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Abstract: Over recent years, we have demonstrated that Frondoside A, a triterpenoid glycoside
isolated from an Atlantic sea cucumber, has potent in vitro and in vivo anti-cancer effects against
human pancreatic, breast, and lung cancer. We have also demonstrated that Frondoside A is able
to potentiate and/or synergize the anti-cancer effects of major classical cytotoxic agents, namely,
gemcitabine, paclitaxel, and cisplatin, in the treatment of pancreatic, breast, and lung cancer,
respectively. This study evaluates the impact of Frondoside A alone and in combination with
the standard cytotoxic drugs oxaliplatin and 5-fluorouracil (5-FU) in the treatment of colon cancer
using three human colon cancer cell lines, namely, HT-29, HCT-116, and HCT8/S11. We demonstrate
that Frondoside A, oxaliplatin, and 5-FU cause a concentration- and time-dependent reduction in the
number of HT-29 colon cancer cells. A concentration of 2.5 uM of Frondoside A led to almost 100%
inhibition of cell numbers at 72 h. A similar effect was only observed with a much higher concentration
(100 uM) of oxaliplatin or 5-FU. The reduction in cell numbers by Frondoside A, oxaliplatin, and 5-FU
was also confirmed in two other colon cancer cell lines, namely, HCT8/511 and HCT-116, treated for
48 h. The combinations of low concentrations of these drugs for 48 h in vitro clearly demonstrated
that Frondoside A enhances the inhibition of cell numbers induced by oxaliplatin or 5-FU. Similarly,
such a combination also efficiently inhibited colony growth in vitro. Interestingly, we found that
the inhibition of ERK1/2 phosphorylation was significantly enhanced when Frondoside A was
used in combination treatments. Moreover, we show that Frondoside A and 5-FU, when used
alone, induce a concentration-dependent induction of apoptosis and that their pro-apoptotic effect is
dramatically enhanced when used in combination. We further demonstrate that apoptosis induction
upon the treatment of colon cancer cells was at least in part a result of the inhibition of phosphorylation
of the survival kinase AKT, leading to caspase-3 activation, poly (ADP-ribose) polymerase (PARP)
inactivation, and consequently DNA damage, as suggested by the increase in the level of YH2AX.
In light of these findings, we strongly suggest that Frondoside A may have a role in colon cancer
therapy when used in combination with the standard cytotoxic drugs oxaliplatin and 5-FU.
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1. Introduction

Colorectal cancer is the third leading cause of cancer death in the world and represents a serious
threat to human health [1]. Without treatment, patients with inoperable or metastatic colorectal cancer
have a median life expectancy of about 8 months. The standard cytotoxic drugs for the treatment
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of metastatic colorectal cancer are 5-fluorouracil (5-FU) (combined with folinic acid), oxaliplatin,
and irinotecan. These chemotherapeutic agents currently in use for colon cancer remain unsatisfactory
because of their associated collateral toxicity and resistance. In the last decade, the survival rate of
patients with metastatic colorectal cancer has improved with the application of targeted drugs such as
Bevacizumab. Despite these advances, patients still die, and a cure remains elusive [2].

Patients, oncologists, and scientists have for decades expressed interest in using natural compound
remedies because of the overall disappointing results and side effects of the current cytotoxic drugs
and targeted therapies. Recent studies have demonstrated that low concentrations of Frondoside A,
a triterpenoid glycoside isolated from the Atlantic cucumber Cucumaria frondosa, induces apoptosis in
human pancreatic, leukemic, breast, lung, and prostate cancer cells, leading to the inhibition of their
tumor xenograft growth in vivo [3-7]. Investigators have also demonstrated that Frondoside A was
able to synergize or to potentiate the anti-cancer effects of major classical cytotoxic agents, namely,
gemcitabine, paclitaxel, and cisplatin, in the treatment of pancreatic [8], breast [5], and lung [6] cancer
xenografts, respectively.

We know from clinical trials that single-agent treatments rarely result in clinical benefits to cancer
patients and that combination therapy is necessary for the effective treatment of tumors. This study
investigates the potential anti-cancer effects of Frondoside A alone and in combination with the
standard cytotoxic drugs oxaliplatin and 5-FU (FOLFOX protocol) in the treatment of colon cancer.

