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Abstract

T lymphocytes from patients with systemic lupus erythematosus (SLE) display a complex array of
cellular, molecular, and signaling anomalies, many of which have been attributed to increased
expression of the transcriptional regulator cAMP responsive element modulator a (CREMa).
Recent evidence indicates that CREMa, in addition to its regulatory functions on gene promoters
in T lymphocytes, alters the epigenetic conformation of cytokine genes by interacting with
enzymes that control histone methylation and acetylation as well as cytosine-phosphate-guanosine
(CpG) DNA methylation. This review summarizes the most recent findings on CREM protein
expression in various cell types, in particular its effects on T lymphocyte biology in the context of
both health and SLE. We emphasize CREMa as a key molecule that drives autoimmunity.
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Genetic and epigenetic alterations in SLE immunopathogenesis

Numerous cellular and molecular abnormalities in immune cells, including T and B
lymphocytes, monocytes, and dendritic cells (DCs), have been linked to the pathogenesis of
SLE. SLE isa prototypicautoimmunedisease that can affect almost every organ of the human
body. Factors that cause or contribute to disease range from endogenous genetic
polymorphisms to environmental and infectious agents, all of which result in a severely
dysregulated immune system [1-3]. The strong influence of genetic predispositions can be
observed from the detection of mutations in single genes that are linked to the development
of lupus-like symptoms in an array of disorders: mutations within 3’-repair DNA
exonuclease 1 (TREX1), sterile a motif domain and HD domain-containing protein 1
(SAMDHL1), and RNase H2 genes, among others. Rare gene deficiencies, including those of
complement factors C1q, C2, and C4, result in lupus-like disorders, and aberrant splicing
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patterns [e.g., of the interferon-regulatory factor (IRF)-5 gene] have been linked to the
development of SLE [4-7]. Of the genetic susceptibility regions identified, many relate to
alleles that are well-established contributors to immune cell pathways, such as IRF-5 or
tumor necrosis factor superfamily member 4 (TNFSF4) [8,9]. These discoveries have largely
shaped our understanding of a genetic predisposition to SLE, although the clinical
discordance between monozygotic twins strongly indicates that genetic factors are not
sufficient to lead to clinically defined SLE.

More recently, it has become clear that epigenetic factors play a key role in the immune
pathogenesis of SLE [10-12]. Methylation of CpG (meCpG) DNA motifs, post-
transcriptional modifications to histone tails, and micro-RNA (miRNA)-mediated effects
alter nucleosome conformations, eventually affecting gene expression and subsequent
cellular processes. UV radiation, drug exposure, and viral infections have all been
documented to influence meCpG patterns in T and B cells because they trigger important
interactions between environment and host [13]. In general, SLE is associated with (global)
CpG hypomethylation in B and T lymphocytes [14,15]. Histone modifications in immune
cells from SLE patients are complex and display patterns that are tissue- and cell type-
specific. Epigenetic alterations in SLE patients have been attributed to the abundance and/or
activity of DNA methyltransferases (DNMTSs) and histone deacetylases (HDACs) [10].
Through their effects on chromatin conformation, DNMTs and HDACs modify DNA
accessibility, controlling access by transcription factors and RNA polymerases, and thereby
regulating gene expression [10]. However, the precise mechanisms by which these enzymes
are specifically recruited to genes in immune cells from SLE patients remain poorly
understood.

Recent evidence indicates that the nuclear protein CREMa has key functions as both an
epigenetic and transcriptional regulator of cytokine expression in T lymphocytes from SLE
patients. This review summarizes the most recent findings linking CREMa signaling with T
lymphocyte effector functions in healthy individuals and those with SLE and other
autoimmune disorders.

