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ARTICLE INFO ABSTRACT

Keywords: 5-Fluorouracil (5-FU) is an essential chemotherapeutic drug for colorectal cancer (CRC) treatment. However, the
Colorectal cancer frequent development of drug resistance has dramatically affected its clinical use. Therefore, novel treatment
Chemoresistance

strategies are critical to improving patient outcomes. Herein, we investigated the ability of the epigenetic drug
SAHA to increase the sensitivity of chemoresistant CRC cells to 5-FU. In addition, we evaluated the potential
genotoxic risk of SAHA+5-FU combination treatment. As a model system, we used three CRC cell lines, HT-29,
SW480, and HT-29/EGFP/FUR, differing in their resistance to 5-FU. CRC cell lines were exposed to sub-toxic
SAHA concentrations for 24 h, followed by a 48 h treatment with 5-FU. The cytotoxicity of SAHA, 5-FU, and
SAHA+5-FU was measured by the MTT test, the genotoxicity by the comet assay, and the micronucleus test. The
apoptotic/necrotic activity was assessed using morphological criteria.

We found a synergic decrease in the viability of HT-29 and SW480 cells, but not the most resistant HT-29/
EGFP/FUR cells after combined SAHA+5-FU exposure compared to 5-FU. Remarkably, SAHA most efficiently
induced apoptosis in HT-29/EGFP/FUR cells compared to HT-29 and SW480 cells. Combined SAHA+5-FU
treatment resulted in a synergistic increase in apoptotic/necrotic cells in HT-29 cell line, while rather additive/
sub-additive effect was determined in the SW480 and HT-29/EGFP/FUR cells. At the same time, however, a
synergistic rise in micronuclei was found in CRC cell lines (at least at some concentrations). We have shown that
SAHA can sensitize CRC cells to 5-FU; therefore, epigenetic and convential drug combinations could be beneficial
for the patients. However, the increase in micronucleus formation after combined SAHA+5-FU treatment in-
dicates a potential health hazard. The clastogenic activity could contribute to cancer heterogeneity, favoring
progeny of such aberrant cells to clonal expansion. Therefore, developing new specific epigenetic drugs or
nanocarriers for targeted drug delivery might reduce the potential genotoxic risk.

5-Fluorouracil

Suberoylanilide hydroxamic acid
Cytotoxicity

Genotoxicity

1. Introduction

Despite improvements in diagnostic procedures and more effective
therapeutic advances, colorectal cancer (CRC) is one of the leading
causes of cancer-related mortality worldwide [1]. Chemotherapy
coupled with surgery is the most common treatment form and, in the
case of advanced metastatic CRC, the only way to increase the survival
rate of such patients.

In most CRC cases, the first-line chemotherapeutic agent is 5-fluoro-
uracil (5-FU), the antimetabolite drug [2]. Its therapeutic effect is
mediated either by inhibiting the thymidylate synthase (TS) or by mis-
incorporating 5-FU metabolites into DNA and RNA [3]. The enzymatic
TS function is inactivated due to the formation of a stable complex with
5-FU metabolites, resulting in intracellular nucleotide pool
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perturbations required for DNA replication and repair. Moreover,
incorporating 5-FU metabolites into DNA causes cell cycle arrest and
apoptosis [4-6]. 5-FU metabolites are also incorporated into RNA,
inducing rRNA maturation disorders and inhibiting pre-mRNA splicing.
However, more than 80 % of 5-FU is catabolized to inactive metabolites
in the liver and eliminated from the organism [4]. Combination 5-FU
with other chemotherapeutics (e.g., leucovorin, oxaliplatin, irinote-
can), the monoclonal antibodies (e.g., anti-EGFR or anti-VEGF) or
immunotherapy has vastly improved clinical outcomes. Nevertheless,
the increased adverse side effects and the development of drug resis-
tance remain the principal causes of treatment failure [7]. Novel ther-
apeutic strategies are, therefore, needed to improve patients’ drug
response rates.

Genomic profiling has improved understanding of the molecular
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pathogenesis of CRC. Epigenetic alterations, along with gene mutations,
have been shown to play a critical role in the molecular CRC hetero-
geneity [8]. In addition to DNA methylation and non-coding RNAs,
histone modification is increasingly recognized as a crucial mechanism
underlying CRC development [9]. Covalent histone modification,
controlled by histone deacetylases (HDACs) and histone acetyl-
transferases (HATs), affects the nucleosomal conformation and chro-
matin architecture, leading to changes in gene expression. The increased
expression and activity of HDACs, frequently detected in tumor tissues
[10] has been associated with poor prognosis of CRC patients [11].
Dysregulation of HDACs expression promotes oncogenic signaling by
silencing tumor suppressor genes transcription or by the alteration of
critical target genes expression regulating oncogenic pathways [10]. As
histone modification is a reversible process, inhibiting the HDAC en-
zymes became a promising cancer therapeutic strategy for CRC [12].

Suberoylanilide hydroxamic acid (SAHA), also known as Vorinostat
or Zolinza, is the first United States Food and Drug Administration (U.S.
FDA)-approved HDAC inhibitor for the treatment of cutaneous T cell
lymphoma [13]. The therapeutic effect of SAHA, a pan-HDAC inhibitor,
is mediated by inhibiting HDACs due to direct binding to the zinc atom
of the catalytic domain of these enzymes. SAHA, however, can affect
gene transcription also indirectly by increased acetylation of proteins
involved in cancer-relevant pathways, including transcription factors
[14]. In preclinical studies, SAHA has inhibited cell proliferation, cell
cycle, inflammation, angiogenesis, and induced apoptosis in vitro and in
vivo [15]. Although HDAC inhibitors have failed as monotherapy in solid
tumors due to limited effectiveness, adverse effects, and acquisition of
drug resistance [16], several studies have shown their synergistic effect
in combination with anticancer drugs [17]. SAHA combined with
cisplatin has shown a synergistic antiproliferative effect in larynx cancer
cells [18] and cholangiocarcinoma cells [19]. A strong synergistic
antiproliferative effect between SAHA and 5-FU was determined in
several human hepatoma cell lines [20], human squamous cancer cell
lines [21], and colon cancer cell lines [22]. Moreover, combined
SAHA+5-FU treatment resulted in the downregulation of TS protein in
colon cancer xenograft models in vivo [23]. Regmi and colleagues have
recently demonstrated that SAHA pretreatment overcomes 5-FU resis-
tance in IFIT2-depleted oral squamous carcinoma cells in vitro and
mouse xenografts in vivo [24].

Combining HDAC inhibitors with antitumor drugs may be a prom-
ising strategy to reverse chemoresistance, thus increasing the efficacy of
conventional CRC chemotherapy. Therefore, the objective of our study
was to evaluate the ability of SAHA to increase the susceptibility of the
highly chemoresistant CRC cell lines to 5-FU. In addition, we assessed
the potential hazard of such combined SAHA+5-FU treatment as both 5-
FU and SAHA were shown to induce genotoxic effects in vitro and in vivo
[25,26]. To our best knowledge, data dealing with the risk assessment of
combination therapy involving the epigenetic drug and conventional
one is entirely lacking. Genomic instability can contribute to clonal
evolution and cancer heterogeneity resulting in developing a secondary
malignancy late in life.

