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The TBX2 transcription factor plays critical roles during embryonic development and it
is overexpressed in several cancers, where it contributes to key oncogenic processes
including the promotion of proliferation and bypass of senescence. Importantly, based
on compelling biological evidences, TBX2 has been considered as a potential target
for new anticancer therapies. There has therefore been a substantial interest to identify
molecules with TBX2-modulatory activity, but no such substance has been found to
date. Here, we adopt a targeted approach based on a reverse-affinity procedure to
identify the ability of chromomycins As (CAs) and Ag (CAg) to interact with TBX2. Briefly, a
TBX2-DNA-binding domain recombinant protein was N-terminally linked to a resin, which
in turn, was incubated with either CAs or CAg. After elution, bound material was analyzed
by UPLC-MS and CAs was recovered from TBX2-loaded resins. To confirm and quantify
the affinity (Kp) between the compounds and TBX2, microscale thermophoresis analysis
was performed. CAs and CAg modified the thermophoretic behavior of TBX2, with a
Kp in micromolar range. To begin to understand whether these compounds exerted
their anti-cancer activity through binding TBX2, we next analyzed their cytotoxicity
in TBX2 expressing breast carcinoma, melanoma and rhabdomyosarcoma cells. The
results show that CAs was consistently more potent than CAg in all tested cell lines
with ICsg values in the nM range. Of the cancer cell types tested, the melanoma cells
were most sensitive. The knockdown of TBX2 in 501 mel melanoma cells increased their
sensitivity to CAs by up to 5 times. Furthermore, inducible expression of TBX2 in 501mel
cells genetically engineered to express TBX2 in the presence of doxycycline, were less
sensitive to CAs than the control cells. Together, the data presented in this study suggest
that, in addition to its already recognized DNA-binding properties, CAs may be binding
the transcription factor TBX2, and it can contribute to its cytotoxic activity.

Keywords: DNA-binding agents, T-box factors, reverse affinity, microscale thermophoresis, melanoma,
chromomycins
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INTRODUCTION

Traditionally, drug discovery and development (D&D) programs
have made use of phenotypic approaches, which are characterized
by observable changes in a disease model (animal or cellular).
Advances in molecular biology and biochemistry, as well
as the sequencing of the human genome, has enabled a
more reductionist and rational approach to D&D. It has
made possible the principle of targeting molecular drivers
of diseases as well as increasing and improving approaches
to targeting these molecules (Strausberg and Schreiber, 2003;
Overington et al, 2006; Swinney and Anthony, 2011). In
this context, designing targeted-based drug screening protocols
with integrated strategies, is an attractive point to start drug
discovery programs.

Affinity-based methods have gained attraction as innovative
approaches to targeted oriented drug discovery. These involve the
use of a molecular probe that is specifically designed to identify
one or more target proteins from many others present in a
complex cell lysate mixture. The identification and quantification
of the isolated targets are ascertained by liquid-chromatography
coupled to tandem mass spectrometry (LC-MS) (Rylova et al.,
2015). Using the reverse of this approach, Lau et al. (2015)
screened natural crude extracts for compounds with affinity for a
specific biological protein that had previously been characterized
and, hence, proposed as an important therapeutic target. Briefly,
in this approach, the target protein was attached to an affinity
resin, exposed to complex natural extracts and compounds that
were bound to the protein were then detected by LC-MS.

The establishment of new targets in cancer therapy is a
key step in the development of new effective therapies. In this
realm, the transcription factor TBX2 overexpression has been
directly linked to several cancers, including rhabdomyosarcoma
(Zhu et al., 2016), breast (Jacobs et al., 2000; Redmond et al.,
2010), melanoma (Vance et al, 2005; Peres et al., 2010),
nasopharyngeal (Lv et al., 2017), and prostate cancers (Du et al.,
2017). Indeed, TBX2 functions as a potent growth-promoting
factor, in part due to its ability to bypass senescence and to
repress key negative cell cycle regulators such as p14ARE p21,
and NDRG (Jacobs et al., 2000; Prince et al., 2004; Redmond
et al.,, 2010). Furthermore, there is strong in vitro and in vivo
biological evidence that TBX2 may be a novel target for anti-
cancer drugs that can be administered on their own or in
combination with other chemotherapies. Indeed, knocking down
TBX2 in melanomas or in several metastatic breast cancer cell
lines resulted, respectively, in induction of senescence or in a
profound inhibition of proliferation, regardless of their receptor
status (Peres et al., 2010; Wansleben et al., 2014). TBX2 also
confers resistance to the widely used chemotherapeutic drug
cisplatin by promoting p53 activity via Chk2, further leading
to an S-phase arrest and DNA repair. Importantly, depleting
TBX2 sensitizes cisplatin-resistant breast cancer and metastatic
melanoma cells to this drug. These results suggest that TBX2
stimulates proliferation and inappropriate survival of cells with
damaged DNA (Wansleben et al., 2013). Any drug that therefore
impacts TBX2 expression or activity is likely to have a major
impact on cancer progression and recurrence.

