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Abstract

5-fluorouracil (5-FU) and oxaliplatin, either alone or in combination, are widely used in chemo-
therapy for advanced colorectal cancer. Among chemotherapeutic strategies, metronomic chemo-
therapy has recently demonstrated promising efficacy against otherwise chemoresistant neop-
lasms. However, data on the efficacy of metronomic applications in cancer stem cells are lacking.
This cell population is characterized by resistance to most chemotherapeutic models. In this study,
we investigated the efficacy of metronomic chemotherapy and compared it with high-concentra-
tion administration of 5-FU and oxaliplatin and their combination in colon adenocarcinoma cells
and colon cancer stem cells. We assessed changes in expression levels of specific genes involved in
5-FU and oxaliplatin resistance (thymidylate synthase, DNA (cytosine-5)-methyltransferase 1, di-
hydrofolate reductase, serine hydroxymethyltransferase, DNA excision repair protein, dihydropy-
rimidine dehydrogenase) in relation to drug administration schedule using quantitative real-time
polymerase chain reaction. We also examined changes in cell viability. Metronomic chemotherapy
showed greater efficacy in gene expression levels in colorectal cancer cells, while high, single-
concentration administration was more effective in colon cancer stem cells. Regarding cell viabil-
ity, no significant change was observed between metronomic and single-dose treatments. These
results suggest that metronomic chemotherapy may be more effective than high-dose chemothe-
rapy in some patients with colorectal cancer, though high, single-concentration administration
may be more effective against cancer stem cells.
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1. Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide, with a high morbidity. Although recent
improvements in access to and use of screening have led to reductions in CRC death rates [1], resistance to
chemotherapy and chemotherapy-related side effects remain major problems [2]. The chemotherapeutic agents
used to treat CRC include 5-fluorouracil (5-FU), oxaliplatin, irinotecan, fluoropyrimidines, and other small mo-
lecule drugs, used either as monotherapy or in combination [3]. The combination of 5-FU and oxaliplatin is one
of the most commonly used combinations. However, some studies found that monotherapy was more effective
than the combination [4] [5], while other evidences suggested that the metronomic application of chemotherapy,
i.e., continuous administration of low-dose chemotherapeutic agents without extended intervals, could be more
efficient [6]. Resistance to chemotherapy may be associated with the existence of cancer stem cells (CSCs),
which comprise a subpopulation of circulating tumor cells that may detach from the primary tumor and enter the
blood circulation, thus creating secondary tumors [7] [8]. Circulating tumor cells usually express specific genes
associated with drug resistance, such as multidrug-resistance related proteins, or aldehyde dehydrogenase [9],
while CSCs are also chemoresistant and express ABC transporters [10].

The present study aimed to investigate the effects of 5-FU and oxaliplatin as monotherapy or in combination
in CRC and colon CSCs lines and to compare single high-concentration and metronomic applications.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

The human (parental) colon CSC line (36112-39P) was obtained from Celprogen Inc. (San Pedro, CA, USA).
Cells were cultured in 25 cm? flasks in Human (Parental) Colon Cancer Stem Cell Culture Serum-Free Medium
(M36112-39P; Celprogen). HCT-116 colon adenocarcinoma cells were obtained from the European Collection
of Cell Cultures (UK). Cells were cultured in the indicated culture medium with the appropriate amount of heat-
inactivated fetal bovine serum (S0615; Biochrom, UK) and 2 mM L-glutamine (G7513, Sigma, Germany) in a
humidified incubator at 37°C with 95% O, and 5% CO,. Supplements were added to the same culture medium
every day. The cells were obtained by trypsinization with 0.25% trypsin-EDTA (25200-072; Invitrogen, CA,
USA). All experiments were performed after 0, 24, 48, 72, 144, 168, 192, 216 and 240 h of treatment with the
agents, respectively.

2.2. Anticancer Agents

5-FU (F6627) was obtained from Sigma Aldrich (St. Louis, MO, USA) and reconstituted in ammonium hydrox-
ide to a final concentration of 50 pM for single dose and 500 nM for metronomic application, and stored at 4°C
until required. The same procedure was followed for oxaliplatin (09512; Sigma Aldrich), which was reconsti-
tuted in distilled water to final concentrations of 1.12 pM and 11.2 nM, respectively.

