( SPER
Puf)ﬁcatlonsameoﬁltlonstt.th.

' Original Article

Disulfiram induces demethylation and reactivates the RASSF1A

tumor suppressor gene in breast cancer cells

Leila Noori'?, Mohsen Pourghasem'”, Davood Sabour’, Soraya Khafri‘, Zahra Babazadeh'*

'Cellular and molecular biology rescarch center, Health Research Institute, Babol University of Medical Sciences, Babol, Iran. Department of Anatomical Science, School of
Medicine, Babol University of Medical Sciences, Babol, Iran. *Department of Genetics, School of Medicine, Babol University of Medical Sciences, Babol, Iran. “Department

of Biostatistics and Epidemiology, School of Medicine, Babol University of Medical Sciences, Babol, Iran.

Correspondence: Zahra Babazadeh, ’Department of Anatomical Science,

zbabazadeh1400@gmail.com
ABSTRACT

School of Medicine, Babol University of Medical Sciences, Babol, Iran.

Breast cancer (BC) is a leading cause of cancer-related deaths globally. Epigenetic alterations, particularly DNA hypermethylation,

contribute to BC development by silencing tumor suppressor genes. This study investigated the ability of disulfiram (DSF) to reverse
epigenetic silencing of the RASSF1A gene in the MCF-7 breast cancer cell line. Using MTT assays, DSF was found IC50 at doses of 5,
10, 12.5, and 15uM after 72 hours of treatment. Methylation-specific PCR (MSP) and real-time PCR revealed partial demethylation of
the RASSF1A gene promoter at a DSF dose of 15uM after 24 hours and all doses (5-15uM) after 72 hours. This demethylation was
accompanied by increased RASSF1A gene expression at the highest DSF dose (15uM) after 24 hours and at doses of 10, 12.5, and 15uM
after 72 hours. These findings suggest that DSF can effectively induce epigenetic reversion of RASSF1A silencing, restoring its tumor

suppressor function. This data highlights the potential of DSF as a novel therapeutic agent for breast cancer, either as a monotherapy or

in combination with other therapies.
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Introduction

Breast cancer is still a major worldwide health issue, and it is the
second most common and fatal cancer in women, after lung
cancer, despite medical research advancements. Unfortunately,
there has been a steady rise in breast cancer cases over the last
four decades. For instance, in 2020, out of the 2.3 million new
cases reported worldwide, an estimated 685,000 decaths
occurred (1-3). Regardless of notable progress in cancer
treatment, the overall survival rate for these patients remains
relatively poor, with the majority surviving for only 2-3 years
(4). Breast cancer is a complex disease that involves various
cellular and molecular mechanisms. The development of cancer
occurs in multiple stages, each of which contributes to different
outcomes. Epigenetic mechanisms, in addition to genetics, play
a crucial role in cancer development by regulating the activation
and suppression of important genes without altering the DNA
sequence (5, 6). Epigenetic changes, such as histone
modifications, DNA methylation, and miRNA alterations, are

linked to the regulation of chromatin and the expression of genes.

These changes persist throughout the lifespan of the cell and are
transmitted to the next generation through cell division (7-9).
Epigenetic changes occur in breast cancer at all stages of the
discase, similar to other types of cancer (6, 10). The proper
functioning of epi-enzymes helps maintain the normal state.
However, when various epi-enzymes are dysregulated, it leads
to epigenetic alterations in cancer cells. In breast cancer,
hypermethylation of RASSF1A, estrogen receptor o (ER-a), and
progesterone receptor (PR) can be used as diagnostic and
prognostic markers (11-15).

Hypermethylation silences RASSF1A, a tumor suppressor gene
in breast cancer. Thus, it can be a useful diagnostic biomarker in
addition to Brcal and Brca2 genes (12, 16-18). This gene is
critical for regulating the cell cycle, maintaining microtubule
stability, promoting apoptosis, and enabling autophagy. In cases
of breast cancer, this gene is silenced due to a mutation in one
allele and methylation in the other allele (19-22). Epigenetic
modifications can be modified using epi-drugs like HDAC
inhibitors and DNMT inhibitors. Reprogramming of cells is

