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presence of transcription factor CREMa.

\_

(Background: T cells from SLE patients display multiple signaling aberrations, many of which are attributed to increased

Results: Notch-1 expression is significantly reduced in T cells from active SLE patients. Both epigenetic and transcriptional
effects mediated through CREMa contribute to dysregulated Notch-1 expression in SLE T cells.

Conclusion: Notch-1 levels inversely correlate with SLE disease activity.

Significance: Boosting endogenous Notch-1 levels may redirect T cell function in SLE patients.
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Notch signaling constitutes an evolutionarily conserved path-
way that transduces signals between neighboring cells and
determines major decisions in cell proliferation, survival, and
differentiation. Notch signaling has been shown to play a pivotal
role during T cell lineage determination. T lymphocytes from
patients with systemic lupus erythematosus (SLE) display a
severely altered phenotype with several molecular and func-
tional aberrations, including defective capacities to up-regulate
Notch-1 receptor expression upon T cell receptor activation.
Here, we demonstrate that basal Notch-1 expression is
decreased in T cells from active SLE patients at the mRNA and
protein levels in various T cell subpopulations. Notch-1 tran-
script numbers inversely correlate with disease activity in SLE
patients. We provide evidence that both enhanced histone H3
methylation and CpG DNA methylation of the human Notch-1
promoter contribute to decreased Notch-1 expression in SLE T
cells. Previous data from our group identified cAMP-responsive
element modulator a (CREMe), which is up-regulated in SLE T
cells, as a key regulator of epigenetic patterns and gene tran-
scription, e.g. that of IL2 and IL17 genes. In this study, we
observed increased CREMa binding to the Notch-1 promoter,
which eventually resulted in significantly reduced Notch-1 pro-
moter activity and gene transcription. Notably, decreased
Notch-1 levels were associated with elevated IL-17A levels. Our
data suggest a role for Notch-1 in SLE immunopathogenesis,
and for the first time, we present molecular mechanisms that
mediate dysregulated Notch-1 expression in SLE T cells.
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Systemic lupus erythematosus (SLE)® was initially described
as a B cell-dependent disease with an excessive production of
autoantibodies; however, it has become evident over the last
decades that severe signaling aberrations in T cells also play a
major role in SLE pathogenesis (1, 2). This may include defec-
tive T cell activation and proliferation, dysregulated T helper
cell differentiation, and impaired cytokine production. Previ-
ous studies from our group have highlighted the pivotal role of
the transcription factor cAMP-responsive element modulator
o (CREMo) in the epigenetic and transcriptional regulation of
several SLE-relevant target genes in T cells (3—10). The CREM
protein family comprises >20 isoforms in humans, and there is
broad evidence that the CREMa isoform is robustly overex-
pressed in SLE T cells. CREMa gene transcription itself is reg-
ulated through different promoters (denoted P1 and P2), and
activity levels of P1 correlate with disease activity in SLE
patients (11, 12). CREMa« binds DNA motifs denoted cAMP-
responsive elements (CREs), which are defined by the palin-
dromic nucleotide sequence TGACGTCA or its 5'-half-site
TGAC. Within the dysbalanced cytokine profile of SLE T
cells, CREMa suppresses IL-2 and increases proinflammatory
IL-17A production by virtue of its propensities as a transcrip-
tion factor and “epigenetic modifier” of histones and cytosine-
phosphoguanosine (CpG) DNA sequences (5-7).

T cell activation through the canonical T cell receptor com-
plex can be significantly influenced by various co-stimulatory
signals, including CD28, CTLA-4, and signaling lymphocyte
activation molecules. Coactivation of these surface proteins
may transmit inhibitory or stimulatory messages for T cell
function (13-16). The Notch receptors constitute an evolution-
arily conserved family of transmembrane molecules (in mam-
mals, Notch-1-4) that transduce signals between neighboring
cells. They are involved in short-distance cell-cell communica-

