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Abstract
Colorectal cancer (CRC) is the third most common cancer in the world. There are two major distinct
precursor lesion pathways: the traditional adenoma–carcinoma pathway leading to most cases CRC, and
the serrated neoplasia pathway. SMAD4 gene is involved in adenoma–carcinoma pathway.

The protein encoded by the SMAD4 gene is a key downstream signaling mediator in the TGFβ pathway.
This pathway has tumor-suppressor functions, including cell-cycle arrest and apoptosis. Its activation in
late-stage cancer can promote tumorigenesis, including metastasis and chemoresistance.

This study aimed to evaluate the effect of 5-�uorouracil (5-FU) on viability of advanced colorectal cancer
cells and establishing whether the test compound may have an effect on the expression level of the
SMAD4 gene, DNA damage and apoptosis. Chemotherapy based on 5-FU is used as an adjuvant
treatment in most colorectal cancer patients.

The results obtained in the study showed that the use of 5-FU in low concentrations may not have a
therapeutic effect, and may also in�uence drug resistance in cancer cells. Moreover, it has been shown
that by using 5-FU at higher concentrations and prolonging the exposure time, SMAD4 gene expression is
signi�cantly increased which may have an impact on the effectiveness of the therapy.

Introduction
Colorectal cancer (CRC) is one of the most common malignancies and statistics show that it is the third
cancer-related cause of death in the world. Despite the constantly developing knowledge on the
etiopathogenesis of the neoplasm, a large percentage of patients diagnosed with colorectal cancer still
die within �ve years following removal of the primary tumor due to cancer recurrence. Most cases of
colorectal cancer are sporadic and are often diagnosed at an advanced stage of the disease.
Understanding the molecular basis of colorectal cancer development made it possible to use epigenetic
and genetic changes as markers of cancer progression in clinical practice. It contributed to the
achievement of signi�cant progress in the treatment of patients 1.

A common cytogenetic alteration observed in the development of colorectal cancer is the loss of genetic
material in the region of the long arm of chromosome 18 where the SMAD4, SMAD2 genes and other
tumor suppressor genes are located. The presence of the 18q21 chromosomal region deletion in patients
with colorectal cancer is associated with a worse prognosis and poor survival. This is probably related to
a loss of the important function that the SMAD4 gene ful�lls in regulating growth, proliferation,
differentiation and apoptosis of epithelial cells 2. The protein encoded by the SMAD4 gene is a key
downstream signaling mediator in the TGFβ pathway which plays complex functions in the control of
critical biological processes in the gastrointestinal epithelium. Disturbances in the TGFβ signaling
pathway component can lead to the development and progression of tumors, including colorectal cancer.
The regulation of the cell cycle by the TGFβ tract can proceed in dual different ways, depending on the
status of the SMAD and non-SMAD related pathways 3. The pathway mediators protect the epithelial
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cells from excessive growth by directing them to the apoptosis and promote cell differentiation, however,
the same elements stimulate neoplastic cell proliferation 4. The SMAD4 gene, associated with the TGFβ
trail is a tumor suppressor gene, and its loss disrupts TGFβ signaling. This gene plays a very important
role in the progression of colorectal cancer since it is responsible for the regulation of transcription of
many target genes, for example in�ammation-related genes and pro-apoptotic genes. Moreover, SMAD4 is
involved in the control of expression of growth factors such as VEGF 5. SMAD4-de�cient colonic epithelial
cells have the ability to proliferate and metastasize 1. The main cause of SMAD4 loss in the CRC is loss
of heterozygosity (LOH). Nevertheless, there are also other mechanisms, as well as its lack of expression,
that are related to a more aggressive course of the disease 6,7. SMAD4 loss is also associated with a
predisposition to chemoresistance to 5-�uorouracil (5-FU) used in the treatment of colorectal cancer.
Probably the level of SMAD4 mRNA in patients with advanced colorectal cancer could be used as a
genetic marker of the response to adjuvant therapy with 5-FU. The mechanism by which SMAD4 regulates
the chemosensitivity of patients with CRC undergoing adjuvant treatment has not been discovered so far
8–11.

