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Abstract. Recent scientific evidence suggests a link between 
epigenetic changes (DNA methylation) and tumorigenesis. 
Moreover, a potential carcinogenic mechanism of cadmium 
was associated with changes in DNA methylation. In this 
study we investigated the impact of CdCl2 and CuSO4 aqueous 
solutions on DNA methylation in HT‑29 cells by quantifying 
DNA methyltransferase (DNMT1, DNMT3A and DNMT3B) 
mRNA expression. Furthermore, we also studied the cytotoxic 

and anti‑migratory potential of these substances. The results 
showed a dose‑dependent decrease of viable cell percentage 
following 24 h of exposure (at concentrations of 0.05; 0.2; 
1; 10 and 100 µg/ml), and an inhibitory effect on HT‑29 cell 
migration capacity. In addition, RT‑qPCR results showed that 
cadmium acts as a hypomethylating agent by suppressing 
DNMT expression, whereas copper acts as a hypermethylating 
compound by increasing DNMT expression. These findings 
suggest a cytotoxic potential of both cadmium and copper on 
HT‑29 cells and their capacity to induce epigenetic changes.

Introduction

Cadmium (Cd) is a heavy metal with a wide occurrence in 
the environment, classified as group 1 human carcinogen 
since 1993 by the International Agency for Research on 
Cancer (IARC) (1,2). Cadmium was described as a cumulative 
toxin due to its long half‑life (up to 1‑3 decades) and its very 
low rate of excretion (3), parameters that are directly linked 
to the noxious effects on key organs such as kidneys, liver, 
heart, thyroid, bones and reproductive system (1,4‑6). In 
addition, long‑term exposure to Cd was associated with an 
increased risk for breast, lung, genitourinary, prostate, hepatic 
and colon cancer (1,7,8). Although important progress has 
been made towards the elucidation of mechanisms involved 
in cadmium toxicity (such as oxidative stress, endocrine 
disruption, interference with sulfhydryl groups, impairment 
of zinc‑linked cellular processes, weak mutagenicity and 
poor DNA binding capacity), the molecular mechanisms 
underlying Cd carcinogenic properties are not fully known 
and understood (3,6,9,10). It was fairly recently found that Cd 
has the ability to trigger genomic instability through epigenetic 
mechanisms, involving DNA methylation machinery 
(DNMT‑DNA methyltransferases) (9‑12).

Colorectal cancer is the fourth cause of cancer‑related 
mortality globally (13‑15). This disease presents a heteroge‑
neous profile characterized by chromosomal instability (most 
cases‑over 85%) and high‑frequency microsatellite instability 
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(15% of the cases). Its occurrence is prevalent in persons with 
no apparent genetic predisposition or hereditary colorectal 
pathologies (65%). The remaining cases are associated with 
familial inherited susceptibility (13). Besides the genetic risk 
factors, age and health status, environmental factors also play 
an important role in the pathogenesis of colorectal cancer (14). 
Previous studies supported a possible link between exposure 
to heavy metals such as cadmium, chromium, mercury and 
arsenic and the risk for colorectal cancer (16,17). A recent study 
asserted a potential molecular mechanism for the implication 
of cadmium in colorectal tumor pathogenesis (1).

Copper is one of the essential metals involved in the 
activity of different enzymes, either as a structural component, 
or as a cofactor. Nevertheless, at high concentrations it is 
a toxic compound (18). Copper also interferes with key 
processes related to tumorigenesis (progression, metastasis 
and reluctance to conventional treatments) by direct or 
indirect mechanisms such as activation of the oncogenic 
MAPK pathway (promotion), impairment of cancer cell redox 
status, angiogenic activity (19), and aberrant DNA methylation 
and changes in expression patterns of DNMT genes (20,21). 
Moreover, elevated copper concentrations in serum of patients 
represent a reliable marker for the diagnosis of a malignancy 
(including colorectal cancer) in advanced stage, with a low 
response to therapy. The link between copper and colon cancer 
is even stronger, since copper modulates BRAF signaling and 
BRAFV600E mutation, which represents 90% of all mutations 
encountered in colon cancer patients (18,19).