3 The abbreviations used are: SLE, systemic lupus erythematosus; CREMe,
cAMP-responsive element modulator «; CRE, CAMP-responsive element;
qRT-PCR, quantitative RT-PCR; SLEDAI, SLE disease activity index.
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tion processes during organogenesis, cell fate decisions, and cell
polarity. Notch receptors are synthesized as heterodimers and
anchored in the cell membrane (4, 17). The extracellular
domain of the Notch receptors comprises multiple epidermal
growth factor-like repeats that can be bound by both canonical
(in humans, those of the Jagged or Delta-like family) and non-
canonical (e.g secreted NOV (nephroblastoma overexpressed
gene), MAGP-1 (microfibril-associated glycoprotein-1) and
MAGP-2, or secreted Y-box protein-1) ligands (18, 19). Classi-
cal Notch ligands exist either as membrane-bound proteins or
as soluble factors that are shed from the membrane. Receptor
occupation by ligands promotes two proteolytic steps within
the receptor protein, exerted by an ADAM metalloprotease and
a y-secretase, the latter belonging to the presenilin family (20).
Proteolytic cleavage of the receptor releases the intracellular
domain, which is targeted to the nucleus. Here, it associates
with other transcriptional regulators, most importantly, CSL/
RBP-Jk, and modifies transcription of the HES (hairy enhancer
of split) and Hey gene families that code for transcription fac-
tors themselves (21, 22).

Notch signaling is involved in various peripheral T cell
responses, e.g. polarization of T helper (Th) cells. Both recep-
tors and ligands can be regulated by post-translational protein
modifications, proteolytic processing, endocytosis, and mem-
brane trafficking. Overall, the cytokine milieu, expression pat-
tern of the receptors and their ligands on peripheral T and B
cells, and the specificity of the ligand-receptor interaction may
determine specific cell fate decisions (23). Notably, chemical
inhibition of all four Notch receptors by nonspecific y-secre-
tase inhibitors inhibits Th1- and Th17-type differentiation and
ameliorates signs of autoimmunity and renal damage in lupus-
prone MRL-/pr mice (24). y-Secretase inhibitors have also been
shown to be beneficial in experimental autoimmune encepha-
lomyelitis, which is another Th17-dependent disease model
and has features that resemble multiple sclerosis in humans
(25). y-Secretase inhibitors have already entered the stage of
clinical trials in humans; however, they are associated with
major side effects (mainly gut toxicity), which have been attrib-
uted to the pan-Notch blockade (26). More specific interven-
tions targeting individual Notch receptors, e.g. by application of
monoclonal antibodies, appear to be more tolerable (27). In the
experimental autoimmune encephalomyelitis model, selective
inhibition of individual Notch receptors using specific antibod-
ies abrogated Th1- and Th17-type responses (25).

In this study, we observed significantly decreased amounts of
Notch-1in T cells from clinically active SLE patients at both the
mRNA and protein levels. We provide evidence that Notch-1
gene expression is highly controlled through changes in the
epigenetic conformation of the Notch-1 promoter, including
histone and CpG DNA methylation and transcriptional repres-
sion mediated by CREMa. Eventually, reduced Notch-1 levels
in human T cells are associated with increased IL-17A produc-
tion, as observed in SLE patients.

EXPERIMENTAL PROCEDURES

Primary Human T Cells and Human T Cell Line—The SLE
patients included in our analyses were female and diagnosed
according to the American College of Rheumatology classifica-
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tion criteria (28). They were recruited from the Division of
Rheumatology at the Beth Israel Deaconess Medical Center
after written informed consent under protocol 2006-P-0298.
Healthy individuals were chosen as controls. Peripheral venous
blood was collected in heparin lithium tubes, and total human T
cells were purified as described previously (18). All primary
human T cells and human Jurkat T cells were kept in RPMI
1640 medium supplemented with 10% fetal bovine serum.

mRNA Extraction and Quantitative RT-PCR—Total RNA
was isolated from purified human T cells using an RNeasy mini
kit (Qiagen). Residual genomic DNA contamination was
removed by DNase I (Qiagen). RNA was reverse-transcribed
into ¢cDNA using a reverse transcription system (Promega).
Sequences for real-time quantitative RT-PCR (qRT-PCR)
primers were as follows: Notch-1, 5'-ctgcctgtctgaggtcaatg-3’
(forward) and 5'-tcacagtcgcacttgtaccc-3’ (reverse); IL17A,
5'-cgaaatccaggatgcce-3' (forward) and 5'-gacaccagtatcttcte-
cag-3' (reverse); and 18 S rRNA, 5'-actcaacacgggaaacctca-3’
(forward) and 5'-aaccagacaaatcgctccac-3' (reverse). Real-time
qPCR was performed on an ABI OneStepPlus real-time PCR
system.