basis of CREM signaling

CREMoa belongs to a superfamily of transcription factors that also includes other CREM
homologs, such as inducible cAMP early repressor (ICER), CAMP responsive element
binding proteins (CREB)-1 and -2, and the CREM/activating transcription factors (ATF)-1,
-2, and -3 (Figure 1). All members share high sequence homology within their DNA binding
domains (a basic leucine zipper domain) and bind to the common palindromic consensus
element 5-TGACGTCA-3, the cAMP responsive element (CRE), or its 5-half-site [16].
The name ‘CRE’ originates from the observation that CREB and CREM proteins are
activated upon an increase of intracellular cAMP levels. The CREM/ CREB signaling
cascade comprises various extracellular signals including growth factors or hormones that
bind to transmembrane receptors which, in turn, drive adenylate cyclase to generate high
levels of cCAMP. Cyclic AMP can then promote the enzymatic properties of protein kinases,
such as PKA, PKC, and casein kinases I and Il that can phosphorylate and thereby activate
CREB/CREM proteins [17]. Serine residue 117 of CREM is one target for activating protein
kinases [18]. In the context of T cell biology, T cell receptor (TCR) activation and increased
calcium influx, as induced by ionomycine, are alternative pathways that activate protein
kinases that phosphorylate CREB/ CREM proteins, such as calcium/calmodulin-dependent
kinases (CaMKs). Sera of SLE patients display increased CaMKIV activity, which activates
CREMa and leads to transcriptional effects on the IL2 promoter [19].
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When the crem gene was discovered in 1991 from a murine pituitary cDNA library, three
different CREM isoforms were described that are generated by alternative splicing processes
[20]. CREM is structurally related to CREB, which had been identified a few years earlier,
and at the time of its discovery was thought to exert dominant-negative effects on CREB-
mediated gene transcription [20,21]. Over time, additional CREM isoforms have been
described (>20 variants in humans), with some activating and some repressing gene
transcription.

Whereas CREB appears to be ubiquitously expressed, CREM expression is tightly regulated
through cell-, tissue-and development-specific mechanisms. Thus, it is not surprising that
CREM-mediated gene transcription has been extensively studied in cell systems that display
selective expression of single CREM variants, such as male germ cells, cells of the adrenal
and pituitary glands, and T lymphocytes. Table 1 summarizes CREM target genes in various
cell systems; however, most of these findings were generated in vitro (see also Box 1).

Box 1

CREM-directed gene regulation in spermatogenesis and the endocrine
system

Apart from T lymphocytes, members of the CREM protein family have also been
described to play critical roles in other cell systems. The inducible and stage-dependent
expression of CREM/ICER isoforms during spermatogenesis and in adrenal/pituitary cell
physiology unravels mechanisms that may also be applied during T lymphocyte
differentiation; however, this remains to be elucidated in future studies.

During spermatogenesis, CREM expression switches from a foremost ‘repressor isoform
pattern’ in pre-meiotic germ cells to the CREM activator isoform in post-meiotic round
spermatids. Male mice with a homozygous disruption of the crem gene are infertile due
to the increased apoptosis of round spermatids emphasizing its central role in male germ
cell differentiation [58,71]. CREM target genes in spermatids comprise proacrosin,
various selenoproteins and testis-specific angiotensin | converting enzyme [71,72] (Table
1). A systematic ChiP-seq analysis performed in these cells demonstrated that more than
6700 gene loci are occupied by CREM+ with 80% of them being located within proximal
promoter regions of annotated genes, but also in intergenic regions some of which encode
for miRNAs. Further analyses revealed that most of these loci contained CRE half-sites.
However, only and approximately 1% of the occupied promoters were trans-regulated
through CREM proteins [69].

Circadially regulated processes, such as the synthesis of cholesterol and adrenal
hormones, are under the control of CREM/ICER proteins. ICER is expressed
rhythmically in the pineal gland peaking at night. It controls the expression of the
serotonin N-acetyltransferase and thereby modulating the oscillatory synthesis of the
hormone melatonin [66]. CREM/ICER proteins trans-activate cholesterogenic enzymes
including Cyp51 and Cypl7 as we learned from studies in CREM-deficient mice [68,73].
One might speculate that in these mice particularly the absence of CREMa accounts for
an epigenetic de-methylation of the Cypl7 promoter. Furthermore, ICER expression
peaks rapidly upon stimulation with corticotrophin-releasing hormone in pituitary gland
cells [74].