2.3. Cell Treatment and Exposure Time

The drug concentrations used in most of the combination studies were based on the 1Cs, values, characterized as
the drug concentration responsible for 50% growth inhibition. The concentrations of drugs used in this study
were lower than those used in clinical practice as part of the metronomic test. To determine the cytotoxicity of
each agent alone and in combination within a time window of 240 h, each cell line was cultivated in 25 cm?
flasks (nine flasks in total) and incubated for 0, 24, 48, 72, 144, 168, 192, 216 and 240 h, respectively, at 37°C.
Treatment was started the day after plating using 500 nM 5-FU and 11.2 nM oxaliplatin. One cell population
was treated with 5-FU alone, a second population was treated with oxaliplatin alone, and a third population was
treated with 5-FU and oxaliplatin in combination. Treatments were administered every day using the same con-
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centrations of agents. Untreated cells were used as controls. At the end of each incubation period, cytotoxicity
was evaluated by determining the cell number using a Nucleo-Counter NC-100 (ChemoMetec A/S, Denmark)
and the expression levels of specific genes were measured.

2.4. Quantitative Real-Time Polymerase Chain Reaction

Total RNA was extracted from treated and untreated cells using an RNeasy mini kit (74105; Qiagen, Germany).
RNA samples were evaluated spectrophotometrically and by checking the 18-28S bands by agarose gel electro-
phoresis. RNA (1 pg) was used as a template for cDNA synthesis using an iScript cDNA synthesis kit (1708891;
Bio-Rad, Italy). The above strand was used as a template for quantitative real-time polymerase chain reaction
(qPCR) (50 ng per reaction), which was performed using iTaq Universal SYBR Green Supermix (1725124;
Bio-Rad). Specific primers for each marker (TYMS, DNMT1, DHFR, SHMT1, ERCC1, DPYD) and for the en-
dogenous control gene (18S rRNA) were designed using Genamics Expression 1.1 software (Genamics, Hamil-
ton, New Zealand). The sequence of primers was run on BLAST to exclude those that amplified undesired genes
(Table 1). The PCR reaction program was as follows: initial denaturation at 95°C, 50 cycles of denaturation at
95°C for 10 s, followed by annealing at 59°C for 30 s. A final extension step was performed at 72°C for 10 min
followed by melting curve analysis. Data were analyzed according to the Livak method [11].

2.5. Cell Viability

The number of viable cells after exposure to the drugs was determined using a NucleoCounter NC-100 image
cytometer. This technology is based on the detection of fluorescence from DNA-bound fluorescent propidium
iodide. The NucleoCassette compatible with the NC-100 is able to count even highly-aggregated mammalian
cells.

2.6. Statistical Analysis

All experiments for each assay and each cell line were performed in triplicate. Differences in effects between
selected compounds were evaluated by difference of means tests. A P value < 0.05 was considered statistically
significant.

Table 1. Primer pairs used for qPCR.

Gene Primer sequence (5’ — 3')
TYMS Forward: TCTGCTGACAACCAAACGTGTGTTC
Reverse: CCATTGGCATCCCAGATTTTCAC
SHMT1 Forward: CCAGAGATACTATGGCGGGACTGAG
Reverse: CCAGCACTGTGGGTCCAGCTTATAG
DHFR Forward: AGTCAGCGAGCAGGTTCTCATTGA
Reverse: TGGACTATGTTCCGCCCACACA
DPYD Forward: AGGAGGGTTTGTCACTGGCAGACT
Reverse: TTCTTGGCCGAAGTGGAACACAG
18S rRNA Forward : TGCCCTATCAACTTTCGATGGTAGTC
Reverse: TTGGATGTGGTAGCCGTTTCTCA
DHMT1 Forward: CTGGACGACCCTGACCTCAAATATG
Reverse: CGCCTCATAACTCTCAAAGCCAGAC
ERCC1 Forward: GCTACCACAACCTGCACCCAGACT

