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Role of epigenetic DNA alterations in the pathogenesis

of systemic lupus erythematosus
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Abstract. Epigenetic alternations in genomic DNA encompass cytosine methylation
in cytosine and guanine (CpG) dinucleotide islands, which are usually extended
in the promoter and first exon of genes. The DNA methylation is carried out by DNA
methyltransferases (DNMT) and it serves as an epigenetic method of gene expression
modulation. The epigenetic alternations in genomic DNA have been implicated
in the development of malignant and autoimmune diseases. The epigenetic aberration
in regulatory DNA sequences may also be responsible for the emergence of changes
in the immune system in patients with systemic lupus erythematosus (SLE). The agents
5-azacytidine (azacitidine) and 5-aza-2’-deoxycytidine (decitabine) belong to inhibi-
tors of methyltransferase. These compounds affect the methylation level of promoter
sequences and cause phenotypic changes in peripheral blood mononuclear cells
(PBMC), which are similar to those observed in PBMC of SLE patients. The lack
of methylcytosine in CpG dinucleotides may be responsible for the antigenic properties
of microbial DNA. The presence of low-apoptotic methylated DNA fragments has been
identified in plasma of SLE patients. These DNA fragments exhibit antigenic proper-
ties and may elicit the humoral response responsible for the flare of SLE. The low
methylation of CpG residues in the regulatory sequences may also contribute to the ele-
vated expression of human endogenous retroviruses (HERVs) in PBMC of SLE pa-
tients. The HERV components exhibit a profound similarity with nuclear antigens
and may be responsible for the enhancement of the production of anti-antinuclear anti-
bodies (ANA). Recent advances in the investigation of epigenetic DNA changes have
formed the basis of improved understanding of etiopathogenesis of SLE, which may
thereby facilitate improvement in therapeutic principles of this disease.
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The function of DNA methylation in control of gene transcription

Epigenetic alternations encompass the hereditary traits that are mediated
by changes in DNA other than nucleotide sequences (ANSEL et al. 2003).
Methylation is a postsynthetic DNA modification, which is responsible
for epigenetic modulation of gene expression (REIK et al. 2001). This DNA modi-
fication is required for normal mammalian development and plays an important
function in the regulation of tissue-specific gene expression, genomic imprinting,
and X-chromosome inactivation (SINGAL et al. 1999). Methylation of DNA se-
quences is carried out by methyltransferases, which use S-adenosylmethionine as
donor of methyl groups (Figure 1). During this process, cytosine (C) in a DNA
molecule is methylated at the carbon 5 position of the pyrimidine ring and is con-
verted to methylcytosine (mC) (SINGAL et al. 1999). The majority of the mC resi-
dues are located in cytosine and guanine (CpG) dinucleotides, which are mainly
spread in noncoding sequences of vertebrate genomes. The CpG dinucleotides
in noncoding sequences contain 70% to 80% of mC residues (ANTEQUERA et al.
1993). The spontaneous deamination of mC to T during evolution has resulted
in progressive elimination of CpG pairs from the coding sequence of higher
eukaryotes (BIRD et al. 2001).

The genomic regions, which are rich in CpG pairs are designated as CpG is-
lands and contain 60 to 70% of cytosine and guanine residues (CROSS et al. 1995).
The length of CpG islands reaches approximately 0.5-5 kilobases (kb) and most
of them (but not all) are located in the 5’ region of genes corresponding to the pro-
moter and first exon sequences (CEDAR et al. 1988, CROSS et al. 1995). The pro-
moter and first exon sequences of “housekeeping” and tissue-specific genes
contain unmethylated cytosines in CpG dinucleotides (CROSS et al. 1995).
These findings indicate that the methylation of CpG dinucleotides in the promoter
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Figure 1. 5-methylcytosine differs from cytosine by the presence of a methyl group at
position 5 of the pyrimidine ring. The DNA methyltransferases methylate the cytosine
to 5-methylcytosine by using the S-adenosylmethionine as donor of methyl groups (modified

from LEONE et al. 2002 ).