Human T lymphocytes predominantly express the CREMa isoform, and these levels are
increased in T cells from SLE patients [22-24]. Until recently, CREMa was considered to
act as a transcriptional repressor, but recent evidence indicates that CREMa can activate the
transcription of certain cytokine genes in CD4* T cells. Although it has been proposed that
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the presence of the v domains within CREM isoforms determines their capacity as
transcriptional activators [25], experiments measuring the differential effects of CREM
variants with and without t domains on the same gene promoter have yet to be performed.

Regulating CREM transcription

The human CREM gene spans 14 exons and is highly conserved throughout evolution
(Figure 1A); the human and mouse CREM genes are approximately 90% homologous at the
level of the coding nucleotides [26]. The multitude of CREM isoforms (>20 in humans) is
achieved with differential splicing processes and the use of alternative promoters,
transcription factor repertoires, and initiation codons (Figure 1B). Several stimuli, including
adrenergic signals or an increase in the levels of intracellular cAMP or glucose induce the
expression of the ICER isoform, which was initially thought to be the only inducible CREM
isoform [27]. Transcription of ICER depends on an intronic promoter within the 3’-region of
the CREM gene (Figure 1A) [28]. Transcription of the longer CREM variants, including
CREMa, is orchestrated by two promoters at the 5’-end of the gene, one directly upstream
of exon | (denoted P1) and a second upstream of exon Il (denoted P2). It has been
documented that CREMa expression is increased in T cells from SLE patients at the
transcriptional and protein levels [22-24], mediated by the promoter P1 whose activity level
mirrors disease severity.

SLE patients also display increased expression and enzymatic activity of protein
phosphatase (PP)-2A, which specifically de-phosphorylates specificity protein (SP)-1 at
serine residue 59. De-phosphorylated SP-1 binds to and trans-activates CREM P1,
contributing to the enhanced basal CREMa expression in T cells from SLE patients
[24,29,30]. Given that SP-1 expression is significantly enhanced in response to estrogen
receptor engagement, this mechanism may contribute to the female predominance in SLE
[31]. In contrast to P1, the intronic CREM promoter P2 is under the tight transcriptional
control of activating protein (AP)-1 in response to T cell activation mediated through
stimulation with anti-CD3/anti-CD28 or phorbol myristate acetate (PMA)/ionomycine [32].
In T cells from healthy individuals, T cell activation increases AP-1 recruitment to P2 with
subsequent promoter activation and enforced CREMa transcription. Because AP-1/c-fos
expression is decreased in SLE T cells (largely due to transcriptional repression by CREMa
itself [33]), these cells fail to upregulate CREMa expression following T cell activation.
Thus, the AP-1:CREMa axis is an important autoregulatory loop that eventually limits a
further increase of CREMa expression in SLE T cells. This may be beneficial in light of the
multiple deleterious effects CREMa exerts on cytokine expression in SLE pathogenesis.

In addition to the aforementioned trans-activating events, CREM promoter P1 is subject to
epigenetic modifications, which regulate gene expression. CpG methylation influences the
tissue-specific regulation of CREM in human T lymphocytes. Specifically, effector memory
CD4* T lymphocytes and T cells from SLE patients exhibit significantly reduced meCpG
levels at CREM P1, contributing to enhanced CREMa mRNA expression [34].

Taken together, both transcriptional and epigenetic regulation of human CREM exemplifies
differential gene expression between effector and naive CD4* T lymphocyte subsets, but
also between T lymphocytes from SLE patients and controls, respectively (Figure 1A). In
this context, the PP2A:SP-1 pathway and variable meCpG levels of the CREM promoter P1
appear to control basal CREM transcription, whereas promoter P2 is regulated by AP-1
proteins which account for inducible CREM expression following T cell activation.