The potential genotoxic hazard of combination therapy has not been
assessed thoroughly yet.

The CRC cell lines HT-29, SW480, and HT-29/EGFP/FUR, differing
substantially in the resistance to 5-FU we employed as a model system in
our study. We pretreated the cells with sub-toxic SAHA concentrations
(< 1C20) for 24 h before exposure to 5-FU (<IC50) for 48 h. To assess the
impact of the SAHA+5-FU combined treatment on genomic stability, we
used the alkaline comet assay and the micronucleus test. Because of their
robustness, sensitivity, and statistical power to evaluate DNA breakage,
a hallmark of mutagenicity and carcinogenicity, they are the most
frequently used assays in genetic toxicology. Finally, to objectively
evaluate the benefit/potential risk of the combined SAHA+5-FU treat-
ment, the combinatory factor (CF) was calculated. This parameter de-
termines the synergism, additivity, or antagonism between SAHA and 5-
FU at each measured endpoint.
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2. Materials and methods
2.1. Chemicals

Ethidium bromide (EtBr, CAS number 1239-45-8), low-melting-point
(LMP, CAS number 39346-81-1) agarose, normal-melting-point (NMP,
CAS number 9012-36-6) agarose, Triton X-100 (CAS number 9002-93-
1), HEPES (CAS number 7365-45-9), 5-fluorouracil (5-FU, CAS num-
ber 51-21-8), suberoylanilide hydroxamic acid (SAHA, CAS number
149647-78-9) were purchased from Sigma-Aldrich (Lambda Life,
Slovakia), 3- (4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bro-
mide (MTT, CAS Number 298-93-1) purchased from Sigma-Aldrich
Chemia, Germany.

All other chemicals and solvents were of analytical grade from
commercial suppliers.

2.2. Cell lines

Three human colon adenocarcinoma cell lines differing in their
sensitivity to 5-FU were used in this study. The HT-29 cell line (ECACC
no. 91072201), the most sensitive cell line to 5-FU, SW480 cells (ATCC®
CCL-228™), with medium sensitivity to this drug and the resistant HT-
29/EGFP/FUR line. The HT-29/EGFP/FUR cells, stably expressing the
green fluorescent protein (EGFP) were developed by exposing parental
chemonaive cell line HT-29/EGFP to gradually increasing concentra-
tions of 5-FU, up to clinically relevant plasma concentrations of 2 pg.
ml’l, as described in [12]. All cell lines were maintained in high glucose
(4.5 g.1™1) Dulbecco’s modified Eagle medium (DMEM, Gibco, Lamba
Life, Slovakia) supplemented with 10 % fetal calf serum (FCS; Biochrom
AG, Germany), 1 % GlutaMAX (Gibco by Life Technologies, USA), and
addition of 0.25 % gentamicin (Sandoz, Germany). In the case of
HT-29/EGFP/FUR cells, 5-FU at a concentration of 2 pg.ml~! was added
to the medium. The cells were cultivated at 37 °C, in a humidified at-
mosphere of 5 % COo.

2.3. Cell treatment

The exponentially growing cells were exposed to selected concen-
trations of SAHA and 5-FU depending on their sensitivity to particular
drug for 24 h-72 h. The working concentrations of SAHA: 0.16 g.ml™%;
0.21 g.ml™}; 0.26 g.ml™! (for HT-29 cells); 0.32 g.ml™'; 0.37 g.ml™%;
0.42 g.ml~* (for SW 480 cells) and 0.40 g.ml~; 0.53 g.ml~%; 0.66 g.ml*
(for HT 29/EGFP/FUR cells) were prepared freshly before use from the
stock solution 5 mM diluted in culture media. The working concentra-
tions of 5-FU: 0.15 g.ml~; 0.23 g.ml™1; 0.3 g.mI~! (HT-29 cells); 0.9 g.
ml™% 1.2 g.ml’l; 1.8 g.ml’1 (SW 480 cells); 20.2 g.ml’l; 30.2 g.ml’l;
40.2 g.ml’l (HT-29/ EGFP/FUR cells) from the stock solution 1 mg/mL
diluted in culture media.

In the case of combined treatment, cells were pretreated with SAHA
for 24 h, followed with 48 h exposure to 5-FU.

The treatment of the cells was finished by removing the medium with
drugs and washing the cells twice with phosphate-buffered saline (PBS).
Then, the cells were either processed immediately or incubated in a fresh
medium during different time intervals and then processed.

2.4. Cell viability assay

The MTT assay was based on the protocol described by Mosmann
[50], with minor modifications. In brief, the cells were plated into a
96-well plate at a density of 1.5 x 10 cells /well. After reaching a 75 %
confluence, the cells were treated with different concentrations of 5-FU
or SAHA for 24-72 h or exposed to SAHA+5-FU. The photometric
evaluation (at 540-nm excitation and 690-nm emission wavelengths)
was carried out using the Bio-Rad x MarkTM microplate spectropho-
tometer and Microplate Manager 6 software (Bio-Rad, Czech Republic).

IC50 values were calculated from the dose-response curves using
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CalcuSyn software (Biosoft, Cambridge, UK).

2.5. Single-cell gel electrophoresis (SCGE)

To evaluate the capacity of SAHA, 5-FU, and SAHA+5-FU to induce
DNA strand breaks, we used the alkaline comet assay [52,54]. In brief,
cells (1.2 x 10%) were gently resuspended and mixed in 1 % LMP agarose
in PBS (Ca®t and Mg2+ free); the final concentration of LMP was 0.75 %.
Next, 50 pL of this cell suspension was dropped on a 1 % NMP agarose
pre-coated slide and covered by a coverslip. After solidification of gel,
slides were placed in lysis solution (2.5 M NaCl, 100 mM Na2EDTA, 10
mM Tris-HCl, pH = 10 and 1 % Triton X-100, at 4 °C) for 60 min to
remove cellular proteins. After lysis, slides were transferred to a hori-
zontal electrophoretic box and immersed in an alkaline electrophoretic
solution (300 mM NaOH, 1 mM Na2EDTA, pH > 13). After 30 min
unwinding time, a voltage of 19 V (0.8 V/cm and 300—350 mA) was
applied for 20 min at 4 °C. The slides were neutralized with 3 x 5 min
washes with Tris-HCl (0.4 M, pH 7.4) and dried with ethanol. Before
scoring, slides were stained with ethidium bromide (EtBr, 5 pg.ml 1, 20
pL /slide). EtBr-stained nucleoids were examined with Zeiss Axio
Imager.Z2 fluorescence microscope (Zeiss, Germany) using the
computerized image analysis (Metafer 3.6, MetaSystems GmbH, Alt-
lussheim, Germany). The percentage of DNA in the tail (% of tail DNA)
was used as a parameter of DNA damage measurement [53]. We used 3
parallels for each concentration and evaluated 150 nucleoids per gel in
each electrophoretic run.