Epigenetic changes can be defined as inherited modifi‑
cations in DNA with no alterations within the sequence. 
They include DNA methylation, miRNA regulation, and 
histone deacetylation (22). DNA methylation is fundamental 
for embryogenesis and maintenance of the specificity of 
cell‑lineage gene expression for life (9). Dysregulated DNA 
methylation induces improper organism development, chronic 
pathologies and even tumorigenesis (9,20‑22). A feature of 
colorectal cancer and other types of malignancies in terms of 
epigenetic changes, is the decreased global DNA methylation 
and hypermethylation of locus specific gene promoters (23‑25).

In light of the data mentioned above, the present study 
aimed at characterizing the impact of CdCl2 and CuSO4 
aqueous solutions on DNA methylation in human colorectal 
carcinoma HT‑29 cells by quantifying DNA methyltransferase 
(DNMT1, DNMT3A and DNMT3B) mRNA expression. 
In addition, studies on cell viability and morphology, and 
migratory capacity were performed.

Materials and methods

Reagents. CuCl2 and CuSO4 were acquired from Sigma‑ 
Aldrich; Merck KGaA, as powders of analytical grade 
purity. The cell culture media: McCoy's 5a Medium 
Modified and supplements‑fetal bovine serum (FBS), 
penicillin/streptomycin antibiotic mixture were from ATCC 
(American Type Cell Collection), Thermo Fisher Scientific, 
Inc., and Sigma‑Aldrich; Merck KGaA. The other reagents 
used in the present experimental design: Phosphate saline 
buffer (PBS), Trypan blue, and Alamar blue were acquired from 
Sigma‑Aldrich; Merck KGaA, and applied as recommended 
by the manufacturers.

Cell line. The in vitro experimental part of the present 
study was conducted on a human colorectal carcinoma cell 
line‑HT‑29 (ATCC® HTB‑38™), that was acquired as frozen 
vial from ATCC.

Cell culture protocol. HT‑29 cells were grown in specific 
cell culture medium, McCoy's 5a modified medium (ATCC® 
30‑2007™) supplemented with 10% fetal bovine serum 
(FBS) purchased from Thermo Fisher Scientific, Inc., and 1% 
solution of antibiotic mixture (Penicillin and Streptomycin; 
Sigma‑Aldrich; Merck KGaA) added to minimize the risk of 
contamination in the culture.

Cell viability assessment‑Alamar blue test. In order to assess 
the impact of the test compounds (CdCl2 and CuSO4) on HT‑29 
cell viability, the Alamar blue assay was performed. HT‑29 cells 
were seeded in 96‑well plates, 1x104 cells/well/200 µl culture 
medium and were allowed to adhere to the plate for 24 h. 
When the cells reached the optimal confluence, the old culture 
medium was replaced with fresh culture medium 200 µl/well 
that contained different concentrations of the test solutions 
(CdCl2 or CuSO4) 0.05; 0.2; 1; 10 and 100 µg/ml for 24 h. The 
24 h exposure period was followed by addition of 20 µl/well of 
Alamar blue reagent, incubation for 3 h at 37˚C and reading of 
the absorbance at 570 and 600 nm by a xMark™ Microplate 
spectrophotometer (Bio‑rad). The percentage of viable cells 
(%) was calculated according to the formula presented in a 
previous study (26), as follows:

Percentage of viable cells (%)={[(εOX)λ2 Aλ1‑(εOX)λ1 Aλ2 
of test agent dilution]/[(εOX)λ2 A°λ1‑(εOX)λ1 A°λ2 of untreated 
positive growth control]} x100,

Where: εOX=molar extinction coefficient of Alamar blue 
oxidized form (BLUE)
A=absorbance of test wells
A°=absorbance of positive growth control well (cells without 
tested compounds)
λ1=570 nm and λ2=600 nm.

Cell morphology microscopic evaluation. Changes in cell 
morphology and shape induced by different compounds repre‑
sent specific signs of cytotoxicity. Therefore, the effect of the 
tested compounds on HT‑29 cell morphology was evaluated as 
a part of the toxicological profile. The cells were photographed 
under bright field illumination of the Olympus IX73 inverted 
microscope (Olympus) at 24 h post‑stimulation with the test 
compounds (CdCl2 or CuSO4, 0.05; 0.2; 1; 10 and 100 µg/ml) 
and the photos were analyzed by the cellSens Dimensions 
v.1.8. software (Olympus).