regions correlates with transcriptional silence, whereas the lack of methylation
in the same DNA sequences may result in induction of the transcription of these

genes (TRIBIOLI et al. 1992).
Three possible mechanisms have been proposed to account for transcriptional

repression by DNA methylation (Figure 2). The first mechanism is the direct in-
terference with the binding of specific transcription factors to DNA sequences
of promoters (ROUNTREE et al. 1997, TATE et al. 1993) (Figure 2B). The tran-
scription factors AP-2, c-Myc/Myn, the cyclic AMP-dependent activator CREB,
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Figure 2. Mechanism of transcriptional repression mediated by cytosine methylation.
A. The lack of 5-methylcytosines in promoter sequences does not inhibit the binding
of transcription factors (TF) and RNA polymerase type II (Pol II). B. The presence
of 5-methylcytosine in promoter sequences inhibits the binding of methylation-sensitive
transcription factors including Ap-2, E2F and NF-kB. C. The specific transcriptional repressor
MeCP-1 interacts with 5-methylcytosine and interferes with TF and Pol II binding to promoter

sequences (modified from SINGAL et al. 1999).



E2F, and NF-� B, are able to recognize unmethylated promoter sequences. In con-
trast, other transcription factors Sp1 or CTF are not sensitive to methylation
of their binding sites. A second potential mechanism responsible for control
of gene expression encompasses involvement of methyl cytosine binding proteins
1 and 2 (MeCP-1, MeCP-2), which interfere with transcription factors binding
to promoter sequence (CROSS et al. 1997) (Figure 2C). A third mechanism of tran-
scription repression involves alternations of chromatin structure after DNA
methylation (KESHET et al. 1986).

Three types of methyltransferases that are involved in methylation of mamma-
lian and human DNA have been described. These methyltransferases include
DNMT1, DNMT3A and DNMT3B, and are responsible for maintaining
the methylation pattern de novo in genomic DNA (XIE et al. 1999, ROBERTSON

et al. 1999).
The maintenance DNA (cytosine-5) methyltransferase (DNMT1) is one

of the constituents of the replication complex foci, that act during the S phase
of the cell cycle (SIEGFRIED at al. 1999, YANG et al. 1997). The DNMT1 preferen-
tially recognises hemimethylated double-stranded DNA and is responsible for es-
tablishing the patterns of DNA methylation during mitosis. The DNMT1
recognises dmCpG pairs in the strand of parental DNA and then methylates during
replication the corresponding C residues in the newly biosynthesised DNA strand.
The transcript level and cellular activity of DNMT1 depends on the cell cycle
and is the highest during mitosis (SIEGFRIED et al. 1999, YANG et al. 1997).
DNMT3A expression is ubiquitous and can be readily detected in most human tis-
sues, whereas DNMT3B is expressed at low levels in most tissues except the tes-
tes, thyroid gland, and bone marrow. However, DNMT3B expression was
dramatically elevated in most tumor cell lines (XIE et al. 1999, ROBERTSON et al.
1999).

The peripheral blood mononuclear cells (PBMC) of SLE patients display
a lower transcript level and enzymatic activity of DNMT1 than PBMC isolated
from blood of healthy individuals (LU et al. 2002). It has been suspected that these
epigenetic alternations in regulatory DNA sequences may contribute to changes
in the immune system of SLE patients.

Hypomethylation agents

Inhibitors of DNA methylation are able to diminish hypermethylation of DNA
regulatory sequences and may also increase expression of polypeptide constitu-
ents of immune system. The most important application of these inhibitors include
the restoration of suppressor gene expression combined with antitumor effects
(SANTINI et al. 2001).

Several molecular variations of deoxycytidine, modified at position 5
of the pyrimidine ring, exert inhibitory effect on methylation. These molecular
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variations include 5-azacytidine (azacitidine), 5-aza-2’-deoxycytidine
(decitabine), 1-� -D-arabinofuranosyl-5-azacytosine (fazarabine), and
dihydro-5-azacytidine (DHC) (CREUSOT et al. 1982, BARCHI et al. 1996, IZBICKA

et al. 1999) (Figure 4). After phosphorylation, decitabine and azacitidine are, re-
spectively, incorporated into DNA or RNA, resulting in the disruption of replica-
tion or transcription (BARCHI et al. 1996, IZBICKA et al. 1999, SANTINI et al.
2001).