2. Materials and Methods

2.1. Cell Culture and Reagents

The human colon cancer cell lines HT-29, HCT-116, and HCT8/5S11 were maintained in DMEM
(Hyclone, Cramlington, UK) supplemented with antibiotics (penicillin: 50 U/mL; streptomycin:
50 pg/mL) (Hyclone, Cramlington, UK) and with 10% fetal bovine serum (FBS; Biowest, Nouaille,
France). In all experiments, the cell viability was higher than 99% using trypan blue dye exclusion.
Frondoside A, oxaliplatin, and 5-FU were purchased from Sigma-Aldrich (Sigma-Aldrich, Saint Louis,
MO, USA). Antibodies to phospho-AKT, phospho-p44/42 MAPK (ERK1/2), cleaved caspase-3
(Asp175), and cleaved poly (ADP-ribose) polymerase (PARP) were obtained from Cell Signaling
Technology (Cell Signaling, Beverly, MA, USA). The AKT antibody was obtained from Abcam
(Abcam, Cambridge, UK). The antibody to phospho-histone H2AX was obtained from Millipore
(Millipore, Hayward, CA, USA). Antibodies to ERK2 and (3-actin were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA).

2.2. Impact of Frondoside A, Oxaliplatin, 5-Fluorouracil, and Their Combinations on Colon Cancer Cell Numbers

Cells were seeded at a density of 50,000 cells per well into 6-well plates. After 24 h, the cells
were treated for another 24, 48, and 72 h with increasing concentrations of Frondoside A (0.1-5 uM),
oxaliplatin (1-100 uM), or 5-FU (1-100 uM) in triplicate. Control cultures were treated with 0.1%
DMSO (the drug vehicle). In the second set of experiments, cells were treated with a combination of
Frondoside A and oxaliplatin or Frondoside A and 5-FU. The effects of these combinations on the
cell numbers were determined at the indicated times using the Scepter 2.0 Handheld Automated Cell
Counter (Millipore, Hayward, CA, USA). Data were presented as the proportional cell numbers (%)
by comparing the drug-treated cells with the DMSO-treated cells, the cell numbers of which were
assumed to be 100%.

2.3. Impact of the Treatments on Colony Growth in Matrigel Matrix

A layer of 150 uL of matrigel was poured into the wells of a 24-well cell culture dish and allowed
to set at 37 °C for 30 min. A second layer (300 nL) composed of 150 uL of matrigel dissolved in 150 uL
of growth media containing 1.5 x 10° cells was placed on top of the first layer and allowed to set in the
humidified incubator at 37 °C for 30 min. Growth medium (0.5 mL) was added on top of the second
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layer, and the cells were incubated in a humidified incubator at 37 °C for 14 days and then treated for
another 7 days with Frondoside A, oxaliplatin, 5-FU, or the combinations. Control cells were exposed
to 0.1% DMSO. The medium was changed twice a week. At the end of the experiment, colonies were
stained for 1 h with 2% Giemsa stain and incubated with PBS overnight to remove excess Giemsa
stain. The colonies were photographed and scored, and the percentages of colonies larger than 100 pm
were determined. Data presented compare the drug-treated colonies with the DMSO-treated colonies.
Colonies larger than 100 um were expressed as a percentage of the total counted colonies and were
then compared to the DMSO-treated controls.

2.4. Quantification of Apoptosis by Annexin V Labeling

Apoptosis was examined using the Annexin V Dead Cell kit (Millipore, Hayward, CA, USA)
according to the manufacturer’s instructions. Briefly, HT-29 cells were treated with or without
each compound individually or in combination for 48h. Detached and adherent cells were
collected and incubated with Annexin V and 7-AAD, a dead cell marker, for 20 min at room
temperature in the dark. The early and late apoptotic cells were counted with the Muse Cell Analyzer
(Millipore, Hayward, CA, USA). Experiments were carried out in triplicate and were repeated three times.

2.5. Impact of Frondoside A, Oxaliplatin, 5-Fluorouracil, and Their Combinations on Pro-Apoptotic and
Anti-Proliferation Proteins’” Expression and Phosphorylation Levels

Cells were seeded in 100 mm dishes at 2 x 10° cells per dish for 24 h and were then treated
with Frondoside A (0.5 uM), oxaliplatin (10 uM), 5-FU (10 uM), a combination of Frondoside A
and oxaliplatin, or Frondoside A and 5-FU, for another 24 h. Control cultures were treated with
0.1% DMSO (the drug vehicle). In a second set of experiments, cells were treated with increasing
concentrations of Frondoside A (0.5-2.5 uM) for 2 h. Total cellular proteins were isolated using
a RIPA buffer (25 mM Tris.HCl, pH 7.6; 1% Nonidet P-40; 1% sodium deoxycholate; 0.1% SDS;
0.5% protease inhibitor cocktail; 1% PMSEF; 1% phosphatase inhibitor cocktail) from the DMSO- and
drug-treated cells. The whole cell lysates were recovered by centrifugation at 14,000 rpm for 20 min
at 4 °C to remove insoluble material, and the protein concentrations of the lysates were determined
using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Proteins (30 ug) were
separated by SDS-PAGE gel to determine the expression and the phosphorylation levels of different
pro-apoptotic and anti-proliferation proteins (AKT, p-AKT, activated caspase-3, cleaved PARP, p-H2AX,
ERK-2, p-ERK, and f-actin). After electrophoresis, the proteins were transferred onto a nitrocellulose
membrane, blocked for 1 h at room temperature with 5% non-fat milk in TBST (TBS and 0.05% Tween
20), and then probed with specific primary antibodies and (3-actin (1:1000) overnight at 4 °C. The blots
were washed, exposed to secondary antibodies, and visualized using the ECL system (Thermo Fisher
Scientific, Waltham, MA, USA). Membrane stripping was performed by incubating the membrane
in Restore Western blot stripping buffer (Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. Densitometry analysis was performed using an HP Deskjet F4180
Scanner (HP Development Company, Palo Alto, CA, USA) with Image]J software.