Migration rate evaluated by the Scratch assay. To evaluate the 
impact of the test compounds (CdCl2 and CuSO4) on migra‑
tory capacity of HT‑29 cells, the scratch assay (also known as 
wound healing assay) was performed. The protocol applied was 
similar to the one described in our previous articles (27,28) and 
was adapted to the present experimental conditions. A number 
of 2x105 HT‑29 cells/well/1.5 ml culture medium were cultured 
in 12‑well plates. When confluence reached 90‑95%, the old 
medium was removed, a scratch was drawn manually using a 
pipette tip (2‑200 µl) and the detached cells were washed with 
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PBS. Fresh culture medium containing the test compounds 
(0.05, 0.2 and 1 µg/ml) was added to cells for a period of 24 h. 
Pictures were taken at 0 and 24 h following addition of the 
medium containing the test compounds, using an Olympus 
IX73 inverted microscope equipped with a DP74 camera 
(Olympus). The scratch widths were measured at 0 and 24 h by 
the means of CellSense Dimension 1.17. software (Olympus). 
The scratch closure/migration rate (%) was calculated with the 
following formula:

Scratch closure %=[(At=0 h‑At=24 h)/At=0 h] X100,

Where: At=0 h is the width of the wound measured immediately 
after scratching at 0 h.

At=24 h is the width of the wound measured after 24 h (29,30).

RNA extraction and reverse‑transcription polymerase chain 
reaction (RT‑PCR). Total RNA was isolated from HT‑29 cells 
using the Trizol reagent (Thermo Fisher Scientific, Inc.) and 
the Quick‑RNA™ purification kit (Zymo Research). cDNA 
was generated by reverse transcription with the Maxima® First 
Strand cDNA Synthesis Kit (Fermentas). Quantitative real‑time 
PCR analysis was performed in 20 µl reactions containing Power 
SYBR‑Green PCR Master Mix (Thermo Fisher Scientific, Inc.)

Cycling conditions in a Quant Studio 5 real‑time PCR 
system (Thermo Fisher Scientific, Inc.) were: 95˚C for 10 sec 
followed by 40 cycles of denaturing at 95˚C for 15 sec and 
annealing and extension at 55˚C for 1 min. The following 
primer pairs (Eurogentec) were used:

18S (as housekeeping gene): F: 5'GTA C‑CCG T‑TGA A‑CCC 
C‑ATT3', R: 5'CCA T‑CCA A‑TCG G‑TAG T‑AGC G3', DNMT1: 
F: 5'ACCG‑CTTC‑TACT‑TCCT‑CGAG‑GCCTA3' R: 5'GTT 
G‑CAG T‑CCT C‑GTG A‑ACA C‑TGT GG3', DNMT3A: 
F: 5'CAC A‑CAG A‑AGC A‑TAT C‑CAG G‑AGT G3' R: 5'AGT 
G‑GAC T‑GGG A‑AAC C‑AAA T‑ACC C3', DNMT3B: 
F: 5'AAT G‑TGA A‑TCC A‑GTC A‑GGA A‑AGG C3' R: 5'ACT 
G‑GAT T‑ACA C‑TCC A‑GGA A‑CCG T3'.

Statistical analysis. Graph Pad Prism 8 was used for the 
statistical interpretation of the data. The results were expressed 
as the mean ± standard deviation (SD). One‑way ANOVA was 
applied to determine the statistical differences followed by 
Dunnett's post‑test (*P<0.05; ****P<0.0001).

Results

CdCl2 and CuSO4 reduced viability of HT‑29 cells in a 
concentration‑dependent manner. The effect of CdCl2 on 
the viability of human colorectal HT‑29 cells was evalu‑
ated after stimulation of cells with different concentrations 
(0.05; 0.2; 1; 10 and 100 µg/ml) of the tested compound for 
24 h. Our results showed that the lowest concentration tested, 
0.05 µg/ml, had a stimulatory effect on cell viability. On the 
contrary, a dose‑dependent cytotoxicity was observed when 
the other concentrations were tested. The effect was statisti‑
cally significant only at the two highest concentrations, 10 and 
100 µg/ml, the calculated percentages of viable cells were 
83 and 13%, respectively (Fig. 1). The calculated IC50 value 
was 16.21 µg/ml.