Flow Cytometry—Cells (0.5 million) from each blood donor
were stained ex vivo with FITC-labeled anti-CD3, Pacific Blue-
labeled anti-CD4, phycoerythrin-labeled anti-CDS8, and allo-
phycocyanin-labeled anti-Notch-1 antibodies. Samples were
incubated at room temperature for 30 min, washed twice with
PBS, and fixed in a 4% formaldehyde solution. Expression of cell
surface markers was assessed on a BD Biosciences LSRII flow
cytometer, and data were gated and displayed on FlowJo Ver-
sion 7.6.5 (TreeStar Inc., San Carlos, CA).

Plasmids and Luciferase Assays—An expression plasmid for
human CREMa (in the pcDNA3.1/V5-His-TOPO vector,
Invitrogen) was kindly provided by G. N. Europe-Finner (Fac-
ulty of Medical Sciences, Newcastle upon Tyne, United King-
dom) (29). A 2.1-bp spanning Notch-1 reporter construct
(in pGL3-Basic vector, Promega) was generated and kindly
donated by M. Ruppert (University of Alabama at Birmingham)
(30). An expression plasmid encoding the constitutively active
intracellular Notch-1 domains was kindly provided by K. Saka-
moto (Tokyo Medical and Dental University, Tokyo, Japan)
(31). All plasmid DNA preparations were carried out with DNA
purification kits (Qiagen) and sequence-verified (GENEWIZ,
Inc., Cambridge, MA). Jurkat T cells (3 million) were trans-
fected with a total amount of 3 ug of plasmid DNA at a molar
effector:reporter transfection ratio of 3:1 using an Amaxa
human T cell Nucleofector kit (Lonza) and an Amaxa Nucleo-
fector II device (program U014, Lonza). Each reporter experi-
ment included 10 ng of Renilla luciferase construct as an inter-
nal control. Five hours after transfection, cells were collected
and lysed, and luciferase activity was quantified using the Pro-
mega Dual-Luciferase assay system according to the manufac-
turer’s instructions. Luciferase experiments were repeated
three times, and values in the bar diagrams are given as mean *
S.D.

ChIP Assays—Anti-H3K27me3 antibody and nonspecific
normal rabbit IgG were obtained from Upstate Biotechnology.
Polyclonal anti-CREMa antibody detecting human CREMa
was designed in our group and has been described previously
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(5). ChIP-grade ChIP assay was carried out according to the
manufacturer’s instructions (Upstate Biotechnology). Briefly,
1-2 million total T cells were cross-linked with 1% formalde-
hyde, washed with cold PBS, and lysed in buffer containing
protease inhibitors (Roche Applied Science). Cell lysates were
sonicated to shear DNA and sedimented, and diluted superna-
tants were immunoprecipitated with the indicated antibodies
and ChIP-grade Protein A/G Plus-agarose (Thermo Scientific).
A proportion (20%) of the diluted supernatants were kept as
“input” (input represents PCR amplification of the total sam-
ple). Protein-DNA complexes were eluted in 1% SDS and 0.1 M
NaHCO, and reverse-cross-linked at 65 °C. DNA was recov-
ered using a QIAamp DNA mini kit (Qiagen) and subjected to
PCR analysis using an ABI OneStepPlus real-time PCR system.
The real-time qPCR primer sequences used to detect the CRE
site within the human Notch-1 promoter were as follows:
3'-aaatcagcggaaggagcac-5' (forward) and 3’-tgattgcccgagceact-
tgac-5' (reverse). The amount of immunoprecipitated DNA
was substracted by the amplified DNA that was bound by the
nonspecific normal IgG and subsequently calculated relative to
the respective input DNA.

