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DNA-damaging agents are widely used in cancer therapy; however, their use is limited by dose-related toxicities,
as well as the development of drug resistance. Drug discovery is essential to overcome these limitations and oﬀer
novel therapeutic options. In a previous study by our research group, pradimicin-IRD—a new polycyclic antibiotic produced by the actinobacteria Amycolatopsis sp.—displayed antimicrobial and potential anticancer activities. In the present study, cytotoxic activity was further conﬁrmed in a panel of ﬁve colon cancer, including
those with mutation in TP53 and KRAS, the most common ones observed in cancer colon patients. While all
tested colon cancer cells were sensitive to pradimicin-IRD treatment with IC50 in micromolar range, non-tumor
ﬁbroblasts were signiﬁcantly less sensitive (p < 0.05). The cellular and molecular mechanism of action of
pradimicin-IRD was then investigated in the colorectal cancer cell line HCT 116. Pradimicin-IRD presented
antitumor eﬀects occurring after at least 6 h of exposure. Pradimicin-IRD induced statistically signiﬁcant DNA
damage (γH2AX and p21), apoptosis (PARP1 and caspase 3 cleavage) and cell cycle arrest (reduced Rb phosphorylation, cyclin A and cyclin B expression) markers. In accordance with these results, pradimicin-IRD increased cell populations in the subG1 and G0/G1 phases of the cell cycle. Additionally, mass spectrometry
analysis indicated that pradimicin-IRD interacted with the DNA double strand. In summary, pradimicin-IRD
exhibits multiple antineoplastic activities—including DNA damage, cell cycle arrest, reduction of clonal growth
and apoptosis—in the HCT 116 cell line. Furthermore, pradimicin-IRD displays a TP53-independent regulation
of p21 expression in HCT 116 TP53−/−, HT-29, SW480, and Caco-2 cells. This exploratory study identiﬁed novel
targets for pradimicin-IRD and provided insights for its potential anticancer activity as a DNA-damaging agent.

1. Introduction
DNA integrity is fundamental to cellular functions, including cell
proliferation. High-intensity DNA damage promotes the activation of
proteins involved in cell cycle checkpoints, leading to cycle arrest to
prevent the transmission of genetic errors to daughter cells [1]. The
absence of DNA repair results in genetic instability and cell death. Indeed, cancer cells display low detection and repair of DNA damage,
which makes them more susceptible to DNA-damaging agents [2,3].
DNA-damage agents are traditionally used in cancer chemotherapy.
The clinical use of this class of drugs is limited by their high toxicity and
the development of drug resistance. For instance, platinum compounds,

which form cross-linked bonds with DNA, have been applied with great
success in the treatment of solid tumours: Cisplatin therapy is able to
cure more than 90% of all cases of testicular cancer and has good efﬁcacy in the treatment of ovary, bladder, head, neck and cervical
cancer [3,4].
Other DNA-damaging drugs include nitrogen mustards (e.g., cyclophosphamide), which act directly by alkylating the DNA in the purine
bases, leading to replication arrest and subsequent cell death by
apoptosis. Inhibitors of topoisomerase (e.g., doxorubicin) form a DNAenzyme complex, preventing the re-ligation of DNA strands and causing
toxic double-strand breaks. Natural products that lease DNA bases have
also been discovered, such as mitomycin C and streptozotocin, which
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promote cross-alkylation in double strands of DNA, resulting in a more
potent anticancer eﬀect than that provided by single strand alkylation
[2–4].
In the context of DNA-damaging natural products, our research
group recently described pradimicin-IRD isolated from the actinobacteria Amycolatopsis sp. IRD-009 recovered from Brazilian tropical
forest soil. Like other compounds of the pradimicin class, the molecular
structure of pradimicin-IRD is characterised by an aglycone dihydrobenzo (α) naphthoquinone with glycoside substitutions. However,
this unusual pradimicin has a methyl group in the substitution of the Damino acid and a diﬀerent aminoglycoside moiety. In the same study,
antifungal and cytotoxic activities of pradimicin-IRD were discovered
[5]. In the present study, the molecular and cellular eﬀects of pradimicin-IRD as a DNA-damaging agent in the colon cancer cells were
further explored.