2.6. Micronucleus test

Cells at a density of 1.5 x 10° cells were seeded on Petri dish (@ = 60
mm). Next day, cells were treated with SAHA, 5-FU or SAHA+5-FU as
described above. After the treatment, cells were fixed with the ice-cold
fixative solution for 15 min, washed with distilled water, and dried
overnight. Cells were stained with DAPI (0.2 pg.ml™!) in Mc’Ilvaine
staining solution. Micronuclei (MNi) were identified according to the
criteria specified by Miller et al. [27]. The proliferation status (mitotic
index, MI) of the human CRC cells was measured according to Eckl and
Raffelsberger [28]; cell death (apoptosis and necrosis) was determined
using morphological criteria (fragmentation of nuclei) described by
Oberhammer et al. [29]. Two thousand cells per dish were analyzed
using the fluorescence microscope Olympus BX51 (Olympus Optical CO,
Ltd., UK). Data are presented as means + S.D. of two parallel dishes per
sample from at least two independent experiments.

2.7. Combinatory factor

The combinatory factor (CF) values were calculated to determine the
type of interaction between SAHA and 5-FU. We used the formula
described by Surralles et al. [51]:

MNg.p — MNc

CF =
(MN5 — MN¢) + (MNp — MN¢)

where MN( is the number of micronuclei (MNi) in the control, MNg ; p is
the number of MNi in the cultures exposed to SAHA+5-FU, MNp is the
number of MNi in cultures exposed to SAHA alone, and MNp, is the
number of MNi in cultures treated with 5-FU alone. A value of Cf > 1
indicates synergism; Cf = 1 indicates additivity, and Cf < 1 indicates
antagonism.

2.8. Statistical analysis

Data are given as mean + S.D. from at least three independent ex-
periments with triplicates per sample. The differences between treated
samples and untreated control were evaluated by the Student’s t-test and
one-way analysis of variance (ANOVA). The threshold of statistical
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significance was set to p < 0.05.
3. Results

3.1. SAHA increased the susceptibility of HT-29, SW480, and HT-29/
EGFP/FUR cells to 5-FU

The preliminary experiments focused on selecting suitable SAHA and
5-FU concentrations and exposure time for combined SAHA+5-FU
treatment. HT-29, SW480, and HT-29/EGFP/FUR cells were exposed to
various concentrations of individual drugs for 24 h, 48 h, and 72 h, and
their viability was assessed by the MTT assay. IC50 values for SAHA and
5-FU for a particular cell line and exposure time calculated from the
dose-response curves are shown in Table 1. The cell survival after SAHA
treatment correlated with the 5-FU resistance determined in individual
cell lines. HT-29 cells were most sensitive to SAHA and 5-FU, while the
5-FU-resistant HT-29/EGFP/FUR cells were also the most resistant to
SAHA. SW480 cells showed intermediate sensitivity to 5-FU and SAHA
compared to HT-29 and HT-29/EGFP/FUR cells.

As SAHA downregulated TS expression within 24 h [30], the
sequential treatment was selected, in which the pretreatment with SAHA
for 24 h followed by 48 h exposure to 5-FU. For the combined
SAHA-+5-FU treatment, three concentrations of SAHA and 5-FU were
selected for each cell line, the toxicity of which never exceeded 50 %.
However, due to large differences in sensitivity to 5-FU and also to
SAHA, equivalent concentrations, for at least SAHA, for all three cell
lines could not be used.

In HT-29 cells, the selected SAHA concentrations affected cell sur-
vival only negligibly; cell viability ranged between 100 to 93 %, while
the cell survival after exposure to 5-FU was not reduced by more than 30
% at the highest concentration (Fig. S1A). In combined treatment, SAHA
showed a variable effect on the survival of 5-FU-treated HT-29 cells. A
synergistic reduction of cell viability (CF > 1) was determined at all
SAHA concentrations in combination with the lowest 0.15 pg.ml~! 5-FU
concentration while at the higher, 0.23 pg.ml~! and 0.3 pg.ml~!, 5-FU
concentrations, an additive effect was observed (Fig. S1A).

SAHA also enhanced the sensitivity of SW480 cells to 5-FU
(Fig. S1B). The synergistic cytotoxic effect was detected at two lower
5-FU concentrations (0.9 pg.ml ™}, 1.2 pg.ml~!) except one SAHA+5-FU
combination (0.42 pg.ml+1.2 pg.ml~1). Although SAHA inhibited the
cell viability at the highest 1.8 pg.ml 5-FU concentration, only an ad-
ditive effect was reached. A dose-dependent reduction in cell survival
after combined SAHA+5-FU treatment was also detected in HT-29/
EGFP/FUR cells (Fig. S1C). However, in contrast to HT-29 and SW480
cells, no synergism between SAHA and 5-FU was detected at any SAHA
and 5-FU concentrations.

Further experiments were aimed to investigate the impact of com-
bined SAHA+5-FU treatment on the DNA breakage, mitotic activity,
micronucleus formation, and induction of apoptosis in CRC cell lines.

3.2. SAHA pretreatment did not affect the level of DNA strand breaks
induced by 5-FU

The comet assay (also known as the single cell gel electrophoresis)
has been w used as a first-line method to detect DNA strand breaks, a
standard biomarker of DNA damage, induced by genotoxic agents [31].
A significant increase in the level of DNA strand breaks was detected in
all CRC cell lines after exposure to SAHA and 5-FU alone, but the growth
of DNA damage was not dose-dependent (Table 2). Interestingly, SAHA
induced the highest level of DNA strand breaks in HT-29/EGFP/FUR
cells (a nearly 3-fold increase compared to control cells), while an
almost equal level of DNA breakage (approximately 2-fold rise) was
found in HT-29 and SW480 cells. On the other hand, 5-FU was the most
efficient in SW480 cells compared to HT-29 and HT-29/EGFP/FUR cells;
a nearly 4-fold rise of DNA damage was observed in this cell line.
Interestingly, combined SAHA+5-FU treatment did not result in
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Table 1
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IC50 values of SAHA and 5-FU in HT-29, SW480, and HT-29/EGFP/FUR cell lines after 24 h, 48 h, 72 h of treatment.

IG50 [pg. ml~']

1C50 [pg. ml~']

Cell line Agent 24 h 48 h 72h Agent 24 h 48 h 72 h

HT-29 5-FU 1.07 0.56 0.48 SAHA 0.43 0.44 0.30

SW480 4.64 2.30 2.27 0.64 0.58 0.78

HT-29/EGFP/FUR 74.64 76.48 57.71 0.97 0.95 0.34
Table 2

The percentage of DNA in tail detected in HT-29, SW480, and HT-29/EGFP/FUR cell after exposure to SAHA [24 h], 5-FU [48 h], and combined treatment SAHA + 5-

FU [24 h + 48 h].

