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SUMMARY
Background: Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), led to a pandemic in March 2020. During a viral infection, it has been reported that epigenetic
changes occur for both sides: Infected cells elicit an antiviral environmental response, which induces and initiates
certain pathways for proper response to the virus, while the virus silences the expression of vital genes in the antiviral host cell. In this study, we aimed to examine the methylation level of the MX1 gene promoter in different
stages in COVID-19 patients compared to the control group.
Methods: In total, 470 COVID-19 patients with a positive polymerase chain reaction (PCR) test (235 women and
235 men) were recruited into the study as the test group. Patients were divided based on the World Health Organization (WHO) classification into three groups: moderate, severe, and critical. Moreover, 100 healthy individuals
(50 women and 50 men) were selected as the control group. Peripheral white blood cells were collected and PCR
was performed using two types of primers designed for methylated and unmethylated states of the MX1 gene. The
PCR products were then loaded on agarose gel and the band intensities were calculated by ImageJ software.
Results: The results showed a decrease in the methylation of the MX1 gene promoter in moderate and severe
groups and an increase in the MX1 gene promoter methylation in the critical group. In addition, the level of methylation was higher in men than in women.
Conclusions: Increased methylation of the MX1 gene in the critical group may indicate the role of SARS-CoV-2 in
reducing the expression levels of this antiviral gene and thus promoting virus replication and disease progression.
(Clin. Lab. 2022;68:xx-xx. DOI: 10.7754/Clin.Lab.2022.220104)
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INTRODUCTION
The coronavirus (CoV) family includes positive-sense
viruses and coated RNAs that have been linked to many
intestinal and respiratory diseases in animals and humans [1]. Three major CoV strains have caused human
pandemics: Middle East respiratory syndrome-related
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coronavirus (MERS-CoV) from 2002 to 2003, severe
acute respiratory syndrome coronavirus 1 (SARS-CoV)
in 2012, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2020 [2]. The last strain was
identified in Wuhan, China, in late 2019, and is the
cause of coronavirus disease 2019 (COVID-19), which
has led to a global outbreak [3]. Viral infection, in contrast to intracellular pathogens, requires continuous adherence and the utilization of cell transcription and metabolism machines to ensure virus survival and proliferation [4]. For this purpose, host genome expression
must be used, and its success depends on chromatin dynamics and transcriptional regulation, which are primarily driven by epigenetic mechanisms such as DNA
methylation, post-translational histone modification
(HPTM), and transcription factors (TFs) [5]. During a
viral infection, epigenetic and transcriptional changes
are reported to occur on both sides: The infected cell
elicits an antiviral environmental response, which leads
to the induction of certain pathways for survival and defeating the virus [6], while the virus silences the expression of the host's vital antiviral genes [7]. Few experimental studies have been conducted to unravel the epigenetic changes and markers involved in MERS-CoV
and SARS-CoV infections and their pathogenesis.
A typical transcriptional repression epigenetic modification, i.e., DNA methylation, occurs when the methyl
group binds to adenine or cytosine in a nucleotide with
the help of DNA methyltransferases (DNMTs). Because
cytosine is widely methylated at the C5 position in
mammalian cells, the term C5-methylcytosine (5-mC)
was introduced [8]. This type of methylated cytosine is
commonly found in CpG pairs, which are specific sites
in the DNA where the cytosine nucleotide is immediately followed by a guanosine nucleotide in the 3´-5´ direction [9]. Cytosine is methylated in approximately 80 90% of CpGs. The remaining 10 - 20% of unmethylated
CpGs are usually found in high concentrations in certain areas of the DNA called "CpG islands", which are
often found in gene promoters. CpG methylation is inversely related to gene expression. High levels of methylation in promoter-associated CpGs lead to low levels
of gene expression [10].
Although many studies have examined virus cell receptors, little research has been conducted on effective antiviral proteins. It is well accepted that interferon type I
(IFN) plays a pivotal role in preventing viral infection
by inducing IFN-stimulated genes (ISGs), which act
synergistically to inhibit virus replication through multiple mechanisms [11,12]. Human myxovirus (MX) resistance genes encode GTPases that are part of the antiviral response induced by type I/III IFNs [13]. Humans
have two different MX proteins, MX1 and MX2, which
differ significantly in viral properties and mechanisms
of action. MX1 has been shown to have significant antiviral activity against RNA and DNA viruses, while
MX2 activity is limited to specific viruses such as HIV
[11]. MX1 has a direct effect on the viral ribonucleopro-