Stimulation of the cells with the same volume of sterile 
water did not influence the viability of the cells as compared 
with control cells (unstimulated cells).

Stimulation of HT‑29 cells with a CuSO4 aqueous solution 
(prepared at the same concentrations as for CdCl2), induced a 
dose‑dependent decrease of human colorectal carcinoma cell 
viability percentage, compared with control (unstimulated) 
cells. The effect was statistically significant only at the two 
highest concentrations tested, 10 and 100 µg/ml (Fig. 2). The 
calculated percentages of viable cells were 68.83 and 41.02%, 
respectively. Moreover, the smallest concentrations appeared 
to have a stimulatory effect (Fig. 2). The IC50 value obtained 
was 4.4 µg/ml.

Effect of test compounds (CdCl2 and CuSO4) on morphology 
of HT‑29 cells. As shown in Fig. 3, the solvent used for the 

Figure 2. In vitro evaluation of the CuSO4 effect (0.05; 0.2; 1; 10 and 100 µg/ml) 
on HT‑29 cells viability at 24 h post‑stimulation by the Alamar blue assay. 
The results are expressed as cell viability percentage (%) normalized to 
control (unstimulated) cells. The data represent the mean values ± SD of 
three independent experiments performed in triplicate. One‑way ANOVA 
analysis was applied to determine the statistical differences compared with 
the control group, followed by Dunnett's multiple comparisons post‑test 
(*P<0.05, ***P<0.001 and ****P<0.0001).

Figure 1. In vitro evaluation of the CdCl2 effect (0.05; 0.2; 1; 10 and 100 µg/ml) 
on viability of HT‑29 cells at 24 h post‑stimulation by the Alamar blue assay. 
The results are expressed as cell viability percentage (%) normalized to 
control (unstimulated) cells. The data represent the mean values ± SD of 
three independent experiments performed in triplicate. One‑way ANOVA 
analysis was applied to determine the statistical differences compared with 
the control group, followed by Dunnett's multiple comparisons post‑test 
(*P<0.05 and ****P<0.0001).
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two test solutions, sterile water, had no impact on HT‑29 cell 
morphology as compared with control cells (unstimulated 
cells): The cells stimulated with sterile water present the same 
shape as control cells, are well‑attached to the culture plate 
and their confluence is not affected (Fig. 3). These data are in 
agreement with the results obtained for viability experiments.

The addition of CdCl2 into the medium of HT‑29 cells and 
exposure of the cells to this compound for 24 h was associ‑
ated with several changes in cell morphology, compared with 
control (unstimulated) cells and solvent (sterile water) treated 
cells. The lowest concentrations, 0.05 and 0.2 µg/ml had 
no impact on the cell shape, confluence or adherence to the 
culture plate. At the concentration of 1 µg/ml the cells become 
round and were floating in the medium. At the highest concen‑
tration tested, 100 µg/ml, the cells appeared disintegrated 
(Fig. 4‑lower panel). These results reinforce the viability data 
and indicate a cytotoxic effect.

CuSO4 stimulation (at concentrations of 0.05; 0.2 and 
1 µg/ml) for 24 h had no impact on HT‑29 cells morphology 
in terms of shape, adherence or confluence as compared 
with control cells or solvent‑stimulated cells (Fig. 5). Several 
changes were observed in the cells exposed to the highest 
concentrations of 10 and 100 µg/ml. These cells presented 
different morphology related to the other groups of cells, 
round cells that floated (Fig. 5).

CdCl2 and CuSO4 stimulation interferes with the migratory 
capacity of HT‑29 cells. As shown in Fig. 6, 1 µg/ml of CdCl2 

induced a significant inhibition of cell migration following 
24 h of exposure. Furthermore, the shape of the cells was also 
different (round) as compared with control cells. An inhibi‑
tory effect, less pronounced, was also recorded for the other 
concentrations tested (Fig. 6).