Natural products have provided an important source of
bioactive molecules for clinical use. They are extensively
used in the pharmaceutical industry as either drugs or in
influencing the synthesis and semisynthesis of therapeutic
molecules. Of particular importance, ~60% of anti-cancer agents
currently in the clinic are derived from natural products
(Newman and Cragg, 2016). DNA-binding agents are the
most common class of anticancer drugs. They function by
interacting with DNA of dividing cells, resulting in DNA-
damage and, thus, blocking transcription and replication that,
ultimately, halts the cell cycle and/or activates cell death
pathways. They can also inhibit enzymes that are important
for the maintenance of DNA integrity such as topoisomerases.
Chromomycins are tricyclic glycosylated polyketides belonging
to the aureolic acid family, with promising anticancer activity
and antiproliferative properties (Guimaraes et al., 2014; Pettit
et al., 2015; Pinto et al., 2019). These molecules bind to
the DNA minor groove, causing DNA damage of treated
cells, enhancing the expression of apoptosis related genes
(Boer et al., 2009; Zihlif et al., 2010).

In this context, the present study employed a reverse affinity
approach using the DNA-binding domain of the anticancer
target TBX2 as bait to access the potential affinity of the marine
chromomycins CAs and CAg. Microscale thermophoresis was
applied to quantify the binding affinities of the natural
compounds, CAs and CAg, to TBX2. Cytotoxicity of these
compounds were determined in TBX2-driven breast carcinoma,
melanoma, and rhabdomyosarcoma cell lines.

MATERIALS AND METHODS

Reagents
The isolation and characterization of chromomycins A5 (CAs)
and Ag (CAg) was previously described by Pinto et al. (2019).
The substances were resuspended in dimethyl sulfoxide (DMSO,
Sigma Aldrich, USA). Figure 1A shows the chemical structure of
CA5 and CA6.

Cell Culture

The human melanoma cells lines 501mel, MM200, and WM293a
(kindly donated by Professor Dorothy Bennet, St George's
University of London) were cultured in Roswell Park Memorial
Institute Medium (RPMI)-1640 (Sigma Aldrich, USA). The
human breast adenocarcinoma cell lines MCF-7 (ATCC®
HTB-22) and T47D (ATCC® HTB-133) were cultured in
Dulbecco’s Modified Eagle medium:nutrient mixture F-12 (Ham)
(DMEM/F-12) (Gibco by Thermo Fisher Scientific, USA). The
human embryonal rhabdomyosarcoma cell line RD (ATCC®
CCL-136) and the human alveolar rhabdomyosarcoma cell line
RH30 (kindly provided by Professor Judith Davie, Southern
Illinois University) were cultured in DMEM (Sigma Aldrich,
USA). All culture medium was supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin
and 100 pg/mL streptomycin. Cells were maintained at 370C in
a 5% CO, humidified incubator and medium was replaced every
2-3 days.

Frontiers in Chemistry | www.frontiersin.org

March 2020 | Volume 8 | Article 110



Sahm et al.

DNA-Binding Natural Products as TBX2 Modulators

A B Chromomycin A5
[ - TBX2
\ 0.201 I Survivin
OMe _ I Control
c=0 CH $
O / | 3 o 0.15
HO £
“w
@ 0.0+
<
4
©
& 0054
Chromomycin A6
I TBX2
0204 I Survivin
%) I Control
3
o 0.15
E
@
& 0.10
<
s
Chromomycin A; (CAs) R =COCH(CH3)2 & 0.051
Chromomycin Ag (CAg) R =COCH3 000 | —
C D
9301  —o— CAg .
°
~ 928 5
ol 8
£
g 926 %
£ g
w
924
922 | : |
0 1 2 3 -1 0 1 2 3
Concentration (uM) Concentration (uM)
FIGURE 1 | (A) Chemical structures of the compounds used in the present study: chromomycin As and chromomycin Ag. (B) Relative quantification of compounds
chromomycin As and chromomycin Ag recovered from the bioaffinity chromatography technique using resins functionalized with TBX2 (green) or Survivin (red), or
non-functionalized (control, blue) resin. The value of peak areas (triplicate) was used to construct the graphic. (C) Binding affinities of test compounds to TBX2
assessed through microscale thermophoresis. Normalized fluorescence of labeled TBX2 in the presence of serial concentrations of each of the test molecules. Data
correspond to the mean values from two independent experiments. (D) Bound fraction of fluorescently labeled TBX2 with serial concentrations of each of the two
chromomycins CAs and CAg.

TBX2 Protein Expression and Purification

The coding region of the human TBX2 DNA binding domain
(residues 94-287) was amplified by PCR and cloned into a
PET28b vector between Ndel and Xhol restriction sites to
generate an N-terminal His6-tagged sequence containing
a thrombin cleavage site. The construct was verified by
DNA sequencing. The pET28b-TBX294-287 plasmid was
transformed into Escherichia coli strain BL21(DE3) and
expression carried out at 370C for 4h, resulting in a 215-
amino acid protein with a molecular weight of 24 kDa.
The protein was purified by immobilized nickel affinity
chromatography (GE Healthcare Life Sciences, USA); using