Trends Mol Med. Author manuscript; available in PMC 2014 January 14.
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CREM effects on cytokine expression

Until recently, CREM signaling was considered inhibitory to T cells because many T cell-
relevant target genes are transcriptionally repressed by CREM or ICER (Table 1) [35]. In
human T cells, the expression of both CREMa and ICER is inducible following TCR
activation or calcium mobilization [32,36-38]. A growing body of literature suggests that
CREMoa is involved in the antithetic regulation of the cytokine genes IL17A and IL2 in both
health and disease (Figure 2 and Box 2). meCpG mediates tissue-specific silencing of
CREMa, which may affect T lymphocyte differentiation [34]. Naive
CD45RA*CCR7*CD4" and CD45R0*CCR7+*CD4* “central memory’ T lymphocytes share
subset-specific homing to secondary lymphatic tissues and have gene expression patterns
that are partially similar. Naive and central memory CD4* T cells express high levels of
IL-2, but relatively low amounts of IL-17A in response to TCR stimulation. By contrast,
CD45R0"CCR7-CD4" “effector memory’ T lymphocytes are primarily detected in the
peripheral blood, express perforin and effector cytokines (including IFN-v, 1L-4, and
IL-17A) in response to TCR stimulation, but fail to produce 1L-2 [34,39]. Recently, tissue-
specific CREMa expression patterns have been documented in naive and memory CD4* T
lymphocytes. CREMa is increased in cells that express IL-17A and fail to express IL-2
(‘effector memory’ CD4* T cells), leading us to conclude that CREMa, contributes to
subset-specific CpG methylation of the IL2 and IL17A promoters, determining the amount of
gene expression, and thus contributing to CD4™ T cell subset distribution [34].

Box 2
CREM regulates cytokine production

The CREM/ICER family of transcription factors strongly impact transcriptional and
epigenetic regulation of multiple target genes.

* Under physiological conditions, the production of CREM and ICER are tightly
regulated and involve the differential use of alternate promoters and splicing
processes, resulting in cell- and tissue-specific expression patterns.

» CREMa mRNA and protein expression is increased in T cells from SLE
patients and significantly alters the expression of various T lymphocyte-specific
target genes, including IL-2 and IL-17 family cytokines.

* CREM constitutes a key factor in the pathogenesis of SLE.

* CREMa and its interacting CpG- and histone-modifying enzymes may be
promising targets in the search for disease biomarkers and novel treatment
options.

Dysregulation of cytokine expression, especially of IL-2 and IL-17, is a hallmark of
misguided immunity in SLE patients. T cells from SLE patients fail to express IL-2, an
effect caused by multiple mechanisms. The first mechanism reported to affect IL-2
expression in SLE T lymphocytes is trans-repression at the L2 gene promoter. CREMa and
the activating transcriptional regulatory factor CREB share a cis-regulatory element 180
base pairs upstream of the transcriptional initiation site of IL2 (a site denoted —~180CRE).
Under physiological conditions, the —180CRE site is constitutively occupied by CREB.
Upon T cell activation CREB undergoes phosphorylation, which further increases CREB
binding to this site. In T lymphocytes from SLE patients, CREMa replaces CREB, and
trans-represses |L2 gene transcription [22,40]. In addition to this trans-repression, CREMa
recruits HDAC1 and DNMT-3a to the IL2 promoter, mediating epigenetic remodeling
through histone deacetylation and de novo CpG methylation, respectively [41,42]. Similar to
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CREB, CREMa can bind histone acetyltransferase p300, mediating its recruitment to the
IL2 promoter. However, unlike CREB, CREMa lacks a trans-activating domain and fails to
activate p300 [41,43]. This contributes to reduced histone acetylation and condensation of
the IL2 promoter.

In addition to the IL2 gene itself, CREMa influences gene expression of factors that regulate
IL-2 expression. CREMa binds to and represses the promoter of the proto-oncogene c-fosin
T cells from SLE patients, resulting in reduced activity of the transcription factor AP-1,
which, under physiological conditions, activates IL2 gene transcription [33].

