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Abstract

Human systemic lupus erythematosus (SLE) is an autoimmune disease characterized by
autoantibodies to nuclear components with subsequent immune complex formation and deposition
in multiple organs. A combination of genetic and environmental factors is required for disease
development, but how the environment interacts with the immune system in genetically predisposed
hosts to cause lupus is unclear. Recent evidence suggests that environmental agents may alter T cell
chromatin structure and gene expression through effects on DNA methylation, a repressive epigenetic
mechanism promoting chromatin inactivation, to cause lupus in people with the appropriate genetic
background. DNA methylation is regulated by ERK pathway signaling, and abnormalities in ERK
pathway signaling may contribute to immune dysfunction in lupus through epigenetic effects on gene
expression. This article reviews current evidence for epigenetic abnormalities, and in particular DNA
demethylation, in the pathogenesis of idiopathic and some forms of drug induced lupus, and how
impaired ERK pathway signaling may contribute to the development of human lupus through effects
on T cell DNA methylation.
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Take-Home messages

Identical changes in T cell DNA methylation patterns, T cell gene expression, and
T cell function are found in experimentally demethylated and lupus T cells.

Impaired ERK pathway signaling, due to impaired PKC6 phosphorylation has been
proposed as the mechanism responsible for T cell demethylation.

A detailed analysis of PKC$ activation in hydralazine treated and lupus T cells
may provide further insights into the pathogenesis of this puzzling disease.
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Introduction

T cells do not play a direct role in lupus tissue damage. Rather, they promote the autoimmune
response and are important for autoantibody production [1]. T cells from patients with active
lupus have multiple biochemical abnormalities, resulting in functional aberrations that cause
a lupus-like disease in animal models, and may contribute to the development of autoimmunity
in humans. Recent evidence suggests that abnormal T cell ERK pathway (PKC — Ras— Raf—
MEK— ERK) signal transduction may be fundamental to some of these abnormalities through
effects on DNA methylation [2]. This review summarizes current understanding of DNA
methylation and gene expression, and how abnormal ERK pathway signaling can alter T cell
DNA methylation, and consequently gene expression, to promote lupus development in
genetically predisposed hosts.

DNA methylation and gene expression

DNA methylation refers to the post-synthetic methylation of deoxycytosine (dC) to form
deoxymethylcytosine (d™C). d™C occurs primarily in CpG pairs. In general, methylation of
regulatory elements suppresses gene expression, while regulatory elements of active genes are
typically unmethylated. Methylation of regulatory elements tethers chromatin inactivation
complexes that stabilize nearby chromatin in an inactive configuration [3]. DNA methylation
patterns are established during development by the de novo DNA methyltransferases (Dnmt)
3a and 3b, then are replicated during mitosis by the maintenance methyltransferase Dnmt1

3.

Mitotically inactive T cells express relatively low levels of Dnmtl [4]. However, during mitosis
Dnmtl levels are increased in part by signals transmitted through the INK and Ras-ERK
pathways and interacting with AP-1 sites in an intronic promoter. Inhibiting either pathway
inhibits DNA methylation in proliferating cells [5]. This suggests that environmental agents
may affect the replication of DNA methylation patterns during mitosis by inhibiting these
pathways, with the potential of altering gene expression.

DNA methlyation and lupus

Early studies demonstrated that inhibiting DNA methylation with 5-azacytidine (5-azaC)
caused CD4+ T cell autoreactivity. The autoreactivity correlated with overexpression of the
adhesion molecule LFA-1 (CD11a/CD18) [6] due to demethylation of sequences 5’ to the
CD11a promoter [7], and overexpressing LFA-1 by transfection caused an identical
autoreactivity [8]. Demethylated, autoreactive CD4+ T cells overstimulate antibody production
by B cells and kill macrophages (Mg) [3], releasing apoptotic nuclear material that stimulates
lupus-like autoantibodies [9]. Further, injecting experimentally demethylated CD4+ T cells
into syngeneic mice causes anti-DNA antibodies and a lupus-like disease [8].