Reverse: GCAGTCGGCCAGGATACACATCT




P. Apostolou et al.

3. Results
3.1. Cell Lines and Culture Conditions

HCT116 cells showed similar degrees of confluence after treatment with single-dose 5-FU and 5-FU-oxaliplatin
after 72, 144 and 192 h of incubation. On the other hand, the confluence levels were similar for untreated and
oxaliplatin-treated cells. The effect was observed after 240 h of incubation. Growth inhibition was more evident
in 5-FU treated cells when it administered in a single-dose. Lower effect was observed after high-concentration
administration of 5-FU-oxaliplatin, while the confluence of oxaliplatin was similar to untreated cells. Regarding
the metronomic application, a higher growth inhibition was observed after 144 and 240 h of incubation. Also,
after metronomic application cells tended to form smaller and spherical colonies (Figure 1(a) and Figure 1(b)).

5-FU + OXA OXALIPLATIN 5-FU UNSTIMULATED

5-FU  UNSTIMULATED

5-FU + OXA OXALIPLATIN

Figure 1. HCT-116 CRC cells pre- and post-treatment with 5-FU, oxaliplatin and their combination (5-FU-
OXA) over 240 h of incubation. Unstimulated: cells without the addition of drugs; SD: cells treated with
single-dose agents; MA: metronomic application. The pictures were taken by inverted microscope using a
40x magnification. 5-FU had a final concentration of 50 uM for single dose and 500 nM for metronomic
application, Oxaliplatin had a final concentration of 1.12 uM and 11.2 nM, respectively.
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The results were different for colon CSCs. After single-dose administration, the impact was greater after 192
and 240 h of incubation. According to the chemotherapeutic agents, the growth inhibition was similar in both
three conditions (5-FU, Oxaliplatin, 5-FU-Oxaliplatin). After 144 h of incubation an increase in growth inhibi-
tion was also observed after single administration of 5-FU-Oxaliplatin. Concerning the metronomic application,
there was not observed great effect in all time periods and for all the agents. However, it is remarkable that after
144,192 and 240 h of incubation with metronomic application, the cells failed to form a matrix and were almost
all in suspension forming rounded single cells (Figure 2(a) and Figure 2(b)).

UNSTIMULATED

5-FU

5-FU + OXA  OXALIPLATIN

UNSTIMULATED

5-FU

5-FU+ OXA OXALIPLATIN

Figure 2. Colon CSC stem cells pre- and post-treatment with 5-FU, oxaliplatin and their combination (5-
FU-OXA) over 240 h of incubation. Unstimulated: cells without the addition of drugs; SD: cells treated with
single-dose agents; MA: metronomic application. The pictures were taken by inverted microscope using a

40x magnification.
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3.2.qPCR

Expression levels of the tested genes differed in HCT-116 cells and colon CSCs according to incubation time
and chemotherapeutic agents used. The greatest reduction in TYMS expression in HCT-116 cells occurred after
metronomic treatment with 5-FU-oxaliplatin for 72 h. Metronomic also had a greater effect on TYMS expression
than single-use application after 144 and 192 h. DHFR gene expression was reduced more by metronomic ap-
plication after 72 and 192 h, but the decrease was higher for single-use after 144 and 240 h. Similar results were
observed for DNMT1 and SHMTL1. Regarding DPYD, a reduction in expression was only observed after 144 h of
incubation and only with single-dose administration. Finally, the effect on ERRC1 gene expression was greater
at all time periods after metronomic application compared with single-dose administration, for each drug alone
and in combination (Figure 3).