Currently, the most effective therapeutic strategies for colorectal cancer include chemotherapy and
radiation therapy following resection. Chemotherapy based on

5-�uorouracil is used as an adjuvant treatment in most colorectal cancer patients who are at high risk of
relapse 12,13. A common and unresolved problem faced when implementing an adjuvant therapy in
patients with colorectal cancer is a phenomenon of multi-drug resistance to chemotherapeutic agents
used. Fluorouracil represents the group of pyrimidine analogues which show a cytotoxic effect after
conversion into biologically active cell cycle - speci�c metabolites. Three enzymes are involved in the
metabolism of 5-FU in the body, i.e. dihydropyrimidine dehydrogenase, synthase thymidylate and
methylenetetrahydrofolate reductase. The toxic effect of 5-FU on cancer cells is related to DNA damage
through thymidylsynthetase inhibition. Consequently, this mechanism disrupts the synthesis of nucleic
acids in a neoplastic cell, which contributes to the cell cycle arrest in the S phase, inhibition of cell
division and ultimately cell apoptosis 14.

In this study we evaluated the effect of 5-FU on viability of advanced colorectal cancer cells. We were
also focused on establishing whether the test compound may have an effect on the expression level of
the SMAD4 gene. The aim of this analysis was to �nd the grounds for the use of 5-FU in late-stage
disease. It was con�rmed that the expression level of the SMAD4 gene is a prognostic factor in patients
with colorectal cancer, and it also plays an important role in the response to 5-FU treatment.
Understanding the mechanism that regulates SMAD4 gene expression can provide valuable information
about the use of 5-FU in the therapy selection process.

Material And Methods

Material:
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The research evaluating the effect of 5-FU on the expression level of the SMAD4 gene and on apoptosis
induction or DNA damage in colorectal cancer was conducted on a human colon cancer cell line (CACO-
2) commercially purchased by Sigma Aldrich, Germany. The company provides a certi�cate of
authenticity for the CACO-2 cell line, with the number of ECACC 86010202. The manufacturer’s data show,
that the CACO-2 cells used for the research were originally derived from colon tissue obtained from a 72-
year-old Caucasian male diagnosed with colorectal adenocarcinoma. The selected CACO-2 cell line was
characterized for different molecular markers. Based on the data collected in the analysis, cells derived
from the CACO-2 cell line showed no structural changes within the SMAD4 gene.

Cell culture:
The CACO-2 cell line shows an adherent type of growth. The cells from the selected cell line were cultured
in �asks with Eagle's Minimum Essential Medium supplemented with FBS and an antibiotic. The cells
were grown in an incubator with a 5% CO2 atmosphere, at the temperature of 37°C and the appropriate air
humidity. When con�uence of the cells was 70–80%, the cell culture was passaged using trypsin.

Assessment of cell viability by MTT assay
The MTT test was performed to evaluate the 5-FU cytotoxicity effect on CACO-2 cells and to select an
appropriate dose range of the studied drug. The assay was performed in a 96-well plate. Appropriately
designed plates were seeded with a suspension of CACO-2 cells at a density of 1.5 x 104 cells / ml in a
volume of 100 µl per well. Then, after 24hours the old medium was removed from the plate and the test
compound dissolved in fresh culture medium was added to the wells in increasing concentrations. For
this test, a 5-FU solution was used at the following concentrations: 0.1, 1, 5, 10, 100, 1000 µmol/l. Both
plates were incubated for 24 hours and 48 hours of exposure to 5-FU. Following the end of incubation, the
medium containing the test compound was removed and the cells were treated with a solution of MTT
with a �nal concentration of 5 mg / ml. After a two-hour reaction at 37° C, the formed formazan crystals
were dissolved with a 20% solution of sodium lauryl dodecyl sulphate (SDS) in 1M HCl. The plates were
placed in the incubator overnight. At the last stage, the plates were read colorimetrically by measuring the
absorbance at a wavelength of 570nm. Based on these data, the effect of 5-FU on cell viability was
assessed and the concentrations of the test compound were selected, which was further used in the next
stages of the experiment to assess the level of SMAD4 gene expression after exposure to the 5-FU.

Assessment of cell death by MUSE test kit
The effect of 5-FU on the initiation of apoptosis in CACO-2 cells was assessed with a Guava Muse Cell
Analyzer �ow cytometer using the Muse® Annexin V & Dead Cell Assay Kit. This method allows the
detection of four cell populations, i.e. living cells, dead cells, and early and late apoptotic cells, based on
binding of �uorescently labeled annexin V with phosphatidylserine (PS) located on the cell membrane.
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For the analysis, the cells of the CACO-2 line were cultured in 6-well plates. After a 24-hour incubation
period, cells were treated with 5-FU solution in different concentrations, i.e. 0.1, 1, 5, 10, 100, and 1000
µmol/l and the exposure was carried out for 24hours. After this time, the cells were harvested from the
surface of the wells in the plate using trypsin. The obtained cell suspensions in the culture medium were
used for cytometer assay according to the manufacturer's instructions.

