels. Antibodies
used were: H3K9me2, H3K27me3, H3K4me3, and H3K9/14ac
(Diagenode, Liege, Belgium); histone H4 (Abcam, Cambridge,
United Kingdom). Semi-quantitative analysis was performed
using Image] software.

Enzymatic Assay

CHBH activity on KDM4A enzyme was evaluated by KDM4A
Inhibitor Enzymatic Assay Kit (Epi-C srl, Naples, Italy). CHBH
was incubated for 30 min at 37°C with 13.5 pL buffer, 6 pL
substrate and 4.5 pL human recombinant protein in a 96-
well black half-area plate. Next, 24 wL developer 1 solution
and 6 nL developer 2 solution were added in each well. After
30 min at room temperature the fluorescence was read with a
TECAN M-200 reader at excitation wavelength of 370 nm and
emission wavelength of 470 nm. The experiment was performed
in triplicate.

EnSpire Binding Assay

KDM4A-GST enzyme was purified by Escherichia coli BL21
bacteria after transfection with PGEX-4T-1-KDM4A plasmid.
One bacterial colony was grown in LB Broth medium (Sigma-
Aldrich) supplemented with antibiotics (100 pg/mL ampicillin)
in a shaking incubator overnight. When optical density was in
a range between 0.6 and 0.8, protein expression was induced
by isopropyl-p-D-1-thiogalactopyranoside (AppliChem, Milan,
Italy) at 200 pM concentration for 7 h. The bacteria were lysed
by sonication (Bioruptor, Diagenode) in lysis buffer containing
PBS with 1 mM dithiothreitol (DTT) (AppliChem), 0.5 mM
PMSF (AppliChem) and mini protease inhibitor cocktail (PIC)
1x (Roche, Monza, Italy). The enzyme was purified using a
GSTrap 4B column (GE Healthcare Life Sciences, Milan, Italy).
The purified recombinant KDM4A (40 mg/mL) was then dialysed
in water solution (100 mM NaCl, 1 mM DTT, 50 mM sodium
acetate pH 6.0). For the binding assay, the enzyme was diluted
in sodium acetate solution (20 mM pH 6.0) to obtain a final
concentration of 150 pg/mL, and 15 pL of this solution was
put in 384 high-performance optical microplate wells. The plate

was centrifuged at 800 rpm for 1 min and incubated overnight
at 4°C. The following day, the immobilized enzyme was washed
four times using 25 pL PBS, centrifuging the plate at 800 rpm for
1 min after each wash. After the last wash the plate was incubated
at room temperature for 3 h, and during the last 30 min was
placed in the EnSpire instrument (PerkinElmer, Milan, Italy) to
equilibrate before the binding assay. Next, the baseline was read
and 15 pL of either CHBH or positive or negative control was
added into the plate at 100, 50, and 25 M (in PBS solution with
0.1% DMSO). Finally, the plate was reloaded into the EnSpire
instrument to start final reads.

Calcein-AM Assay

Chronic myelogenous leukemia K562 cells were loaded at a
density of 1 x 10%/mL in normal medium and treated with
calcein-acetoxymethyl ester (calcein-AM) (Life Technologies,
Carlsbad, CA, United States) at 0.125 uM for 15 min at 37°C
and 5% CO,. Cells were then washed three times with PBS and
three times with distilled water. The pellet was resuspended in
500 WL water, lysed by thermic shock and centrifuged for 30 min
at 1,300 rpm. The supernatant was recovered and the calcein
read using a TECAN M-200 reader in a 96-well black half-area
plate at excitation wavelength of 488 nm and emission wavelength
of 516 nm. Ammonium iron(IIl) sulfate dodecahydrate (AIS)
(Fluka, Bucharest, Romania) was added at 30 and 100 M final
concentration to quench the calcein. CHBH and positive control
(EDTA) at 100 wM were co-administered with AIS to evaluate
iron-chelating activity (Cabantchik et al., 1996; Epsztejn et al.,
1997; Konijn et al., 1999).

Statistical Analysis

Data were presented as the mean &+ SD of biological triplicates.
Differences between the treatment groups and controls were
compared using one-way analysis of variance (ANOVA) and
Dunnett’s multiple-comparison test. Differences between groups
were considered to be significant at a p- value of < 0.05. Statistical
analyses were performed using GraphPad Prism 6.0 software
(GraphPad Software, Inc., San Diego, CA, United States).