Decitabine and azacitidine are common methylation inhibitors, which are of-
ten used in vitro to induce DNA hypomethylation. Decitabine and azacitidine bind
covalently to methyltransferases and inactivate them, resulting in significant
hypomethylation of newly biosynthesised DNA strands (JUTTERMANN et al.
1994) (Figure 3). The hypomethylation induced by decitabine and azacitidine en-
ables re-expression of silenced genes and cellular differentiation.

Hydralazine, procainamide (Pca) and UV light are also agents, that inhibit
DNA methylation (QUDDUS et al. 1993). Hydralazine inhibits the extracellular
signal-regulated kinase pathway responsible for induction of DNMT1
and DNMT3A transcription (DENG et al. 2003).

The inhibition of DNA methylation results in hypomethylation of regulatory
DNA sequences encoding proteins involved in the immune response. These inhib-
itors may be used to induce in vitro the phenotype of an, autoimmune disease simi-
lar to SLE (LU et al. 2002).

Effect of DNA hypomethylation on activation of lymphocytes

It has been observed that hypomethylation of DNA regulatory sequences is in-
volved in activation and differentiation of B and T lymphocytes (NARAYAN et al.

Epigenetic alterations in autoimmune diseases 241

A T

C G

G C

mC G

G Cm

DMT

DMT

A T

C G

G C

C G

G C

Az

AzaCdR

D

M

T

Figure 3. Mechanism of inhibition of methyltransferases by deoxycytidine derivatives.
The decitabine (Aza), azacitidine (Az), or other cytidine analogs bind covalently
to methyltransferases (DNMT) and induce hypomethylation and transcription of previously

quiescent genes (modified from SILVERMAN et al. 2002).



1998, QU et al. 1999, QU et al. 1999). RICHARDSON et al. (1992) provided the first
piece of evidence that hypomethylation of DNA is associated with activation
of immune cells. They found that macrophages using class II MHC molecules
without antigen can activate azacitidine-treated CD4+T lymphocytes.

The lymphocyte function-associated antigen 1 (LFA-1;CD11a/CD18)
is an integrin adhesion molecule, which is involved in T cell activation. It has been
shown that stable transfected T cell lines with cDNA of CD18 become
autoreactive. These observations suggest that autoreactivity may result from in-
creased expression of LFA-1 adhesion molecule (RICHARDSON et al. 1994).
Treatment of Th2 cell line D10.G4.1 with Pca or azacitidine resulted
in hypomethylation of LFA-1 promoter and a 10-fold higher expression of this ad-
hesion molecule (YUNG et al. 1995). The high cell surface density of LFA-1 in-
duced by Pca or azacitidine, triggered autoreactive cytotoxicity of Th2
lymphocytes (RICHARDSON et al. 1992). These lymphocytes were able to cause
lysis of autologous macrophages but not of autologous B-lymphocytes
(RICHARDSON et al. 1992). The lack of a cytotoxic effect directed against
B-lymphocytes probably resulted from expression of the Bcl-2 gene, which
caused the resistance of B-lymphocytes to apoptotic death (PEZZELLA et al. 1990,
NUNEZ et al. 1991).

The hypomethylation of regulatory DNA sequences is also involved in expres-
sion and secretion of cytokines. It has been shown that azacitidine induces
the biosynthesis and secretion of interleukin-4 and 6 (IL-4, 6). These cytokines
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may induce differentiation of B-lymphocytes into blast cells that produce
immunoglobulins (RICHARDSON et al. 1990).

The phenotype of immune cells, which can be induced by hypomethylating
agents, shares many similarities with immune cells of SLE patients (RICHARDSON

et al. 1992). The T lymphocytes from SLE patients display a high cell surface den-
sity of LFA-1 correlating with a 60% decrease in DNMT1 activity (RICHARDSON

et al. 1992, DENG et al. 2001). The T lymphocytes of SLE patients are also able
to lyse autologous macrophages (RICHARDSON et al. 1992).

The similarities between azacitidine-treated lymphocytes and SLE patient
lymphocytes have provided the evidence that epigenetic changes in regulatory
DNA sequences may play a crucial role in the development of immune disorders
in idiopathic SLE (LU et al. 2002).