2.6. Statistics

Results are expressed as means = S.E.M. of the indicated data. The difference between the
experimental and control values was assessed by ANOVA followed by Dunnett’s post hoc multiple
comparison test (** p < 0.001, ** p < 0.01, and * p < 0.05 indicate a significant difference).

3. Results and Discussion

3.1. Effect of Frondoside A, Oxaliplatin and 5-Fluorouracil on Cell Numbers

As shown in Figure 1, Frondoside A (0.1-5 uM), oxaliplatin (1-100 uM), and 5-FU (1-100 M)
caused a concentration- and time-dependent decrease in HT-29 cell numbers over 24, 48, and 72 h
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(Figure 1A-C). The concentration-dependent effects of Frondoside A, oxaliplatin, and 5-FU were also
confirmed on two other colon cancer cell lines, namely, HCT-116 and HCT8/S11 (Figure 1D-F). At48 h,
the ICsp concentration of Frondoside A was 0.5 uM in HT-29 cells and approximately 0.75 uM in both
HCT-116 and HCT8/5S11 cells (Table 1). On the other hand, the ICsy concentrations of oxaliplatin
and 5-FU were found to be much higher than for Frondoside A (Table 1). Because previous work has
reported the anti-tumor activity of oxaliplatin and 5-FU in HT-29 colon cancer cells [9], we therefore
decided to pursue the rest of this study on HT-29 cells.
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Figure 1. Frondoside A inhibition of colon cancer cell numbers compared to oxaliplatin and
5-fluorouracil. Exponentially growing HT-29 cells were treated with vehicle (0.1% DMSO) and the
indicated concentrations of Frondoside A (A), oxaliplatin (B), and 5-fluorouracil (C) for 24 to 72 h.
The effects of the three drugs were confirmed at 48 h in two additional colon cancer cell lines, namely,
HCT8/S11 and HCT-116 (D-F). Cell count was determined as described in Materials and Methods.
All experiments were repeated at least three times. Shapes represent means; bars represent S.E.M.
* Significantly different at p < 0.05. ** Significantly different at p < 0.01. *** Significantly different at
p < 0.001.
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Table 1. IC5p (uM) of Frondoside A compared to oxaliplatin and 5-fluorouracil at 48 h of treatment.

IC50 (UM)
Frondoside A Oxaliplatin 5-Fluorouracil
HT-29 0.5 5 2.6
HCT-116 0.75 5 2.5
HCT8/S11 0.75 2.5 0.9

3.2. Frondoside A Enhanced the Anti-Tumor Activity of Oxaliplatin and 5-Fluorouracil on HT-29 in Cell Count
and Colony Growth Assays

The treatment of HT-29 cells for 48 h using the ICsg concentration of Frondoside A (0.5 pM)
significantly enhanced the growth inhibitory effects of increasing concentrations of oxaliplatin
(1-10 uM) (Figure 2A) and 5-FU (0.5-2.5 uM) (Figure 2B). We next examined the impact of these
combinations on the growth of already formed HT-29 colonies. First, HT-29 cells were allowed
to grow and form visible colonies in the absence of any treatment. After two weeks of growth,
the colonies were treated for one more week with DMSO as the control, Frondoside A (0.5 uM),
oxaliplatin (10 uM), 5-FU (10 uM), or a combination. Although the number of colonies obtained
in each treatment seemed unchanged, we noticed, however, that the sizes of the colonies were
significantly reduced. Indeed, while large colonies represented approximately 70% of the total number
of colonies in the control, they represented only 25% and 35% of the total number of colonies exposed
to both oxaliplatin (Figure 3A) and 5-FU (Figure 3B) alone. Although Frondoside A did not lead
to significant colony growth inhibition when compared to oxaliplatin or 5-FU alone, when used
in combination, Frondoside A significantly enhanced the inhibition of colony growth mediated by
oxaliplatin (Figure 3A) or 5-FU (Figure 3B). We speculate that the effect of these drugs alone and
in combination on the size of the colony growth may be due to cell death and/or inhibition of
cellular proliferation.