HT-29 cells

SW480 cells

HT-29/EGFP/FUR cells

SAHA [pg. ml™']  5-FU [pg. mlI™']  DNAintail [%]  SAHA [pg. ml™']

5-FU [pg. ml™']

DNAin tail [%]  SAHA [pg.ml"!]  5-FU[pg.ml"!]  DNA in tail [%]

Control - 4.10 + 0.09 Control
0.15 0.9
0.23 1.2
0.30 1.8
0.16 6.04 + 0.73* 0.32
0.21 6.78 + 0.85* 0.37
0.26 5.81 +1.24 0.42
0.15 10.89 + 1.08** 0.9
0.16 0.23 13.74 £ 1.17 0.32 1.2
0.30 16.45 + 0.24 1.8
0.15 14.43 £+ 0.95"* 0.9
0.21 0.23 0.37 1.2
0.30 1.8
0.15 0.9
0.26 0.23 0.42 1.2
0.30 1.8

8.78 £ 1.08 Control 3.87 £0.48
22.98 + 1.36%** 20.2 12.20 + 0.19%*
24.24 +1.93 30.2 12.06 + 0.19**
23.89 + 1.64"** 40.2 12.68 + 1.27**
11.18 4+ 0.77* 0.40 11.68 + 1.64
12.77 4+ 0.54* 0.53 11.73 + 1.16*
9.72 £+ 2.62 0.66 12.83 + 1.01**
20.2 11.84 + 1.64**
0.40 30.2 15.05 + 1.10*
40.2 18.96 + 1.0
20.2 18.38 £ 1.32***
0.53 30.2 14.23 + 0.59%*
40.2 12.97 + 0.88**
20.2 14.00 &+ 0.64**
0.66 30.2 14.45 + 0.50"

40.2 17.17 £ 0.5

Data represent the mean + S.D. from at least 3 independent experiments with 3 parallels per sample. A total of 150 nucleoids were scored per each sample in one

electrophoretic run. Significantly different from control.
" p < 0.05.
" p<0.01.
" p<0.01.

additional growth of DNA damage in exposed cells; the levels of DNA
damage were comparable with those produced by 5-FU alone, indicating
an antagonistic effect. However, it cannot be excluded that the highly
damaged cells were lost already during the lysis. DNA fragments pro-
duced during apoptosis are much too small to be detected by the comet
assay; they can diffuse away from the gel during lysis [32]. The CF
values determined for each SAHA-+5-FU combination supported our
suggestion.

3.3. Combined SAHA+5-FU treatment increased synergistically the level
of micronuclei in CRC cells

Micronucleus formation indicates chromosomal instability; there-
fore, its assessment has become an important endpoint in genotoxicity
studies. The advantage of the micronucleus test is that, in addition to
genotoxic effects, it provides information on the mitotic and apoptotic
activity of exposed cells. [34].

In general, cell exposure to SAHA or 5-FU alone significantly
inhibited the proliferation activity in all CRC cell lines, though the effect
of SAHA was less pronounced in SW480 cells (Tab. S1). The strongest
antiproliferative activity of combined SAHA+5-FU was detected in HT-
29 cells at the highest 0.26 pg.ml~! SAHA concentration.

SAHA and 5-FU alone significantly increased the MNi level in each
cell line regardless of its chemoresistance to this antimetabolite drug. In
HT-29 cells, SAHA induced almost the same MNi number at each con-
centration, while a linear dose-dependent MNi growth (R% = 0.925) was
detected in 5-FU-treated cells (Fig. 1A). The combined SAHA+5-FU
treatment showed an antagonistic effect at the lowest 0.16 pg.ml™?
SAHA concentration. The MNi number was lower or approximately
equal to that induced by 5-FU alone. In contrast, a sub-additive to an
additive effect on the level of MNi was found at the 0.21 pg.ml~! SAHA

concentration, and at the highest 0.26 pg.ml" SAHA concentration
additivity or synergism between SAHA and 5-FU was observed. A linear
dose-dependent rise of MNi was detected in SW480 cells (Fig. 1B) after
exposure to SAHA and 5-FU alone (R?> = 0.8672 and 0.963, respec-
tively). Interestingly, combined SAHA+5-FU treatment caused either
synergistic or additive rise of MNi at all combinations of concentrations
in this cell line. In HT-29/EGFP/FUR cells, SAHA and 5-FU alone
significantly increased the level of MNi, although the effect was not
dose-dependent (Fig. 1C). Combined SAHA+5-FU treatment resulted in
a strong antagonistic effect on the MNi level at the lowest 0.40 pg.ml?
SAHA concentration, while an additive to synergistic effect was detected
at the higher SAHA concentrations (0.53 pg.ml~! and 0.66 pg.ml™1).

The basal level of apoptotic/necrotic cells in individual cell lines was
comparable (Table 3). Interestingly, SAHA induced the highest number
of apoptotic/necrotic cells in the chemoresistant HT-29/EGFP/FUR cells
(a 3-10-fold increase compared to control). On the other hand, the
slightest effect was detected in HT-29 cells (a 2-3-fold increase
compared to control). Approximately similar levels of apoptosis/ne-
crosis were found in SW480 cells after exposure to SAHA and 5-FU (a 2-
5-fold increase compared to control cells). A synergistic effect of com-
bined SAHA+5-FU on the apoptosis/necrosis level (Cf>1) was detected
only in HT-29 cells at all SAHA+5-FU combinations except one
(SAHA+5-FU: 0.16 pg.ml™* + 0.15 pg.ml™!). On the other hand,
antagonism was determined between SAHA and 5-FU in SW480 and HT-
29/EGFP/FUR cells which might be caused by the loss of highly
damaged cells from the culture during cell processing.

4. Discussion

CRC cell lines differing in intrinsic or acquired resistance to con-
ventional drugs are valuable preclinical in vitro models for studying the
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c 20 HT-29/EGFP/FUR
£ 15
2 10 — —_—

‘D o ** o i

claal o0 anl al I I I I

S, alln . ol i

é 0 0.400.530.66 20.230.240.2 20.230.240.2 20.230.240.2 20.230.240.2
SAHA 5-FU SAHA 0.40 SAHA 0.53 SAHA 0.66

Concentration [SAHA; 5-FU ug.ml-1]

SAHA 0.40 [pg.ml"] SAHA 0.53 [ug.ml"]

SAHA 0.66 [ug.ml "]

20.2
0.28

30.2 40.2
0.43 0.65

20.2
1.28

30.2 40.2
1.1 1.54

5-FU [pg.ml]
CF

20.2
1.32

30.2 40.2
0.95 0.98

efficacy and safety of combination therapy. To objectively evaluate the
ability of SAHA to overcome chemoresistance, we selected three CRC
cell lines differing in sensitivity to 5-FU. In contrast to 5-FU resistance,
all CRC cell lines were almost equally sensitive to SAHA, suggesting their
high susceptibility to this pan-HDAC inhibitor. The significant increase
in apoptotic/necrotic cells indicated that SAHA triggers apoptosis in
these cells either by restoring tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) or up-regulating pro-apoptotic protein expres-
sions such as Bim, Bak, and Bax [15]. Apart from the pro-apoptotic ac-
tivity, we simultaneously observed proliferation inhibition and genomic
instability induction in all SAHA-exposed CRC cell lines. In line with our
results, SAHA showed clastogenic activity in Chinese hamster ovary
(CHO) cells but not in normal human lymphocytes [40]. The increased
sensitivity of cancer cells to HDAC inhibition is explained by over-
expression of a specific HDAC isoform or group of HDACs, which render
them more sensitive to the inhibition than normal tissue cells [10]. The
enhanced level of DNA strand breaks and MNi could be caused by

blocking the DNA replication forks and activating dormant replication
origins in cancer cells [39]. A recent study has revealed that repeated
administration of SAHA using clinically relevant doses caused structural
chromosomal damage and numerical chromosomal abnormalities, DNA
hypomethylation, and apoptosis in vivo. In addition, SAHA altered the
expression of many genes involved in DNA damage/repair pathways
[41]. The genotoxic effects induced by SAHA could be tolerated to some
extent in the case of life-threatening diseases, such as cancer. However,
in combination with conventional drugs such as 5-FU, which also has
DNA damaging and clastogenic properties [42], the genetic changes
might accumulate within the cells and contribute to undesired proper-
ties leading to secondary malignancies. Therefore, a careful toxicolog-
ical evaluation of such combination therapy is required prior to clinical
use.