Exposure to CuSO4  (0.05, 0.2 and 1 µg/ml) for 24 h induced 
a similar effect on the migratory capacity of HT‑29 cells as the 
one described for CdCl2, namely an inhibitory effect even at 
the lowest concentration tested (Fig. 7).

CdCl2 and CuSO4 stimulation interferes with DNMT1, 
DNMT3A and DMNT3B gene expression in HT‑29 human 
colorectal carcinoma cells
Cadmium chloride. There was a significant effect on the 
expression of DNMT1, DNMT3A and DNMT3B for all 
cadmium concentrations tested in the present experiment 
(ANOVA, P<0.05).

The DNMT3A expression was significantly increased at 
the two lowest concentrations tested, as compared with the 
expression of DNMT1 and DNMT3B (Newman‑Keuls tests, 
P<0.05). The increase in CdCl2 concentration resulted in 
significant changes in the expression of DNMT1, DNMT3A 
and DNMT3B (ANOVA, P<0.05). Expression of DNMT1 
and DNMT3B showed a similar pattern of evolution as the 
concentration of CdCl2 increased. The determined values 
decreased from the lowest cadmium concentration to the 
concentration of 10 µg/ml and increased at the concentration 
of 100 µg/ml (Table I).

Figure 3. Microscopic image of HT‑29 human colorectal carcinoma cells in culture: Control cells (non‑stimulated) and cells stimulated with different concen‑
trations (0.05; 0.2; 1; 10 and 100 µg/ml) of sterile H2O for 24 h. H2O is the solvent used for the CdCl2 and CuSO4 solutions. The pictures were taken following 
24 h of stimulation and the scale bars represent 50 µm.
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Copper sulphate. In the case of copper, the expression of 
DNMT1 remained relatively constant up to the concentration 

of 10 µg/ml but showed a significant decrease for the highest 
dose treatment (ANOVA P<0.05). There was no detectable 

Figure 4. Microscopic appearance of HT‑29 human colorectal carcinoma cells stimulated with different concentrations (0.05; 0.2; 1; 10 and 100 µg/ml) of 
CdCl2 for 24 h. The pictures were taken following 24 h of stimulation and the scale bars represent 50 µm.

Figure 5. Microscopic appearance of HT‑29 human colorectal carcinoma cells stimulated with different concentrations (0.05; 0.2; 1; 10 and 100 µg/ml) of 
CuSO4 for 24 h. The pictures were taken following 24 h of stimulation and the scale bars represent 50 µm.
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expression of DNMT3A. However, for DNMT3B there were 
significant differences (ANOVA, P<0.05). The expression 
decreased significantly at the second lowest dose, compared 
with the lowest dose (Table I).

Discussion

Colorectal cancer presents lower mortality rates compared 
with the past, due to the efficient measures implemented 

Figure 7. The impact of CuSO4 (0.05, 0.2 and 1 µg/ml) on HT‑29 human colorectal carcinoma cells migratory capacity following 24 h of stimulation. Scratch 
widths were initially recorded by bright field microscopy, 0 and 24 h post exposure. Scale bars represent 100 µm. The results are expressed as scratch 
closure/migration rate (%) following 24 h of stimulation. The data represent the mean values ± SD of three independent experiments performed in triplicate. 
One‑way ANOVA analysis was applied to determine the statistical differences from the control cells, followed by Dunnett's multiple comparisons post‑test 
(**P<0.01, ***P<0.001).

Figure 6. The impact of CdCl2 (0.05, 0.2 and 1 µg/ml) on HT‑29 human colorectal carcinoma cells migratory capacity following 24 h of stimulation. Scratch 
widths were initially recorded by bright field microscopy, 0 and 24 h post exposure, respectively. Scale bars, 100 µm. The results are expressed as scratch 
closure/migration rate (%) following 24 h of stimulation. The data represent the mean values ± SD of three independent experiments performed in triplicate. 
One‑way ANOVA analysis was used to determine the statistical differences from the control cells, followed by Dunnett's multiple comparisons post‑test 
(***P<0.001 and ****P<0.0001).