HisTrap HP nickel affinity column (GE Healthcare Life
Sciences, USA), with binding in a buffer containing 20 mM
sodium phosphate buffer (pH 7.5), 500 mM NaCl and 50 mM
imidazole and elution in the same buffer with a 50-300 mM
imidazole gradient. The protein was further purified by size
exclusion chromatography on a Superdex 200 column (GE
Healthcare Life Sciences, USA) in a Reverse Affinity (RA)
buffer containing 20 mM HEPES pH 7.4, 150 mM KCl, 1 mM
MgCl,, 2mM p-mercaptoethanol (BME). Purity of the protein
was verified by SDS-PAGE and protein concentration was
determined using NANODROP 2000 system (Thermo Fisher
Scientific, USA).
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Survivin protein was included in the reverse-affinity
chromatography assay as negative protein control. The survivin
plasmid was obtained from Professor Eli Chapman (Department
of Pharmacology and Toxicology, University of Arizona, USA),
containing the full-length protein with an extra kanamycin-
resistant histidine tail (His-tag). The plasmid was transformed
into the E. coli strain BL21(DE3) and expression carried out at
160C overnight. The survivin protein was purified as described
for the TBX2 DNA binding domain. After removing the non-
specific binders with wash buffer (lysis buffer + 2 mM BME) and
complete astringent washing (50 mM Hepes pH 7.4, 1M KCl,
5mM MgCl,, 2.5% glycerol in ddH,O + 2mM BME), elution
buffer (50 mM Hepes pH 7.4, 150 mM KCI, 5mM MgCly, 5%
glycerol, 250 mM Imidazole in ddH,0) was added. The protein
was further purified overnight by dialysis using Spectra/Por
dialysis membrane of 3.5 kD (Spectrum Labs Inc., USA) and
dialysis buffer (20mM Hepes pH 7.4, 150mM KCI, 1mM
MgCl, in ddH,0), then concentrated in Amicon Ultra-15 10K
(Merck-Millipore, USA) centrifuge filters at 4,000 rpm at 40C.
Purity of the protein was verified as described for TBX2 DNA
binding domain.

Reverse Affinity Procedure

The samples obtained from the bioaffinity chromatography
(triplicate) were solubilized with 0.5 mL of methanol containing
0.2 mg/mL of chlorogenic acid (3-caffeoylquinic acid) used as
internal standard (IS). Samples were filtered in a small column
(made in house on the tip of a Pasteur pipette) containing
Sephadex LH-20 in order to remove the salt scraps from
buffer. Filtered samples were analyzed by UPLC-MS/MS method
on an Acquity TQD (WatersR Corporation, USA) instrument
equipped with an ultra-performance liquid chromatography
(UPLC) system coupled to a mass spectrometer fitted with
an electrospray ionization source and a triple-quadrupole MS
detector. Twenty microliter were injected into a Kinetex—Core-
Shell Technology C18 column (100 A, 50 x 2.1 mm, 1.7 um;
Phenomenex, USA) kept at 40°C. The mobile phase consisted
of deionized water (phase A) and methanol (phase B), both
containing 0.2% of formic acid. The chromatographic condition
applied was as follows: 5% phase B at 0 min, 100% phase B at
6min, 100% phase B at 8 min, and 5% phase B at 10 min. The
flow rate used was 0.2 mL/min. The ionization source conditions
were as follows: 3.0 kV capillary voltage; 20 V cone voltage; 150°C
source temperature; 300°C desolvation temperature; 500 L/h
desolvation gas flow; 50 L/h cone gas flow. Data was acquired in
positive ionization mode employing selected ion recording (SIR)
mode. The peak area obtained for the compounds in each sample
was normalized by the peak area of the IS in the same run, which
allows the quantitative comparison between different sample
(obtained from different proteins) for the same compound.

Microscale Thermophoresis

Binding affinities between target proteins and ligands were
measured using microscale thermophoresis (MST) according to
the NanoTemper technologies protocol in a Monolith NT.115
(Nanotemper Technologies, Germany) (Duhr and Braun,
2006). Proteins were fluorescently labeled using the Monolith

Protein Labeling Kit RED-NHS 2nd Generation (Amine
Reactive) (Nanotemper Technologies, Germany) according
to the manufacturer’s instructions. The experiments were
performed in three independent replicates using Monolith
NT.115 Premium glass capillaries (Nanotemper Technologies,
Germany) and driven in RA buffer with final concentration of 2%
DMSO and 0.05% Tween 20. PCR microtubes were prepared with
ligands and the target protein solutions. Ligand concentrations
ranged from 10nM to 400 uM while protein concentrations
remained constant. After 5 min at room temperature, the samples
were loaded into Premium glass capillaries and the experiments
were performed using 20 and 40% MST power and between 20
and 80% LED power at 24°C. MST traces were recorded using
the standard parameters: 5s MST power off, 30 s MST power on
and 5s MST power off. The binding affinities of the compounds
to the protein were determined according to with dissociation
values (Kd) and the generated data were processed using MO.
Control software (Nanotemper Technologies, Germany).