SAHA pretreatment, followed by exposure to 5-FU, synergistically
reduced the viability of HT-29 and SW480 cells, while antagonism was
found in the highly chemoresistant HT-29/EGFP/FUR cells. In line with
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Table 3
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The percentage of apoptotic/necrotic cells detected in HT-29, SW480 and HT-29/EGFP/FUR cells after exposure to SAHA [24 h], 5-FU [48 h], and combined treatment

SAHA+5-FU [24 h + 48 h].

HT-29 cells SW480 cells HT-29/EGFP/FUR cells
SAHA [pg. 5-FU [pg. Apoptosis/ CF SAHA [pg. 5-FU [pg. Apoptosis/ CF SAHA [pg. 5-FU [pg. Apoptosis/ CF
ml™1] ml~1] necrosis [%] ml1] ml1] necrosis [%] ml™] ml™] necrosis [%]
Control - 2.20 £ 0.85 - Control 3.4+ 0.97 Control 2,95+ 0.75
0.15 3.20 £ 0.07 0.9 8.10 £ 0.71 20.2 3.25+0.18
0.23 6.45 £ 0.32 1.2 11.85 + 0.18 30.2 4.65 + 0.88
0.30 7.25 + 0.46 1.8 15.40 + 0.85 40.2 6.00 + 0.35
0.16 5.02 + 0.64 0.32 5.61 + 0.45 0.40 9.15 + 0.49
0.21 5.96 + 0.64 0.37 10.60 + 0.23 0.53 21.95 + 0.18
0.26 7.83 + 0.85 0.42 15.05 + 1.03 0.66 30.5 + 1.63
0.15 6.40 + 0.82 0.97 0.9 9.10 + 0.96 0.79 20.2 8.55 + 0.77 0.72
0.16 0.23 14.25 + 1.57 1.59 0.32 1.2 11.80 + 1.43 0.76 0.40 30.2 12.60 + 2.50 1.05
0.30 13.64 + 1.80 1.37 1.8 14.00 + 2.96 0.73 40.2 15.15 + 1.02 1.16
0.15 13.65 + 2.00 2.18 0.9 12.30 + 1.40 0.73 20.2 13.35 +0.55 0.50
0.21 0.23 16.00 + 4.11 1.62 0.37 1.2 15.25 + 2.17 0.74  0.53 30.2 10.50 + 1.76 0.34
0.30 16.45 + 1.80 1.53 1.8 17.35 + 0.48 0.71 40.2 14.60 + 1.18 0.50
0.15 16.20 + 0.59 1.96 0.9 12.95 + 4.14 0.57 20.2 15.30 + 0.53 0.42
0.26 0.23 16.15 + 2.08 1.34  0.42 1.2 15.90 + 1.83 0.61  0.66 30.2 10.5 + 1.76 0.46
0.30 20.65 + 2.27 1.65 1.8 17.70 + 0.48 0.59 40.2 25.40 + 2.59 0.70

The data represent the mean values + SD from at least 3 independent experiments; at least 2000 cells were analyzed per sample, two parallel plates per sample in each
experiment. CF — combinatory factor, CF < 1 antagonism; CF = 1 additivity; CF > 1 synergism.

our results, Hosokawa et al. [37] reported a synergistic cytotoxic effect
of SAHA+5-FU in SW480 cells. On the other hand, Ikehata et al. [43]
determined an antagonistic effect if a simultaneous SAHA+5-FU expo-
sure was employed. These conflicting results highlighted the importance
of a treatment schedule for effective combination cancer chemotherapy.
In addition, combined SAHA+5-FU treatment induced a synergistic
pro-apoptotic effect in HT-29 cells, but antagonism was found in SW480
and HT-29/EGFP/FUR cells. We suppose that the antagonism might be
caused by the loss of highly damaged cells during cell processing prior to
scoring because SAHA and 5-FU themselves significantly increased the
apoptosis in these two CRC cells. Synergism between SAHA and 5-FU to
induce apoptosis was also detected in tumor skin cells [44] and squa-
mous cancer cells [21]. Notably, phase I clinical trial of combined SAHA
and 5-FU treatment brought promising results [46]. However, a ran-
domized phase II clinical study failed because the intratumor TS level
was not reduced [47].

Unfortunately, combined SAHA+5-FU treatment resulted in a syn-
ergistically increased level of MNi in all CRC cell lines, even if we did not
detect an enhanced level of DNA strand breaks compared to that pro-
duced by SAHA or 5-FU alone. Despite the high sensitivity, the comet
assay cannot detect highly damaged DNA or DNA fragments produced
during apoptosis because such too small DNA pieces diffuse away from
the gel already during lysis [32]. Micronucleus formation contributes to
malignant cell transformation due to the gain or loss of genetic material
[45]. Progeny of such micronucleated cells may possess aberrant
phenotypic differences compared to the parental cells, favoring them to
clonal expansion and possibly accelerating the transformation process
[33]. Therefore, the increased clastogenic effect of combined
SAHA+5-FU treatment might indicate potential health hazards. To our
best knowledge, it is the first study dealing with the potential health
hazard of combination therapy involving epigenetic and conventional
drugs.

In conclusion, we showed that SAHA was able to sensitize the che-
moresistant CRC cells to 5-FU efficiently by activating the process of
apoptosis and inhibition of proliferation in all CRC cells. Remarkably,
SAHA was most efficient in HT-29/EGFP/FUR cells which showed more
than 135-fold higher IC50 value for 5-FU than HT-29 cells. However,
despite these promising results, combined SAHA-+5-FU treatment
resulted in synergistic clastogenic effects in all cell lines, which might
contribute to tumor heterogeneity or develop a clonal expansion.
Therefore, it is desirable to develop new selective HDAC inhibitors that
target specific HDACs, overexpressed and associated with poor cancer

patient outcomes. A promising strategy could be the employment of
nanocarriers that protect cancer drugs from first-pass metabolism and
early enzymatic degradation in the gastrointestinal tract and ensure an
adequate supply of the drug(s) to the target tissue [49].

Data availability

Raw data and other supplementary material are available at the
following repository: osf.io/7zpcj.

No data was used for the research described in the article.

Data will be made available on request.

Funding

This study was supported by the Slovak Academy of Sciences under
the Joint Research Program SAS — TUBITAK SBAG (project code:
118S126) 2018 - project TAcTiCAI, and European Union’s Horizon
2020 research and innovation programme under grant agreement No.
857381, project VISION (Strategies to strengthen scientific excellence
and innovation capacity for early diagnosis of gastrointestinal cancers).

Declaration of Competing Interest
The authors declare that there are no conflicts of interest.
Acknowledgements

The authors would like to thank Kristina Pavlov for the assistance in
the realization of the project experiments and Dr. Miroslava Mattskova
for the opportunity to work on this project.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.mrgentox.2022.50
3445.

References

[1] A. Patsalias, Z. Kozovska, Personalized medicine: stem cell in colorectal cancer
treatment, Biomed. Pharmacother. 141 (2021), https://doi.org/10.1016/j.
biopha.2021.111821.