Methylated CpG DNA Immunoprecipitation—A methylated
CpG DNA immunoprecipitation assay was carried out accord-
ing to the manufacturer’s instructions (Zymo Research).
Briefly, genomic DNA from T cells obtained from SLE patients
and healthy control individuals was purified using the AllPrep
RNA/DNA/protein mini kit (Qiagen) and sheared to fragments
of ~200 bp with DNA Shearase (Zymo Research). Subse-
quently, 100 ng of sheared genomic DNA were used for meth-
ylated CpG DNA immunoprecipitation. Methylated DNA was
recovered and subjected to PCR analysis with an ABI OneStep-
Plus real-time PCR system using the same Notch-1 promoter
primers used in the ChIP experiments (see sequences above).
Equal amounts (100 ng) of completely (100%) methylated
human DNA and demethylated human DNA (Zymo Research)
were included as the input and negative control.

CREMa Transgenic Mice—Transgenic mice on a FVB back-
ground with T cell-specific CREM« overexpression (under the
control of the CD2 promoter) have recently been described
(33). Naive T cells from these mice were obtained from spleens
by negative isolation using magnetic cell separation with CD4™
MACS® kits (Miltenyi) according to the manufacturer’s
instructions. T cells (5 million) were used for extracting RNA
(RNeasy mini kit). cDNA was synthesized using RevertAid H
minus transcriptase (Fermentas GmbH, St. Leon-Rot, Ger-
many). Real-time qPCR was performed using a SYBR Green
PCR kit (Eurogentec, Cologne, Germany). The following prim-
ers were used: Notch-1, 5'-actatctcggeggcttttc-3’ (forward)
and 5'-ggcactcgttgatctcctct-3' (reverse); and B-actin, 5'-actat-
tggcaacgageggttc-3'  (forward) and 5'-ttacggatgtcaacgtca-
cacttc-3' (reverse).

SiRNA Experiments—]Jurkat T cells were transfected with 10
nM irrelevant control siRNA and Notch-1-specific siRNA (Ori-
Gene) using Lipofectamine 2000 (Invitrogen) as described pre-
viously (6). Cells were collected 24 h after transfection and pro-
cessed for mRNA analysis as indicated above.

Statistical Analyses—Student’s paired two-tailed ¢ test was
used for statistical analysis. The Pearson product moment cor-
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FIGURE 1. Notch-1 mRNA expression in T cells from SLE patients and
healthy controls. Total T cell mRNAs from 24 healthy control individuals
(CON) and 61 SLE patients (subgrouped according SLEDAIs) were analyzed for
relative Notch-1 expression by real-time qRT-PCR. Crossing points (C,) were
calculated using the second derivative maximum method, an algorithm that
requires minimal user input. Normalized C, values (AC, = C(target gene) —
C(average of control genes GAPDH and CD3e)) were used to compare
Notch-1 expression levels between different sample groups. To better visual-
ize trends in relative Notch-1T mRNA expression, the y axis is displayed in an
inverse manner. Horizontal lines indicate the mean = S.D. ns, not significant.
relation coefficient (r) was used to determine the correlation
between Notch-1 mRNA levels and individual SLE disease

activity indices (SLEDAISs).

RESULTS

Notch-1 mRNA Expression Is Decreased in T Cells from Active
SLE Patients—Notch-1 mRNA expression was analyzed by real-
time qRT-PCR in total T cells obtained from a cohort of 61 SLE
patients, with 32 of them being classified as active patients and
24 as healthy control individuals (Fig. 1). A composite SLEDAI,
which reflects clinical symptoms and the degree of laboratory
alterations in SLE patients, was used to define active patients
(SLEDAI > 3). Notably, active patients displayed significantly
lower Notch-1 mRNA levels (as assessed by normalized C, val-
ues using the second derivative maximum method) than both
inactive SLE patients (SLEDAI = 1-3) and healthy controls.
Expression levels were not significantly different between
healthy controls and inactive patients. mRNA expression anal-
yses for another member of the Notch receptor family, ie.
Notch-2, did not yield major differences between these groups
(data not shown). To further prove that Notch-1 mRNA expres-
sion varies with SLE disease activity levels, we performed lon-
gitudinal analyses in four SLE individuals and compared
Notch-1 mRNA expression with the corresponding SLEDAIs
over time (Fig. 2). Indeed, we observed strong negative correla-
tions between Notch-1 mRNA magnitudes and SLEDAIs in the
patients analyzed (Pearson’s r between —0.56 and —0.90).
Thus, the extent of Notch-1 mRNA expression mirrors disease
activity in SLE patients.
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FIGURE 2. Longitudinal analyses of Notch-1 mRNA expression and corresponding SLEDAIs. Total T cellmMRNAs from four SLE patients (SLE 7 to SLE 4) were
collected every other month, and both relative Notch-1T mRNA expression in total T cells (normalized C, values; left y axis, A) and SLEDAIs (right y axis, ) were
determined at each time point. Individual Pearson’s correlation coefficients (r) are given in the upper right corner of each panel.