Table I. Relative expression of DNMT1, DNMT3A and DNMT3B in human colorectal carcinoma cells (HT‑29) exposed to 
CdCl2 and CuSO4 normalized to control (unstimulated cells).

 CdCl2 (µg/ml) CuSO4 (µg/ml)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene 0.05 1 10 100 0.05 1 10 100

DNMT1 ‑3.72 ‑5.67 ‑8.69 ‑1.03 18.58 16.81 17.3 11.69
 (‑0.24) (‑0.64) (‑0.54) (‑0.23) (3.83) (3.20) (2.93) (1.25)
DNMT3A 5.72 1.03 ‑17.12 ‑7.19 0 0 0 0
 (0.45) (0.13) (‑1.98) (‑0.87) ‑ ‑ ‑ ‑
DNMT3B ‑2.85 ‑5.82 ‑13.7 ‑8.7 22.19 12.64 25.53 21.02
 (‑0.45) (‑0.38) (‑1.67) (‑0.63) (2.54) (1.45) (2.86) (3.45)
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(screening methods, early detection and intervention, 
optimized treatments) (14). Nevertheless, it is characterized 
by a poor survival rate of 13% if metastasis occurs, with an 
overall median survival period of 24 months (19,31). Several 
innovative methods were developed in recent years, to 
gather insights into the cancer development, diagnostic, and 
finding novel therapeutic approaches, such as: Cellomics (32), 
proteomics (33), and QSAR machine learning‑based 
models (34). The various risk factors for colorectal cancer 
include heredity, age, health status (different pathologies, 
obesity, inflammatory Bowel disease and ulcerative colitis), 
as well as lifestyle. Similarly, risk factors such as lifestyle 
(nutrition, smoking, alcohol consumption), long‑term use of 
contraceptives, exposure to environmental toxicants were 
described in the tumorigenesis related to human papilloma 
virus infection (35,36). A novel identified risk factor for 
colorectal cancer is microbial dysbiosis (biofilms) in gut 
microbiome (37), biofilms being also responsible for most 
types of infections (~65% nosocomial infections and ~80% 
of all microbial infections) (38). Furthermore, environmental 
toxicants such as heavy metals, including cadmium, play an 
asserted role in the pathogenesis of the disease, according to 
recent studies (14,39).

The wide use of Cd in industry (refining industries, metal 
mining, construction, Cd‑containing batteries, and shipyard) 
and its environmental dissemination (7,40‑42) led to the 
ranking of this metal among the most toxic ones (the seventh 
most toxic heavy metal) (16). It is responsible for multiple 
noxious effects such as nephrotoxicity, cardiotoxicity, bone 
diseases, reproductive toxicity, inflammatory disorders and 
tumorigenesis. To reduce the toxicity of the metals used 
for biomedical applications, there were proposed multiple 
coatings, diamond‑like carbon films being a promising 
tool (43). The underlying molecular pathways involved in the 
carcinogenic properties of cadmium are not fully understood. 
The possible mechanisms include: i) Induction of reactive 
oxygen species (ROS) via activation of the mitogen activated 
protein kinases (MAPKs) pathway with oxidative impairment 
of proteins, lipids, and DNA; ii) the estrogen‑like properties 
that were linked to the development of endometrial, breast and 
prostate tumors; iii) initiation of inflammation via upregulation 
of COX‑2 (cyclooxygenase‑2) expression, a key player in 
colorectal cancer via its major metabolite PGE2‑prostaglandin 
E2, iv) triggering of malignant transformation in normal cells 
(human bronchial epithelial cells) by inducing apoptosis 
followed by DNA impairment, reduced DNA repair capacity 
and genomic instability through accumulation of mutations 
in DNA repair genes, creating a suitable ground for cancer 
development, v) epigenetic changes by interfering in DNA 
methylation, and vi) mitochondrial toxicity both in healthy 
(HPNE) and tumor (AsPC‑1) pancreatic cells by altering 
mitochondrial function (1,2,7,9,10,44‑46).