Table 1
Primer sequences and concentrations.
Gene

Sequence

Concentration

BCL2

FW: ATGTGTGTGGAGAGCGTCAA
RV: ACAGTTCCACAAAGGCATCC
FW: CTTGGATGGCCACTTACCTGAA
RV: GCTGCTGCATTGTTCCCATA
FW: GTAATAACACCAGTACGGACGG
RV: TCCCGAAGGTACCGAGAGAT
FW: GAGCTGCAGAGGATGATTGC
RV: CAGCTGCCACTCGGAAAA
FW: CACCAGCAGGAGCAGCCAAC
RV: CGACTCCGGATCTCCACAGC
FW: TGAGTACTTCACCAAGATTGCCA
RV: AGTCAGGCCATGCTGGTAGAC
FW: GCCTTTCATTTAGCACTCTACA
RV: CAGGGTATATCCAGTCTTTCG
FW: GTCTCCATTATTGATCGGTTCATG
RV: CCAATTTCTGGAGGGTACATTTCT
FW: CTCGGTGTCCTACTTCAAATG
RV: AGCGGTCCAGGTAGTTCAT
FW: TATATGGCGACACAAGAAAATG
RV: GTGCAACTTTGGAGGATAGA
FW: TGTCACTGTCTTGTACCCTTGT
RV: GCCGGCGTTTGGAGTGGTAG
FW: ACTCTGAGGACACGCATTTGGT
RV: TCTGTTCTGTTGGCTCTTTTGTT
FW: GAACGTCTTGCTCGAGATGTGA
RV: TCCAGCAGGTCAGCAAAGAAT
FW: AGGCCAACCGCGAGAAG
RV: ACAGCCTGGATAGCAACGTACA

150 nM

BCL2L1
MCL1
BAX
BAD
BAK1
CCNA2
CCNB1

2. Materials and methods

CCND1

2.1. Cell culture and inhibitors

CCNE1

HCT 116 (colon adenocarcinoma, ATCC® 247™) cells were obtained
from American Tissue and Cell Collection and deposited in the Cell
Bank of Rio de Janeiro (Brazil). Professor Bryan Strauss (Cancer
Institute of São Paulo State – ICESP) kindly provided HCT 116 TP53−/−
and HT-29 cells. SW480, Caco-2 cells and primary ﬁbroblast cell culture
were kindly provided by Professors Mari Cleide Sogayar (Nucleus of
Cellular and Molecular Therapy – Nucel), Silvia Storpirtis (Faculty of
Pharmaceutical Sciences – FCF/USP) and Glaucia Santelli (Institute of
Biomedical Science – ICB/USP), respectively. Colon cancer cell lines
were authenticated by Short Tandem Repeat (STR) matching analysis.
Cell culture conditions were developed using the Roswell Park
Memorial Institute (RPMI) medium (Thermo Fisher Scientiﬁc, San Jose,
CA, USA) supplemented with 10% bovine foetal serum (FBS) (Thermo
Fisher Scientiﬁc, San Jose, CA, USA) and 1% penicillin-streptomycin
(Thermo Fisher Scientiﬁc, San Jose, CA, USA). Cells were kept in an
incubator with 5% CO2 at 37 °C. Doxorubicin was obtained from SigmaAldrich (Sigma-Aldrich, St. Louis, MO, USA). Pradimicin-IRD was produced by Amycolatopsis sp. IRD-009 recovered from soil, and the isolation protocol and its structural elucidation were previously published
[5]. Dimethyl sulfoxide (DMSO) (Synth, Diadema, SP, Brazil) was used
as a vehicle for the dilution of the drugs.

CDKN1A
CDKN1B
HPRT1
ACTB

150 nM
150 nM
150 nM
150 nM
150 nM
300 nM
300 nM
300 nM
300 nM
300 nM
300 nM
150 nM
150 nM