The obsevation that a DNA methylation inhibitor can cause a lupus-like disease suggests that
drugs which cause a lupus-like disease might be DNA methylation inhibitors. Hydralazine and
procainamide cause anti-nuclear antibodies in a majority of people receiving these drugs, and
a lupus-like disease in a subset [10]. Both were found to inhibit T cell DNA methylation and
cause LFA-1 overexpression and autoreactivity [11], and the demethylated T cells caused a
lupus-like disease in mice like 5-azaC [8]. Procainamide is a competitive Dnmt1 inhibitor
[12] while hydralazine decreases Dnmtl levels by inhibiting ERK pathway signaling [13].

T cells from lupus patients similarly have decreased Dnmt1 and d™C levels (14). Lupus T cells
also overexpress LFA-1 [6], due to demethylation of the same sequences affected by 5-azaC
[7], and kill Mg [6], like the demethylation model. Identical demethylation and overexpression
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of perforin, CD70 and CDA40L is also seen in experimentally demethylated and lupus T cells
[3].

Patients with active lupus have impaired T cell ERK1/2 phosphorylation, similar to hydralazine
treated T cells. The degree of impairment is proportional to disease activity [15]. Further,
inhibiting T cell ERK1/2 phosphorylation with MEK inhibitors decreases Dnmt1 expression
and d™C content, causes LFA-1 overexpression, makes T cells autoreactive, and the treated T
cells induce anti-DNA antibodies in animal models [3]. CD4+ T cells treated with ERK
pathway and Dnmt inhibitors also demethylate and overexpress TNFSF7, encoding the B cell
costimulatory molecule CD70, and identical demethylation and overexpression of CD70 is
found in lupus T cells [16,17]. These latter studies demonstrate identical effects of Dnmt
inhibitors, ERK pathway inhibitors, and lupus, on TNFSF7 promoter methylation and gene
expression.

Mapping the lupus ERK pathway signaling defect

Summary

Since T cell ERK pathway signaling is decreased in lupus [15], hydralazine inhibits ERK
pathway signaling [13], and ERK pathway signaling regulates Dnmt1 levels [15], decreased
ERK pathway signaling may be fundamental to human SLE through effects on DNA
methylation. The ERK pathway defect was isolated by stimulating lupus or hydralazine treated
T cells with PMA and comparing PKC, ERK, MEK, and Raf phosphorylation. Identical
phosphorylation decreases were observed in ERK, MEK and Raf. No effects were seen on
PKCa or PKCH. However, PKCS phosphorylation was diminished in lupus and hydralazine
treated T cells. Further, PMA stimulated, primary human CD4+ T cells treated with Rottlerin,
a selective PKCs inhibitor, and CD4+ T cells transfected with a dominant negative PKCS,
demonstrated identical decreases in ERK phosphorylation with concomitant TNFSF7 promoter
demethylation and CD70 overexpression, similar to lupus and hydralazine treated-T cells.

This supports a direct link between PKC8 and ERK [18] and suggests that abnormalities in the
PKC-ERK pathway, due to impaired PKC3 activation, may contribute to human lupus through
effects on DNA methylation in T cells and perhaps other cells (Fig 1). This is supported by
reports that mice genetically deficient in PKC3 develop a lupus-like disease [19]. The
mechanisms causing impaired PKCS activation at present are unknown.

Current evidence indicates that lupus is an epigenetic disease caused by inhibiting T cell DNA
methylation in a genetically predisposed host. The methylation defect traces to impaired
PKC4 activation, causing decreased ERK pathway signaling and a failure to upregulate Dnmt1
during mitosis. Better understanding of the PKC3 defect may suggest ways to prevent lupus
in predisposed hosts.
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Figure 1.

Proposed mechanism by which epigenetic modifications in T cells may induce idiopathic and
drug-induced lupus. Decreased ERK pathway signaling due to impaired PKC3 decreases DNA
methylation what modifies gene expression making T cells autoreactive.
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