Tumor cell migration represents an essential condition for 
invasion and metastasis, and numerous studies have focused 
lately to identify the factors that regulate the migration process 
that is directly connected to signal biomolecules of the immune 
and neuroendocrine systems (47).

In a recent experimental study, Naji and colleagues showed 
that exposure to low levels of CdCl2 (100 and 1,000 nM 
equivalent to 0.01833 and 0.1833 µg/ml, respectively) for 

9 and 12 h induced an increased migratory effect on HT‑29 
cells by activating several signaling pathways, such as the 
ROS‑p38‑COX‑2‑PGE2 and the ROS‑Akt (1). These data 
are in accordance with our results that showed an increased 
percentage of viable cells at the lowest concentrations tested 
(0.05 and 0.2 µg/ml), compared with control cells (Fig. 1). 
Regarding the effect of Cd on the migratory capacity of HT‑29 
cells in our study, the longer exposure time (24 h), as compared 
with 9 and 12 h reported by Naji and colleagues, induced an 
inhibitory effect on HT‑29 cell migration rate as compared 
with control cells (Fig. 6). These results are also confirmed 
by the study of Naji and colleagues who found that no further 
increase of wound closure was observed after 12 h (1).

An interesting finding of this work is the cytotoxic effect of 
CdCl2 on human colorectal carcinoma HT‑29 cells which was 
observed at concentrations ≥1 µg/ml. This effect was charac‑
terized by a decrease in the viable cell percentage (Fig. 1) and 
changes in cell morphology (Fig. 4).

This novel cytotoxic property of Cd on cancer cells was 
also reported by Hajrezaie et al in a study where colon cancer 
HT‑29 cells were exposed for 72 h to a complex of Cd, a Schiff 
based complex, CdCl2(C14H21N3O2) that induced apoptosis via 
activation of mitochondrial pathway (31). Another study that 
supports our data on the cytotoxic effect of Cd on cancer cells, 
was published by Guo et al who showed the antiproliferative 
and proapoptotic effects of CdCl2 as a single agent, as well 
as in combination with hSmac, in hepatocellular carcinoma 
cells (48).

Zhou et al showed that Cd exerted its cytotoxic effects on 
multiple epithelial‑like cells, both healthy, as well as of tumor 
origin (hepatoma cell line FLC‑4, breast carcinoma MCF7, 
gastric adenocarcinoma AGS, colon carcinoma HCT116, 
esophageal carcinoma TE4 and embryonic kidney cell line 
HEK293) in a cell‑type and dose‑dependent manner (49). A 
dose‑ and time‑dependent cytotoxic effect of CdCl2 was shown 
on MDA‑MB468 breast carcinoma cells (50), data that are in 
agreement with our results.

The connection between colorectal cancer and copper 
could be considered stronger, compared with cadmium, since 
elevated serum concentrations of copper in patients diagnosed 
with colorectal cancer indicate an advanced disease with a 
high risk of mortality (19).

The role of copper in the modulation of tumorigenesis 
via direct or indirect mechanisms (angiogenic cofactor, a 
redox‑active metal and activation of MAPK pathway) is 
established. Moreover, it was shown that depletion of copper 
determines apoptosis of cancer cells (19). To highlight the 
function of Cu in colon cancer, different copper chelators were 
tested as potential anticancer therapies (18,19).

A strong connection also lies between Cd and Cu, 
since Cd is responsible for a disrupted balance of essential 
metals (Zn, Cu, Ca) leading to depletion of these metals and 
inducing noxious effects on human health including cancer 
of the intestine (39). In our previous study, conducted on 
land snails‑Cantareus aspersus, we showed that low doses 
of dietary cadmium interfere with hepatopancreas copper 
deposition (51).

Our results on the effect of Cu on HT‑29 cell viability 
showed a dose‑dependent cytotoxic effect and are supported 
by the findings of another study that tested a CuCl2 solution 
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(1‑1,000 µM) on MDA‑MB458 breast carcinoma cells (50). 
The cytotoxic effect of a CuSO4 solution was also studied on 
a human glioma cell line‑U87‑MG (52) and HeLa cells (53). 
The findings of both studies are consistent with our results. 
Moreover, our experimental data indicate an anti‑migratory 
effect of copper on HT‑29 cells (Fig. 7).