2.3. Trypan blue exclusion
Cell viability was measured using a Trypan blue dye (Sigma-Aldrich,
St. Louis, MO, USA) exclusion test after incubation of HCT 116 cells
(1 × 105 cells/mL) with pradimicin-IRD at 1.25, 2.5 and 5 μM. Aliquots
were removed from cultures after 48 h, and cells that did not display
Trypan blue staining were counted in a Neubauer chamber.
Doxorubicin (1 μM) was used as a positive control.
2.4. Morphological and immunoﬂuorescence analysis
Morphological changes were analysed via light microscopy
(Labomed TCM 400 Inverted, Labo America Inc. Fremont, CA, USA) and
by immunoﬂuorescence microscopy (LionHeart FX automated microscope, Biotek, Winooski, VT, USA and Zeiss Fluorescence Microscope,
Goeschwitzer, Jena, Germany). In brief, HCT 116 cells (5 × 104 cells/
mL) were incubated with doxorubicin 1 μM (positive control) or pradimicin-IRD at 2.5 and 5 μM for 48 h on a circular coverslip inside a 24well plate, ﬁxed with methanol for 1 min and stained with haematoxylin-eosin (NEWPROV, Pinhais, PR, Brazil). For immunoﬂuorescence
analysis, cells were ﬁxed with 3.7% formaldehyde (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min, permeabilized with 0.5% Triton-X (SigmaAldrich, St. Louis, MO, USA) 100 for 30 min, blocked with 1% BSA for
1 h and labelled with α/β-tubulin (#T5168, #T5293, Sigma-Aldrich, St.
Louis, MO, USA) or γH2AX (#9718; Cell Signaling Technology,
Danvers, MA, USA) for 16 h, followed by the addition of FITC-labelled
anti-rabbit or anti-mouse antibodies (#4412, #4408, Cell Signaling
Technology, Danvers, MA, USA) for 2 h. Then the nuclei were stained
with DAPI (Thermo Fisher Scientiﬁc, San Jose, CA, USA) for 10 min,
and the blades were set with a ﬂuorescence-protective solution (antifading-Vectashield; Vector Laboratories, Inc. Burlingame, CA, USA),
sealed and held at −20 °C and kept away from light sources.

2.2. MTT assay
Cytotoxicity was measured by methylthiazol tetrazolium (MTT)
(Thermo Fisher Scientiﬁc, San Jose, CA, USA) assay [6]. HCT 116, HCT
116 TP53−/−, HT-29, SW480, Caco-2 cells and primary ﬁbroblast
culture (1 × 104 cells/well) were cultured in a 96-well plate in the
RPMI medium, containing 10% FBS and 1% penicillin-streptomycin
with increasing concentrations of doxorubicin (0.0032–10 μM) and
pradimicin-IRD (0.0032–50 μM) for 72 h. A protocol of intermittent
exposure to inhibitors for 6, 12, 24 and 48 h followed by incubation in
drug-free media for 72 h was performed using HCT-116 cells, as well as
continuous exposure during 24 and 48 h. For time- and dose-response
curves, HCT 116 cells were cultured as described above in 96-well
plates in the presence of graded concentrations of pradimicin-IRD (0,
0.0032, 0.016, 0.08, 0.4, 2, 10 and 50 μM). DMSO 0.5% was used as a
negative control. After treatment, the culture media were replaced with
fresh media containing MTT solution (0.5 mg/mL) and incubated for an
additional 3 h. Then the MTT solution was removed, and the plates
were dried at 35 °C for 30 min. A formazan product was solubilized by
150 μL of DMSO, and the absorbance was obtained at 540 nm. IC50
values and their 95% conﬁdence intervals were calculated using sigmoidal nonlinear regression analysis performed with GraphPad Prism 5
(GraphPad Software, Inc., San Diego, CA, USA).

2.5. Clonogenic assay
HCT 116 cells (2 × 103 cells/35 mm2 plate) were incubated with
doxorubicin 1 μM or pradimicin 1.25, 2.5 and 5 μM for 6 h, and then the
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Fig. 1. Pradimicin-IRD reduces cell viability and leads to morphological changes in HCT 116 cells. Dose response curves of the cytotoxicity kinetics of pradimicin-IRD
after 72 h of treatment in HCT 116, HCT 116 TP53−/−, HT-29, SW480 and Caco-2 (n = 3) (mean ± SEM) (A). Dose response curves for pradimicin-IRD treatment
during 24, 48 and 72 h in HCT 116 cells (n = 2); values are expressed in terms of mean and standard error of the mean (mean ± SEM) (B). The bar graph indicates
the duration of treatment with IRD (red bar) and the time of incubation in a drug-free medium (grey bar); IC50 values are described in Figure (C). The percentage of
viable HCT 116 cells in the control group (DMSO 0.1%), doxorubicin (1 μM) and pradimicin-IRD treatment groups at 1.25, 2.5 and 5 μM, as indicated by Trypan assay
(n = 3) (mean ± SEM); ANOVA, one way, followed by Tukey’s multiple comparison test, **p < 0.001 ***p < 0.0001 (D). Haematoxylin and eosin (H&E) staining of
HCT 116 cells after 48 h of incubation with DMSO 0.1%, doxorubicin 1 μM, or pradimicin-IRD at 2.5 and 5 μM (400 × ). Arrows indicate condensed chromatin
(suggestive of apoptosis) (E). Immunoﬂuorescence of α/β-tubulin and DAPI in HCT 116 cells after 48 h of incubation with DMSO 0.05% and Pradimicin-IRD 5 μM.
Arrows indicate condensed chromatin (suggestive of apoptosis) (F). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

was performed with an ABI 7500 Sequence Detector System (Thermo
Fisher Scientiﬁc, San Jose, CA, USA) with speciﬁc primers for BCL2,
BCL2L1, MCL1, BAX, BAD, BAK1, CCNA2, CCNB1, CCND1, CCNE1,
CDKN1A and CDKN1B (Integrated DNA Technologies – IDT, Coralville,
Iowa, USA). Primer sequences are displayed in Table 1. The relative
quantiﬁcation value was calculated using the equation 2−ΔΔCT [7]. A
negative ‘No Template Control’ was included for each primer pair.