Surface Expression of Notch-1 Protein Is Also Reduced in
Active SLE Individuals—Next, we determined Notch-1 protein
expression at the membrane surface of primary T cells purified
from 12 SLE patients and 6 healthy controls by flow cytometry
using an allophycocyanin-labeled anti-Notch-1 antibody (Fig.
3). These studies were performed in total T cells; however, co-
staining for CD4 and CD8 surface markers allowed for more
specific conclusions with regard to T cell subpopulations.
Notch-1 protein expression was markedly decreased in active
SLE individuals compared with inactive patients and healthy
individuals. This difference reached the level of statistical sig-
nificance in total T cells (Fig. 3, A and B) and CD4" T helper
cells (Fig. 3C), whereas the difference was almost significant in
the CD8™ cytotoxic T cell subset (Fig. 3D).

Histone Methylation and CpG DNA Methylation Are
Involved in Notch-1 Gene Regulation—Given the observed dif-
ferences in Notch-1 expression between active SLE patients
and inactive patients as well as healthy controls, we next inves-
tigated the underlying molecular mechanisms that mediate
decreased Notch-1 expression in active SLE patients. We have
previously demonstrated the prominent role of CREMa and
histone and CpG DNA methylation in T cell-dependent target
gene regulation (5-7, 32). Thus, we hypothesized that Notch-1
gene expression may be regulated by an aberrant methylation
status of the Notch-1 gene promoter, which is highly conserved
throughout evolution and comprises several putative CREs. To
this end, we performed ChIP experiments in total T cells
obtained from three age-, gender-, and ethnicity-matched pairs
of active SLE patients (all SLEDAI > 3) and healthy controls
with an antibody that specifically detects trimethylated Lys-27
of histone H3 (H3K27me3). Immunoprecipitated DNA was
PCR-amplified, covering a region within the Notch-1 gene pro-
moter that spans a CRE half-site, —991 to —988 bp upstream of

42528 JOURNAL OF BIOLOGICAL CHEMISTRY

the start codon (TGAC) (see Fig. 54). Histone H3K27 trimethy-
lation was significantly higher in SLE patients compared with
healthy controls (Fig. 4, A and B). Furthermore, CpG DNA
methylation was examined using methylated DNA immuno-
precipitation assays in a cohort of 15 healthy individuals and 18
SLE patients (with 12 of them classified as active patients).
Notably, all (active and inactive) SLE patients displayed an ele-
vated CpG DNA methylation status compared with healthy
individuals (Fig. 4C). Taken together, our findings argue for a
concordant histone and CpG DNA hypermethylation at the
Notch-1 gene promoter in T cells from active SLE patients.
CREM o Affects Notch-1 Gene Transcription—The transcrip-
tion factor CREMa has been demonstrated to be crucially
involved in the trans-regulation and epigenetic “remodeling” of
several gene loci that contribute to SLE pathogenesis (4, 5, 7).
As the human Notch-1 promoter defines a putative CRE half-
site within the region that we identified to be sensitive to meth-
ylation (Fig. 54), we investigated whether CREMa indeed may
bind to this element. Thus, we performed ChIP experiments in
total T cells from four matched SLE/control pairs using a poly-
clonal anti-CREMa antibody. CREMa binding to the CRE
(—991/—988) was significantly increased in T cells from SLE
patients (all of them being active patients) compared with that
in healthy control individuals (Fig. 5, B and C). To test for the
functional relevance of CREMa binding to the Notch-1 pro-
moter, we transiently overexpressed CREMa in a human T cell
line (Jurkat). This approach was chosen because T cells from
SLE patients display increased CREMua levels. Five hours after
transfection, mRNA was collected and analyzed for Notch-1
transcript numbers by real-time qRT-PCR. An increased pres-
ence of CREMa in T cells led to significantly decreased Notch-1
mRNA expression (Fig. 5D). Most likely, this effect is mediated
by direct trams-repression of the Notch-1 gene promoter