RESULTS

CHBH Induces Cell Death in Human

Cancer Cell Lines

We screened a panel of 23 synthetic compounds (Supplementary
Figure S1) for their cytotoxic activity in two human cancer
cell lines, and identified CHBH as a promising anticancer
drug candidate (Figure 1A). Colon cancer HCT-116 and acute
promyelocytic leukemia NB4 cells were left untreated or treated
at the indicated times with 25 uM CHBH (Figures 1B,C)
and with two well-characterized anticancer drugs, SAHA and
PKF118-310 (Nebbioso et al., 2005; Franci et al., 2017). After
incubation, cell cycle progression was determined by FACS
analysis. Our data revealed that CHBH affected HCT-116
distribution over cell cycle phases within 48 h, reducing G1
phase and increasing S phase (Figure 1B). Furthermore, CHBH-
induced cell death, expressed as a percentage of cells in pre-G1
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FIGURE 1 | Impact of CHBH on cell cycle of HCT-116 and NB4 cells.
(A) Chemical structure of CHBH; (B,C) FACS analysis showing that CHBH
impairs cell cycle progression and induces cell death in HCT-116 and NB4
cells. The total amount of cells in G1, S, G2/M, and pre-G1 is 100%. Values
are mean =+ SD of biological triplicates.

phase, increased in a time-dependent manner. Compared to
untreated cells, CHBH induced increased cell death at 48 h,
although not to the same level as PKF118-310 (~20 vs. ~70%,
respectively).

In the NB4 cell line, CHBH had a marked impact on cell
cycle progression after 24 h, inducing a robust (*80%) cell
death similar to or higher than that mediated by PKF118-
310 and SAHA, respectively (Figure 1C). Taken together, these
initial findings strongly suggest a promising CHBH-mediated
antiproliferative effect in these two solid and hematological
cancer cell systems.

To better investigate CHBH cytotoxicity, we tested the
viability of other human cancer cell lines after exposure to the
compound (Figure 2). By MTT colorimetric assay, we evaluated
the effect of different doses of CHBH in MCF7 (breast), A549
(lung), MiaPaCa (pancreas), A2058 (melanoma), and HT-29
(colon) cancer cell lines after 24 and/or 72 h treatment. The
viability of all cell lines was affected by CHBH incubation in a

time- and dose-dependent manner. As shown by ICsq values at
72 h, colon cancer HT-29 cells were the most sensitive (ICsg
~0.95 wM; Figure 2E), followed in decreasing sensitivity by A549
(ICs50 ~2.4 wM; Figure 2B), A2058 (ICsg ~6.5 wM; Figure 2D),
and MiaPaCa (ICs5p ~9.5 wM; Figure 2C) cell lines. In breast
cancer MCF?7 cells, CHBH displayed moderate cytotoxicity with
ICs5p ~48 wM (Figure 2A). Interestingly, no significant effect
on viability was observed in the MRC5 normal lung cell line.
Even when MRC5 cells were exposed to the highest dose of
CHBH, no significant difference was observed, compared to the
control (Figure 2F). Normal cell viability was not affected as it
was in the other cell lines, suggesting that the CHBH-induced
antiproliferative effect may be a cell type-independent cancer
response, occurring both in hematological and solid cancer cell
lines but not in normal cells.

CHBH Impairs Histone Methylation and

Acetylation Levels

We next performed Western blotting analysis to confirm that
CHBH acts as an inhibitor of LSD1 enzyme. HCT-116 cells
were treated with 25 puM CHBH for 24 and 48 h, and levels
of H3K4me3, H3K9me2, and H3K27me3 were determined on
histone extracts (Figure 3A). LSD1 inhibition resulted in a
general gain of histone H3 methylation. Specifically, CHBH
treatment induced in a time-dependent manner an increase in
H3K4me3 peaking at over sevenfold at 48 h and an increase
in H3K9me2 at over fivefold at 24 h. Furthermore, H3K27me3
signal increased by and remained stable at twofold within
48 h. Consistent with the above findings, CHBH treatment
reduced global acetylation levels of histone H3 (Figure 3A, right
panel), highlighting CHBH-induced chromatin modulation. We
obtained similar findings in other solid (A549; Figure 3B)
and hematological (NB4; Figure 3C) cancer cell lines. Given
the strong impact of the compound on cell cycle progression
(Figure 1C), NB4 cells were treated with 10 .M CHBH for 24 h.
Taken together, these data indicate that, via LSDI1 inhibition,
CHBH triggers wide-ranging histone alterations responsible for
the activation or repression of specific loci. Further investigations
will be required to understand which genes are involved in the
response to CHBH.

KDMJ4A Is Not a Target of CHBH

To better characterize the enzymatic selectivity of CHBH, we
investigated its ability to inhibit another lysine demethylase,
KDM4A, by using an in vitro enzymatic assay (Figure 4A)
and a binding assay (Figure 4B). We performed the in vitro
enzymatic assay for KDM4A as described in Franci et al. (2017).
Briefly, KDM4A-mediated H3K9me3 demethylation leads to
formaldehyde production. The reaction between formaldehyde,
ammonia, and acetoacetanilide produces a fluorescent adduct
which is detected at excitation wavelength of 370 nm and
emission wavelength of 470 nm. If the compound under
investigation acts as an inhibitor, the reaction is blocked and
the fluorescence signal decreases. As reported in Figure 4A, we
tested KDM4A activity against 10 different concentrations of
CHBH, ranging from 400 to 0.78 pM. Unlike PKF118-310, our
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positive control of inhibition, CHBH treatment did not result in
significant modulation of KDM4A activity.