Western Blot Analyses

Rhabdomyosarcoma cells were lysed in whole cell lysis buffer
(0.125M Tris-HCI pH 6.8, 4% SDS, 0.2% glycerol, 0.1% BME,
and a pinch of bromophenol blue) and boiled for 10 min and
the remaining cell lines were lysed in RIPA buffer [50 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 0.1% NP-40, 0.5% sodium
deoxycholate, 1 mM EDTA, and 2 mM EGTA] containing 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride,
10 mg/ml leupeptin and 10 mg/ml aprotinin. Equal amounts of
proteins were resolved by SDS-PAGE (12% gels) and transferred
to Hybond ECL (Amersham Biosciences, UK) or nitrocellulose
(Bio Rad Laboratories, USA) membranes. The membranes were
incubated with goat polyclonal antibody to TBX2 (sc-17880)
from Santa Cruz Biotechnology (USA) for rhabdomyosarcoma
cells, or with rabbit polyclonal antibody to TBX2 (16930-1-AP)
from Proteintech (USA) for melanoma and breast carcinoma
cells. Mouse monoclonal antibody antiFlag M2 (F1804) from
Sigma-Aldrich (USA) was used in the genetically engineered
501mel cells experiments. To control for loading, the rabbit
polyclonal antibody to p38 MAPK (#9212) from Sigma-Aldrich
(USA), or a-tubulin rabbit polyclonal antibody (#2144) or
B-actin rabbit monoclonal antibody to (#4970) from Cell
Signaling Technology (USA) were used. After incubation with
primary antibodies, membranes were washed then incubated
with HRP-conjugated secondary antibodies (#7074 Cell Signaling
Technology, USA). Antibody reactive proteins were visualized
by enhanced chemiluminescence using SuperSignal West Pico
Chemiluminescent Substrate Kit (Thermo Fisher Scientific,
USA) or WesternBright ECL HRP Substrate Kit (Advansta
Company Inc., USA). Densitometry readings were obtained
using UN-SCAN-IT gel 6.1 software (Silk Scientific, USA) and
protein expression levels were represented as ratio signals for
TBX2/respective loading control. All blots are representative of
at least two independent repeats.

Cell Viability Assays
Cells were seeded in 96-well-plates and, in the following
day, they were treated with a range of CAs and CAg
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concentrations or vehicle (1.0 uL. DMSO) for 48 or 72h. Cell
viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-trazolium bromide (MTT) assay (Invitrogen by
Thermo Fisher Scientific, USA) (Mosmann, 1983). Mean cell
viability was calculated as a percentage of the mean vehicle
control. Three independent experiments were performed from
which the half maximal inhibitory concentration (ICsp) and
their respective 95% CI (confidence interval) were obtained
by non-linear regression using GraphPad Prism version 8.0
(GraphPad Software, USA).

TBX2 Knockdown (shTBX2) 501mel Cells

To generate stably transfected cell lines in which TBX2 mRNA
levels are knocked down (shTBX2), oligonucleotides targeting
5'-ACAGCTGAAGATCGACAACAA-3' (TBX2 siRNA) of the
human coding sequences was cloned into the pSuper.neo/GFP
(Oligoengine) shRNA expression vector. The non-specific
siRNA oligonucleotide (shControl) was directed against a 5'-
ATTTCTCCGAACGTGTCACGT-3" target sequence. 501mel
cells were transfected with the pSuper.neo/GFP expression
vector containing sequences targeted to TBX2 or the non-
specific control using Transfectin® (BioRad, Hercules, CA). Four
hundred microgram per milliliter of G418 disulfate salt (Sigma
Aldrich, A1720) were used to maintain and select transfected cells
(Webster and Dickson, 1983). Prior to experiments, cells were
probed for TBX2 by Western blot to confirm protein knockdown
relative to parental- and shControl-cell levels. Cytotoxicity of
CA5 was compared in these different 501mel cell models using
the MTT assay following 72h incubation. Therefore, three
independent experiments were performed in duplicates from

which the IC5p was obtained by non-linear regression using
GraphPad Prism version 8.0 (GraphPad Software, USA).

FLAG-Tagged TBX2 (iTBX2) 501mel

Cells—Rescue Experiments

501mel cells were genetically engineered to allow for inducible
expression of 3XFLAG-tagged TBX2 (iTBX2) using a
tetracycline-on (Tet-On) system (kindly provided by Professor
Colin Goding, Ludwig Institute of Cancer, Oxford University,
UK). TBX2 was induced using 60 ng/mL (135 nM) of doxycycline
(Das et al.,, 2016). TBX2 was induced using 60 ng/mL (135 nM)
of doxycycline either 12h before, or 12h following, drug
treatments with CAs. An iTBX2-empty cell line was used as an
experimental control. Cells were exposed to serial concentrations
of either drug, and the end point for both conditions was at
48 h after drug exposure. ICs for cell models subjected to both
experimental conditions and drug treatments were obtained
using the MTT assay and calculated from three independent
experiments performed in duplicates by non-linear regression
using GraphPad Prism version 8.0 (GraphPad Software, USA).

RESULTS AND DISCUSSION

Chromomycins Directly Interact With the
TBX2 DNA Binding Domain

Our group has been focused on screening and developing natural
products with anticancer potential. In order to optimize and test
new strategies in this field, we are currently applying the reverse
affinity procedure as a tool to screen and guide the isolation
of target-specific anticancer substances within crude bacterial
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extracts. In this context, the oncogenic TBX2 transcription factor
appears as an intriguing target due to its important pro-tumor
roles and the fact that no known modulator was discovery so
far. In fact, the DNA binding agent trabectedin (Yondelis®) was
the first compound able to displace an oncogenic transcription
factor from its target promoters with high specificity (ID’Incalci
et al., 2014). Moreover, a comparable cytotoxicity profile of
trabectedin and chromomycin A3, as assessed in the COMPARE
analysis using data from NCI 60 cell line panel, point to a
similar mechanism of action (Marco and Gago, 2005). Therefore,
pondering on these evidences, we first attempted to verify
whether the chromomycins As and Ag-previously isolated by
our group from a marine bacteria Streptromyces sp. BRA384—
showed affinity to the TBX2 DNA binding domain.