It is well documented that the MAPK signaling pathway is mainly involved in regulating
cellular proliferation and that a blockade of this pathway suppresses the growth of colon tumors [10].
ERK1 and ERK?2, the final effectors of the MAPK pathway, activated through phosphorylation,
lead to the activation of a variety of substrates responsible for the induction of cell proliferation.
Hence, we decided to investigate the activation of ERK1/2 in response to Frondoside A alone and in
combination with oxaliplatin and 5-FU. Interestingly, although we observed a marked inhibition of
ERK1/2 phosphorylation with single treatments, a combination of the drugs enhanced this inhibition
(Figure 3C,D).
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Figure 2. Frondoside A enhances the inhibition of HT-29 cell numbers by (A) oxaliplatin (1-10 uM),
and (B) 5-fluorouracil (0.5-2.5 uM). Cells were treated for 48 h, and all experiments were repeated
at least three times. Columns are means; bars are S.E.M. ** Significantly different at p < 0.01.

*** Significantly different at p < 0.001. ns (not significant).
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Figure 3. Frondoside A enhances the inhibition of colonies’ growth by (A) oxaliplatin (10 uM),
and (B) 5-fluorouracil (10 uM). Data are presented as histograms of the mean percentage of large
colonies’” growth + S.E.M. (C) The inhibition of ERK phosphorylation by oxaliplatin and 5-fluorouracil
was enhanced by Frondoside A in HT-29 colon cancer cells. (D) Densitometry analysis of p-ERK

from three different experiments. (3-actin was used as an internal loading control of the protein levels,

and the normalized p-ERK bands’ densities are expressed as percentage change in comparison to
control samples considered equal to 100%. * Significantly different at p < 0.05. ** Significantly different
at p < 0.01. *** Significantly different at p < 0.001. ns (not significant).
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3.3. Combination of Frondoside A with 5-Fluorouracil or Oxaliplatin Enhances Apoptotic Cell Death in HT-29
Colon Cancer Cells

Next, we investigated whether the enhanced decrease in HT-29 cell numbers when Frondoside
A was used in combination with 5-FU or oxaliplatin was the result of increased apoptotic cell death.
Toward this aim, HT-29 colon cancer cells were incubated with Frondoside A (0.5 uM) alone or in
combination with increasing concentrations of oxaliplatin (1-10 uM) or 5-FU (0.5-10 uM), and apoptosis
was examined after 48 h using Annexin V staining. As shown in Figure 4, a combination of Frondoside
A and oxaliplatin caused no increase in the level of apoptosis in comparison with either drug alone.
On the other hand, and very interestingly, we found that a combination of Frondoside A and 5-FU led
to an increased number of apoptotic cells. Indeed, the population of apoptotic cells rose from 21% for
Frondoside A (0.5 uM) and 23% for 5-FU (10 uM) when used alone to 66% when used in combination,
suggesting a possible synergism between Frondoside A and 5-FU at these concentrations (Figure 5).

7-AAD
B . >
A) B) z=
Xy
28
o
0
o
3 &
Ff o IS
3 3
S
7.751.29 3
N
w
i
w
-+
N
.‘" E
©
2
2353+25 -
&
© o
- @ 3
, : xS
> R g ¢
: S : -
[ o =
5 3 = 2
< B =
2359+ 1.56 0.61+1.7 by
of > :
1 s 2
gﬁ & : K
— = . £ 2 ° G
| L& n N o ==
9 é‘ £y =5
: =
o
€ S
23.20+1.46 | |sssxo7e 3
113
i A
=]
3
5 8
—— 2 %
= 5 )
. "+
0 % @
H »
[} 3 -
E
23.8%3.54 1017 £1.14

Figure 4. Impact of Frondoside A on apoptotic cell death induced by oxaliplatin in HT-29 colon cancer
cells. (A,B) Annexin V binding was carried out using Annexin V Dead Cell kit. HT-29 cells were treated
with or without Frondoside A (0.5 uM) and indicated concentrations of oxaliplatin (1, 2.5, and 10 uM)
individually and in combination for 48 h. Detached and adherent cells were collected and stained with
Annexin V and 7-AAD, and then the events for early and late apoptotic cells were counted with the
Muse Cell Analyzer as described in Materials and Methods. Data represent the mean + S.E.M. of at
least three independent experiments. Fr represents Frondoside A and Oxa represents oxaliplatin.
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Figure 5. Frondoside A enhances apoptotic cell death induced by 5-fluorouracil in HT-29 colon cancer

cells. (A,B) Annexin V binding was carried out using Annexin V Dead Cell kit. HT-29 cells were treated

with or without Frondoside A (0.5 tM) and indicated concentrations of 5-fluorouracil (0.5, 1, and 10 uM)

individually and in combination for 48 h. Detached and adherent cells were collected and stained with