[2] S. Vodenkova, T. Buchler, K. Cervena, V. Veskrnova, P. Vodicka, V. Vymetalkova,
5-fluorouracil and other fluoropyrimidines in colorectal cancer: Past, present and


http://osf.io/7zpcj
https://doi.org/10.1016/j.mrgentox.2022.503445
https://doi.org/10.1016/j.mrgentox.2022.503445
https://doi.org/10.1016/j.biopha.2021.111821
https://doi.org/10.1016/j.biopha.2021.111821

L. Bdlintova et al.

[3

=

[4]

[5]

(6]

71

[8]

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

future, Pharmacol. Ther. 206 (2020), https://doi.org/10.1016/j.
pharmthera.2019.107447.

Ch. Sethy, Ch.N. Kundu, 5-Fluorouracil (5-FU) resistance and the new strategy to
enhance the sensitivity against cancer: implication of DNA repair inhibition,
Biomed. Pharmacother. 137 (2021), https://doi.org/10.1016/].
biopha.2021.111285.

N. Zhang, Y. Yin, Sheng-Jie Xu, Wei-Shan Chen, 5-Fluorouracil: mechanisms of
resistance and reversal strategies, Molecules 13 (2008) 1551-1569, https://doi.
org/10.3390/molecules13081551.

R. Mori, M. Futamura, T. Tanahashi, Y. Tanaka, N. Matsuhashi, K. Yamaguchi,
K. Yoshida, 5FU resistance caused by reduced fluoro-deoxyuridine monophosphate
and its reversal using deoxyuridine, Oncol. Lett. 14 (3) (2017) 3162-3168, https://
doi.org/10.3892/01.2017.6512.

M.G. Francipane, D. Bulanin, E. Lagasse, Establishment and characterization of 5-
fluorouracil-resistant human colorectal cancer stem-like cells: tumor dynamics
under selection pressure, Int. J. Mol. Sci. 20 (2019), https://doi.org/10.3390/
ijms20081817.

R.M. McQuade, V. Stojanovska, J.C. Bornstein, K. Nurgali, Colorectal cancer
chemotherapy: the evolution of treatment and new approaches, Curr. Med. Chem.
24 (15) (2017) 1537-1557, https://doi.org/10.2174/
0929867324666170111152436.

Y. Okugawa, W.M. Grady, A. Goel, Epigenetic alterations in colorectal cancer:
emerging biomarkers, Gastroenterology 149 (5) (2015) 1204-1225, https://doi.
org/10.1053/j.gastro.2015.07.011.

J. Qin, B. Wen, Y. Liang, W. Yu, H. Li, Histone modifications and their role in
colorectal cancer (review), Pathol. Oncol. Res. 26 (2020) 2023-2033, https://doi.
org/10.1007/512253-019-00663-8.

L.H. Prieto, R.F. Campos, A. Silver, E. de Alava, N. Hajji, D.J.G. Dominguez,
Synergistic enhancement of cancer therapy using HDAC inhibitors: opportunity for
clinical trials, Front. Genet. 11 (2020), https://doi.org/10.3389/
fgene.2020.578011.

M. Nemati, N. Ajami, M.A. Estiar, S. Rezapour, R.R. Gavgani, S. Hashemzadeh, H.
S. Kafil, E. Sakhinia, Deregulated expression of HDAC3 in colorectal cancer and its
clinical significance, Adv. Clin. Exp. Med. 27 (3) (2018) 305-311, https://doi.org/
10.17219/acem/66207.

Zagni, G. Floresta, G. Monciino, A. Rescifina, The search for potent, small-molecule
HDACIs in cancer treatment: a decade after vorinostat, Inc. Med. Res. Rev. 37 (6)
(2017) 1373-1428, https://doi.org/10.1002/med.21437. Ch.

B.S. Mann, J.R. Johnson, M.H. Cohen, R. Justice, R. Pazdur, FDA approval
summary: vorinostat for treatment of advanced primary cutaneous T-cell
lymphoma, Oncologist 12 (10) (2007) 1247-1252, https://doi.org/10.1634/
theoncologist.12-10-1247.

V.M. Richon, Targeting histone deacetylases: development of vorinostat for the
treatment of cancer, Future Med. 2 (3) (2010), https://doi.org/10.2217 /epi.10.20.
A.K. Bubna, Vorinostat- an overview, Indian J. Dermatol. 60 (4) (2015) 419,
https://doi.org/10.4103/0019-5154.160511.

Q. Hu, G.H. Baeg, Role of epigenome in tumorigenesis and drug resistance, Food
Chem. Toxicol. 109 (1) (2017) 663-668, https://doi.org/10.1016/j.
fct.2017.07.022.

H.R. Won, H.W. Ryu, D.H. Shin, S.K. Yeon, D.H. Lee, S.H. Kwon, A452, an HDAC6-
selective inhibitor, synergistically enhances the anticancer activity of
chemotherapeutic agents in colorectal cancer cells, Mol. Carcinog. 57 (2018)
1383-1395, https://doi.org/10.1002/mc.22852.

A. Grabarska, J.J. Luszczki, E. Nowosadzka, E. Gumbarewicz, W. Jeleniewicz, M.
D. Graniczka, K. Kowalczuk, K. Kupisz, K. Polberg, A. Stepulak, Histone
deacetylase inhibitor SAHA as potential targeted therapy agent for larynx cancer
cells, J. Cancer 8 (1) (2017) 19-28, https://doi.org/10.7150/jca.16655.

A. Asgar, G. Senawong, B. Sripa, T. Senawong, Synergistic anticancer effects of
cisplatin and histone deacetylase inhibitors (SAHA and TSA) on
cholangiocarcinoma cell lines, Int. J. Oncol. 48 (2016) 409-420, https://doi.org/
10.3892/ij0.2015.3240.

B. Liao, H. Liang, J. Chen, Q. Liu, B. Zhang, X. Chen, Suberoylanilide hydroxamic
acid enhances chemosensitivity to 5-fluorouracil in hepatocellular carcinoma via
inhibition of thymidylate synthase, Tumor Biol. 36 (2015) 9347-9356, https://doi.
org/10.1007/s13277-015-3497-9.

G. Piro, M.S. Roca, F. Bruzzese, C. Carbone, F. Iannelli, A. Leone, M.G. Volpe,

A. Budillon, E.D. Gennaro, Vorinostat potentiates 5-fluorouracil/cisplatin
combination by inhibiting chemotherapy-induced EGFR nuclear translocation and
increasing cisplatin uptake, Mol. Cancer Ther. 18 (2019) 1405-1417, https://doi.
org/10.1158/1535-7163.MCT-18-1117.

E.D. Gennaro, F. Bruzzese, S. Pepe, A. Leone, P. Delrio, P.R. Subbarayan,

A. Avallone, A. Budillion, Modulation of thymidilate synthase and p53 expression
by HDAC inhibitor vorinostat resulted in synergistic antitumor effect in
combination with 5FU or raltitrexed, Cancer Biol. Ther. 8 (9) (2009) 782-791,
https://doi.org/10.4161/cbt.8.9.8118.