The analyses of samples recovered from the reverse affinity
procedure (Figure 1B) shows that both compounds displayed a
residual binding to the resin itself and to either of the protein-
loaded resins, however the recovery of CAs was increased by the
presence of TBX2 linked to the resin. Although this technique
has been described as a cost-effective procedure to identify
binding compounds based on their affinity properties to a target
protein (Lau et al, 2015), further analyses are necessary to
validate the observed interactions. Actually, multiple unspecific
interactions could be expected due to the ability of natural
products to interact with proteins (Clardy and Walsh, 2004) and,
moreover, binding to the target does not necessarily turn out in
any biological modulation. Herein, we describe, for the first time,
that this procedure can also be applied to screen modulators of
transcription factors, such as the TBX2 DNA-binding domain
as target.

In order to characterize the binding affinity between TBX2
and chromomycins, we used microscale thermophoresis (MST).
This technique characterizes a ligand-binder interaction based
on the movement of a given protein along a temperature gradient
(thermophoresis), which, in turn, depends on its molecular size,

TABLE 1 | Cytotoxic activity of chromomycins As (CAs) and As (CAs) against
different tumor cells.

Cell line Compound ICs (nM) 72h

(95% confidence interval)

CAs CAs

MELANOMA
501-mel 0.8 (0.6-1.0) 2.0(1.6-2.4)
WM293A 0.3 (0.2-0.5) 3.2 (2.4-4.3
MM200 0.5 (0.3-1.0) 4.2 (2.2-8.0)
BREAST CARCINOMA
MCF-7 2.1(1.8-2.5) 6.5 (5.0-8.4)
T47D 6.5 (5.1-8.9) 6.8 (2.8-16.3)
RHABDOMYOSARCOMA
RD (Embryonal) 3.0 (2.8-3.3) 7.2 (5.6-8.8)
RH30 (Alveolar) 3.5(3.3-3.6) 5.5 (3.6-7.3)

The compounds were incubated during 72 h, and cell viability was measured through
the MTT assay. ICsp and the 95% confidence interval were obtained through non-linear
regression using GraphPad Prism version 8.0.

charge and hydration shell. Once a ligand is bound to the protein,
a distinct thermophoretic movement is expected due to a change
in at least one of the above-mentioned parameters, and the
information is compared between unbound and bound states
(Wienken et al., 2010; Mueller et al., 2017). Figure 1C shows that
CA5 and CAg were able to change the thermophoretic movement
of TBX2. The dissociation constants (Kp) for interactions were
calculated for each chromomycin by measuring changes in the
fluorescently labeled TBX2 by thermophoresis upon compound
binding then normalizing and plotting this as a function of
the ligand concentration (Figure 1D). The results suggest that
CAs5 and CAg exhibit similar binding affinities to the TBX2
DNA-binding domain, with Kp of 31.3 £+ 23.3 and 244 +
13.6 WM, respectively.

Most of the available reports on this class of molecules regard
the biological properties of CA3 and, to a less extent, of CA,.
These chromomycins are, in turn, stereoisomers of CAg and
CAs, respectively, as demonstrated by Pinto et al. (2019) and
Pettit et al. (2015). CA3 binds to the minor groove of the
DNA complex as a dimer in a process dependent on Mg™2,
in which a portion of the chromophore along with the D,
E and F sugar moieties interact with residues of the minor
groove, while the A and B sugar moieties and another portion
of the chromophore interact with the phosphate backbone
(Gao and Patel, 1989; Boer et al., 2009). Moreover, studies on the
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FIGURE 3 | Cytotoxicity of CAs on stably TBX2-knockdown cells (ShTBX2).
(A) TBX2 protein expression in parental, shControl and shTBX2 clones #8 and
#9 501mel cell models, achieved by Western blot. (B) Cytotoxicity profiles of
501mel cell models exposed to CAs. ICso (NM) values for CAs in the 501mel
cell models. Cytotoxicity curves and respective IC50 values we obtained by
MTT assay, after cells were exposed to the respective drugs during 72 h and
calculated by non-linear regression on GraphPad Prism 8.0 (GraphPad
Software, USA) from three independent experiments performed in
quadruplicate.
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interaction of CA3 and DNA revealed an apparent affinity
constant in the micromolar range (Behr et al, 1969; Aich
et al,, 1992). To the best of our knowledge, there is no data
on the interaction of CAs and CAg with DNA. Nonetheless,
the structural similarities among this class of compounds
suggest that DNA-binding properties should be expected.
Further studies are necessary to verify whether these molecules
are directly binding to DNA and, furthermore, whether the
interaction of TBX2 with DNA could be altered in the
presence of chromomycins.