Table 2
Mean inhibitory concentration (IC50) of pradimicin-IRD (0.0032–50 μM) in
colorectal carcinoma cell lines (HCT 116 TP53+/+, HCT 116 TP53−/−, HT-29,
SW480, Caco-2) and primary ﬁbroblast cell culture [(n = 3; mean and conﬁdence interval (95%)].
IC50 (μM)
+/+

HCT 116 TP53
HCT 116 TP53−/−
HT-29
SW480
Caco-2
Fibroblast

*

1.28
1.74*
3.32*
2.07*
2.91*
20.55

95% IC50 (μM)
0.96–1.70
1.44–2.11
2.65–4.16
1.62–2.64
2.38–3.55
17.20–24.55

2.9. Western blot
Equal amounts of protein were used as total extracts, followed by
SDS-PAGE, Western blot analysis with the indicated antibodies and
imaging using the SuperSignal™ West Dura Extended Duration
Substrate System (Thermo Fisher Scientiﬁc, San Jose, CA, USA) and G:
BOX Chemi XRQ (Syngene, Cambridge, UK). Antibodies against γH2AX
(#9718), phospho (p)-Rb (#9308), Rb (#9309), cleaved PARP-1
(#5625), PARP1 (#9542), cleaved caspase-3 (#9604), caspase-3
(#9662), α-tubulin (#2144) and GAPDH (#5174) were obtained from
Cell Signaling Technology (Danvers, MA, USA). Antibody against p21
(sc-6246) was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Band intensities were determined using UN-SCAN-IT gel 6.1
software (Silk Scientiﬁc; Orem, UT, USA).

*

Indicates parameters that are statistically signiﬁcantly diﬀerent from those of
IC50 in primary ﬁbroblast cell culture (p < 0.0001).

medium was replaced with a drug-free medium. Colonies were detected
after 7 days of culture by adding 1:1 ratio of 0.5% crystal violet solution
(Sigma-Aldrich, St. Louis, MO, USA) and methanol (Synth, Diadema,
São Paulo, Brazil) 0.5% crystal violet solution and 1:1 methanol. Images
were acquired using the G: BOX Chemi XRQ (Syngene, Cambridge, UK)
and analysed using ImageJ software (US National Institutes of Health,
Bethesda, MD, USA).
2.6. Cell cycle analysis

2.10. Mass spectrometry

HCT 116 cells were cultured in the presence of doxorubicin (1 μM)
or pradimicin-IRD (1.25, 2.5 and 5 μM) for 24 and 48 h. Cells were then
ﬁxed with 70% ethanol (Sigma-Aldrich, St. Louis, MO, USA) for 1 h and
incubated for 30 min with staining solution (0.1% Triton-X 100,
0.1 mg/mL of RNAse (Merck, Darmstadt, Hessen, Germany) and 1 μg/
mL of propidium iodide (Sigma-Aldrich, St. Louis, MO, USA). DNA
content distribution was acquired in a FACSCalibur cytometer (Becton
Dickinson, Lincoln Park, NJ, USA), and the data were analysed using
FlowJo software (Treestar, Inc., San Carlos, CA, USA).

The DNA binding study was developed according to a modiﬁed
methodology described by Kelso et al. (2008). Double stranded DNA
(dsDNA) (IDT, Coralville, Iowa, USA) was used, with the sequence
5′-TGCTCGGACG-3′ 3′-ACGAGCCTGC-5′. The oligonucleotides were
dissolved in 100 mM of ammonium acetate (pH 7.5), held at 90 °C for
15 min and cooled slowly to room temperature to form the dsDNA. The
stock solutions of 10 mM pradimicin-IRD and 10 mM doxorubicin in
100 mM of ammonium acetate (Sigma-Aldrich, St. Louis, MO, USA) (pH
7.5) were prepared. A mixture of dsDNA and pradimicin (1:10) was
prepared containing 69 μL of 100 mM ammonium acetate (pH 7.5), 1 μL
of dsDNA and 10 μL of stock solution of pradimicin-IRD. The mixture
was allowed to equilibrate for 10 min and diluted by an addition of
120 μL of methanol to a ﬁnal concentration of 50 mM dsDNA. Detection
was performed by mass spectrometry (Bruker Daltonics, Billerica, MA,
USA) ﬁtted with an electrospray ionisation source and a QuadrupoleTime-of-Flight analyser [8]. The parameters employed were as follows:
2.8 kV of capillary energy, 220 °C capillary temperature, 5.0 Bar gas
pressure, 450 V Endplate. A range of 1000–3000 Da was monitored
during the negative ionisation mode.