We confirmed these results by evaluating the binding between
CHBH and KDM4A by EnSpire label-free biochemical assay
(Figure 4B). This technique allows the detection of interactions
in real time by measuring the change in wavelength of refracted
light in response to binding between KDM4A, previously
immobilized onto a plate, and the molecules being tested. The
difference in wavelength (measured in picometers) is reported
as the response. As shown in Figure 4B, incubation of CHBH
in wells containing immobilized KDM4A resulted in minimal
response compared to the changes in wavelength observed in

presence of the positive control at the same concentration. CHBH
response was similar to the negative control. These data confirm
that CHBH does not act on KDM4A enzyme and indicate that the
compound is a selective inhibitor of LSD1.

CHBH Dequenches Calcein-lron
Complex

Since CHBH is a derivative of PIH, we investigated its activity
as an iron chelator in order to better assess its anticancer
cytotoxicity. We evaluated the ability of CHBH to scavenge iron
by measuring intracellular fluorescence with the iron-sensitive
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FIGURE 3 | Impact of CHBH on methylation and acetylation levels of histone H3. Western blot analysis of expression levels of H3K4me3, H3K9me2, H3K27me3,
and H3K9/14ac in (A) HCT-116 (B) A549 and (C) NB4 cells after treatment with CHBH at indicated times and concentrations. H4 antibody was used for protein
normalization. Values are mean + SD.

probe calcein (Figure 5). Chronic myelogenous leukemia K562
cells were treated according to the basic concepts of calcein
fluorescence assay (Cabantchik et al., 1996) to determine the
iron-chelating ability of CHBH to sequester iron from cells.
Specifically, K562 cells were treated with the cell-permanent

dye calcein-AM, which is converted inside the cell to a
green-fluorescent calcein, detected at excitation wavelength of
488 nm and emission wavelength of 516 nm. We observed
that calcein fluorescence was quenched by iron addition in a
dose-dependent manner. CHBH fully restored the quenching
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FIGURE 4 | CHBH does not target KDM4A. (A) KDM4 activity evaluated by
in vitro enzymatic assay in presence of 10 different concentrations of CHBH.
PKF118-310 at 10 WM was used as positive control. (B) Binding between
KDM4A and CHBH evaluated by EnSpire label-free biochemical assay. The
response was measured in picometers (pm) as the difference in wavelength.
Values are mean + SD of biological triplicates. ****p-value < 0.0001, ns
p-value > 0.05 vs. control.

of calcein fluorescence by iron to a similar degree to that of
the positive control, EDTA. This finding shows that CHBH is a
strong iron-chelating agent, accounting - at least in part - for its
antiproliferative action in the cancer cell lines investigated in this
study.

DISCUSSION

The six hallmarks of cancer defined by Hanahan and Weinberg as
capabilities acquired during malignant transformation that allow
cancer cells to survive, proliferate, and disseminate (Hanahan
and Weinberg, 2000, 2011) are the main targets of current
anticancer therapies. The definition of cancer hallmarks has made
a significant contribution to the rapid growth of drug discovery
research into new molecules able principally to induce cancer
cell death. In recent years, small molecule drug discovery in
the field of oncology has focused on identifying compounds
with well-characterized mechanisms of action (Fouad and Aanei,
2017; Hyman et al.,, 2017). However, the increased awareness
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CHBH100pM - - - - - + +
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FIGURE 5 | Dequenching of calcein—iron complex by CHBH. Fluorescence
assay of K562 cells treated with calcein-AM, (NH4)2Fe(SO4)2, DMSO
(negative control), EDTA (positive control) and CHBH at the indicated time.
The iron-chelating property of CHBH is comparable to that of EDTA. Values
are mean £ SD of biological triplicates.

that effective cancer treatment is highly dependent on drug
combinations has driven the development of drugs that are
simultaneously able to affect different biological processes in
order to optimize clinical benefits for patients (Hoelder et al,
2012). The recognition that cancer hallmarks are orchestrated
by aberrant epigenetic alterations and the fact that many of
these alterations are druggable has propelled the discovery of
small molecules targeting different classes of epigenetic enzymes
(Falahi et al., 2014; Schnekenburger et al., 2016). Therapeutic
strategies using epigenetic drugs, which control several biological
processes, provide a multi-target approach against the hallmarks
of cancer (Kelly et al., 2010; Nebbioso et al., 2011; Block et al,,
2015).