Furthermore, CREMa affects epigenetic modifications and transcriptional control of
cytokines from the IL-17 family, namely IL17A and I1L17F [32,44]. Both gene products,
IL-17A and IL-17F, are strongly proinflammatory and are produced by T lymphocytes,
natural Killer cells, mast cells, and neutrophils [45]. Excessive IL-17 expression has been
linked to several autoimmune diseases, including rheumatoid arthritis, multiple sclerosis,
inflammatory bowel disease, and SLE [46-51]. The human IL17A and IL17F genes are
located in close proximity to each other on chromosome 6 (within approximately 85 kb).
Although the biological properties and regulation of IL-17F are less well studied than
IL-17A, some information is available. It was recently demonstrated that increased CREMa
expression in SLE T cells contributes to epigenetic remodeling of the IL17A/F gene locus. In
SLE T cells recruitment of CREMa to the IL17A and the IL17F promoters is increased, as
compared with T cells from healthy individuals. In contrast to the effects observed at the 1L2
gene locus, CREMa recruits less HDAC1 and DNMT3a to the IL17A promoter, contributing
to an overall increase in histone H3 acetylation and reduced histone H3 methylation, as well
as CpG hypomethylation of the IL17 locus. Indeed, CREMa overexpression in human T
cells increases histone H3 acetylation while it decreases histone H3 methylation and meCpG
levels over the entire IL17 gene locus in a yet-to-be determined manner (T. Rauen and C.M.
Hedrich, unpublished and [34]). This is in agreement with the finding that in addition to its
transcriptional effects, the activating isoform CREM+t mediates increases in histone H3
acetylation in male germ cells [50]. Furthermore, forced CREMa expression in human T
lymphocytes results in CpG de-methylation of the IL17A promoter, mimicking the situation
in T lymphocytes from SLE patients, which display almost complete de-methylation of the
IL17A proximal promoter [44,51]. Thus, CREMa regulates the remodeling of the IL17 gene
into an open, accessible state, which allows additional transcription factors to bind. The
exact mechanisms by which CREMa mediate histone acetylation in this region while
mediating diametric histone modification around the IL2 gene remains to be elucidated.
However, the ‘transcription factor environment’ of the two promoters may affect this
process. At the transcriptional level, CREMa mediates differential effects on the IL17A
(trans-activation) and the IL17F (trans-repression) promoters, which ultimately results in
increased IL17A and decreased IL17F mRNA expression and protein levels in SLE patients.
Although CREMa confers an activating, open pattern to the IL17F gene in SLE T cells, its
repressive functions on the IL17F promoter prevail and dictate the ultimately decreased
IL-17F production in these cells. The imbalanced IL-17A/IL-17F ratio in activated T cells,
which may largely be attributed to the CREMa effects described above, appears to be
specific for SLE T cells because T cells from healthy individuals and patients with other
autoimmune diseases do not necessarily upregulate IL-17A and downregulate IL-17F
production upon activation [46]. Notably, the observed effects of CREMa on IL-2 and
IL-17A cytokine production in humans are also observed in transgenic mice with T cell-
specific CREMa, overexpression (under control of the cd2 promoter). These mice have
decreased IL-2 and increased IL-17A levels and are more prone to develop signs of
autoimmunity (including lymphadenopathy, elevated IL-17 production, and higher
autoantibody titers against double-stranded DNA) when an additional genetic deletion of the
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cd95 gene is present [52]. These data support the idea of CREMa as an independent
promoter of the ‘autoimmune phenotype’.

It has also been demonstrated that the TCR—CD3 complex that recognizes (auto-)antigens
and mediates T cell activation is ‘rewired’ in SLE T lymphocytes, contributing to an
amplified T cell activation in SLE [53]. Evidence suggests the involvement of CREMa in
the ‘skewed’” TCR—CD3 composition in SLE T cells, which sees replacement of the normal
TCR {'chain by the ‘common’ FcRy chain. CREMa trans-represses the TCR {’chain
promoter and mediates chromatin remodeling through histone deacetylation, contributing to
defective { chain expression and its replacement by the common FcRy chain in the TCR—
CD3 complex. This has tremendous significance for the subsequent signaling events because
FcRy-mediated downstream signaling is far more potent than that mediated through the
chain.