2.7. Apoptosis assay
HCT 116 cells were seeded in 24-well plates and treated with pradimicin-IRD (1.25 μM, 2.5 μM and 5 μM) and doxorubicin (1 μM) for
48 h. Cells were then washed twice with ice cold PBS and resuspended
in binding buﬀer containing 1 μg/mL 7AAD and 1 μg/mL APC-labeled
annexin V (BD Biosciences, San Jose, CA, USA). All specimens were
acquired by ﬂow cytometry (FACSCalibur; Becton Dickinson, Lincoln
Park, NJ, USA) after incubation for 15 min at room temperature in a
light-protected area and analyzed using FlowJo software (Treestar, Inc.,
San Carlos, CA, USA).
2.8. Quantitative PCR

2.11. Statistical analysis

Total RNA from HCT 116 cells treated with pradimicin-IRD (5 μM)
or doxorubicin (1 μM) was obtained using the TRIzol reagent (Thermo
Fisher Scientiﬁc, San Jose, CA, USA). The cDNA was synthesized from
1 µg of RNA using a High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientiﬁc, San Jose, CA, USA). Quantitative PCR (qPCR)

Statistical analyses were performed using GraphPad Prism 5
(GraphPad Software, Inc.). For comparisons, the Student’s t-test or the
ANOVA test and Tukey’s post-test were used. A p value of < 0.05 was
considered statistically signiﬁcant. All pairs were analysed, and statistically signiﬁcant diﬀerences are indicated.
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Fig. 2. Pradimicin-IRD reduces clonal
growth and leads to cell arrest during
the G0/G1 phase. Colony formation
after pradimicin-IRD treatment for 6 h
and placement in drug-free media for
an additional 7 days. Representative
images of colony formation after control (DMSO 0.05%), doxorubicin (1 μM)
and pradimicin-IRD (1.25; 2.5 and
5 μM) treatment are illustrated (A). Bar
graphs represent the number (B) and
size (C) of colonies (mean ± SEM);
ANOVA, one way, followed by Tukey’s
multiple comparison test, **p < 0.001
***
p < 0.0001. Histograms represents
subG1, G0/G1, S and G2/M cell populations in DMSO – (0.05%), doxorubicin –
(1 μM) and pradimicin-IRD-treated cells
(1.25; 2.5 and 5 μM) (D). Bar graphs
represent the percentage of subG1 cell
population (E) and cell cycle distribution among the entire viable cell population (excluding subG1 cells) (n = 4)
(mean ± SEM); ANOVA, one way, followed by Tukey’s multiple comparison
test, *p < 0.05; **p < 0.01; # indicates
parameters that are statistically signiﬁcantly diﬀerent from those of doxorubicin-treated cells (p < 0.0001) (F).
Apoptosis was detected by ﬂow cytometry in HCT 116 cells treated with
doxorubicin (1 μM) and pradimicin-IRD
(1.25 μM, 2.5 μM and 5 μM) for 48 h
using an annexin V-FITC/7AAD
staining method. Representative point
graphs are shown for each condition;
the upper and lower right quadrants
(Q2 plus Q3) cumulatively contain the
apoptotic
population
(annexin
V + cells) (G). Annexin V positive HCT
116 cell percentages in doxorubicin
(1 μM) and pradimicin-IRD (1.25 μM,
2.5 μM and 5 μM) treatments obtained
by the 7AAD and annexin V-FITC labelled ﬂow cytometry assay. Values
expressed by mean and standard error
of the mean (n = 3). The results are
presented as mean ± SD of three independent experiments; * (p < 0.01);
**
(p < 0.001); *** (p < 0.0001),
ANOVA test and Tukey post-test, all
pairs were analyzed and statistically
signiﬁcant diﬀerences are indicated
(H).
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Fig. 3. Pradimicin-IRD induces DNA damage, cell cycle arrest and apoptosis markers in HCT 116 cells. The heatmap illustrates the quantitative polymerase chain
reaction (qPCR) analysis of the BCL2, BCL2L1, BAX, BAK1, CCNA2, CCNB1, CCND1, CCNE1, CDKN1A and CDKN1B genes in HCT 116 cells after treatment with
pradimicin-IRD (5 μM; mean; n = 3) or doxorubicin (1 μM; n = 1) for 48 h. Green and red indicate down and upregulated genes, respectively (A). Immunoblotting
analysis for γH2AX, p21, phospho(p)-Rb, Rb, PARP-1, cleaved PARP-1, cleaved caspase3 and GAPDH of HCT 116 cells after incubation with DMSO (0.05%),
doxorubicin (1 μM) and pradimicin-IRD (1.25; 2.5; and 5 μM) for 48 h (B). Pixel quantiﬁcation of γH2AX (C), p21 (D), cleaved caspase-3 (E), cleaved PARP 1 (F), and
pRb (G) (n = 3; mean ± SEM); ANOVA, one way, followed by Tukey’s multiple comparison test, *p < 0.01; **p < 0,001; ***p < 0.0001. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