Annexin V and 7-AAD, and then the events for early and late apoptotic cells were counted with the

Muse Cell Analyzer as described in Materials and Methods. Data represent the mean + S.E.M. of at

least three independent experiments. Fr represents Frondoside A and 5-FU represents 5-fluorouracil.
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3.4. Effects of Frondoside A, Oxaliplatin, and 5-Fluorouracil alone or in Combination on Survival and Apoptotic
Pathways and on the DNA Damage

A marked inhibition of AKT phosphorylation was noted with all three drugs when used alone;
however, no further decrease in the level of phosphorylation was observed when the drugs were used
in combination (Figure 6A). As expected, neither of the treatments carried out affected the level of
total AKT proteins (Figure 6A). It has been reported that downregulation of AKT phosphorylation
induces caspase-3-dependent apoptosis [11,12]. In line with these reports, oxaliplatin was shown to
induce dephosphorylation of AKT, leading to the accumulation of cleaved caspase-3 [13]. We and
others have previously reported that Frondoside A induced caspase-3 cleavage in pancreatic, breast,
lung, and prostate cancer cells [3,5-7]. In this context, apoptosis induced by Frondoside A alone and in
combination with oxaliplatin and 5-FU was further assessed by measuring caspase-3 activation and
consequently PARP cleavage and inactivation. Cells treated with Frondoside A (0.5 uM), oxaliplatin
(10 uM), and 5-FU (10 uM) for 24 h induced the activation of the executioner caspase-3, a key step
to induce apoptosis. This activation was further slightly enhanced when Frondoside A was used in
combination with either oxaliplatin or 5-FU (Figure 6A). Caspase-3 activation leads to the cleavage
and consequently the inactivation of the downstream PARP, a nuclear protein involved in DNA repair
and apoptosis. Similarly, downstream PARP cleavage was also observed in the single and combined
treatments of HT-29 cells. This is supported by previous reports demonstrating that Frondoside A,
oxaliplatin, and 5-FU induce PARP cleavage [3,7,14].
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Figure 6. Western blot analysis of: (A) the effects of Frondoside A, oxaliplatin, 5-fluorouracil,
and their combinations on the phosphorylation of the survival kinase AKT and on caspase-3 activation,
Poly (ADP-ribose) polymerase (PARP) inactivation and H2AX phosphorylation. HT-29 cells were
treated for 24 h with the indicated concentrations of Frondoside A, oxaliplatin, 5-fluorouracil, and their
combinations. Densitometry analysis is from three different experiments. [B-actin was used as
an internal loading control of the protein levels, and the normalized bands’ densities are expressed
as percentage change in comparison to control samples considered equal to 100%. (B) The levels of
p-AKT, p-ERK, and p-H2AX after 2 h of treatment with Frondoside A (0.5-2.5 uM).
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PARP inhibition using PARP inhibitors is known to increase the levels of DNA-damage-associated
phosphorylation of H2AX [15]. Phosphorylated H2AX histone (YH2AX) is a marker of DNA
double-strand breaks. 5-FU was previously reported to induce DNA damage in colon cancer cells [16].
To check whether the induction of cell death by Frondoside A, oxaliplatin, and 5-FU is associated
with DNA damage, HT-29 cells were exposed to the drugs either alone or in combination, and the
total proteins were evaluated for YH2AX expression. We found that cells treated with the three drugs
alone underwent DNA damage. Interestingly, when the drugs were used in combination, this further
increased the level of DNA damage in the treated cells (Figure 6A). To determine whether Frondoside
A mediates its effect through DNA damage, the inhibition of ERK1/2, AKT signaling pathways,
or a combination, we performed an experiment to measure the levels of DNA damage, p-AKT,
and p-ERK1/2 after 2 h of treatment with Frondoside A (0.5-2.5 uM). Figure 6B clearly demonstrates
that the concentration of 0.5 uM of Frondoside A used in this study had no effect on the DNA damage,
while it strongly reduced the levels of phosphorylated AKT and ERK. DNA damage occurred at
a minimal level only at a very high concentration of Frondoside A. Hence, this result strongly suggests
that the inhibition of ERK and AKT signaling is an early event that occurs in response to Frondoside
A treatment and that DNA damage is a late event that might result from excessive DNA damage as
a consequence of active apoptosis. Taken together, our results strongly suggest that Frondoside A,
when used in combination, enhances the anti-proliferative and the pro-apoptotic effects of oxaliplatin
and 5-FU.

4. Conclusions

To the best of our knowledge, the present study identifies for the first time that Frondoside
A treatment significantly inhibits proliferation and induces apoptosis in colon cancer cells.
The combinations of Frondoside A with the DNA-damaging agent oxaliplatin or with the thymidylate
synthase inhibitor 5-FU were significantly more effective in inhibiting HT-29 cell proliferation and
triggering apoptosis, leading to the inhibition of the HT-29 colonies’” growth, than either cytotoxic
agent alone.