It is well documented that T cells from SLE patients express increased levels of tyrosine
kinase (Syk) which contribute to aberrant T cell signaling in these individuals. In vitro
findings suggest CREMa as a strong repressor of Syk gene transcription that is caused by the
recruitment to a CRE within the Syk promoter. At first, this might appear contradictory in
the context of the classic ‘SLE T cell phenotype’. Yet, the Syk promoter exhibits reduced
histone H3 acetylation in SLE T cells, translating into reduced accessibility for the
transcriptional repressor CREMa [54].

Characteristics of CREM signaling in antigen presenting cells (APCs)

Recently, the involvement of CREB/ATF superfamily members in regulating APC functions
has been demonstrated. Gilchrist et al. linked Toll-like receptor (TLR)-4 induced ATF-3
expression with transcriptional repression of 116 and 1112b and concluded that ATF-3 is part
of a physiological feedback loop [55]. A disruption of the tight balance between activating
and repressing CREB/ATF family members may further contribute to autoimmune
pathology. Indeed, CREMa negatively regulates mRNA and protein expression of the co-
stimulatory molecule CD86 on bone marrow-derived DCs [56]. CD86 is expressed on the
surface of APCs and provides activation and survival signals to T lymphocytes through
engagement with CD28 and CTLA-4. CREMa binds to a CRE within the CD86 promoter,
resulting in trans-repression and reduced histone acetylation. CREMa thus may mediate
epigenetic remodeling of CD86 through the same mechanisms (HDACL1 recruitment and
reduced p300 activation) as the aforementioned IL2 promoter. In turn, CREMa deficiency
results in increased CD86 expression on DCs, which subsequently enforces co-stimulation
to T lymphocytes. This probably accounts for the enhanced T lymphocyte proliferation in
vitro and aggravated contact dermatitis in mice transferred with DCs from CREMa-deficient
mice.

These findings extend CREMa effects to yet another immune cell subset, myeloid DCs,
which express reduced levels of CD86 that is caused by trans-repression through CREMa..
This in turn decreases the ability of these cells to transduce co-stimulatory signals towards T
lymphocytes. In line with the trans-repressive effects of CREMa on IL-2 and TCR £ chain
production, this constitutes another (indirect) mechanism by which CREMa severely
impairs T cell survival and function. It remains to be elucidated whether this mechanism
plays a role in the pathogenesis of SLE, because lupus patients display increased CD86
levels on myeloid DCs [57]. Furthermore, it is yet unknown whether the expression of
CREM itself is deregulated in myeloid DCs from lupus patients.

Trends Mol Med. Author manuscript; available in PMC 2014 January 14.
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Concluding remarks and future perspectives

CREMa has been established as a central contributor to tissue-specific gene regulation in
immune cells. Secondary to increased expression of CREMa in T cells from SLE patients,
CREMa harbors the potential of being utilized as a disease biomarker and/or therapeutic
target. However, several central questions remain to be answered in future studies, many of
which are outlined below.

Modifying CREM expression in wild type or lupus-prone mice (e.g., B6.Ipr and MRL.|pr
mice) will provide a more global understanding of the involvement of CREMa and its
isoforms in vivo. CREM-deficient mice have already unraveled the involvement of CREM
during spermatogenesis [58]. CREM-deficient mice and transgenic approaches, such as
overexpressing CREMa in T lymphocytes, will help to decipher whether CREMa plays a
role during the priming and differentiation of immune cells in health and autoimmunity.
Targeting CREMa with small interfering RNAs (siRNAS) in vivo will also help to assess its
therapeutic potential in SLE.

It has become clear that CREMa orchestrates tissue-specific expression of the IL2 and
IL17A genes, CREMa contributes to the silencing of IL2 through trans-repression and
tissue- and region-specific recruitment of specific DNA and histone methyltransferases or
HDAC:s. Conversely, CREMa trans-activates 1L17A and mediates epigenetic remodeling
with reduced meCpG and increased histone H3 acetylation in a yet-to-be determined manner
[34,42,44]. At present, the molecular mechanisms directing these functional differences
remain to be determined. Tissue- and region-specific differences could be mediated by
blocking DNA methylation of the daughter-strand during cell division and subsequent
translation into the histone code or through the tissue-specific interaction with DNA de-
methylases and histone acetyltransferases. Those functional differences could be directed by
the proximity to further transcription factors allowing or prohibiting the recruitment of
epigenetic activators or repressors.