No DPYD gene expression was detected in colon CSCs, and TYMS gene expression was reduced only after
192 and 240 h of incubation and only after single-use administration. Similar results were observed for DNMT1
and SHMT1. Regarding DHFR, the greatest reduction in expression was observed at 240 h after administration
of single, high-concentration 5-FU. Finally, ERCCL1 gene expression was only reduced by single high-concentra-
tion administration of each drug and their combination after 192 and 240 h of incubation (Figure 4).
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Figure 3. Gene expression analysis in HCT-116 cells. Data were normalized according to untreated samples in the appropri-
ate time period. The data are presented as log2 ratio. Values > 0 indicate increased gene expression, and values < 0 indicate
reduced gene expression. OXA: oxaliplatin monotherapy; 5-FU: 5-fluorouracil; 5-FU-OXA: combination of oxaliplatin and
5-fluorouracil; SD: single-dose treatment; MA: metronomic application. The statistical significance was set to 0.05.
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Figure 4. Gene expression analysis in colon CSCs. The data were normalized according to untreated samples in the appro-
priate time period. The data are presented as log2 ratio. Values > 0 indicate increased gene expression, and values < 0 indi-
cate reduced gene expression. OXA: oxaliplatin monotherapy; 5-FU: 5-fluorouracil; 5-FU-OXA: combination of oxaliplatin
and 5-fluorouracil; SD: single-dose treatment; MA: metronomic application. The statistical significance was set to 0.05.

3.3. Cell Number

The number of viable cells was measured using a NucleoCounter NC-100 image cytometer after drug adminis-
tration. The greatest decrease in HCT-116 cell numbers occurred after single high-concentration administration
of the drugs alone or in combination. A decrease of up to 50% was observed after metronomic, low-dose oxa-
liplatin for 192 h. The greatest effects were achieved with 5-FU and 5-FU-oxaliplatin for 144 and 192 h after
single-dose administration (Figure 5).

The results differed in colon CSCs. Cell viability decreased by up to 85% after 72 h incubation with high-
concentration 5-FU-oxaliplatin. Although metronomic application reduced viability, the effect was less than that
achieved by high-concentration administration. In contrast, metronomic application of oxaliplatin for 144 and
192 h led to a decrease in cell viability of up to 80%, while single-dose treatment had no effect. Metronomic ap-
plication reduced cell viability after 192 h when the drugs were used as monotherapy or in combination. Cell
number was unaffected by high-concentration therapy. After 240 h of incubation, the greatest reductions in cell
viability were seen after administration of single-dose oxaliplatin and metronomic 5-FU (Figure 6).
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Figure 5. Cell viability of HCT-116 cells presented as fold-decrease in cell population normalized to untreated cells.
Viability was assessed by propidium iodide staining. The data are presented as log2 ratio. Values > 0 indicate in-
creased gene expression, and values < 0 indicate reduced gene expression. OXA: oxaliplatin monotherapy; 5-FU: 5-
fluorouracil; 5-FU-OXA: combination of oxaliplatin and 5-fluorouracil; SD: single-dose treatment; MA: metronomic
application. The statistical significance was set to 0.05.
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Figure 6. Cell viability of colon CSCs presented as fold-decrease in cell population normalized to untreated cells.
Viability was assessed by propidium iodide staining. The data are presented as log2 ratio. Values > 0 indicate in-
creased gene expression, and values < 0 indicate reduced gene expression. OXA: oxaliplatin monotherapy; 5-FU:
5-fluorouracil; 5-FU-OXA: combination of oxaliplatin and 5-fluorouracil; SD: single-dose treatment; MA: metro-
nomic application. The statistical significance was set to 0.05.

4. Discussion

CRC is one of the most commonly diagnosed cancers in both men and women [12]. Platinum compounds, as
well as 5-FU, are commonly used in treatment regimens for CRC. However, many patients possess or develop
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resistance to chemotherapy and radiation [13]. The presence of CSCs in the tumor may explain chemotherapy
resistance, and high expression of the ABC transporter BCRP1 and O6-methylguanine-DNA-methyltransferase,
which are over-expressed in CD133 cells, have been demonstrated to confer resistance to chemotherapy in these
cells [14]. The scientific community has recently tried numerous approaches to overcome these problems, in-
cluding administering chemotherapeutic agents at lower doses for longer periods of times, referred to as metro-
nomic chemotherapy. Metronomic administration has been demonstrated to affect angiogenesis [15]. According
to Vives et al., this method of metronomic application, followed by administration of the maximum tolerated
dose, was effective in CSCs, which display anti-angiogenic properties and tumor dissemination [16]. The use of
gemcitabine with metronomic 5-FU has been used as second- or third-line chemotherapy in patients with ad-
vanced adrenocortical carcinoma [17]. The metronomic application of irinotecan in CRC was more effective
than administration of the maximum tolerated dose [18], and metronomically administered oral topotecan had a
better impact in patients with metastatic colon cancer [19].