Our data suggests that the inactivation of the proliferation (ERK) and pro-survival (AKT)
pathways along with caspase-3 activation, PARP cleavage, and consequently DNA damage account,
at least partly, for the anti-cancer effect of Frondoside A. Moreover, combination therapy either with
oxaliplatin or 5-FU enhanced these effects and further clarified the capacity of Frondoside A to
enhance the apoptosis induced mainly by 5-FU. The data also suggests that the inhibition of ERK1/2
phosphorylation with single treatments and its enhanced inhibition under the combination conditions
suggests a potential impact of the treatments on colon cancer cell proliferation.

The dual inhibitory effect of our treatments on the PI3K-AKT and the Raf~-MEK-ERK
pathways is in line with the previously reported interactions between these two pathways [17].
Here, we demonstrate that the inhibition of AKT and ERK phosphorylation is crucial for the anti-tumor
activity of Frondoside A. These results are in agreement with previous reports showing that Frondoside
A inhibited AKT and ERK1/2 activation in TPA-stimulated breast cancer cells [18] and ERK1/2
activation in PGE2-stimulated breast cancer cells [19].

The current findings are in line with a study by Janakiran et al. demonstrating that Frondanol A5,
a Cucumaria frondosa extract that contains several agents, including monosulphated triterpenoid
glycoside Frondoside A, the disulphated glycoside Frondoside B, the trisulphated glycoside
Frondoside C, 12-methyltetradecanoic acid, eicosapentaenoic acid, fucosylated chondroitin sulfate,
and canthaxanthin/astaxanthin, inhibits HCT-116 colon cancer cell growth by inducing a G2 arrest
followed by the induction of apoptosis [20].

This study provides sufficient rationale to carry out in vivo studies to confirm the relevance of the
combination therapy. We believe that Frondoside A in combination with the standard cytotoxic drugs
oxaliplatin and 5-FU currently used in colon cancer treatment may improve colon cancer therapy.



Nutrients 2018, 10, 560 11 of 12

Author Contributions: S.A. conceived and designed the experiments; K.A., TK,, S.S., and R.I. performed the
experiments; S.A. and R.I. analyzed the data; S.A. and R.I. wrote the paper.

Acknowledgments: This work was supported by the CMHS Grant (31M146), was partly supported by the
Terry Fox UAE Grant (21MO081) to S.A., and was partly supported by the ZCHS Research Grant (31R086) to R.I.
The funders had no role in the study design, the data collection and analysis, the decision to publish, or the
preparation of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The authors have no other relevant affiliations or
financial involvement with any organization or entity with a financial interest in or financial conflict with the
subject matter or materials discussed in the manuscript apart from those disclosed.

References

1. Torre, L.A.; Bray, F; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, ].; Jemal, A. Global cancer statistics, 2012. CA Cancer
J. Clin. 2015, 65, 87-108. [CrossRef] [PubMed]

2. Chemotherapy of Metastatic Colorectal Cancer. Available online: https://www.ncbi.nlm.nih.gov/pubmed/
21180382 (accessed on 19 October 2010).

3. Li, X.; Roginsky, A.B.; Ding, X.Z.; Woodward, C.; Collin, P; Newman, R.A.; Bell, R.H., Jr.; Adrian, T.E.
Review of the apoptosis pathways in pancreatic cancer and the anti-apoptotic effects of the novel sea
cucumber compound, Frondoside A. Ann. N. Y. Acad. Sci. 2008, 1138, 181-198. [CrossRef] [PubMed]

4. Jin, J.O.; Shastina, V.V.; Shin, S.W.; Xu, Q.; Park, J.I.; Rasskazov, V.A.; Avilov, S.A.; Fedorov, S.N.; Stonik, V.A.;
Kwak, J.Y. Differential effects of triterpene glycosides, frondoside A and cucumarioside A2-2 isolated from
sea cucumbers on caspase activation and apoptosis of human leukemia cells. FEBS Lett. 2009, 583, 697-702.
[CrossRef] [PubMed]

5. AlMarzougi, N.; Iratni, R.; Nemmar, A.; Arafat, K.; Al Sultan, M.A.; Yasin, J.; Collin, P; Mester, J.; Adrian, T.E.;
Attoub, S. Frondoside A inhibits human breast cancer cell survival, migration, invasion and the growth of
breast tumor xenografts. Eur. ]. Pharmacol. 2011, 668, 25-34. [CrossRef] [PubMed]

6. Attoub, S.; Arafat, K.; Gelaude, A.; Al Sultan, M.A.; Bracke, M.; Collin, P.; Takahashi, T.; Adrian, T.E.;
De Wever, O. Frondoside a suppressive effects on lung cancer survival, tumor growth, angiogenesis, invasion,
and metastasis. PLoS ONE 2013, 8, e53087. [CrossRef] [PubMed]