Participation of microbial infections in development

of the SLE disease

Microbial infections are a potential factor, that may contribute to SLE
etiopathogenesis. Clinical observations have provided evidence that a flare
of the SLE disease is often followed by infectious episodes (HERRMANN et al.
1998). This observation can be associated with findings that PBMC of SLE pa-
tients with bacterial infection exhibit increased spontaneous apoptosis (LORENZ

et al. 1997).
The unmethylated CpG motifs are suspected to be the major chemical groups

responsible for antigenic properties of microbial DNA (YU et al. 2002).
The 8-oligodeoxynucleotide DNA fragments containing unmethylated CpG mo-
tifs exhibit better stimulatory effects on B-lymphocytes than lipopolysaccharide
(LPS). These findings explain why bacterial DNA can be mitogenic for B cells,
while vertebrate DNA does not exhibit this property (MESSINA et al. 1993). Fur-
thermore, the methylation of CpG motifs results in the loss of mitogenic proper-
ties of microbial DNA. This suggests that the human immune system is capable
of recognising the differences between bacterial and vertebrate DNA on the basis
of the contents of mCpG dinucleotides (GANTNER et al. 2003).

The increased cell apoptosis and the insufficient clearance of apoptotic cells
result in elevated levels of plasma-circulating nuclear antigens, which contain
hypomethylated fragments of DNA (HERRMANN et al. 1998, RUMORE et al.
1990).

In healthy individuals, these DNA fragments and oligodeoxynucleotides
(ODNs) are removed from plasma by PBMC expressing DNA-binding receptors.
However, in SLE patients, DNA clearance appears to be defective due to the pres-
ence of antibodies directed against the DNA receptors (BENNETT et al. 1986).
Moreover, genomic DNA of healthy individuals contains 2.5-4.5%
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of methylcytosine, whereas DNA fragments isolated from plasma of SLE patients
are hypomethylated and contain approximately 1% of methylcytosine (BENNETT

et al. 1986). These observations suggest that the hypomethylated genomic DNA
fragments in the plasma of SLE patients may mimic microbial DNA and induce
biosynthesis of anti-dsDNA antibodies, which plays a role in the pathogenesis
of SLE. (KRIEG et al. 1995, YUNG et al. 1995).

Effect of DNA hypomethylation on expression of human endogenous

retroviral sequences and production of anti-dsDNA antibodies

Human endogenous retroviruses (HERVs) are remnants of past retroviral infec-
tion of the germline cells of our ancestors. Most HERVs sequences first appeared
in the human genome about 10 to 50 million years ago, and they comprise over
200 distinct groups and subgroups (HUGHES et al. 2001). The HERVs lack
an extracellular phase of development, which is characteristic for retroviruses.
The HERV sequences constitute as much as 8% of the human genome and are ex-
pressed in various autoimmune diseases (HUGHES et al. 2001).

The expression of retroviral sequences was detected in PBMC of SLE patients.
The RT-PCR analysis of mRNA isolated from PBMC of SLE patients showed
variable transcription patterns of retroviral pol fragment genes. It has been found
in several studies that the expression of HERVs may be silenced by methylation
of CpG dinucleotides in promoter regions (HERRMANN et al. 1994).

The lymphocyte mitogen concanavalin A (Con A) does not induce the HERV
clone 4-1 transcription in PBMC of healthy individuals, whereas the azacitidine
in the same cells increases transcription of HERV clone 4-1 (OKADA et al. 2002).
Furthermore, PBMC isolated from SLE patients and grown in the presence or ab-
sence of azacitidine did not differ in the level of HERV clone 4-1 transcript
(OKADA et al. 2002). These findings suggest that hypomethylation of DNA may
be responsible for HERV sequence transcription in PBMC of SLE patients. Ex-
pression of HERV components may also elicit production of anti-DNA antibodies
directed against apoptotic nuclear debris in SLE patients. The HERV sequences,
exogenous retroviruses, and nuclear antigens exhibit profound homology
(OLDSTONE et al. 1987). The infection with exogenous retroviruses may elicit
maturation of T and B memory lymphocytes, which are also able to recognise
HERV antigens and augment production of anti-DNA antibodies (OLDSTONE

et al. 1987).
Immune response initiated against viral antigens may be extended against

other antigens, such as nuclear antigens or DNA fragments, thereby making a pro-
found contribution to the biosynthesis of anti-DNA antibodies in SLE patients
(FREDRIKSEN et al. 1993).
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