VOLUME 287+NUMBER 51+DECEMBER 14, 2012



Notch-1 Gene Regulation in SLE T Cells

A CD3'Tcells B
p<0.05
M _ns o] coN]| .| SLE
] SLEDAI>3
o 600 ———— 800
S 154 °
= n 600 4
ﬁ 4004
g. 2 ) 400 4§
% N % g N o
° o
4 A o 0 oo T r r 8 o
°\° 5- ’. ] A 0 102 Ill3 IB‘ Ills 0 Wz 103 1\7‘ |05
.I
Notch-1
AA
CON SLE SLE
SLEDAI0-3  SLEDAI >3
C CD3*CD4*T cells D CD3*CD8* T cells
0.05 p=0.05
<0.
20+ P 20 —ns
—ns_ .
A
. o
é 15 R 2 15 v, .
- 104 - 104
: il .
§ § Vy * a
B at = oo B v A3 4 %
0 ’ hd 0 .
CON SLE SLE CON SLE SLE

SLEDAI 0-3 SLEDAI >3 SLEDAI 0-3 SLEDAI >3

FIGURE 3. Notch-1 protein expression at the surface of T cells from SLE patients and healthy controls. A, CD3™ T cells from healthy control individuals
(CON) and SLE patients were analyzed for Notch-1 protein expression by flow cytometry. Percentages of Notch-1" cells are given in the diagram. B, a
representative staining pattern is shown. T helper (CD3"CD4"; C) and cytotoxic (CD3*CD8™; D) T cells were analyzed for Notch-1 protein expression by flow
cytometry. Horizontal lines indicate the mean = S.D. ns, not significant.
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FIGURE 4. Histone methylation and CpG DNA methylation of the Notch-1 promoter are increased in T cells from SLE patients. A, histone H3K27
methylation was analyzed in total T cells from three age-, gender-, and ethnicity-matched control (CON)/SLE pairs by ChlIP assays. Dotted lines associate
matched samples. A region of interest within the human Notch-1 promoter (harboring a putative CRE) was amplified by qPCR, and the proportion of immu-
noprecipitated DNA was calculated as relative to the non-immunoprecipitated input DNA in each sample. Subsequently, the ratio of relative expression was
calculated between each SLE patient and the corresponding control individual. Horizontal lines represent mean values. B, the dotted line represents the H3K27
methylation status in control T cells, for each of which was set to 1.0. Changes in the methylation status in the matched SLE patient are given in the bar diagram
(mean = S.D.). C, total T cells from 15 healthy controls (light gray bar), 6 inactive SLE patients (dark gray bar), and 12 active SLE patients (black bar) were subjected
to methylated DNA immunoprecipitation. The percentage of methylated DNA is given as mean = S.D.

through CREMa as evidenced by luciferase experiments in lyzed splenic T cells from FVB mice that were transgenically
human T cells. A reporter construct harboring 2.1 bp of the engineered to express increased CREMa levels in their T lym-
human Notch-1 gene promoter showed significantly decreased  phocytes (33). These mice have recently been shown to produce
activity when CREMa was co-introduced into these cells (Fig. increased amounts of proinflammatory IL-17A and to be more
5E). Taken together, these findings support the hypothesis that  prone to develop signs of autoimmunity that resemble the SLE
CREMa physically binds to the Notch-1 promoter and actsasa  phenotype. We examined Notch-1 mRNA expression in CD4™"
potent repressor of Notch-1 gene transcription. Next, we ana- T cells from these mice. Interestingly, we observed decreased
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FIGURE 5. CREM« binds to and trans-represses the Notch-1 promoter.
A, schematic of the human Notch-1 gene promoter indicating the CRE of inter-
est located 991 bp upstream of the start codon. B, ChIP was performed using
total T cells from four matched pairs of SLE patients and healthy controls
(CON) and anti-CREMa antibody. Immunoprecipitated DNA was analyzed by
real-time gRT-PCR using the same primers as used for the data in Fig. 4. Ratios
between anti-CREMa antibody-immunoprecipitated and input DNAs are
shown. Dotted lines associate data from the matched control/SLE pairs. Hori-
zontal lines represent mean values. C, the percentage of anti-CREMa anti-
body-immunoprecipitated DNA in T cells from a control individual was set to
1.0, and the relative CREMa binding in the corresponding SLE patient was
calculated. Values are given as mean = S.D. D, pcDNA3 empty vector (EV) or
CREMa expression plasmid was transfected into human Jurkat T cells,and 5 h
after transfection, mRNA was analyzed for Notch-7 and 18 S rRNA expression
by real-time gRT-PCR. E, a 2.1-bp spanning Notch-1 promoter sequence
(within luciferase vector pGL3) was transfected into Jurkat T cells in the pres-
ence or absence of a CREMa expression plasmid, and 5 h after transfection,
the relative (rel.) luciferase activity was determined. F, spleens from FVB WT
and CREMa transgenic (tg) mice were collected, and CD4* T cells were iso-
lated by MACS® sorting. Murine Notch-1 and 18 S rRNA expression was ana-
lyzed by real-time gRT-PCR in these cells.