Assessment of DNA damage by MUSE test kit
An analysis of DNA damage through the ATM dependent pathway in the cell line CACO-2 under the
in�uence of 5-FU was performed with a Guava Muse Cell Analyzer cytometer using a Flow Cellect Multi-
Color DNA Damage Response reagent kit. Based on the test it is possible to differentiate the analyzed
cells into four groups, i.e. cells without DNA damage, ATM activated cells, H2A.X activated cells and cells
with double DNA strand breaks using �uorescent-based analysis. For the assay, CACO-2 cells were grown
in 6-well plates and treated with 5-FU at concentrations of 0.1, 1, 5, 10, 100 and 1000 µmol/l. After a 24-
hour exposure, cells were trypsinized from the plates into tubes and resuspended in culture medium, then
centrifuged and washed with PBS (phosphate buffered saline) buffer solution. The obtained cell
suspensions in PBS were used for the assay according to the manufacturer's instructions.

Assessment of SMAD4 gene expression in 5-FU treated
CACO-2 cells:

Exposure of CACO-2 cells to 5-FU:
The 5-FU exposure procedure was performed in two 6-well plates. The �rst step was to apply a
suspension of CACO-2 cells with a density of 1.5 x 104 cells/ml on a plates in a volume of 3 ml per well.
The cell culture on the plates was carried out for 24hours. Subsequently, a series of dilutions of the test
compound were prepared in antimicrobial-free culture medium. Having been seeded with cells, the
prepared solutions of 5-FU at concentrations of 0.1, 1, 5, 10 and 100 µmol/l were applied to the plate.
CACO-2 cells incubated with growth medium only and not treated with the test compound were used as a
negative control. After the set exposure time (24 hours and 48 hours), the old medium containing the test
substance was removed from the plates and the procedure of collecting cells from the plate using trypsin
was performed. In the last stage, the test cell suspensions were taken from the wells on the plate into test
tubes, centrifuged, washed twice with the buffer solution and �nally suspended in PBS. The prepared
cells treated with 5-FU were stored at -80°C until RNA isolation was performed.

RNA isolation from 5-FU-treated cells:
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In order to evaluate the effect of 5-FU on the expression level of the SMAD4 gene in the CACO-2 cell line,
isolation of RNA was performed using the column method with Genomic Midi Kit (A&A Biotechnology,
Poland) in accordance with the manufacturer’s protocols. The concentration and purity of RNA obtained
after isolation was assessed spectrophotometrically. RNA samples that had the ratio of the absorbance
at 260/280 nm between of 1.8–2.0 were selected for further study.

Reverse transcription reaction
Total RNA obtained from the 5-FU treated cell line was subjected to a reverse transcription reaction to
complementary DNA (cDNA) using High – Capacity cDNA Reverse Transcription Kit (Applied
Biosystems™, USA) according to the manufacturer’s protocol. The �nal RNA concentration of 0.005 µg/µl
was determined for each sample. The presence of cDNA in the samples was checked by PCR for the
GAPDH reference gene. Samples which con�rmed the presence of 189 bp PCR product were stored at
-20°C for further analysis.

Real – time PCR
Quantitative analysis of the expression level of SMAD4 mRNA as compared to the GAPDH reference gene
was carried out using the Real-time PCR technique on a Bio-Rad apparatus (CFX Connect Real-Time PCR
Detection System) in accordance with the manufacturer's protocol. The real-time reaction was performed
with a non-speci�c �uorescent dye, using the iTaq Universal SYBR Green Supermix reagent kit (BioRad,
USA). The composition of the reaction mixture for both genes included 5 µl of mix reagent, 0.25 µl of 10
µmol/l each primer solution, 1 µl of cDNA template and nuclease-free water to a �nal reaction volume of
10 µl. The sequences of the primers used for the reactions were GAPDH F 5’-
TGGTATCGTGGAAGGACTCATGAC-3’; GAPDH R 5’-ATGCCAGTGAGCTTCCCGTTCAGC-3’; SMAD4 F 5’-
GCCTGATCTTCACAAAAATG-3’; SMAD4 R 5’-GATCAATTCCAGGTGATACAAC-3’. Real-time PCR reactions
for SMAD4 and GAPDH were run simultaneously, in separate tubes and in triplicate for each sample. A
triplicate negative control ampli�cation reaction was performed for each experiment. The thermal cycling
conditions for the reaction were initial denaturation step at 95°C for three minutes, 39 cycles with two
steps, i.e. denaturation at 95°C for 10 sec, annealing with elongation at 58°C for 30 sec. To con�rm Real-
time reaction speci�city, the melting curve analysis for each ampli�cation product was performed. The
mean of the obtained Ct values for GAPDH and SMAD4 genes was calculated. To assess the relative level
of SMAD4 expression the ΔΔCt method was used.