W. Fazzone, P.M. Wilson, M.J. LaBonte, H.J. Lenz, R.D. Ladner, Histone
deacetylase inhibitors suppress thymidylate synthase gene expression and
synergize with the fluoropyrimidines in colon cancer cells, Int. J. Cancer 125
(2009) 463-473, https://doi.org/10.1002/ijc.24403.

P. Regmi, K.Ch. Lai, Ch.J. Liu, T.Ch. Lee, SAHA overcomes 5-FU resistance in IFIT2-
depleted oral squamous cell carcinoma cells, Cancers 12 (12) (2020) 3527, https://
doi.org/10.3390/cancers12123527.

H. Oka, M. Ouchida, T. Kondo, F. Morita, K. Shimizu, Different responses to 5-
fluoraouracil in mutagenicity and gene expression between two human
lymphoblastoid cell lines with or without TP53 mutation, Acta Med. 66 (2012)
119-129, https://doi.org/10.18926/AMO/48262.

Mutation Research - Genetic Toxicology and Environmental Mutagenesis 874-875 (2022) 503445

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[37]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[49]

[50]

[51]

[52]

S. Shen, A.P. Kozikowski, Why hydroxamates may not be the best histone
deacetylase inhibitors-what some may have forgotten or would rather forget?
ChemMedChem 11 (1) (2016) 15-21, https://doi.org/10.1002/cmdc.201500486.
B.M. Miller, E. Pujadas, E. Gocke, Evaluation of the micronucleus test in vitro using
chinese hamster cells: results of four chemicals weakly positive in the in vivo
micronucleus test, Environ. Mol. Mutagen. 26 (3) (1995), https://doi.org/
10.1002/em.2850260309.

P. Eckl, I. Raffelsberger, The primary rat hepatocyte micronucleus assay: general
features, Mutat. Res. 392 (1997) 117-124, https://doi.org/10.1016/50165-1218
(97)00050-5.

F.A. Oberhammer, M. Pavelka, S. Sharma, R. Tiefenbacher, A.F. Purchio,

W. Bursch, R.S. Hermann, Induction of apoptosis in cultured hepatocytes and in
regressing liver by transforming growth factor 1, Proc. Natl. Acad. Sci. U. S. A. 89
(1992) 5408-5412, https://doi.org/10.1073/pnas.89.12.5408.

J.H. Lee, M.L. Choy, L. Ngo, S.S. Foster, P.A. Marks, Histone deacetylase inhibitor
induces DNA damage, which normal but not transformed cells can repair, PNAS
107 (33) (2010) 14639-14644, https://doi.org/10.1073/pnas.1008522107.

G. Koppen, A. Azqueta, B. Pourrut, G. Brunborg, A.R. Collins, S.A.S. Langie, The
next three decades of the comet assay: a report of the 11th International Comet
Assay Workshop, Mutagenesis 32 (3) (2017) 397-408, https://doi.org/10.1093/
mutage/gex002.

A.R. Collins, A.A. Oscoz, G. Brunborg, I. Gaivao, L. Giovannelli, M. Kruszewski, C.
C. Smith, R. Stetina, The comet assay: topical issues, Mutagenesis 23 (3) (2008)
143-151, https://doi.org/10.1093/mutage/gem051.

A. Russo, F. Degrassi, Molecular cytogenetics of the micronucleus: still surprising,
Mutat. Res. Genet. Toxicol. Environ. Mutagen. 836 (2018) 36-40, https://doi.org/
10.1016/j.mrgentox.2018.05.011.

M.K. Volders, A. Elhajouji, E. Cundari, P. Van Hummelen, The in vitro
micronucleus test: a multi-endpoint assay to detect simultaneously mitotic delay,
apoptosis, chromosome breakage, chromosome loss and non-disjunction, Mutat.
Res. Genet. Toxicol. Environ. Mutagen. 392 (1-2) (1997) 19-30, https://doi.org/
10.1016/50165-1218(97)00042-6.

M. Hosokawa, S. Tanaka, K. Ueda, S. Iwakawa, Different schedule-dependent
effects of epigenetic modifiers on cytotoxicity by anticancer drugs in colorectal
cancer cells, Biol. Pharm. Bull. 40 (2017) 2199-2204, https://doi.org/10.1248/
bpb.b17-00439.

Conti, E. Leo, G.S. Eichler, O. Sordet, M.M. Martin, A. Fan, M.I. Aladjem,

Y. Pommier, Inhibition of histone deacetylase in cancer cells slows down
replication forks, activates dormant origins, and induces DNA damage, Cancer Res.
70 (11) (2010), https://doi.org/10.1158/0008-5472.CAN-09-3028. Ch.

J.S. Kerr, S. Galloway, A. Lagrutta, M. Armstrong, T. Miller, V.M. Richon, P.

A. Andrews, Nonclinical safety assessment of the histone deacetylase inhibitor
vorinostat, Int. J. Toxicol. 29 (1) (2010) 3-19, https://doi.org/10.1177/
1091581809352111.

S.M. Attia, M.K. Al-Khalifa, M.A. Al-Hamamah, M.R. Alotaibi, M.S.M. Attia, S.

F. Ahmad, M.A. Ansari, A.N. Saleh, A. Bakheet, Vorinostat is genotoxic and
epigenotoxic in the mouse bone marrow cells at the human equivalent doses,
Toxicology 441 (2020), 152507, https://doi.org/10.1016/j.tox.2020.152507.
B.L. Adamsen, K.L. Kravik, P.M. De Angelis, DNA damage signaling in response to
5-fluorouracil in three colorectal cancer cell lines with different mismatch repair
and TP53 status, Int. J. Oncol. 39 (2011) 673-682, https://doi.org/10.3892/
ijo.2011.1080.

M. Ikehata, M. Ogawa, Y. Yamada, S. Tanaka, K. Ueda, S. Iwakawa, Different
effects of epigenetic modifiers on the cytotoxicity induced by 5-fluorouracil,
irinotecan or oxaliplatin in colon cancer cells, Biol. Pharm. Bull. 37 (1) (2014)
67-73, https://doi.org/10.1248/bpb.b13-00574.

M. Suzuki, F. Shinohara, K. Nishimura, Y. Sato, S. Echigo, H. Rikiishi, Epigenetic
regulation of susceptibility to anti-cancer drugs in HSC-3 cells, Interface Oral
Health Sci. (2007) 281-283, https://doi.org/10.1007/978-4-431-76690-2_53.

H. Hintzsche, U. Hemmann, A. Poth, D. Utesch, J. Lott, H. Stopper, Fate of
micronuclei and micronucleated cells, Mutat. Res. 771 (2017) 85-98, https://doi.
org/10.1016/j.mrrev.2017.02.002.

P.M. Wilson, A. El-Khoueiry, S. Igbal, W. Fazzone, M.J. LaBonte, S. Groshen,

D. Yang, K.D. Danenberg, S. Cole, M. Kornacki, R.D. Ladner, H.J. Lenz, A phase I/1I
trial of vorinostat in combination with 5-fluorouracil in patients with metastatic
colorectal cancer who previously failed 5-FU-based chemotherapy, Cancer
Chemother. Pharmacol. 65 (2010) 979-988, https://doi.org/10.1007/s00280-009-
1236-x.

M. Baretti, N.S. Azad, The role of epigenetic therapies in colorectal cancer, Curr.
Probl. Cancer 42 (6) (2018) 530-547, https://doi.org/10.1016/j.
currproblcancer.2018.03.001.