Notch-1 mRNA levels in the CREMa-overexpressing mice
compared with wild-type control mice (Fig. 5F). Hence, these
mice display yet another feature of human SLE T cells, i.e.
decreased Notch-1 expression.

Reduced Notch-1 Expression Is Linked to Increased IL-17A
Levels—One of the most recently discovered T helper subsets
(denoted Th17 cells) is characterized by abundant production
of IL-17 cytokines. We and others have demonstrated the
prominent role of IL-17 and Th17 cells in SLE pathogenesis.
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FIGURE 6. Notch-1 levels control IL-17A synthesis. A, siRNA was used to
down-regulate endogenous Notch-1 levelsin human Jurkat T cells. (Irrelevant
siRNA transfection was used in the control (CON) assays.) mRNA from these
cells was analyzed for relative (rel.) IL17A expression by real-time qRT-PCR.
B, human Jurkat T cells were transfected with a constitutively active Notch-1
construct (i.e. the intracellular receptor domains (Notch1“P)) or pcDNA3
empty vector. Cells were harvested 5 h after transfection, and relative IL17A
expression was determined by real-time qRT-PCR.

CREMu has been shown to act as a strong inducer of IL17A
gene transcription and synthesis in human and murine T cells
(5,33). As Notch-1 expression is down-regulated in T cells from
SLE patients, we wondered whether this might be of functional
relevance for IL-17A production. To this end, we mimicked the
“SLE phenotype” by silencing endogenous Notch-1 levels in
human Jurkat T cells using siRNAs. mRNA was collected from
these cells and analyzed for IL17A expression by real-time qRT-
PCR. Indeed, reduced Notch-1 expression, as observed in T
cells from active SLE patients, was associated with increased
IL17A transcript numbers (Fig. 6A4). Vice versa, we overex-
pressed a constitutively active Notch-1 construct that spans
only the intracellular receptor domains in this T cell line. This
approach yielded robustly decreased IL17A mRNA expression
(Fig. 6B).

DISCUSSION

In this study, we have presented evidence that T cells from
active SLE patients display significantly decreased basal levels
of the transmembrane receptor Notch-1. This is in line with the
previous report by Sodsai et al. (34) that SLE T cells fail to
up-regulate Notch-1 expression after T cell receptor-mediated
cell activation. However, the authors did not examine basal
Notch-1 expression levels. Thus, our findings constitute the
first description of Notch-1 expression in unstimulated T cells
in a large cohort of active and non-active SLE patients and
healthy controlindividuals. Furthermore, it has not been shown
before that decreased Notch-1 transcript numbers are trans-
duced into reduced Notch-1 protein levels.