currently being widely investigated in preclinical and clinical
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settings (12, 23, 24). The re-expression of RASSFIA via
epigenetic reversion increases breast cancer cell sensitivity to
chemotherapy (12). Inhibitors of DNMT can be classified into
two categories: nucleoside and non-nucleoside agents.
Nucleoside analogs can replace cytosine during DNA replication,
leading to significant cytotoxicity and major adverse effects (24-
28). Hence, the development of safe and effective non-
nucleoside DNMT inhibitors is considered a promising approach
to overcoming the limitations of nucleosides. The thiol groups
present in DNMT enzymes play a significant role in the catalysis
of cytosine, suggesting that the reactive thiol component could
serve as a non-nucleoside DNMT inhibitor. Disulfiram (DSF) is
proposed as a non-nucleoside analog due to its notable
characteristics. Interestingly, it is known as a safe drug
commonly used in the treatment of alcoholism. Moreover, DSF
exhibits an antineoplastic effect and is being investigated as an
anti-cancer agent (24, 29-31). This study investigated the impact
of DSF on the MCF-7 breast cancer cell line by analyzing the
demethylation of the promoter and the subsequent re-expression
of the RASSFIA gene.

Materials and Methods

Cell-line and cell culture
MCEF-7, a breast cancer cell line, and MRC-5, a normal fibroblast

cell line, were obtained from the Pasteur Institute of Iran located
in Tehran. MCF-7 cells were cultivated in RPMI 1640 medium,
while MRC-5 cells were cultivated in Dulbecco modified Eagle
media (DMEM) with high glucose concentration, both obtained
from Biowest in France. We added 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin from Sigma in the USA to the
culture media of both cell lines. The cells were cultured at a
temperature of 37°C in a controlled environment with a 5%
concentration of carbon dioxide. When the cells reached 80%

confluence, 2X104 cells were seeded in 24-well plates.

Disulfiram treatment
DSF was dissolved in dimethyl sulfoxide (DMSO; Sigma, USA)

and stored at -20°C as a stock solution with a concentration of 50
mM. The authors prepared serial dilutions at various
concentrations, drawing from their prior research (32, 33).
Following a single day of sceding the cell line, the cells were
subjected to treatment with DSF at concentrations varying from
0 to 35 uM for durations of 24, 48, and 72 hours. The half
maximal inhibitory concentration (IC50) of DSF was determined
to be 2.5, 10, 12.5, and 15 uM after 72 hours, resulting in a
growth inhibition range of 43% to 50%.

MTT assay

To assess the cytotoxic effect of DSF, an MTT assay was
conducted on the MCF-7 cell line using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT). Each well of a

24-well plate was filled with a total of 2X104 cells and left to
grow overnight. Following the treatment, we performed the

MTT assay according to the described protocol (24).

DNA extraction, bisulfate treatment and

methylation-specific PCR
Genomic DNA was obtained from two groups: MCE-7 cells that

were treated and untreated (with untreated cancerous cells
serving as a control for methylation), as well as MRC-5 cells
(used as a normal and unmethylated control). The PrimePrep™
Genomic DNA Isolation Kit (manufactured by Genet bio, Korea)
was used to extract the DNA, following the provided protocols.
The DNA concentration was measured using a NanoDrop
spectrophotometer. Bisulfite treatment of the genomic DNA was
carried out using the EpiTect Bisulfite Kit (Qiagen, Germany)
according to the manufacturer's instructions .

The PCR reaction for methylated primers was carried out in a
thermal cycler (Thermocycler, Germany) under the following
cycling conditions: The procedure begins with an initial
denaturation step at a temperature of 95°C for a duration of five
minutes. This is followed by 35 cycles of denaturation at a
temperature of 94°C for a duration of 30 seconds, annealing at a
temperature of 60°C for a duration of 30 seconds, and extension
at a temperature of 72°C for a duration of 30 seconds. Finally,
there is a final extension step at a temperature of 72°C for a
duration of four minutes.

The PCR conditions for unmethylated primers were as follows:
an initial denaturation step for 5 minutes at 95°C, followed by
35 cycles of denaturation at 94°C for 30 seconds, annealing for
30 seconds at 55.3°C, extension at 72°C for 30 seconds, and a
final extension at 72°C for four minutes. Subsequently, we
subjected the PCR products to electrophoresis on a 2% agarose
gel and observed them by employing ethidium bromide staining
(32).