Among the multiple mechanisms of toxicity linked to 
cadmium and copper exposure, the interference with DNA 
methylation has also been described (3,9‑11,20,21). DNA 
methylation is prevalent in the mammalian genome and is 
responsible for genomic stability, chromatin structure modula‑
tion, and transcriptional regulation of specific genes (22,25). 
This process occurs at the cytosines in specific regions of CpG 
dinucleotides and is catalyzed by DNA methyltransferases 
(DNMTs), DNMT1, DNMT3A and DNMT3B (22,25,54). 
DNMT1 is responsible for maintaining the patterns of DNA 
methylation during cell division and shows an affinity for 
hemi‑methylated DNA strands, whereas DNMT3A and 
DNMT3B are described as de novo methyltransferases with 
different target sites from DNMT1 (22,25,54). Impaired 
DNA methylation has been associated with carcinogenesis 
(including colorectal cancer) and with the carcinogenic 
potential of cadmium (3,24).

The expression of DNMT1 and DNMT3B, key players in 
establishing and maintaining the DNA methylation patterns, 
are known to be disrupted in the HT‑29 cell line. It was found 
that these genes are generally silenced in different colorectal 
cancer cell lines, including the HT‑29 cell line, and the conse‑
quent disruptions in the methylation pattern contribute directly 
to the process of carcinogenesis (55). Other studies indicate 
that DNMT1, DNMT3A and DNMT3B are highly expressed 
in colon cancer (56,57), and the inhibition of their expression 
determines a reduction of tumorigenesis process (58). With 
respect to copper, scientific evidence on humans does not 
support an effect of this trace metal on genomic or gene‑specific 
DNA methylation levels (59). However, our results show 
that copper has an effect on the expression of DNMT1 and 
DNMT3B, and subsequently on DNA methylation in the 
HT‑29 cell line. Our data show that the expression of these 
genes is increased in response to copper exposure over a broad 
range of concentrations. This is most probably related to the 
dysregulated methylation control cycle in these tumor cells, 
which favors their uncontrolled growth and spreading (60). 
The relationship between the concentrations of CuSO4 and 
changes in the expression of the three enzymes were strik‑
ingly different; DNMT1 expression in copper exposed cells 
showed a significant decrease and approached the expression 
levels in control (unstimulated cells) only at the highest CuSO4 

concentration (100 µg/ml). DNMT3B exhibited the same trend 
at a significantly lower CuSO4 concentration (1 µg/ml). These 
patterns might be related to their different role in establishing 
and maintaining the DNA methylation pattern.

The effect of cadmium on DNMT1 and DNMT3B expres‑
sion showed a similar pattern. The expression of both enzymes 
was suppressed by cadmium. This finding is consistent with the 
results of a previous study that showed an association between 
acute cadmium exposure and decreased DNA methylation 
in the TRL1215 rat liver cells. It showed that the decrease in 
genomic DNA methylation levels is caused by noncompetitive 
inhibition of DNMT activity, a mechanism which could also 

explain our results (61). In this context, it is noteworthy to high‑
light the differential effect of Cu and Cd on these two genes in 
terms of direction and magnitude in the changes in DNMT1 
and DNMT3B expression. Based on our results, it appears that 
for acute exposure 24 h of Cu increases expression and acts as 
a hypermethylating agent, while Cd suppresses expression and 
acts as a hypomethylating agent in the HT‑29 cells.

We have currently shown that both CdCl2 and CuSO4 

solutions induced cytotoxicity on HT‑29 cells in a dose‑depen‑
dent manner. The toxic effect included a decrease of cell 
viability, changes in cell morphology, and anti‑migratory 
effects even at the lowest concentrations tested (0.05; 
0.2 and 1 µg/ml). Moreover, cadmium acts as a hypomethyl‑
ating agent by suppressing DNMT expression, whereas, copper 
acts as a hypermethylating compound by increasing DNMT 
expression. A limitation of this study could be considered the 
selection of a single time point of 24 h, but further studies are 
in progress to determine the mechanistic insights of a possible 
connection between the cytotoxic effects and the epigenetic 
changes observed.
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