Furthermore, CREMa has been demonstrated to contribute to antithetic expression patterns
in naive and effector T lymphocytes through epigenetic remodeling processes [34].
However, it remains to be determined whether CREMa plays a role during the
differentiation towards Th17 subset or whether CREMa rather plays a role in the tissue-
specific expression of IL-17 and the silencing of IL-2 in non-naive T lymphocyte subsets.
This question will need to be addressed in genetically modified systems.

We previously demonstrated that the expression of CREMa is regulated by several
mechanisms, including differential trans-activation of the CREM promoters and/or
epigenetic remodeling of the promoter P1 [24,32,34]. However, the molecular mechanisms
that mediate CpG-DNA de-methylation in effector T cells and T lymphocytes from SLE
patients remain to be determined. Furthermore, the alternative splicing mechanisms that
favor the production of CREMa over other CREM isoforms will be the focus of future
research.
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Figure 1.

(A) Schematic of the human CREM gene sequence and promoters. The upper graph displays
the genomic structure of the human CREM gene comprising 14 exons. The fourth and fifth
exons (light green 01 and 02) are preferentially expressed in testicular CREM isoforms,
although the functions are not yet known. Exons six and nine (orange tl and t2) are
supposed to be trans-activating glutamine-rich domains. The red exons, seven and eight,
encode the kinase-inducible P box domains I and I1. The light and dark gray exons encode
DNA binding domains (DBD) 1 and 2. Below is an amplified section of the three 5" exons
with CREM promoters P1 (in front of the first exon) and P2 (between the first and the
second exon). P1 is mainly controlled by specificity protein (SP)-1 which is activated
through de-phosphorylation exerted by protein phosphatase (PP)-2A, whereas P2 is trans-
regulated by transcription factors of the AP-1 protein family (c-jun/c-fos homo- and
heterodimers) [34,38]. (B) Schematic of selected CREM isoforms. A large number of
CREM/ICER isoforms is generated by the usage of different promoters, transcription factor
activities, and alternative splicing mechanisms [18,27,31].
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Figure 2.
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The effects of CREMa on IL2 and 1L17 gene transcription. Abbreviations: HDACL1, histone
deacetylase 1; DNMT-3a, DNA methyl transferase-3a; CpG, cytosine-phosphate-guanosine.
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Table 1
Examples of CREM/ICER target genes

Gene name Regulation® | Isoform Refs

T lymphocytes | IL-2 4 CREMa/ICER | [22,36,42,52,59]
IL-17A i CREMa [52,44]
IL-17F I CREMa [51]
spleen tyrosine kinase (syk) [} CREMa [54]
CD3 {chain {4 CREMa [53]
fasligand [} ICER [60]
AP-1/c-fos I CREMa/ICER | [33,61]
NFAT-c1 4 ICER [62]
macrophage inflammatory protein (MIP)-13 4 ICER [63]

Testis proacrosin, protamine-1, transition protein-1, mitochondrial capsule | CREM< [58]
selenoprotein (MCS)
phospholipid hydroperoxide glutathione peroxidase T CREM< [64]
testis-specific angiotensin | converting enzyme 1T CREM< [64]
transcript induced in spermiogenesis (Tisp)-40 T CREM< [65]

Adrenal gland | Cypl7 f CREM (all)? [66]
tyrosine hydroxylase (TH) [} ICER [67]

Pineal gland serotonin N-acetyltransferase 4 ICER [68]

Liver Cyp51 f ICERD [69]

Heart transcription factors dHAND and RhoB {4 CREM (all) [70]

aU, repression of the indicated target gene(s); 1}, induction/activation of the denoted target gene(s).

bResults from CREM knockout (KO) mice where all CREM/ICER isoforms are not functional.
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