RNA extraction and real-time PCR

We employed the RNeasy Mini Kit from Qiagen, Germany to
isolate the total RNA. To remove any genomic DNA, the RNA
samples underwent treatment with RNase-free DNase, which
was also sourced from Qiagen, Germany. The RNA
concentration was quantified using a Biophotometer
manufactured by Eppendorf, a company based in Germany. The
reverse transcription of the sample (5 uL of total RNA) was
performed using the RevertAid TM Kit from Fermentas, EU,
following the recommended protocols. Real-time PCR was
performed using the Maxima SYBR Green RoxqPCR Master Mix
Kit from Fermentase (EU). The RT primers were designed using
AlleleID software from Primer Biosoft. The sequences generated
by the software for RASSF1A were as follows: forward -
TCATCTGGGGCGTCGTG,
CGTTCGTGTCCCGCTCC. For ACTB, the sequences were:
forward - GTTGTCGACGACGAGCG, and reverse -
GCACAGAGCCTCGCCTT. The RT-PCR reactions were

reverse -
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conducted using the StepOnePlus™ Quantitative RT-PCR
System manufactured by Applied Biosystems in the United
States. The PCR amplification process consisted of an initial step
of 10 minutes at 95°C, followed by 40 cycles of denaturation at
95°C for 15 seconds, and subsequent annealing and extension for
one minute at 60°C, as previously described. The expression
level of each target gene was calculated using the 2-AACt
method, as described. To determine the mRNA expression level
of RASSF1A, a ratio was calculated by comparing its quantity to
that of the endogenous control (ACT B). The melting
temperature of specific amplification products and primers was
determined via melting curve analysis, conducted in triplicate at
60°C to 95°C increments at 0.3°C/S (32).

Statistical analysis

The mean % standard deviation (SD) was used to present all
quantitative data. To assess statistically significant intergroup
differences, a paired-sample t-test was employed. For
determining statistically significant intragroup differences, a one-
way analysis of variance (ANOVA) with the LSD (least significant
difference) post hoc test was performed. The mean difference
(mean Diff) was utilized to determine statistical differences at
various dosages between the two groups. Data analysis was
conducted using SPSS version 21.0. P-values less than P<0.05

were considered significant (Figure 1).
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Figure 1. Diagram of the methods

Results and Discussion

MTT results

The 1C50 value of DSF was determined by conducting a serial
dilution of DSF on MCEF-7 cells. The cells were exposed to DSF
concentrations that ranged from 2.5 to 37.5 uM for 24, 48, and
72 hours. After 72 hours of treatment, the IC50 values were
determined at 5, 10, 12.5, and 15 uM. The results showed a
diphasic effect of DSF on the breast cancer cell line (Figure 2).
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Figure 2. Viability percentage of MCF-7 cells after 72 hours of
treatment.

Methy! PCR result

During a study, the changes in the methylation and
unmethylation patterns of the RASSF1A promoter were
observed in the MCF-7 cancer cell line. After 24 hours of
treatment, partial methylation was detected only at the highest
dose of treatment (15 uM). However, no unmethylated bands
were observed at other treatment doses (Figures 3a, b). On the
other hand, methylation-specific PCR (MSP) observed partial
demethylation at doses of 5, 10, 12.5, and 15 uM after 72 hours
of DSF treatment. This time, both methylated and unmethylated

bands were detected (Figures 3c, d).
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Figure 3. Methylation-specific PCR assay was conducted on
MCEF-7 cancer cell line to determine RASSF1A promoter
methylation/unmethylation after DSF treatment for 24 and 72
hours.

Effects of DSF on gene expression in the

MCF-7 cell line

The administration of DSF resulted in an increase in the
expression of the RASSF1 gene in MCF-7 cells, which was
dependent on the dosage and duration of treatment (Table 1).

Table 1. RASSF1A expression was detected in MRC-5
after 24 and 72 hours of DSF treatment in MCEF-7 cells.

P-value
Hours i
24h 72h Pair T-
Dose
test
Control
(untreated 1.00 1.00
MCE-7)
1.043 +0.296 1.685 1+ 0.236
5 umole 0.136
(P-value= 0.999) (P-value=0.846)
1.63 +0.057 3.277 £ 0.117*
10 umole 0.005
(P-value= 0.840) (P-value= 0.042)
1.46 +0.135 3.367 £ 0.103*
12.5 pmole 0.015

(P-value=0.087) (P-value= 0.34)
2.455 +0.159% 9.695 + 0.886%*
15 pmole 0.019
(P-value<0.001) (P-value<0.001)
MRC-5
(Normal 236.5 +7.847
fibroblast)

236.5 +7.847

The RT-PCR analysis results demonstrate that there was no
notable re-expression of RASSFIA after 24 hours of treatment,
except for the highest dose (15 uM; P < 0.001). However, after
72 hours of treatment, the expression of the RASSFIA tumor
suppressor increased significantly compared to the control group
at doses of 10, 12.5, and 15 uM, but not at 5 uM.