We screened a number of commercially available molecules
for their potential cytotoxic activity in solid and hematological
cancer cell lines, and identified CHBH as a compound able to
affect chromatin structure as well as iron metabolism. CHBH
reduced the viability of a panel of cancer cell lines with
ICsp values in the micromolar range, suggesting its beneficial
application in multiple settings. Interestingly, we found that
CHBH did not affect the viability of a normal cell line. Thus,
we provide promising initial evidence that CHBH is cytotoxic
for cancer cells but not for normal cells. CHBH is known to
be an inhibitor of LSD1. LSDI is a demethylase that converts
H3K4me2 or H3K9me2 into mono- or unmethylated forms,
inhibiting the expression of its target genes (Shi et al, 2004;
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Amente et al,, 2013; Hyun et al., 2017). When inhibited, LSD1
increases H3K4 methylation levels leading to the expression
of tumor suppressor genes (Rotili and Mai, 2011; Jin et al,
2013). LSD1 is overexpressed in several human cancer cells,
indicating its key role in tumor cell growth and survival (Hayami
et al, 2011; Liu et al., 2018). We therefore speculated that
CHBH may exert its anticancer action by inhibiting LSD1
activity. Consistent with this hypothesis, our findings showed
that CHBH treatment results in a general increase in histone
H3 methylation levels followed by a reduction in H3 acetylation
levels. The effects of CHBH on methylation and acetylation
levels of histone H3 correlated with its impact on HCT-116
viability at 24 and 48 h. Further research is necessary to
determine which genes are regulated upon CHBH-mediated
chromatin remodeling in order to identify oncogenes and tumor
suppressor genes responsible for CHBH-induced cell death. In
addition, data from our KDM4A studies showed that CHBH
may be an LSD1-selective inhibitor. This property would make
it a suitable candidate for future studies investigating the
role of LSD1 in both biological processes and LSD1-driven
diseases.

Cell death can also be due to altered iron metabolism (Torti
and Torti, 2013). Iron levels increase in cancer cells, thereby
sustaining their growth and survival (Manz et al., 2016). By
fluorescence assay, we demonstrated that CHBH, a derivative
of PIH, is an iron-chelating agent with comparable efficacy to
EDTA, thus pointing to its dual anticancer action. Our findings
provide initial evidence that the cancer-selective cytotoxic effect
of CHBH is due partly to the rearrangement of chromatin
by LSD1 inhibition, which may lead to reactivation of tumor
suppressor genes, and partly the removal of iron from cancer
cells as a result of its iron-chelating property. Both actions
require further clarification to gain a greater insight into the
molecular mechanisms underlying the antioncogenic effects of
CHBH. In conclusion, we show for the first time that this
compound strongly reduces cancer cell proliferation both by
impairing iron metabolism and modulating chromatin structure
via LSD1-selective inhibition. One of the emerging challenges
in pharmacology is indeed the design of small molecules able
to inhibit simultaneously several molecular targets in malignant

REFERENCES

Alvarez, R., Altucci, L., Gronemeyer, H., and de Lera, A. R. (2011). Epigenetic
multiple modulators. Curr. Top. Med. Chem. 11, 2749-2787. doi: 10.2174/
156802611798184436

Amente, S., Lania, L., and Majello, B. (2013). The histone LSD1 demethylase
in stemness and cancer transcription programs. Biochim. Biophys. Acta 1829,
981-986. doi: 10.1016/j.bbagrm.2013.05.002

Andrews, N. C. (2008). Forging a field: the golden age of iron biology. Blood 112,
219-230. doi: 10.1182/blood-2007-12-077388

Block, K. I, Gyllenhaal, C., Lowe, L., Amedei, A., Amin, A., Amin, A,, et al. (2015).
Designing a broad-spectrum integrative approach for cancer prevention and
treatment. Semin. Cancer Biol. 35(Suppl.), S276-S304. doi: 10.1016/j.semcancer.
2015.09.007

Buss, J. L., Neuzil, J., and Ponka, P. (2002). The role of oxidative stress in the toxicity
of pyridoxal isonicotinoyl hydrazone (PTH) analogues. Biochem. Soc. Trans. 30,
755-757. doi: 10.1042/bst0300755

transformation, where a plethora of altered pathways determine
the hallmarks of cancer (Alvarez et al., 2011; Nebbioso et al., 2011;
Ganesan, 2016). The use of a single drug eliciting two different
effects may represent a promising approach for cancer therapy
and overcome the drawbacks of combination therapies in terms
of drug resistance, toxicity, and side effects.

AUTHOR CONTRIBUTIONS

AN and LA: conception of the work. FS, CP, GE, JA, BC, and CM:
experimental study, data analysis, and interpretation. AN and FS:
writing of the manuscript. All authors gave final approval of the
manuscript.