tein complex and its GTPase activity is required for its
antiviral function [11,14].
Type I IFNs mediate several mechanisms that enhance
host defense, including the induction of ISGs [15]. ISGs
create an antiviral state in the host by restricting virus
replication and disrupting the virus genome [16]. MX
proteins are highly conserved in most vertebrates. The
amino acid sequence of the human MX1 exhibits about
67% similarity to mouse MX1 [17]. Because MX1 is an
important regulator of intracellular viral replication, its
deficiency increases the susceptibility to influenza infection in mice [18]. Intracellular localization affects the
antiviral activity of MX proteins. While rodent MX1 is
located in the nucleus and limits the replication of the
nuclear virus, human MX1 is located in the cytoplasm
and inhibits virus replication by preventing the viral
RNA from entering the nucleus [18]. COVID-19 patients present a distinct expression pattern for antiviral
genes. The expression of the antiviral gene MX1 is triggered by SARS-CoV-2. It is worth mentioning that
MX1 can be induced by hemin, an FDA-approved drug,
and therefore it can be considered a potential druggable
target [11].
In this study, we sought to investigate the methylation
rate of the MX1 gene promoter at different intensities of
COVID-19 in comparison with the control group and to
compare the difference in methylation levels between
women and men.

MATERIALS AND METHODS
Subjects
This is a case-control study in which patients and
healthy individuals consented to enter the study.
Sample and data collection
The participants were selected from the infectious ward
of Jiroft Hospital in Kerman Province (Iran). A total of
470 patients, including 235 men and 235 women, aged
between 20 and 80 years were chosen after obtaining
ethical approval. COVID-19 was diagnosed via a positive SARS-CoV-2 reverse transcription-polymerase
chain reaction (RT-PCR) test on nasopharyngeal and
throat swabs. Moreover, 100 healthy individuals, including 50 men and 50 women, were used as the control
group.
Patients under 20 years old or over 80 years old and
pregnant women were excluded from the study.
The selected patients were divided into three groups according to the World Health Organization (WHO) criteria [19]: moderate, severe, and critical groups (Table 1).
All patients were treated according to the hospital protocol, and 3 mL of extra blood was collected from each
patient in a complete blood count (CBC) tube for the
study. Whole blood was separated by centrifugation,
and small aliquots of leukocytes were stored at −80°C
until the measurements.
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Methylation-specific PCR (MSP)
Using the Favorgen Kit (Cat No. FABGK 001-1),
DNAs were extracted and kept at -80°C until further assessment. The MSP method is based on the reaction of
DNA with sodium bisulfite, which results in the conversion of cytosine to uracil and subsequently to thymidine
in the PCR steps. Methylated cytosine, on the other
hand, remains unchanged. The extracted DNAs were
treated with sodium bisulfite according to a method proposed by Tiwari et al. [20].
Using the University of California, Santa Cruz (UCSC)
website, we found the CpG Islands of the MX1 gene
promoter, and then with the help of the MethPrimer databases, we obtained the appropriate primers. The modified DNA sequence was amplified by PCR with specific
primers for methylated and unmethylated DNA (Table
2). Methylated primers detect unchanged cytosines, and
unmethylated primers identify thymines derived from
modified cytosines in the MX1 promoter region. After
PCR, the products were loaded on 1.6% agarose gel,
and electrophoresis was performed. The intensity of
electrophoresis bands was determined using ImageJ
software.

Methylation levels in women compared with men
By comparing the level of methylation between women
and men in different groups, we found a higher level of
methylation in men in all groups (Figure 4).