When comparing the two treatment groups, i.c., the 24-hour
and 72-hour treatments, it was found that the expression levels
of RASSF1A in MCF-7 cells at doses of 10, 12.5, and 15 uM after
72 hours were significantly higher than those in the first group
(24-hour treatment; P < 0.001). However, there was no
significant difference observed in the expression level of
RASSF1A atadose of 5 uM between the two groups (P = 0.137).

Descriptive  analysis of RASSFIA  re-

expression between the two groups
The analysis of RASSF1A re-expression showed the highest mean

difference at 15 pM between the two groups. However, there
were no significant differences in the mean difference of
RASSF1A re-expression at 5, 10, and 12.5 uM between the
treatment groups of 24-hour and 72 hours. This information is

further illustrated in (Figure 4).

N
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Figure 4. Descriptive difference between two groups of 24h and
72 h treatment.

A group of 303 patients with phase I or II breast cancer were
evaluated to determine the effectiveness of DNMT inhibitors,
specifically decitabine, a nucleotide analogous. The drugs were
administered at the maximum tolerated dosage both as a
standalone treatment and in combination with other anti-cancer
agents. The results indicated that epi-drug monotherapy had a
modest anti-tumor effect. However, in the combination group,
it was observed that there was a reduction in drug resistance (34).
As mentioned earlier, the use of nucleotide DNMT inhibitors can
have harmful effects and may not be appropriate for long-term
therapy due to their potential to cause cancer (35). On the other
hand, non-nucleotide agents such as DSF have the potential to
induce safe epigenetic alterations for prolonged therapy. The
anti-tumor activity of DSF is believed to be achieved through
epigenetic alterations and other mechanisms (36, 37). Both in
vivo and in vitro studies have shown DSF as a selective drug that
reduces cell viability in prostate cancer (38). Reversing
epigenetic alterations in tumor suppressor genes is a valuable
therapeutic approach (39, 40).
In this study, we investigated the effects of different doses (5, 10,
12.5, and 15uM) of DSF on the DNA methylation status of the
tumor suppressor gene, RASSF1A, in the MCF-7 breast cancer
cell line. We examined the epigenetic changes after 24 and 72
hours of treatment. Our analysis revealed that only the highest
dose (15uM) of DSF caused partial demethylation after 24 hours.
However, after 72 hours of treatment, all doses of DSF led to
significant RASSF1A  demecthylation. We also found that
RASSF1A re-expression occurred at dose 15uM of DSF after 24
hours, while it was significant at doses 10, 12.5, and 15uM of
DSF after 72 hours compared to non-treated MCF-7 cells. The
findings of our study demonstrated that DSF had an effect that
varied depending on the time , with the highest mean difference
of RASSF1A re-expression between the two groups observed at
a concentration of 15uM. These findings are consistent with the
report by Stresemann et al., which suggested that epigenetic
reversion requires at least 72 hours of treatment (41).

Wiggins et al. reported a biphasic cytotoxic effect of DSF on the
MCE-7 cell line. They found that at 1uM, DSF reduced the cell
viability of MCF-7, but at 10UM, cell viability increased and was
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comparable to the control group. However, when the
concentration was increased to 100UM, the cell toxicity effect of
DSF reappeared (42). Furthermore, DSF has been shown to have
a significant toxic effect on GC cells, which is characterized by
biphasic toxicity. This effect is highly dependent on the presence
of copper (Cu). When DSF is combined with Cu, it induces both
apoptotic and autophagic cell death. The mechanism underlying
these effects involves the downregulation of S6K1, c-Myc, and
their downstream molecules, including GLUT1, PKM2, and
LDHA (43). In our cytotoxicity study (as shown in Fig 1), we
observed an unexpected result where treatment with 7.5UM
showed higher viability compared to both lower and higher
concentrations. However, we did detect cytotoxicity at
concentrations of 5uM, 10uM, 12.5uM, and 15UM of DSF after
72 hours of treatment. In contrast, a study conducted by
Dastjerdi and colleagues reported that the effective dose of DSF
required to attain the IC50 in PANC-1 cells was 13uM after 24
hours and did not show biphasic characteristics (32). The reason
why our report differs from their result is due to the use of
different cell lines in both studies, which have varying reactions
towards DSF. DSF has a biphasic cytotoxicity profile in cancer
cell lines such as MCF-7, Hela, HePG2, and OVCAR-3, while a
monophasic effect was observed in ACH, H69AR, PRE, and
PANC-1 cell lines. This discrepancy is a result of the different
responses of various cancer cells to DSF exposure (33, 42, 44).
Silencing of the RASSF1A gene via promoter hypermethylation
is reported in numerous cancer types such as BC, lung, and
hepatocellular carcinoma, leading to reduced expression of this
tumor suppressor gene, which is associated with tumor
progression (45-49). In 2018, Jabir and Hamzah conducted a
study on the cell-free DNA of plasma samples from breast cancer
patients. They investigated whether this could be a non-invasive
tool for diagnostic and prognostic purposes. The study revealed
that different methylation patterns of the RASSFI1A gene were
dependent on cancer stages, age, and menopause status.
Moreover, the study found that hypermethylation levels were
observed to increase with tumor development (50). The results
of the study showed that higher levels of RASSFI1A were
negatively correlated with tumor grade, tumor size, TNM stage,
and lymph node metastasis in HER2+ breast cancer patients. In
addition, it was found that patients with higher levels of
RASSFIA had a better chance of five-year survival. These
findings suggest that RASSF1A plays an important role as a tumor
suppressor in HER2+ breast cancer and that LV-5HH-RASSF1A
could be a promising gene therapy for this type of cancer, which
confirms our studies (51).