P. Wu, Q. Zhou, H. Zhu, Y. Zhuang, J. Bao, Enhanced antitumor efficacy in colon
cancer using EGF functionalized PLGA nanoparticles loaded with 5-fluorouracil
and perfluorocarbon, BMC Cancer 20 (354) (2020), https://doi.org/10.1186/
512885-020-06803-7.

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

J. Surrallés, N. Xamena, A. Creus, R. Marcos, The suitability of the micronucleus
assay in human lymphocytes as a new biomarker of excision repair, Mutat. Res.
Genet. Toxicol. 342 (1-2) (1995) 43-59, https://doi.org/10.1016/0165-1218(95)
90089-6.

P. Moller, A. Azqueta, E. Boutet-Robinet, G. Koppen, S. Bonassi, M. Milic, G. Gajski,
S. Costa, J.P. Teixeira, C. Costa Pereira, M. Dusinska, R. Godschalk, G. Brunborg, K.
B. Gutzkow, L. Giovannelli, M.S. Cooke, E. Richling, B. Laffon, V. Valdiglesias,
N. Basaran, C. Del Bo, B. Zegura, M. Novak, H. Stopper, P. Vodicka, S. Vodenkova,


https://doi.org/10.1016/j.pharmthera.2019.107447
https://doi.org/10.1016/j.pharmthera.2019.107447
https://doi.org/10.1016/j.biopha.2021.111285
https://doi.org/10.1016/j.biopha.2021.111285
https://doi.org/10.3390/molecules13081551
https://doi.org/10.3390/molecules13081551
https://doi.org/10.3892/ol.2017.6512
https://doi.org/10.3892/ol.2017.6512
https://doi.org/10.3390/ijms20081817
https://doi.org/10.3390/ijms20081817
https://doi.org/10.2174/0929867324666170111152436
https://doi.org/10.2174/0929867324666170111152436
https://doi.org/10.1053/j.gastro.2015.07.011
https://doi.org/10.1053/j.gastro.2015.07.011
https://doi.org/10.1007/s12253-019-00663-8
https://doi.org/10.1007/s12253-019-00663-8
https://doi.org/10.3389/fgene.2020.578011
https://doi.org/10.3389/fgene.2020.578011
https://doi.org/10.17219/acem/66207
https://doi.org/10.17219/acem/66207
https://doi.org/10.1002/med.21437
https://doi.org/10.1634/theoncologist.12-10-1247
https://doi.org/10.1634/theoncologist.12-10-1247
https://doi.org/10.2217/epi.10.20
https://doi.org/10.4103/0019-5154.160511
https://doi.org/10.1016/j.fct.2017.07.022
https://doi.org/10.1016/j.fct.2017.07.022
https://doi.org/10.1002/mc.22852
https://doi.org/10.7150/jca.16655
https://doi.org/10.3892/ijo.2015.3240
https://doi.org/10.3892/ijo.2015.3240
https://doi.org/10.1007/s13277-015-3497-9
https://doi.org/10.1007/s13277-015-3497-9
https://doi.org/10.1158/1535-7163.MCT-18-1117
https://doi.org/10.1158/1535-7163.MCT-18-1117
https://doi.org/10.4161/cbt.8.9.8118
https://doi.org/10.1002/ijc.24403
https://doi.org/10.3390/cancers12123527
https://doi.org/10.3390/cancers12123527
https://doi.org/10.18926/AMO/48262
https://doi.org/10.1002/cmdc.201500486
https://doi.org/10.1002/em.2850260309
https://doi.org/10.1002/em.2850260309
https://doi.org/10.1016/S0165-1218(97)00050-5
https://doi.org/10.1016/S0165-1218(97)00050-5
https://doi.org/10.1073/pnas.89.12.5408
https://doi.org/10.1073/pnas.1008522107
https://doi.org/10.1093/mutage/gex002
https://doi.org/10.1093/mutage/gex002
https://doi.org/10.1093/mutage/gem051
https://doi.org/10.1016/j.mrgentox.2018.05.011
https://doi.org/10.1016/j.mrgentox.2018.05.011
https://doi.org/10.1016/S0165-1218(97)00042-6
https://doi.org/10.1016/S0165-1218(97)00042-6
https://doi.org/10.1248/bpb.b17-00439
https://doi.org/10.1248/bpb.b17-00439
https://doi.org/10.1158/0008-5472.CAN-09-3028
https://doi.org/10.1177/1091581809352111
https://doi.org/10.1177/1091581809352111
https://doi.org/10.1016/j.tox.2020.152507
https://doi.org/10.3892/ijo.2011.1080
https://doi.org/10.3892/ijo.2011.1080
https://doi.org/10.1248/bpb.b13-00574
https://doi.org/10.1007/978-4-431-76690-2_53
https://doi.org/10.1016/j.mrrev.2017.02.002
https://doi.org/10.1016/j.mrrev.2017.02.002
https://doi.org/10.1007/s00280-009-1236-x
https://doi.org/10.1007/s00280-009-1236-x
https://doi.org/10.1016/j.currproblcancer.2018.03.001
https://doi.org/10.1016/j.currproblcancer.2018.03.001
https://doi.org/10.1186/s12885-020-06803-7
https://doi.org/10.1186/s12885-020-06803-7
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/0165-1218(95)90089-6
https://doi.org/10.1016/0165-1218(95)90089-6

L. Bdlintova et al.

[53]

V. Moraes de Andrade, M. Sramkova, A. Gabelova, A. Collins, S.A.S. Langie,
Minimum Information for Reporting on the Comet Assay (MIRCA):
recommendations for describing comet assay procedures and results, Nat. Protoc.
15 (2020) 3817-3826, https://doi.org/10.1038/541596-020-0398-1.

T.S. Kumaravel, A.N. Jha, Reliable Comet assay measurements for detecting DNA
damage induced by ionising radiation and chemicals, Mutat. Res. 605 (1-2) (2006)
7-16, https://doi.org/10.1016/j.mrgentox.2006.03.002.

Mutation Research - Genetic Toxicology and Environmental Mutagenesis 874-875 (2022) 503445

[54] A.R. Collins, The comet assay for DNA damage and repair: principles, applications,
and limitations, Mol. Biotechnol. 26 (3) (2004) 249-261, https://doi.org/10.1385/
MB:26:3:249.


https://doi.org/10.1038/s41596-020-0398-1
https://doi.org/10.1016/j.mrgentox.2006.03.002
https://doi.org/10.1385/MB:26:3:249
https://doi.org/10.1385/MB:26:3:249

	The evaluation of the efficacy and potential genotoxic hazard of combined SAHA and 5-FU treatment in the chemoresistant col ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Cell lines
	2.3 Cell treatment
	2.4 Cell viability assay
	2.5 Single-cell gel electrophoresis (SCGE)
	2.6 Micronucleus test
	2.7 Combinatory factor
	2.8 Statistical analysis

	3 Results
	3.1 SAHA increased the susceptibility of HT-29, SW480, and HT-29/EGFP/FUR cells to 5-FU
	3.2 SAHA pretreatment did not affect the level of DNA strand breaks induced by 5-FU
	3.3 Combined SAHA+5-FU treatment increased synergistically the level of micronuclei in CRC cells

	4 Discussion
	Data availability
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