FUNDING

This work was supported by the VALERE: Vanvitelli per la
Ricerca Program, the Italian Flagship Project EPIGEN, PRIN-
20152TE5PK, the Italian Association for Cancer Research (AIRC-
17217), and the EU-H2020-RISE Program: Ocean Medicines (to
Epi-C).

ACKNOWLEDGMENTS

The authors would like to thank the editor for assistance and
C. Fisher for language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2018.01006/full#supplementary-material

FIGURE S1 | Cytotoxic activity of a panel of 23 synthetic compounds. FACS
analysis of 23 compounds screened in (A,B) HCT-116 and (C) NB4 cell lines.
SAHA and PKF118-310 were used as controls. The total amount of cells in G1, S,
G2/M, and pre-G1 is 100%. Values are mean + SD of biological triplicates.

Buss, J. L., Torti, F. M., and Torti, S. V. (2003). The role of iron chelation in cancer
therapy. Curr. Med. Chem. 10, 1021-1034. doi: 10.2174/0929867033457638
Cabantchik, Z. I, Glickstein, H., Milgram, P., and Breuer, W. (1996). A fluorescence
assay for assessing chelation of intracellular iron in a membrane model system
and in mammalian cells. Anal. Biochem. 233, 221-227. doi: 10.1006/abio.1996.
0032

Chen, J., Ding, J., Wang, Z., Zhu, J., Wang, X., and Du, J. (2017). Identification
of downstream metastasis-associated target genes regulated by LSD1 in colon
cancer cells. Oncotarget 8, 19609-19630. doi: 10.18632/oncotarget.14778

Cheng, X, and Zhang, X. (2007). Structural dynamics of protein lysine methylation
and demethylation. Mutat. Res. 618, 102-115. doi: 10.1016/j.mrfmmm.2006.
05.041

Cheong, H., Lu, C., Lindsten, T., and Thompson, C. B. (2012). Therapeutic
targets in cancer cell metabolism and autophagy. Nat. Biotechnol. 30, 671-678.
doi: 10.1038/nbt.2285

Collins, F. S., and Varmus, H. (2015). A new initiative on precision medicine.
N. Engl. ]. Med. 372, 793-795. doi: 10.1056/NEJMp1500523

Frontiers in Pharmacology | www.frontiersin.org

September 2018 | Volume 9 | Article 1006


https://www.frontiersin.org/articles/10.3389/fphar.2018.01006/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2018.01006/full#supplementary-material
https://doi.org/10.2174/156802611798184436
https://doi.org/10.2174/156802611798184436
https://doi.org/10.1016/j.bbagrm.2013.05.002
https://doi.org/10.1182/blood-2007-12-077388
https://doi.org/10.1016/j.semcancer.2015.09.007
https://doi.org/10.1016/j.semcancer.2015.09.007
https://doi.org/10.1042/bst0300755
https://doi.org/10.2174/0929867033457638
https://doi.org/10.1006/abio.1996.0032
https://doi.org/10.1006/abio.1996.0032
https://doi.org/10.18632/oncotarget.14778
https://doi.org/10.1016/j.mrfmmm.2006.05.041
https://doi.org/10.1016/j.mrfmmm.2006.05.041
https://doi.org/10.1038/nbt.2285
https://doi.org/10.1056/NEJMp1500523
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Sarno et al.

CHBH in Anticancer Therapy

DeBerardinis, R. J., and Chandel, N. S. (2016). Fundamentals of cancer metabolism.
Sci. Adv. 2:¢1600200. doi: 10.1126/sciadv.1600200

Drews, J. (2000). Drug discovery: a historical perspective. Science 287, 1960-1964.
doi: 10.1126/science.287.5460.1960

Epsztejn, S., Kakhlon, O., Glickstein, H., Breuer, W., and Cabantchik, I. (1997).
Fluorescence analysis of the labile iron pool of mammalian cells. Anal. Biochem.
248, 31-40. doi: 10.1006/abio.1997.2126

Falahi, F., van Kruchten, M., Martinet, N., Hospers, G. A., and Rots, M. G. (2014).
Current and upcoming approaches to exploit the reversibility of epigenetic
mutations in breast cancer. Breast Cancer Res. 16:412. doi: 10.1186/s13058-014-
0412-z

Forneris, F., Binda, C., Vanoni, M. A., Mattevi, A., and Battaglioli, E. (2005).
Histone demethylation catalysed by LSD1 is a flavin-dependent oxidative
process. FEBS Lett. 579, 2203-2207. doi: 10.1016/j.febslet.2005.03.015

Fouad, Y. A., and Aanei, C. (2017). Revisiting the hallmarks of cancer. Am. J.
Cancer Res. 7,1016-1036.