Aberrant gene expression in immune cells from SLE patients
has largely been attributed to specific epigenetic modifications,
including histone and CpG DNA methylation, as well as aber-
rant transcriptional activities (32, 35). DNA hypomethylation is
a well recognized key determinant in SLE pathogenesis, and
several gene loci have been identified that are hypomethylated
in SLE T cells, contributing to increased gene expression, e.g.
I1L4,1L6,1L10,IL13,IL17A, IFNY, and protein phosphatase-2A
(5, 36 -39). Recently, it has become clear that there are also
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genes that may be hypermethylated in T cells from SLE
patients, including /L2 (6, 7). We have now provided evidence
that Notch-1 marks another gene with a markedly hypermethy-
lated promoter region in T cells from SLE patients. This
involves concordant histone H3 and CpG DNA hypermethyla-
tion. The epigenetic pattern under pathophysiological condi-
tions is governed by specialized enzymes that are recruited to
promoter regions and/or additional cis-regulatory regions.
These enzymes alter histone tail or DNA modifications and
comprise histone deacetylases and DNA methyltransferases
(32). Usually, histone methylation and CpG DNA methylation
follow the same pattern, i.e. either hypo- or hypermethylation
(40). The mechanisms by which these modifications are
induced during the development of autoimmune diseases
remain poorly understood. We have previously reported that
CREMa, which is the dominant CREM isoform in T cells from
SLE patients, may regulate gene expression not only by virtue of
its transcription factor capacities but also because it may
directly interact with HDAC1 and DNMT3a and thus affect
epigenetic modifications (7, 41). CREM« differentially induces
or represses cytokine expression in SLE T cells.

In this study, we have demonstrated that CREM« binds to
and trans-represses a CRE site within the Notch-1 promoter
and thereby contributes to decreased Notch-1 gene expression.
Furthermore, lowering endogenous Notch-1 levels using
siRNA is associated with increased amounts of IL-17A, which is
a hallmark of SLE T cells. Whether the reduced presence of
Notch-1 at the surface of T cells from active SLE patients is
associated with additional alterations observed in this autoim-
mune disease, including aberrant synthesis of other cytokines
and/or impaired differentiation and proliferation capacities,
remains to be elucidated in future studies.

Our findings provide evidence that (i) the gene and protein
expression of Notch-1 receptors is markedly decreased in T
cells from active SLE patients, (ii) transcript numbers inversely
mirror disease activity in these patients, and (iii) epigenetic
and CREMa-induced transcriptional effects are important
upstream mechanisms to explain this phenomenon. Thus,
Notch-1 constitutes a novel molecule within the growing net-
work of T cell-relevant genes that are tightly controlled by the
transcription factor CREMa.

The observed epigenetic patterns and transcriptional
CREMua effects at the Notch-1 promoter are very similar to
those observed at the IL2 gene locus (i.e. histone H3K27 and
CpG DNA hypermethylation, increased CREMa binding, and
direct trans-repression of the /L2 promoter through CREMa).
This suggests congenerous epigenetic and CREMa mecha-
nisms at multiple gene lociin SLE T cells. CREMa expression in
SLE T cells strongly correlates with SLE disease activity at the
promoter and mRNA and protein expression levels (9, 12).
Thus, we hypothesize that, among the observed regulatory
mechanisms that control Notch-1 expression in SLE T cells,
transcriptional repression through CREM is the most decisive
one. This idea is also supported by our observation that the
overall CpG DNA methylation of the Notch-1 promoter is sig-
nificantly increased in inactive SLE patients, whereas Notch-1
expression levels do not differ between controls and inactive
patients. We conclude that the impaired epigenetic pattern of
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an increased histone and CpG DNA methylation in SLE T cells
(inactive and active) constitutes the “background condition” of
the Notch-1 promoter, but it is only the repressive effects
exerted by CREMa that really make the significant differences
in active patients.

Taken together, the results indicate that the CREMa/Notch-
1/IL-17A axis appears to be part of the impaired cytokine net-
workin T cells from SLE patients. Corrections along these lines,
e.g. by the development of strategies to increase or reactivate
Notch-1 signaling in T cells from active SLE patients and/or
target the outlined upstream molecules, might well be of ther-
apeutic importance. It has been shown in murine lupus models
that a pan-Notch blockade using y-secretase inhibitors results
in decreased autoantibody production and kidney pathology
(24). However, application of these agents is not feasible in
humans (27). More specific interventions targeting individual
Notch receptors in autoimmune diseases appear to be more
promising but demand a systematic expression analysis of the
involved immune and resident tissue-specific cells. In this con-
text, this study contributes novel data on reduced Notch-1
expression in T cells from active SLE patients (whereas Notch-2
is not regulated) and the underlying molecular mechanisms.
Once more, the transcription factor CREMa arises as a prom-
ising target to correct cytokine and disease expression in
patients with SLE and other autoimmune diseases.
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