3. Results

(Fig. 1D). Both morphological analysis by haematoxylin-eosin staining
and immunoﬂuorescence showed a reduction of cell density and cell
bodies after the pradimicin-IRD treatment, with condensation of the
chromatin (Fig. 1E and F).

3.1. Pradimicin-IRD reduces cell viability
Pradimicin-IRD displayed a potential antitumoral activity with selectivity for colorectal carcinoma cell lines in comparison to primary
ﬁbroblast cell culture (Fig. 1A; Table 2). As HCT 116 TP53+/+ presented the lowest mean inhibitory concentration (IC50), it was the cell
line chosen to the following studies. Pradimicin-IRD treatments promoted time-dependent cytotoxicity in HCT 116 cells (Fig. 1B). A pulse
treatment of pradimicin-IRD for 6 h was suﬃcient to signiﬁcantly reduce cell viability as measured after a total incubation time of 72 h
(Fig. 1C). When the total incubation time was reduced to 24 h, even
with continuous drug exposure, cytotoxic eﬀects were reduced. Phenotypic eﬀects of pradimicin-IRD are fully completed at least 48 h after
the onset of the exposure, even when the compound was given as a
pulse treatment of 6 h (Fig. 1C). Trypan blue staining results also show
a signiﬁcant decrease in total cells after pradimicin-IRD treatment

3.2. Pradimicin-IRD leads to reduced clonogenicity, G0/G1 cell cycle arrest
and increased apoptosis
Pradimicin-IRD treatment resulted in a strong reduction of clonogenicity capacity after 6 h pulse treatment (Fig. 2A), as observed by the
decreased number (Fig. 2B) and size (Fig. 2C) of colonies after 7 days.
The cytotoxic potential of pradimicin-IRD was also conﬁrmed by ﬂow
cytometry, which displayed a signiﬁcant increase in subG1 and annexin
V positive cell populations, as well as decrease viable cell population,
after pradimicin-IRD treatment for 48 h (p < 0.05; Fig. 2D, E and H).
Regarding the cell cycle distribution among viable cell populations
(excluding subG1 cells), pradimicin-IRD treatment induced a signiﬁcant
degree of G0/G1 cell cycle arrest (p < 0.05; Fig. 2D and F). A similar
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Fig. 4. Kinetics of pradimicin-IRD-induced DNA damage in HCT 116 cells. Immunoblotting of γH2AX and α-tubulin of HCT 116 cells after pradimicin-IRD (5 μM)
treatment for 6, 12, 24 and 48 h (A). Bar graphs represent the quantiﬁcation of three independent treatments (mean ± SEM); Student’s t test, *p < 0.02,
**
p < 0.009 (B). Immunoﬂuorescence of γH2AX and DAPI in HCT 116 cells after incubation with DMSO (0.05%) and pradimicin-IRD (5 μM) for 48 h (C).
Immunoblotting analysis for γH2AX, p21 and α-tubulin of HCT 116 TP53+/+, HCT 116 TP53−/−, HT-29, SW480, and Caco-2 cells after incubation with DMSO
(0.05%), doxorubicin (1 μM) and pradimicin-IRD (1.25; 2.5; and 5 μM) for 48 h. Pixel quantiﬁcation of γH2AX and p21 (n = 3; mean ± SEM); ANOVA, one way,
followed by Tukey’s multiple comparison test, *p < 0.01 (D).