Franci, G., Sarno, F., Nebbioso, A., and Altucci, L. (2017). Identification and
characterization of PKF118-310 as a KDM4A inhibitor. Epigenetics 12, 198-205.
doi: 10.1080/15592294.2016.1249089

Ganesan, A. (2016). Multitarget drugs: an epigenetic epiphany. ChemnMedChem 11,
1227-1241. doi: 10.1002/cmdc.201500394

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-70.
doi: 10.1016/S0092-8674(00)81683-9

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646-674. doi: 10.1016/j.cell.2011.02.013

Hatcher, H. C,, Singh, R. N,, Torti, F. M., and Torti, S. V. (2009). Synthetic and
natural iron chelators: therapeutic potential and clinical use. Future Med. Chem.
1, 1643-1670. doi: 10.4155/fmc.09.121

Hayami, S., Kelly, J. D., Cho, H. S., Yoshimatsu, M., Unoki, M., Tsunoda, T.,
et al. (2011). Overexpression of LSD1 contributes to human carcinogenesis
through chromatin regulation in various cancers. Int. J. Cancer 128, 574-586.
doi: 10.1002/ijc.25349

Hayward, D., and Cole, P. A. (2016). LSD1 histone demethylase assays
and inhibition. Methods Enzymol. 573, 261-278. doi: 10.1016/bs.mie.2016.
01.020

Hoelder, S., Clarke, P. A., and Workman, P. (2012). Discovery of small molecule
cancer drugs: successes, challenges and opportunities. Mol. Oncol. 6, 155-176.
doi: 10.1016/j.molonc.2012.02.004

Hyman, D. M., Taylor, B. S., and Baselga, J. (2017). Implementing genome-driven
oncology. Cell 168, 584-599. doi: 10.1016/j.cell.2016.12.015

Hyun, K., Jeon, J., Park, K., and Kim, J. (2017). Writing, erasing and reading
histone lysine methylations. Exp. Mol. Med. 49:e324. doi: 10.1038/emm.
2017.11

Jamuar, S. S., and Lai, A. H. (2012). Safety and efficacy of iron chelation therapy
with deferiprone in patients with transfusion-dependent thalassemia. Ther.
Adv. Hematol. 3,299-307. doi: 10.1177/2040620712450252

Jin, L., Hanigan, C. L., Wu, Y., Wang, W., Park, B. H., Woster, P. M., et al.
(2013). Loss of LSD1 (lysine-specific demethylase 1) suppresses growth and
alters gene expression of human colon cancer cells in a p53- and DNMT1(DNA
methyltransferase 1)-independent manner. Biochem. . 449, 459-468. doi: 10.
1042/BJ20121360

Kahl, P., Gullotti, L., Heukamp, L. C., Wolf, S., Friedrichs, N., Vorreuther, R., et al.
(2006). Androgen receptor coactivators lysine-specific histone demethylase 1
and four and a half LIM domain protein 2 predict risk of prostate cancer
recurrence. Cancer Res. 66, 11341-11347. doi: 10.1158/0008-5472.CAN-06-
1570

Kalyanaraman, B. (2017). Teaching the basics of cancer metabolism: developing
antitumor strategies by exploiting the differences between normal and
cancer cell metabolism. Redox Biol. 12, 833-842. doi: 10.1016/j.redox.2017.
04.018

Kelly, T. K., De Carvalho, D. D., and Jones, P. A. (2010). Epigenetic modifications
as therapeutic targets. Nat. Biotechnol. 28, 1069-1078. doi: 10.1038/
nbt.1678

Konijn, A. M., Glickstein, H., Vaisman, B., Meyron-Holtz, E. G., Slotki, I. N., and
Cabantchik, Z. I. (1999). The cellular labile iron pool and intracellular ferritin
in K562 cells. Blood 94, 2128-2134.

Lim, S., Janzer, A., Becker, A., Zimmer, A., Schule, R., Buettner, R., et al. (2010).
Lysine-specific demethylase 1 (LSD1) is highly expressed in ER-negative breast

cancers and a biomarker predicting aggressive biology. Carcinogenesis 31,
512-520. doi: 10.1093/carcin/bgp324

Liu, C, Liu, L, Chen, X., Cheng, J., Zhang, H., Zhang, C, et al. (2018).
LSD1 stimulates cancer-associated fibroblasts to drive Notch3-dependent self-
renewal of liver cancer stem-like cells. Cancer Res. 78, 938-949. doi: 10.1158/
0008-5472.CAN-17-1236

Lovejoy, D. B., and Richardson, D. R. (2002). Novel "hybrid" iron chelators
derived from aroylhydrazones and thiosemicarbazones demonstrate selective
antiproliferative activity against tumor cells. Blood 100, 666-676. doi: 10.1182/
blood.V100.2.666

Lovejoy, D. B., and Richardson, D. R. (2003). Iron chelators as anti-neoplastic
agents: current developments and promise of the PIH class of chelators. Curr.
Med. Chem. 10, 1035-1049. doi: 10.2174/0929867033457557