Statistical analysis
All statistical analyses were carried out using SPSS
software version 21 (Chicago, IL, USA). Data were
analyzed by independent-samples t-test and one-way
analysis of variance (ANOVA) test followed by Tukey’s post hoc test. p-values less than 0.05 were considered significant.

COVID-19 is caused by the new coronavirus SARSCoV-2, which has created a global pandemic and raised
international concerns [21]. Many aspects of the human
body's antiviral response, which is varied depending on
disease severity, are still unclear.
Little is known about the epigenetic changes caused by
SARS-CoV-2 infection in humans. In this study, we investigated the methylation level of the MX1 gene promoter, which is one of the most crucial genes in the
antiviral response.
The most prominent finding in the present study is an
increase in the methylation rate of the MX1 gene promoter in the critical stage in male and female patients
(Figures 2 and 3).
DNA methylation is one of the most important epigenetic changes that affect gene expression [22]. DNA
methylation occurs in CpG islands located in gene promoters. CpG methylation is inversely related to gene
expression. High levels of methylation in promoter-associated CpGs lead to low levels of gene expression
[23].
Various studies have examined the methylation levels
of gene promoters involved in the antiviral response in
virus-infected individuals. A study claimed that DNA
methylation in MERS, rather than histone modification,
plays an important role in the immune system's response to MERS-CoV [24].
According to a study on the MX1 gene in patients with
influenza, MX1 possibly interacts with the viral polymerase basic protein 2 (PB2) and nucleoprotein (NP)
present in the incoming viral ribonucleoproteins
(vRNPs). After this initial binding, MX1 actively disrupts the interaction between PB2 and NP in a GTPasedependent manner, blocking the virus transcription and
replication [25].

Methylation levels in all patients compared with the
control group
By comparing the percentage of methylation between
all patients and the control group, we observed a decrease in the percentage of methylation in the patients
compared to the control group (p < 0.05).

Table 1. Patient classification.
Severe

Critical

Male

106

96

33

Female

130

70

35

Overall

236

166

68

DISCUSSION

RESULTS
Interpretation of the results for moderate, severe,
and critical groups using ImageJ software based on
the corresponding band intensities in agarose gel
Intensity of MX1 gene methylation in women with
COVID-19 based on disease severity
By comparing the level of MX1 gene methylation between female participants in different groups, we found
a decrease in the methylation level in the moderate and
severe groups compared with the control group (n =
50). However, female patients in the critical group had
higher methylation levels compared with women in the
control group (Figure 2).
Intensity of MX1 gene methylation in men with
COVID-19 based on disease severity
By comparing the level of MX1 gene methylation between male participants in different groups, we found a
reduction in the methylation levels in the moderate and
severe groups compared with the control group (n =
50). However, male patients in the critical group had
higher methylation levels compared with male participants in the control group (Figure 3).
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Table 2. MSP primers.
MX1 Gene

Forward primer sequences (5´-3´)

Reverse primer sequences (5´-3´)

Product size
(bp)

Methylated

GTTTCGGAGTACGGGTACGA

GTAAATCTAAAACTTTCCCGACG

250

Unmethylated

GTTTTGGAGTATGGGTATGA

CATAAATCTAAAACTTTCCCAACAC

252

Figure 1. The electrophoresis image of the methylation statuses of the MX1 gene.
M - Methylated band, U - Un-methylated band, L - Ladder. The methylated band is 250 bp and the unmethylated band is 252
bp.

Figure 2. The percentage of MX1 methylation in moderate, severe, and critical female patients as well as total female patients
compared with healthy women in the control group. There are significant differences between the methylation states in each
group (* p < 0.05).
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Figure 3. The percentage of MX1 methylation in moderate, severe, and critical male patients as well as total male patients compared with healthy men in the control group. There are significant differences between the methylation levels in each group
(* p < 0.05).

Figure 4. By comparing the percentage of methylation between women and men in different groups, we observed a higher percentage of methylation in men in all groups (* p < 0.05).
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Figure 5. The percentage of methylation in all patients compared with the control group (* p < 0.05).