induction of γH2AX by pradimicin-IRD was also conﬁrmed by immunoﬂuorescence after 48 h of treatment (Fig. 4C). The increased expression of p21 was observed in all tested colorectal carcinoma cell
lines after pradimicin-IRD treatments. However, γH2AX expression was
unchanged in TP53 mutated cell lines (Fig. 4D).

phenomenon was conﬁrmed after 24 h of pradimicin-IRD treatment
(data not shown).
3.3. Molecular markers of DNA damage, cell cycle arrest and apoptosis are
upregulated by pradimicin-IRD

3.4. Molecular interactions between pradimicin-IRD and DNA

In order to obtain novel insights about the molecular mechanisms
involved in pradimicin-IRD response, we evaluated key genes involved
in cell cycle progression and apoptosis. Among the genes evaluated in
HCT 116 cells undergoing pradimicin-IRD treatment, the following
changes were observed: CDKN1A (p21) mRNA levels increased,
whereas CCNA2 (cyclin A2) and CCNB1 (cyclin B1) mRNAs levels decreased (Fig. 3A). Protein expression/activation analysis demonstrated
a reduction in phospho (p)-Rb and increased levels of DNA damage
markers (γH2AX and p21) and apoptosis markers (cleaved PARP1 and
cleaved caspase 3). (Fig. 3B–G). A kinetics analysis of pradimicin-IRD
treatment indicated that 6 h of drug exposure was suﬃcient to induce
γH2AX expression in HCT 116 cells (Fig. 4A and B), corroborating the
results observed in the cell viability and clonal growth assays. The

Finally, mass spectrometry of DNA binding analysis indicated that
pradimicin-IRD (2 molecules) is able to interact with double stranded
DNA (Fig. 5). However, whereas doxorubicin was able to interact with
the FOAT sequence as 1 and 2 molecules, only FOAT with 2 molecules
of pradimicin-IRD was observed. This result shows that pradimicin-IRD
and DNA molecules are able to interact with each other, which means
that DNA might be a target for pradimicin-IRD.
4. Discussion
Pradimicin-IRD is a natural polycyclic antibiotic with cytotoxic
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Fig. 5. Pradimicin-IRD binds to DNA. DNA-binding study by mass spectrometry (ESI-) of the FOAT DNA sequence with doxorubicin or pradimicin-IRD. Methanol
(solvent blank) (A); FOAT (negative control) (B); FOAT:Doxorubicin (1:10) (positive control) (C); FOAT:pradimicin-IRD (1:10) (D).

most common mutated genes included the proto-oncogene KRAS (wide
type: SW480 and Caco-2; mutated: HCT 116, HCT 116 TP53−/− and
HT-29) and the tumor suppression gene TP53 (wide type: HCT 116;
mutated: HCT 116 TP53−/−, SW480 and Caco-2HT-29), along with
microsatellite instability and CpG island methylator phenotype [9].
Pradimicin-IRD was equally active against all tested colon cancer cells,