7. Dyshlovoy, S.A.; Menchinskaya, E.S.; Venz, S.; Rast, S.; Amann, K.; Hauschild, J.; Otte, K.; Kalinin, V.I;
Silchenko, A.S.; Avilov, S.A ; et al. The marine triterpene glycoside frondoside A exhibits activity in vitro
and in vivo in prostate cancer. Int. |. Cancer 2016, 138, 2450-2465. [CrossRef] [PubMed]

8. Al Shemaili, J.; Mensah-Brown, E.; Parekh, K.; Thomas, S.A.; Attoub, S.; Hellman, B.; Nyberg, F; Adem, A,;
Collin, P; Adrian, T.E. Frondoside A enhances the antiproliferative effects of gemcitabine in pancreatic
cancer. Eur. ]. Cancer 2014, 50, 1391-1398. [CrossRef] [PubMed]

9.  Raymond, E.; Buquet-Fagot, C.; Djelloul, S.; Mester, J.; Cvitkovic, E.; Allain, P.; Louvet, C.; Gespach, C.
Antitumor activity of oxaliplatin in combination with 5-fluorouracil and the thymidylate synthase inhibitor
AG337 in human colon, breast and ovarian cancers. Anticancer Drugs 1997, 8, 876-885. [CrossRef] [PubMed]

10. Sebolt-Leopold, ].S.; Dudley, D.T.; Herrera, R.; Van Becelaere, K.; Wiland, A.; Gowan, R.C.; Tecle, H.;
Barrett, S.D.; Bridges, A.; Przybranowski, S.; et al. Blockade of the MAP kinase pathway suppresses growth
of colon tumors in vivo. Nat. Med. 1999, 5, 810-816. [CrossRef] [PubMed]

11. Moon, D.O.; Park, S.Y.,; Choi, YH.; Kim, N.D.; Lee, C.; Kim, G.Y. Melittin induces Bcl-2 and
caspase-3-dependent apoptosis through downregulation of Akt phosphorylation in human leukemic U937
cells. Toxicon 2008, 51, 112-120. [CrossRef] [PubMed]

12. Weng, H.Y,; Hsu, M.].; Chen, C.C.; Chen, B.C.; Hong, C.Y,; Teng, C.M.; Pan, S.L.; Chiu, W.T.; Lin, C.H.
Denbinobin induces human glioblastoma multiforme cell apoptosis through the IKK«-Akt-FKHR signaling
cascade. Eur. J. Pharmacol. 2013, 698, 103-109. [CrossRef] [PubMed]

13. Shiragami, R.; Murata, S.; Kosugi, C.; Tezuka, T.; Yamazaki, M.; Hirano, A.; Yoshimura, Y.; Suzuki, M.;
Shuto, K.; Koda, K. Enhanced antitumor activity of cerulenin combined with oxaliplatin in human colon
cancer cells. Int. ]. Oncol. 2013, 43, 431-438. [CrossRef] [PubMed]

14. Flis, S.; Gnyszka, A.; Misiewicz-Krzeminska, I.; Sptawinski, J. Decytabine enhances cytotoxicity induced by
oxaliplatin and 5-fluorouracil in the colorectal cancer cell line Colo-205. Cancer Cell Int. 2009, 9, 10. [CrossRef]
[PubMed]


http://dx.doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
https://www.ncbi.nlm.nih.gov/pubmed/21180382
https://www.ncbi.nlm.nih.gov/pubmed/21180382
http://dx.doi.org/10.1196/annals.1414.025
http://www.ncbi.nlm.nih.gov/pubmed/18837899
http://dx.doi.org/10.1016/j.febslet.2009.01.010
http://www.ncbi.nlm.nih.gov/pubmed/19162021
http://dx.doi.org/10.1016/j.ejphar.2011.06.023
http://www.ncbi.nlm.nih.gov/pubmed/21741966
http://dx.doi.org/10.1371/journal.pone.0053087
http://www.ncbi.nlm.nih.gov/pubmed/23308143
http://dx.doi.org/10.1002/ijc.29977
http://www.ncbi.nlm.nih.gov/pubmed/26695519
http://dx.doi.org/10.1016/j.ejca.2014.01.002
http://www.ncbi.nlm.nih.gov/pubmed/24462376
http://dx.doi.org/10.1097/00001813-199710000-00009
http://www.ncbi.nlm.nih.gov/pubmed/9402315
http://dx.doi.org/10.1038/10533
http://www.ncbi.nlm.nih.gov/pubmed/10395327
http://dx.doi.org/10.1016/j.toxicon.2007.08.015
http://www.ncbi.nlm.nih.gov/pubmed/17936321
http://dx.doi.org/10.1016/j.ejphar.2012.10.029
http://www.ncbi.nlm.nih.gov/pubmed/23123054
http://dx.doi.org/10.3892/ijo.2013.1978
http://www.ncbi.nlm.nih.gov/pubmed/23754252
http://dx.doi.org/10.1186/1475-2867-9-10
http://www.ncbi.nlm.nih.gov/pubmed/19397792

Nutrients 2018, 10, 560 12 of 12

15.