Maiques-Diaz, A., and Somervaille, T. C. (2016). LSDI1: biologic roles and
therapeutic targeting. Epigenomics 8, 1103-1116. doi: 10.2217/epi-2016-0009

Manz, D. H,, Blanchette, N. L., Paul, B. T., Torti, F. M., and Torti, S. V.
(2016). Iron and cancer: recent insights. Ann. N. Y. Acad. Sci. 1368, 149-161.
doi: 10.1111/nyas.13008

Martin-Bastida, A., Ward, R. J., Newbould, R., Piccini, P., Sharp, D., Kabba, C., et al.
(2017). Brain iron chelation by deferiprone in a phase 2 randomised double-
blinded placebo controlled clinical trial in Parkinson’s disease. Sci. Rep. 7:1398.
doi: 10.1038/s41598-017-01402-2

Miao, F., and Natarajan, R. (2005). Mapping global histone methylation patterns
in the coding regions of human genes. Mol. Cell. Biol. 25, 4650-4661.
doi: 10.1128/MCB.25.11.4650-4661.2005

Myers, J. M., Antholine, W. E., Zielonka, J., and Myers, C. R. (2011). The iron-
chelating drug triapine causes pronounced mitochondrial thiol redox stress.
Toxicol. Lett. 201, 130-136. doi: 10.1016/j.toxlet.2010.12.017

Nebbioso, A., Clarke, N., Voltz, E., Germain, E., Ambrosino, C., Bontempo, P.,
et al. (2005). Tumor-selective action of HDAC inhibitors involves TRAIL
induction in acute myeloid leukemia cells. Nat. Med. 11, 77-84. doi: 10.1038/
nmll61l

Nebbioso, A., Pereira, R., Khanwalkar, H., Matarese, F., Garcia-Rodriguez, J.,
Miceli, M., et al. (2011). Death receptor pathway activation and increase of ROS
production by the triple epigenetic inhibitor UVI5008. Mol. Cancer Ther. 10,
2394-2404. doi: 10.1158/1535-7163.MCT-11-0525

Niebel, D., Kirfel, J., Janzen, V., Holler, T., Majores, M., and Gutgemann, I.
(2014). Lysine-specific demethylase 1 (LSD1) in hematopoietic and lymphoid
neoplasms. Blood 124, 151-152. doi: 10.1182/blood-2014-04-569525

Olivieri, N. F., Brittenham, G. M., McLaren, C. E., Templeton, D. M., Cameron,
R. G., McClelland, R. A,, et al. (1998). Long-term safety and effectiveness of
iron-chelation therapy with deferiprone for thalassemia major. N. Engl. ]. Med.
339, 417-423. doi: 10.1056/NEJM199808133390701

Pantopoulos, K., Porwal, S. K., Tartakoff, A., and Devireddy, L. (2012). Mechanisms
of mammalian iron homeostasis. Biochemistry 51, 5705-5724. doi: 10.1021/
bi300752r

Richardson, D. R. (2002). Therapeutic potential of iron chelators in cancer therapy.
Adyv. Exp. Med. Biol. 509, 231-249. doi: 10.1007/978-1-4615-0593-8_12

Richardson, D. R. (2005). Molecular mechanisms of iron uptake by cells and the use
of iron chelators for the treatment of cancer. Curr. Med. Chem. 12, 2711-2729.
doi: 10.2174/092986705774462996

Richardson, D. R., and Ponka, P. (1998). Orally effective iron chelators for the
treatment of iron overload disease: the case for a further look at pyridoxal
isonicotinoyl hydrazone and its analogs. J. Lab. Clin. Med. 132, 351-352.
doi: 10.1016/50022-2143(98)90049-X

Richardson, D. R,, Tran, E. H., and Ponka, P. (1995). The potential of iron chelators
of the pyridoxal isonicotinoyl hydrazone class as effective antiproliferative
agents. Blood 86, 4295-4306.

Rotili, D., and Mai, A. (2011). Targeting histone demethylases: a new avenue for
the fight against cancer. Genes Cancer 2, 663-679. doi: 10.1177/194760191
1417976

Schnekenburger, M., Florean, C., Dicato, M., and Diederich, M. (2016). Epigenetic
alterations as a universal feature of cancer hallmarks and a promising target
for personalized treatments. Curr. Top. Med. Chem. 16, 745-776. doi: 10.2174/
1568026615666150825141330

Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J. R., Cole, P. A,, et al. (2004).
Histone demethylation mediated by the nuclear amine oxidase homolog LSD1.
Cell 119, 941-953. doi: 10.1016/j.cell.2004.12.012