Graphical abstract.
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A study by Marcos-Villar et al. on lung cells infected
with the influenza virus indicated that the increased expression of the MX1 gene was identified after 8 and 16
hours of infection with the virus [26]. On the other
hand, a study conducted by Michael J. et al. on COVID19 patients revealed that as the load of SARS-CoV-2
rises, the rate of the MX1 gene methylation increases
[27].
According to our results, in both moderate and severe
stages of COVID-19, the methylation of the MX1 gene
promoter decreased compared to the control group (Figures 2 and 3), which could be due to the immune system
attempting to raise the MX1 gene expression in order to
combat virus replication and survival.
However, in the critical group, our results showed an increase in the methylation of the MX1 gene promoter
compared to the control group (Figures 2 and 3), which
could indicate the effect of the high viral load in this
group on the methylation of this region and reducing its
expression.
Our findings in the three groups of COVID-19 patients,
including moderate, severe, and critical groups, could
indicate a conflict between the immune system, which
increases the MX1 gene expression in order to combat
virus replication and survival, and the virus, which increases the MX1 promoter methylation, decreasing the
expression of the MX1 gene and finally leading to increased virus replication and survival.
It is well known that epigenetic processes in response to
various infections and disease susceptibility are affected
by gender differences. In women, the changes in the
methylation level of the MX1 gene promoter in the three
patient groups were compared with the control group. It
was found that the methylation levels in women in the
moderate and severe groups were lower than the control
group, whereas these levels were increased in the critical group compared to the control group (Figure 2).
Therefore, it could be concluded that increased methylation along with an elevated viral load in the critical
stage of COVID-19 can be effective in reducing the expression of the antiviral MX1 gene and worsening the
patient’s condition.
In men, the methylation levels in moderate and severe
groups declined compared to the control group, while
these levels in the critical group were significantly
higher compared to the control group (Figure 3). This
finding suggests that the increased methylation of the
MX1 gene promoter in the critical group may be associated with the elevated viral load and the worsening of
patients' clinical status at this stage.
Previous studies have reported differences in epigenetic
changes between men and women for a variety of reasons including the effects of sex hormones on epigenetic changes [28] and the varied expression of DNMTs in
men and women [29].
In this research, we compared the methylation rate of
the MX1 gene promoter between men and women in
moderate, severe, and critical groups. Our findings revealed that the percentage of the methylation of this
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gene in women was lower than in men (Figure 4). Decreased methylation of the MX1 gene promoter in women compared to men might explain why women respond
better to SARS-COV-2 infection and have lower mortality rates.
Comparing the percentage of methylation in all the patients with the control group revealed a drop in the
methylation percentage in the patients (Figure 5). This
decrease is due to the fact that a large number of patients were in the moderate and severe groups (n = 402).
As mentioned in the introduction, MX1 can be induced
by hemin, an FDA-approved drug, and therefore it can
be considered a potential druggable target [11]. According to our results, the induction of MX1 expression may
be effective in boosting the immune system's response
to SARS-CoV-2. Since this is the first study to examine
the methylation level of MX1 gene promoter in COVID19 patients with different disease severities (moderate,
severe, and critical), further studies are needed to elucidate various aspects of this phenomenon.

CONCLUSION
The results of our study revealed a reduction in the
methylation of the MX1 gene promoter in moderate and
severe stages of the disease, which indicates that the immune system is attempting to counteract the virus by
enhancing the expression of the MX1 gene. On the other
hand, in the critical group, we found an increase in the
promoter methylation of this gene compared to the control group, indicating that the high load of the virus in
this group was successful in methylating the promoter
of this gene and reducing its expression. The level of
MX1 gene promoter methylation in men was higher in
all three groups (moderate, severe, and critical) when
compared with women. These findings demonstrate the
important role of epigenetic changes in managing the
severity of COVID-19 and that the regulation of MX1
gene expression level may be an important factor in
controlling the severity of COVID-19.
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