Results

The results of the MTT assay
The viability of the 5-FU-treated cells was assessed using the MTT test. The percentage viability was
calculated as (drug-treated cells absorbance/ control cells absorbance) x 100%. MTT cell proliferation
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assay was applied to check the IC50 value for 5-FU in the CACO-2 cells. The results obtained in the test
are presented in Fig. 1. Based on experimental results, it was estimated that the CACO-2 cell line showed
resistance to 5-FU applied in the concentration of 0.1–10 µmol/l, both during the 24-hour and 48-hour
exposure. The effect of 5-FU on the viability of colorectal cancer cells was only observed at the highest
concentrations of 5-FU, i.e. 100 µmol/l and 1000 µmol/l. Using these drug concentrations, the viability of
CACO-2 cells decreased to the values of 66.59% and 64.38% (for 100 µmol/l at 24-hour and 48-hour
exposure time) and to the values of 60.3% and 58.37% (for 1000 µmol/l at 24-hour and 48-hour exposure
time). 5-FU chemoresistance is a common phenomenon in colorectal cancer patients, especially in
advanced stages of the disease. Use of high doses of the drug in these patients carries a risk of life-
threatening adverse effects related to study drug toxicity. It should be established in clinical trials whether
the used 5-FU in concentrations in�uencing cell viability does not cause acute toxicity. 

The results of the �ow cytometry assays
The results of the �ow cytometry tests are shown in Figs. 2 and 3. Based on the presented �ndings, it was
con�rmed that 5-FU used in concentrations of 0.1–10 µmol/l does not signi�cantly affect cell apoptosis
or cause DNA damage. In the case of applying 5-FU at a concentration above 100 µmol/l a greater
percentage of CACO-2 dead cells or in the late stage of apoptosis was observed. At a concentration of
100 µmol/l, the percentage of dead cells was 12.45, while at a concentration of 1000 µmol/l, it was
14.54. Similar conclusions were drawn based on another assay. Cells treated with 5-FU in concentrations
above 100 µmol/l showed more frequent changes related to DNA damage as compared to control cells.
For 5-FU used at the concentration of 100 µmol/l, an increase in the number of cells with total DNA
damage to the value of 20.58% was observed as compared to the control, where the value was 5.71%. For
the concentration of 1000 µmol/l, the number of these cells increased to 29.5% according to the used
control. The percentage of single positive phosphorylated form of H2A.X (pH2A.X) cells within cells
treated with 5-FU at a concentration of 100 and 1000 µmol/l was 9.23 and 19.4, respectively, while in the
control it was 2.6. The incidence of cells with double strand breaks also increased to about 10% for the
two highest concentrations of 5-FU. The observed in vitro changes in CACO-2 cells caused by 5-FU may
be of clinical relevance for the choice of drug concentration in the treatment of patients with colorectal
cancer. Perhaps high concentrations of the analyzed drug overcome the resistance of cells to 5-FU. 

The results of the evaluation of the relative expression level
of the SMAD4 gene in CACO-2 cells treated with 5-FU
In the quantitative analysis performed, the assumed level of reaction e�ciency was 100%. The double
delta method was used to calculate the relative expression ratio (R) of the SMAD4 gene. The obtained
results are presented in Fig. 4. The resulting observations indicate a tendency related to the decrease of
the SMAD4 gene expression level in CACO-2 cells under the in�uence of 5-FU at lower concentrations
(0.1–10 µmol/l). The inverse dependency was found in the case of using 5-FU at a concentration of 100
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µmol/l. At this concentration, 5-FU appears to produce the effect of increasing the relative expression
level of the SMAD4 gene, especially when the cells are exposed to the drug for a longer time. High
expression of the SMAD4 gene is a desirable predictor in patients with colorectal cancer, especially in
advanced stages. Hence, the assessment of the expression of the studied gene before the initiation of
treatment is a reasonable procedure that can be used to estimate the bene�ts of the applied therapy.
Additionally, the effect of the speci�c concentration of 5-FU used on the regulation of the SMAD4 gene
expression may also be important for the effectiveness of the therapy.