A family of enzymes known as DNA methyltransferases catalyze
DNA methylation, one of the key processes involved in gene
expression regulation (52). It is commonly known that tumor
growth can be reduced by inhibiting the activity of DNA
methyltransferase. Therefore, DNA methyltransferase inhibitors
could be effective agents for reversing DNA hypermethylation.
As a result, modulation of this epigenetic alteration of tumor
suppressor genes is considered a promising therapeutic approach

for treating cancers (53-55). DSF is a type of non-nucleoside

DNMTT1 inhibitor that can decrease global DNA methylation.
This process can help to reactivate genes that have been silenced
through epigenetic mechanisms. In particular, when tested on
cultured prostate cancer cells, DSF was found to reduce DNMT1
activity in a dose-dependent manner when applied to a
hemimethylated DNA  substrate. This decrease in activity
resulted in the demethylation of the promoters of APC and
RARB genes, ultimately leading to the re-expression of these
genes (24). In separate research, it has been suggested that global
DNA demethylation of peripheral blood mononuclear cells
(PBMC) occurs in prostate cancer patients who were given
varying doses (250 and 500 mg/day) of DSF. The study was
conducted on patients and did not report any significant
differences between the doses (56). In our research, we observed
that DSF caused demethylation of the RASSAF1A gene in MCF-
7 cell culture. This effect was more prominent at higher doses
after 24 hours and at all doses after 72 hours. It's worth noting
that Dastjerdi et al. found that DSF did not induce re-expression
of the RASSAF1A gene in the PANCI cell line. However, it did
significantly upregulate other genes like Bax and P21 after 24
hours (32). It appears that our results differ from the ones
previously reported, which could be attributed to the use of
different cell lines in our respective studies. A previous study also
found that applying DSF/copper (Cu) to breast cancer cell lines
caused them to die and made it harder for them to form colonies
in the lab after 24 hours (57). Wiggins et al. demonstrated DSF's
anti-cancer effect on MCF-7 and BT474 breast cancer cell lines
by disrupting intracellular zinc levels (42). We did not utilize
copper (Cu) or zinc and did not investigate the mechanisms of
DSF. However, our study demonstrated that administering DSF
inhibited the growth of MCF-7 cells at doses of 5, 10, 12.5, and
15uM after 72 hours of treatment. Interestingly, the DSF
treatment for 24 and 48 hours did not result in significant cell
death, which is consistent with previous findings by Noorirad et
al (58). Nucleoside analogs of DNMT inhibitors, including 5-
azaC, 5-aza-dC, and decitabine, work by incorporating into the
DNA  molecule during duplication. They are generally
considered cytotoxic epi-drugs in cancer cells. However, there
is a growing interest in developing safer non-nucleoside
inhibitors of DNMTs (59-61). After considering the available
evidence, it seems that DSF, which is a non-toxic drug with mild
side effects, might be a promising candidate for cancer treatment

using the epigenetic approach (62, 63).

Conclusion

In conclusion, our study indicates that DSF has the potential to
be a DNA demethylation drug. It can reactivate the epigenetically
silenced tumor suppressor gene such as RASSF1A in the MCE-7
breast cancer cells, which induces cell cytotoxicity. However,
further research is needed to investigate the precise mechanisms
of action of DSF and its effectiveness in different cell lines of

breast cancer.
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