activity against cancer cell lines, including MM 200 (melanoma, IC50
2.7 µM), MCF-7 (breast carcinoma, IC50 1.55 µM) and HCT 116 (IC50
0.8 µM) [5]. Herein the anticancer potential of Pradimicin-IRD was
further evaluated in a panel of colorectal cancer cells with diﬀerent
mutation status of cancer critical genes. The colorectal carcinoma cell
lines represent the heterogeneity of colon cancer patients, where the
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but signiﬁcantly less toxic to a non-tumor primary ﬁbroblast, suggesting
selectivity to tumor cells in spite of the mutation status. Due to the
sensitivity of the HCT 116 cell line to the drug, this cell line was selected for further investigation. Pradimicin-IRD displayed antitumor
activity in HCT 116 cells with IC50 at the micromolar level and eﬀects
occurring after at least 6 h pulse treatment, and lasting several days, as
demonstrated by the MTT (72 h) and clonogenic (7 days) assays. This
information is particularly important from the translational point of
view, since extrapolation into the clinical setting, 6 h of plasma life or
infusion time is suﬃcient to achieve a long-term therapeutic eﬀect.
Pradimicins are produced mainly by the bacteria from the genus
Actinomadura, and their molecular structure is characterised by an
aglycone dihydrobenzo (α) naphthoquinone with D-amino acid and
hexose substitutions [10]. Previous studies have highlighted the antifungal and antiviral properties of pradimicins [11–14]. However, the
antitumor activity of pradimicins is rarely discussed [15,16]. Thus, the
mechanism of action of a novel derivative of pradimicin (i.e., pradimicin-IRD) that has presented a potential unexplored anticancer activity should be elucidated.
In the molecular scenario, we determined that pradimicin-IRD binds
to DNA, induces DNA damage and the activation of genes/proteins that
lead to cell cycle arrest, including γH2AX and p21 (CDKN1A). γH2AX,
the phosphorylated form of histone H2AX at serine 139, is a well-established DNA damage marker; it is mainly phosphorylated by the
mutated ataxia telangiectasia (ATM) protein [17,18]. CDKN1A gene
expression is activated by p53 as a result of ATM activation, promoting
cell cycle arrest at the G1 phase via inhibition of CDK-cyclin complexes
[19]. Indeed, we observed increased levels of p21 mRNA and protein
and decreased levels of cyclin A2 (CCNA2) and cyclin B1 (CCNB1)
mRNA in pradimicin-IRD treated-cells. CDK2-cyclin E complex, for
example, promotes Rb phosphorylation and E2F release for the transcription of pro-proliferative factors, such as the cyclin A2 (CCNA2)
gene [20]. Pradimicin-IRD decreases the levels of Rb phosphorylation,
which may be the cause of G0/G1 cell cycle arrest.
The pradimicin-IRD treatment in TP53 mutated cell lines displayed,
unlikely doxorubicin treatments, a p53-independent regulation of p21
expression. Further investigation of the alternative pathway of p21
activation would be important, such as CHEK2-dependent senescence
and/or BRCA1 induction [21,22], since the selectivity was not impacted
by diﬀerent cancer cell mutational background. This result positively
inﬂuenced the translational potential of pradimicin-IRD.
The current DNA-damaging agents used in the clinical setting are
most cytotoxic during the S-phase, leading to G2/M cell cycle arrest. For
instance, cisplatin forms 1, 2-intrastrand cross-links of adjacent deoxyguanosines with platinum binding to the N7 positions of the DNA
bases [23,24]. Inhibitors of topoisomerase (e.g., doxorubicin) form a
DNA-enzyme complex, preventing the re-ligation of DNA strands and
causing toxic double-strand breaks. Compounds that cause these lesions
are potent inhibitors of DNA replication, which could induce G2/M
phase cell cycle arrest, which diﬀers from pradimicin-IRD induced G0/
G1 cell cycle arrest. However, pradimicin-IRD promotes a decrease in Sphase cell populations, indicating that the DNA damage caused by
pradimicin-IRD occurs prior to the DNA synthesis. Although the identiﬁcation of the biochemical molecular target can be diﬃcult due to the
many complex cellular processes involved within the cell, our results
from DNA-binding assays via mass spectrometry show that pradimicinIRD is able to bind DNA, as well as doxorubicin and chromomycin A3,
well-known DNA-binding compounds. There are many examples in the
literature of DNA-binding investigation by ESI-MS [25–28]. Such assays
became routine in our research group because they are simple and fast
to perform. For instance, in a previous study, we demonstrated the
ability of the anthracyclines nocardicyclin and nothramycin to bind
dsDNA (FOAT) [8]. Although dsDNA with only 1 molecule was detected
for both anthracyclines, it is interesting that for doxorubicin and pradimicin-IRD, we detected dsDNA with 2 molecules. These results indicate that the interaction is related to the chemical structure since

pradimicin has the same aminoglycoside of nocardicyclin and nothramycin, suggesting that the number of molecules able to bind this
DNA sequence is correlated with the aglycone moiety. Still, it is known
that chromomycin A3, a penta-glycoside anthraquinone, complex with
a DNA sequence consisting of a dimer of 2 molecules in coordination
with a Mg2+ [29]; therefore, our results may also indicate that pradimicin interacts with DNA as a dimer of 2 molecules. The ﬁrst-line
treatment for colorectal cancer [30] is mainly based on combinations of
DNA-damaging agents, such as oxaliplatin, a third-generation platinum
compound; 5-ﬂuorouracil (5-FU) and capecitabin, pyrimidine analogues that inhibit DNA synthesis; and irinotecan, a topoisomerase inhibitor [31,32]. DNA-damaging agents are widely used in cancer
therapy, but their use is limited by dose-related toxicities, as well as the
development of drug resistance. Studies related to new information
about the DNA damage response network and its role in drug discovery
are essential to overcome these problems and oﬀer novel therapeutic
options [3,33].
In summary, cellular and molecular analyses indicate that pradimicin-IRD induced DNA damage, cell cycle arrest and apoptosis in a
colorectal carcinoma cell line (HCT 116). Our exploratory study identiﬁed novel targets for pradimicin-IRD and provided insights concerning its potential anticancer activity.
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