 

Discussion
5-FU is widely used in the treatment of patients with colorectal cancer. One of the main problems limiting
the application of a thymidylate synthase inhibitor in oncological therapy is the common occurring
chemoresistance manifested by the lack of response of tumor cells to a chemotherapeutic agent used. In
colorectal cancer, the expression level of the SMAD4 gene is involved in inducing resistance to 5-FU-based
therapy. The molecular mechanism leading to the development of this phenomenon is unknown. Many
scienti�c reports show that patients with reduced level of SMAD4 gene expression are at higher risk of 5-
FU induced resistance. In a report on the role of the SMAD4 gene as a predictive marker in the therapy
based on 5-FU, Boulay et al. prove that patients with colorectal cancer and normal expression of the
SMAD4 gene gain signi�cantly greater bene�ts from the introduced adjuvant therapy. The authors
documented their observations with a conclusion on the action of 5-FU in a SMAD4-dependent manner
15. Moreover, the SMAD4 gene plays a very important role in the development of colorectal cancer, and
especially the loss of this gene contributes to the progression to metastatic form of this cancer. The
report by Pia Alhopuro et al. con�rmed a signi�cant connection between the low tumor level of the
SMAD4 protein and decreased SMAD4 mRNA expression, which results in poor prognosis in a patient
with a high risk of disease recurrence after treatment 16,17. Reduced SMAD4 expression is associated with
the activation of the PI3K / Akt pathway and increased VEGF expression in colon cancer cells, which
promotes cancer progression and the escape of cells from apoptosis. Moreover, the disruption of the
apoptotic pathway may be caused by overexpression of Bcl-2 and Bcl-w genes responsible for inhibition
of cell death, depending on the level of SMAD4 expression 18,19. The role of 5-FU is based on directing
neoplastic cells into the apoptotic pathway through the inhibition of thymidylsynthetase. The correlation
between 5-FU resistance and the expression level of SMAD4 gene may suggest a signi�cant contribution
of this gene to the 5-FU dependent apoptosis 20,21.

In this study, an analysis was performed to evaluate changes in the expression level of the SMAD4 gene
under the in�uence of 5-FU applied at various concentrations. A cell line derived from advanced colorectal
cancer was used for the study. The results obtained in the test showed resistance of CACO-2 cells to 5-FU.
This may be due to possibly decreased expression of the SMAD4 gene in cells. Additionally, it was found
that the relative expression level of the SMAD4 gene was signi�cantly reduced in the CACO-2 line cells
treated with 5-FU at concentrations of 0.1–10 µmol/l as compared to cells not treated with the drug. This
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observation may indicate the possibility of generating drug resistance of colorectal cancer cells
associated with the use of 5-FU in low concentrations, which proves that this drug does not exert any
in�uence on the viability of CACO-2 cells. The use of 5-FU at low concentrations may not bring a
therapeutic effect, however, it may also have a negative result on tumor cells that become resistant.
Moreover, it has been shown that if 5-FU is applied at a concentration above 100 µmol/l and the time of
cell exposure to the test compound is extended, the expression of the SMAD4 gene increases signi�cantly.
This observation may indicate the effect of the tested chemotherapeutic agent on the expression level of
the SMAD4 gene, which may contribute to overcoming drug resistance in colorectal cancer cells. Based
on the preliminary results presented in the paper, a more thorough analysis should be carried out,
including other colorectal cancer cell lines, and the research should also involve in vivo evaluation. In this
report, 5-FU was used at various concentrations, however, only the highest ones showed an effect on the
expression level of the SMAD4 gene. The possibility of obtaining an appropriate concentration of 5-FU in
colorectal cancer cells in in vivo studies may help to overcome resistance to the chemotherapeutic agent
used, increase the effectiveness of the treatment and thus signi�cantly improve the patient's prognosis.
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Figures

Figure 1

MTT results of viability of CACO-2 cells treated with 5-FU
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Figure 2

The effect of 5-FU on the induction of apoptosis
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Figure 3

The effect of 5-FU on the induction of DNA damage

Figure 4

The effect of 5-FU on the expression level of the SMAD4 gene