CA;5 Displays Potent Cytotoxicity Against
Different TBX2-Driven Cancer Cell Lines

In order to characterize the anticancer activity of CA5 and CAg
in TBX2-driven cancers, we first assessed their cytotoxicity
in melanoma, breast carcinoma and rhabdomyosarcoma cell
lines. These cell lines were selected based on previous data
showing that TBX2 plays an important role in their proliferation
and survival (Peres et al., 2010; Wansleben et al., 2013; Zhu
et al, 2016). Briefly, the cells were treated with a range of
concentrations of CAs and CAg, for 72h followed by MTT
assay. Regardless of the origin of the cancer, the ICs5y values
obtained for both compounds were in the nanomolar range
but the ICs values obtained for CAs were lower (Figure 2 and
Table 1). These results suggest that both chromomycins are
highly cytotoxic and that CAs was more potent than CAg in this
cell panel (Table 1). It is worth noting that, among the cell lines
tested, those derived from melanomas were the most sensitive
to both chromomycins. Indeed, the ICsy values obtained for
the melanoma cell lines ranged from 0.3 to 0.8 nM for CAs and

from 2.0 to 4.2nM for CAg. Figure2 shows data where the
relative levels of basal TBX2 in all cell lines tested were plotted
against ICsg values for CAs and CAg. The results show that the
T47D cells showed slightly higher levels of TBX2 and there is no
significant correlation between ICs( values and TBX2 levels.

Other chromomycins were previously reported for their
anticancer activities with similar potencies as those described
here. Indeed, Toume et al. (2014) reported that CA, (a
stereoisomer of CAs) and CAj3 (a stereoisomer of CAg) are
cytotoxic against a human gastric adenocarcinoma cell line, with
ICsy values ranging from 1.7 to 22.1nM. Pettit et al. (2015)
also assessed the cytotoxicity of CAs against a mini-panel of
human cancer cell lines and found ICsp values ranging from
0.6 (MCEF-7) to 3.4nM (KM20L2, colon cancer cell). An earlier
investigation from our group also evaluated the cytotoxicity
of CA, against a panel of tumor cells from different origins,
including colon, prostate, leukemia and melanoma. Consistent
with the current study, we showed that the melanoma cells were
among the most sensitive to CA,. However, CA; had an ICs
of 18.8 nM in the metastatic melanoma cell line Malme-3M and
was thus less cytotoxic than the CAs and CAg chromomycins
tested in this study against melanoma cells (Guimardes et al,,
2014). Furthermore, a recent study from our group compared the
cytotoxicity of 4 different chromomycins in a 5 human tumor cell
line panel and showed that CAs was the most potent, especially
against the MM200 (ICsp of 0.2 nM) and 501Mel (ICsp of 0.8 nM)
melanoma cells (Pinto et al., 2019).

To investigate whether CAs; exerts its cytotoxicity, in
part, through binding TBX2, we firstly tested the effect of
knocking down TBX2 on the sensitivity of 501mel cells to the
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FIGURE 4 | Cell viability assay (MTT) of CAs in 501mel cells with induced and non-induced TBX2-overexpression. (A,B) Western blot membranes of samples from
iEmpty and iTBX2 cells, without (—) and with (4) 60 ng/mL doxycycline, showing that only iTBX2 (+) is inducing TBX2 overexpression; A—probed for anti-Flag M2;
B—probed for anti-TBX2. (C) CAs cytotoxicity profiles and respective ICso (NM) values accessed under cond.1 and cond.2 after 48 h drug exposure. ICsp values were
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chromomycin. Results from MTT assays show that depleting
TBX2 reduced the ICsg of CAs, by at least 4 times in 501mel cells
(Figure 3).

Furthermore, when TBX2 expression was induced (iTBX2)
in 501mel cells genetically engineered to express TBX2 in the
presence of doxycycline for 12 h prior to CAs treatment for 48 h,
the cells were more resistant to the drug (Figure 4A). When the
same experiment was carried out but TBX2 was induced for the
last 12h of CAs treatment, the cells were also more resistant
to CAs when compared to their iTBX2-empty counterparts
(Figure 4B). Indeed, the ICsy values increased by 7 times (from
0.6 to 4.2nM) when TBX2 was induced prior to CAj5 treatment
and by 1.8 times (from 0.8 to 1.4 nM) when TBX2 was induced
post CAs treatment (Figure 4C). The induction of TBX2 prior to
exposure to CAs thus produced a greater resistance response in
TBX2-expressing cells.

Taking together, the evidences herein suggest that TBX2 is
indeed conferring resistance to these drugs, as observed to
cisplatin (Davis et al., 2008; Wansleben et al., 2013). Although
these findings point to a direct association between TBX2 levels
and CAs cytotoxicity, the previously observed relation between
TBX2 and DNA repair pathways (Wansleben et al., 2013) should
also be taken in account to explain the increased toxicity observed
in TBX2-knockdown cells.

In summary, CAs and CAg displayed high levels of
cytotoxicity at relatively low concentrations against all
TBX2-driven cancer cell lines tested. Taken together, the
evidences generated in the present study through reverse affinity
chromatography, and MST assays, then pondered with data
from the literature, suggest that, beyond the already established
DNA-damaging effects, chromomycins, and especially CAs,
bind TBX2 and its modulation may contribute to the observed
cytotoxic properties of this group of molecules.