Frontiers in Pharmacology | www.frontiersin.org

September 2018 | Volume 9 | Article 1006


https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1126/science.287.5460.1960
https://doi.org/10.1006/abio.1997.2126
https://doi.org/10.1186/s13058-014-0412-z
https://doi.org/10.1186/s13058-014-0412-z
https://doi.org/10.1016/j.febslet.2005.03.015
https://doi.org/10.1080/15592294.2016.1249089
https://doi.org/10.1002/cmdc.201500394
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.4155/fmc.09.121
https://doi.org/10.1002/ijc.25349
https://doi.org/10.1016/bs.mie.2016.01.020
https://doi.org/10.1016/bs.mie.2016.01.020
https://doi.org/10.1016/j.molonc.2012.02.004
https://doi.org/10.1016/j.cell.2016.12.015
https://doi.org/10.1038/emm.2017.11
https://doi.org/10.1038/emm.2017.11
https://doi.org/10.1177/2040620712450252
https://doi.org/10.1042/BJ20121360
https://doi.org/10.1042/BJ20121360
https://doi.org/10.1158/0008-5472.CAN-06-1570
https://doi.org/10.1158/0008-5472.CAN-06-1570
https://doi.org/10.1016/j.redox.2017.04.018
https://doi.org/10.1016/j.redox.2017.04.018
https://doi.org/10.1038/nbt.1678
https://doi.org/10.1038/nbt.1678
https://doi.org/10.1093/carcin/bgp324
https://doi.org/10.1158/0008-5472.CAN-17-1236
https://doi.org/10.1158/0008-5472.CAN-17-1236
https://doi.org/10.1182/blood.V100.2.666
https://doi.org/10.1182/blood.V100.2.666
https://doi.org/10.2174/0929867033457557
https://doi.org/10.2217/epi-2016-0009
https://doi.org/10.1111/nyas.13008
https://doi.org/10.1038/s41598-017-01402-2
https://doi.org/10.1128/MCB.25.11.4650-4661.2005
https://doi.org/10.1016/j.toxlet.2010.12.017
https://doi.org/10.1038/nm1161
https://doi.org/10.1038/nm1161
https://doi.org/10.1158/1535-7163.MCT-11-0525
https://doi.org/10.1182/blood-2014-04-569525
https://doi.org/10.1056/NEJM199808133390701
https://doi.org/10.1021/bi300752r
https://doi.org/10.1021/bi300752r
https://doi.org/10.1007/978-1-4615-0593-8_12
https://doi.org/10.2174/092986705774462996
https://doi.org/10.1016/S0022-2143(98)90049-X
https://doi.org/10.1177/1947601911417976
https://doi.org/10.1177/1947601911417976
https://doi.org/10.2174/1568026615666150825141330
https://doi.org/10.2174/1568026615666150825141330
https://doi.org/10.1016/j.cell.2004.12.012
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Sarno et al.

CHBH in Anticancer Therapy

Sorna, V., Theisen, E. R., Stephens, B., Warner, S. L., Bearss, D. J,
Vankayalapati, H., et al. (2013). High-throughput virtual screening identifies
novel N’-(1-phenylethylidene)-benzohydrazides as potent, specific, and
reversible LSD1 inhibitors. J. Med. Chem. 56, 9496-9508. doi: 10.1021/jm4
00870h

Torti, S. V., and Torti, F. M. (2013). Iron and cancer: more ore to be mined. Nat.
Rev. Cancer 13, 342-355. doi: 10.1038/nrc3495

Zou, Z. K., Huang, Y. Q.,, Zou, Y., Zheng, X. K., and Ma, X. D. (2017). Silencing
of LSD1 gene modulates histone methylation and acetylation and induces
the apoptosis of JeKo-1 and MOLT-4 cells. Int. J. Mol. Med. 40, 319-328.
doi: 10.3892/ijmm.2017.3032

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Sarno, Papulino, Franci, Andersen, Cautain, Melardo, Altucci and
Nebbioso. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

10

September 2018 | Volume 9 | Article 1006


https://doi.org/10.1021/jm400870h
https://doi.org/10.1021/jm400870h
https://doi.org/10.1038/nrc3495
https://doi.org/10.3892/ijmm.2017.3032
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	3-Chloro-N'-(2-hydroxybenzylidene)benzohydrazide: An LSD1-Selective Inhibitor and Iron-Chelating Agent for Anticancer Therapy
	Introduction
	Materials and Methods
	Cell Lines
	Cell Cycle and Cell Death Analysis
	MTT Assay
	Protein Histone Extraction
	Western Blotting
	Enzymatic Assay
	EnSpire Binding Assay
	Calcein-AM Assay
	Statistical Analysis

	Results
	CHBH Induces Cell Death in Human Cancer Cell Lines
	CHBH Impairs Histone Methylation and Acetylation Levels
	KDM4A Is Not a Target of CHBH
	CHBH Dequenches Calcein–Iron Complex

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