16.

17.

18.

19.

20.

Dale Rein, I; Solberg Landsverk, K.; Micci, E; Patzke, S.; Stokke, T. Replication-induced DNA damage after
PARP inhibition causes G2 delay, and cell line-dependent apoptosis, necrosis and multinucleation. Cell Cycle
2015, 14, 3248-3260. [CrossRef] [PubMed]

Matuo, R.; Sousa, EG.; Escargueil, A.E.; Grivicich, I.; Garcia-Santos, D.; Chies, J.A.; Saffi, J.; Larsen, A.K,;
Henriques, J.A. 5-Fluorouracil and its active metabolite FAUMP cause DNA damage in human SW620 colon
adenocarcinoma cell line. J. Appl. Toxicol. 2009, 29, 308-316. [CrossRef] [PubMed]

McCubrey, J.A.; Steelman, L.S.; Franklin, R.A.; Abrams, S.L.; Chappell, W.H.; Wong, EW.T.; Lehmann, B.;
Terrian, D.M.; Basecke, |.; Stivala, F,; et al. Targeting the RAF/MEK/ERK, PI3K/AKT and p53 pathways in
hematopoietic drug resistance. Adv. Enzym. Regul. 2007, 47, 64-103. [CrossRef] [PubMed]

Park, S.Y,; Kim, Y.H.; Kim, Y.; Lee, S.J. Frondoside A has an anti-invasive effect by inhibiting TPA-induced
MMP-9 activation via NF-kappaB and AP-1 signaling in human breast cancer cells. Int. . Oncol. 2012, 41, 933-940.
[CrossRef] [PubMed]

Ma, X.; Kundu, N.; Collin, P.D.; Goloubeva, O.; Fulton, A.M. Frondoside A inhibits breast cancer metastasis
and antagonizes prostaglandin E receptors EP4 and EP2. Breast Cancer Res. Treat. 2012, 132, 1001-1008.
[CrossRef] [PubMed]

Janakiram, N.B.; Mohammed, A.; Zhang, Y.; Choi, C.I.; Woodward, C.; Collin, P; Steele, V.E.; Rao, C.V.
Chemopreventive Effects of Frondanol A5, a Cucumaria frondosa Extract, against Rat Colon Carcinogenesis
and Inhibition of Human Colon Cancer Cell Growth. Cancer Prev. Res. 2010, 3, 82-91. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1080/15384101.2015.1085137
http://www.ncbi.nlm.nih.gov/pubmed/26312527
http://dx.doi.org/10.1002/jat.1411
http://www.ncbi.nlm.nih.gov/pubmed/19115314
http://dx.doi.org/10.1016/j.advenzreg.2006.12.013
http://www.ncbi.nlm.nih.gov/pubmed/17382374
http://dx.doi.org/10.3892/ijo.2012.1518
http://www.ncbi.nlm.nih.gov/pubmed/22710811
http://dx.doi.org/10.1007/s10549-011-1675-z
http://www.ncbi.nlm.nih.gov/pubmed/21761157
http://dx.doi.org/10.1158/1940-6207.CAPR-09-0112
http://www.ncbi.nlm.nih.gov/pubmed/20051375
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Reagents 
	Impact of Frondoside A, Oxaliplatin, 5-Fluorouracil, and Their Combinations on Colon Cancer Cell Numbers 
	Impact of the Treatments on Colony Growth in Matrigel Matrix 
	Quantification of Apoptosis by Annexin V Labeling 
	Impact of Frondoside A, Oxaliplatin, 5-Fluorouracil, and Their Combinations on Pro-Apoptotic and Anti-Proliferation Proteins’ Expression and Phosphorylation Levels 
	Statistics 

	Results and Discussion 
	Effect of Frondoside A, Oxaliplatin and 5-Fluorouracil on Cell Numbers 
	Frondoside A Enhanced the Anti-Tumor Activity of Oxaliplatin and 5-Fluorouracil on HT-29 in Cell Count and Colony Growth Assays 
	Combination of Frondoside A with 5-Fluorouracil or Oxaliplatin Enhances Apoptotic Cell Death in HT-29 Colon Cancer Cells 
	Effects of Frondoside A, Oxaliplatin, and 5-Fluorouracil alone or in Combination on Survival and Apoptotic Pathways and on the DNA Damage 

	Conclusions 
	References