REFERENCES

Aich, P., Sen, R., and Dasgupta, D. (1992). Role of magnesium ion in the interaction
between chromomycin A3 and DNA: binding of chromomycin A3-Mg2+
complexes with DNA. Biochemistry 31, 2988-2997. doi: 10.1021/bi001262a021

Behr, W., Honikel, K., and Hartmann, G. (1969). Interaction of the RNA
polymerase inhibitor chromomycin with DNA. Eur. J. Biochem. 9, 82-92.
doi: 10.1111/§.1432-1033.1969.tb00579.x

Boer, D. R, Canals, A., and Coll, M. (2009). DNA-binding drugs caught in action:
the latest 3D pictures of drug-DNA complexes. Dalton. Trans. 3, 399-414.
doi: 10.1039/B809873P

Clardy, J., and Walsh, C. (2004). Lessons from natural molecules. Nature 432,
829-837. doi: 10.1038/nature03194

Das, A. T., Tenenbaum, L., and Berkhout, B. (2016). Tet-On Systems for
doxycycline-inducible gene expression. Curr. Gene. Ther. 16, 156-167.
doi: 10.2174/1566523216666160524144041

Davis, E., Teng, E. Bilican, B., Parker, M. I, Liu, B., Carriera, S., et al.
(2008). Ectopic Tbx2 expression results in polyploidy and cisplatin resistance.
Oncogene 27, 976-984. doi: 10.1038/sj.onc.1210701

D’Incalci, M., Badri, N., Galmarini, C. M., and Allavena, P. (2014). Trabectedin,
a drug acting on both cancer cells and the tumor microenvironment. Br. J.
Cancer. 111, 646-650. doi: 10.1038/bjc.2014.149

Du, W. L., Fang, Q., Chen, Y., Teng, J. W., Xiao, Y. S, Xie, P., et al. (2017). Effect
of silencing the T Box transcription factor TBX2 in prostate cancer PC3 and
LNCaP cells. Mol. Med. Rep. 16, 6050-6058. doi: 10.3892/mmr.2017.7361

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was funded by Fundagio de Amparo a Pesquisa
do Estado de Sdo Paulo (FAPESP) process # 2015/17177-6;
2018/08400-1; 2019/02008-5; 2018/24865-4; and 2017/09022-8;
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq, LC-L and GM-S are CNPq researcher fellows);
Coordena¢do de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) and ArboControl Brasil Project (FNS/UnB
TED74/2016 and TED42/2017). This work was supported by the
Cancer Association of South Africa (CANSA), the South Africa
National Research Foundation (NRF), the South Africa Medical
Research Council (SA MRC) and the University of Cape Town.

ACKNOWLEDGMENTS

We are grateful to Dr. Otilia Pessoa for the supply of
chromomycins As; and Ag and, also, to Helori Vanny
Domingos and Simone Aparecida Teixeira for technical
assistance. We further thank the National Laboratory of
Biosciences (LNBIO-CNPEM, Campinas, Sao Paulo) for making
available their facilities, and finally, Dr. Daniel Maturana for
valuable discussions.

Duhr, S., and Braun, D. (2006). Why molecules move along a temperature gradient.
Proc. Natl. Acad. Sci. U.S.A. 103, 19678-19682. doi: 10.1073/pnas.0603873103

Gao, X., and Patel, D. J. (1989). Solution structure of the Chromomycin-DNA
complex. Biochemistry 28, 751-762. doi: 10.1021/bi00428a051

Guimarides, L. A., Jimenez, P. C., Sousa, T. D. S., Freitas, H. P. S., Rocha, D. D.,
Wilke, D. V., et al. (2014). Chromomycin A2 induces autophagy in melanoma
cells. Mar. Drugs 12, 5839-5855. doi: 10.3390/md12125839

Jacobs, J. J. L., Keblusek, P., Robanus-Maandag, E., Kristel, P., Lingbeek, M.,
Nederlof, P. M., et al. (2000). Senescence by-pass screen identifies TBX2, which
represses Cdkn2a (pl9ARF) and is amplified in a subset of human breast
cancers. Nat. Genet. 26, 291-299. doi: 10.1038/81583

Lau, E. C., Mason, D. ], Eichhorst, N., Engelder, P., Mesa, C., Kithsiri-Wijeratne,
E. M,, et al. (2015). Functional chromatographic technique for natural product
isolation. Org. Biomol. Chem. 13, 2255-2259. doi: 10.1039/c40b02292k

Lv, Y., Si, M., Chen, N,, Li, Y., Ma, X, Yang, H., et al. (2017). TBX2 over-expression
promotes nasopharyngeal cancer cell proliferation and invasion. Oncotarget 8,
52699-52707. doi: 10.18632/oncotarget.17084

Marco, E., and Gago, F. (2005). DNA structural similarity in the 2:1 complexes
of the antitumor drugs trabectedin (yondelis) and chromomycin A3 with
an oligonucleotide sequence containing two adjacent TGG binding sites
on opposing strands. Mol. Pharm. 68, 1559-1567. doi: 10.1124/mol.105.
015685

Mosmann, T. (1983) Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65,
55-63. doi: 10.1016/0022-1759(83)90303-4

Frontiers in Chemistry | www.frontiersin.org

March 2020 | Volume 8 | Article 110



Sahm et al.