Overall, the above results suggest that metronomic application might be more effective than a single-maxi-
mum dose in many cases of CRC. The present in vitro pharmacodynamic study compared the effects of 5-FU
and oxaliplatin and their combination on HCT116 CRC cells and colon CSCs after metronomic or single use,
within a time window of 10 days. 5-FU is a pyrimidine analog that inhibits thymidylate synthase. It causes cell
cycle arrest in the post-G1/pre-S phase and induces apoptosis by inhibiting DNA synthesis and interacting di-
rectly or indirectly with several enzymes [20]. 5-FU enters the cell via a facilitated nucleobase transporter and is
converted to its main active metabolites FAUMP, FAUTP, and FUTP by a complex metabolic pathway. 5-FU is
thought to be cytotoxic to tumor cells via three potential mechanisms: inhibition of thymidylate synthase by
FAUMP, incorporation of FAUTP into DNA, and incorporation of FUTP into RNA [21]. The present study in-
vestigated the effects of drug administration on several genes encoding enzymes involved in these reactions, in-
cluding TYMS, SHMT1, DNMT1, DPYD and DHFR. TYMS catalyzes the methylation of deoxyuridylate to
deoxythymidine, while DPYD is responsible for the degradation of uracil and thymine. SHMT1 plays an impor-
tant role in nucleic acid biosynthesis, and DHFR reduces dihydrofolic acid to tetrahydrofolic acid, the deriva-
tives of which are essential for purine and thymidylate synthesis [22]-[25]. The effect of oxaliplatin was tested
by studying the expression of ERCC1, which encodes a DNA-excision repair protein. According to a previous
study, high expression of ERCC1 was correlated with resistance to platinum compounds, which inhibit DNA
synthesis by forming DNA crosslinks [26].

According to the present study, the administration of either the agents in a single high-concentration or in me-
tronomic application, did not cause significant impact in their phenotype. The only remarkable is the effect of
metronomic application in colon CSCs after 144, 192 and 240 h of incubation. Under these conditions, the cells
failed to form the matrix they had previously. Previous data supported the hypothesis that CSCs and cancer cells
might have similar mechanisms of chemoresistance. Furthermore, a correlation between epithelial to mesen-
chymal transition (EMT) and CSCs also occurred. This process, which characterized by morphological changes
from epithelium to mesenchyme as well as decreased intercellular contact, and increased cellular motility, might
be implicated to cell resistance anf formation [27] [28].

Concerning the growth inhibition, there were no clear differences between the different chemotherapy appli-
cations in HCT-116 cells. The higher impact was after 192 h of incubation. In colon CSCs, the effect was great-
er after 144, 192 and 240 h of incubation, but between the two types of administration the differences were not
statistically significant. These findings support those of previous studies, which concluded that metronomic
5-FU and oxaliplatin chemotherapy may not be appropriate in all cases of CRC [29].

Regarding the gene expression levels in CRC cell line, the decrease in gene expression was higher, in most of
the cases, for the combination of 5-FU-OXA when these administered metronomically. On the other hand, the
single high-administration was more effective in colon CSCs.

5. Conclusion

In conclusion, the present experimental data provide no strong evidence to suggest that metronomic drug appli-
cation is more effective than administration of a single maximum tolerated concentration. Although specific
genes associated with 5-FU and oxaliplatin resistance were reduced by metronomic treatment, single-use treat-
ment appeared to be more effective in colon CSCs. The chemotherapy regimen therefore needs to be chosen
carefully to minimize the risk of side effects. It is possible that metronomic chemotherapy may be preferable for
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initial treatment, followed by subsequent single-dose chemotherapy. Further clinical studies are needed to con-
firm the above results.
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