DNA-Binding Natural Products as TBX2 Modulators

Mueller, A. M., Breitsprecher, D., Stefan, D., Philipp, B., Schubert, T., and Langst,
G. (2017). “Chapter 10 - MicroScale thermophoresis: a rapid and precise
method to quantify protein-nucleic acid interactions in solution,” in Functional
Genomics: Methos and Protocols, Methods in Molecular Biology, Vol. 1654,
eds M. Kaufmann, C. Klinger, and A. Savelsbergh (Springer Science+Business
Media, LLC), 151-164. doi: 10.1007/978-1-49397231-9_10

Newman, D. J., and Cragg, G. M. (2016). Natural products as sources of new drugs
from 1981 to 2014. J. Nat. Prod. 79, 629-661. doi: 10.1021/acs.jnatprod.5b01055

Overington, J. P., Al-Lazikani, B., and Hopkins, A. L. (2006). How many drug
targets are there? Nat. Rev. Drug Discov. 5, 993-996. doi: 10.1038/nrd2199

Peres, J., Davis, E., Mowla, S., Bennett, D. C., Li, J. A., Wansleben, S., et al.
(2010). The highly homologous T-Box transcription factors, TBX2 and TBX3,
have distinct roles in the oncogenic process. Genes Cancer 1, 272-282.
doi: 10.1177/1947601910365160

Pettit, G. R., Tan, R, Pettit, R. K., Doubek, D. L., Chapuisa, J. C., and
Webera, C. A. (2015). Antineoplastic agents 596. isolation and structure of
chromomycin A5 from a Beaufort Sea microorganism. RSC Adv 5, 9116-9122.
doi: 10.1039/C4RA16517A

Pinto, F. C. L,, Silveira, E. R,, Vasconcelos, A. C. L., Floréncio, K. G. D., Oliveira,
F. A. S, Sahm, B. D. B,, et al. (2019). Dextrorotatory chromomycins from the
marine Streptomyces sp. associated to Palythoa caribaeorum. J. Braz. Chem. Soc.
31, 1-10. doi: 10.21577/0103-5053.20190144

Prince, S., Carreira, S., Vance, K. W., Abrahams, A., and Goding, C. R. (2004). Tbx2
directly represses the expression of the p21(WAF1) cyclin-dependent kinase
inhibitor. Cancer Res. 64, 1669-1674. doi: 10.1158/0008-5472.can-03-3286

Redmond, K. L., Crawford, N. T., Farmer, H., D’Costa, Z. C., O’Brien, G. J.,
Buckley, N. E., et al. (2010). T-box 2 represses NDRG1 through an EGRI1-
dependent mechanism to drive the proliferation of breast cancer cells. Oncogene
29, 3252-3262. doi: 10.1038/0nc.2010.84

Rylova, G., Ozdian, T., Varanasi, L., Soural, M., Hlavac, J., Holub, D., et al. (2015).
Affinity-based methods in drug-target discovery. Curr. Drug Targets. 16, 60-76.
doi: 10.2174/1389450115666141120110323

Strausberg, R. L., and Schreiber, S. L. (2003). From knowing to controlling: a path
from genomics to drugs using small molecule prodes. Science 300, 294-295.
doi: 10.1126/science.1083395

Swinney, D. C., and Anthony, J. (2011). How were new medicines discovered? Nat.
Rev. Drug Discov. 10, 507-519. doi: 10.1038/nrd3480

Toume, K., Tsukahara, K., Ito, H., Arai, M. A., and Ishibashi, M. (2014).
Chromomycins A2 and A3 from marine actinomycetes with TRAIL

resistance-overcoming and Wnt signal inhibitory activities. Mar. Drugs 12,
3466-3476. doi: 10.3390/md12063466

Vance, K. W., Carreira, S., Brosch, G., and Goding, C. R. (2005). Tbx2 is
overexpressed and plays an important role in maintaining proliferation
and suppression of senescence in melanomas. Cancer Res. 65, 2260-2268.
doi: 10.1158/0008-5472.CAN-04-3045

Wansleben, S., Davis, E., Peres, J., and Prince, S. (2013). A novel role for the anti-
senescence factor TBX2 in DNA repair and cisplatin resistance. Cell Death. Dis.
4:846. doi: 10.1038/cddis.2013.365

Wansleben, S., Peres, J., Hare, S., Goding, C. R., and Prince, S. (2014). T-box
transcription factors in cancer biology. Biochim. Biophys. Acta. 1846, 380-391.
doi: 10.1016/j.bbcan.2014.08.004

Webster, T. D., and Dickson, R. C. (1983). Direct selection of saccharomyces
cerevisiae resistant to antibiotic G418 following transformation with a DNA
vector carrying the kanamycin-resistance gene of Tn903. Gene. 26, 243-252.
doi: 10.1016/0378-1119(83)90194-4

Wienken, C. J., Baaske, P., Rothbauer, U., Braun, D., and Duhr, S. (2010). Protein-
binding assays in biological liquids using microscale thermophoresis. Nat.
Commun. 1:100. doi: 10.1038/ncomms1093

Zhu, B., Zhang, M., Williams, E. M., Keller, C., Mansoor, A., and Davie, J. K. (2016).
TBX2 represses PTEN in rhabdomyosarcoma and skeletal muscle. Oncogene 35,
4212-4224. doi: 10.1038/0nc.2015.486

Zihlif, M., Catchpoole, D. R., Stewart, B. W., and Wakelin, L. P. G. (2010). Effects of
DNA minor groove binding agents on global gene expression. Cancer Genomics
Proteomics 7, 323-330.

Conflict of Interest: 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 © 2020 Sahm, Peres, Rezende-Teixeira, Santos, Branco, Bauermeister,
Kimani, Moreira, Bisi-Alves, Bellis, Mlaza, Jimenez, Lopes, Machado-Santelli, Prince
and Costa-Lotufo. 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 Chemistry | www.frontiersin.org

March 2020 | Volume 8 | Article 110



