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Abstract
The major risk factor for developing systemic lupus erythematosus (SLE) is being female. The
present study utilized gene profiles of activated T cells from females with SLE and healthy controls
to identify signaling pathways uniquely regulated by estradiol that could contribute to SLE
pathogenesis. Selected downstream pathway genes (+/− estradiol) were measured by real time
polymerase chain amplification. Estradiol uniquely upregulated six pathways in SLE T cells that
control T cell function including interferon-α signaling. Measurement of interferon-α pathway target
gene expression revealed significant differences (p = 0.043) in DRIP150 (+/− estradiol) in SLE T
cell samples while IFIT1 expression was bimodal and correlated moderately (r = 0.55) with disease
activity. The results indicate that estradiol alters signaling pathways in activated SLE T cells that
control T cell function. Differential expression of transcriptional coactivators could influence
estrogen-dependent gene regulation in T cell signaling and contribute to SLE onset and disease
pathogenesis.
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Systemic lupus erythematosus (SLE) is an autoimmune disease that affects several organ
systems in the body [1]. SLE is characterized by the production of pathogenic autoantibodies
[2] resulting in part from abnormal interactions between T and B cell signaling [3]. Genetic
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susceptibility and environmental triggers contribute to SLE disease onset [4]. However, the
greatest risk factor for developing SLE is female gender [5]. Sex hormones contribute to this
gender bias in SLE but the mechanisms involved have not been fully elucidated [6–8].

Estradiol is a female sex hormone that binds to specific estrogen receptors (ER) and alters the
transcription rates of target genes [9]. ERs function as transcription factors through subdomains
that serve as docking surfaces for other essential transcriptional regulatory proteins known as
coactivators and corepressors [10]. Nuclear receptor coactivators enhance transcription [11]
while nuclear corepressors suppress transcription [12]. The ligand activated ER interacts with
the p160 coactivators to open chromatin at the promoter region of target genes [13]. The DRIP
coactivators, a second class of coactivator proteins, share subunits with the Mediator complex,
suggesting these coactivators operate by recruiting RNA polymerase II to the promoter of
estradiol regulated genes [14].

The molecular basis underlying the deregulation of T and B cells in SLE appears to be global
in nature since multiple genes are inappropriately regulated [4,15]. For example, measurement
of 160 variants in the sera of SLE patients using a high-throughput protein microarray revealed
30 abnormally regulated proteins including cytokines, chemokines, growth factors and soluble
receptors in SLE patients compared with control samples [16]. Gene profiling of heterogeneous
populations of peripheral blood mononuclear cells revealed genes within molecular pathways
that are consistently altered in SLE and may contribute to the development of autoimmunity
[17–19]. The overexpression of the type I interferons (IFNs) and, in particular the IFN-α
subtype, is implicated in the initiation and development of SLE. Secretion of IFN-α normally
declines within hours after initial viral infection, but in susceptible individuals it can be
sustained because genes that control INF-α or downstream targets such as IFN regulatory factor
(IRF5) and signal transducer and activator of transcription (STAT4)remain elevated [20,21].
The IFN signature refers to upregulated genes in the interferon pathway that correlate with
disease activity in SLE. The IFN-α signature may also be altered in other autoimmune disorders
including Sjögren’s syndrome, dematomyosisits, psoriasis and in a small number of RA
patients [22].

Recent completion of a clinical trial showed that monthly administration of the ER antagonist,
Faslodex, for one year improved disease activity in SLE patients [23]. Calcineurin and CD154
expression were downregulated in the Faslodex arm of the study. This finding is consistent
with our previous reports showing calcineurin and CD154 genes were upregulated by estradiol
in SLE but not in normal T cells [24,25]. To gain additional insight into the molecular basis
of estradiol action in SLE T cells, the present study utilized gene profiling and compared
estradiol effects in SLE and normal T cells. The results suggest that estradiol alters signaling
pathways in SLE T cells that are associated with disease onset and progression. One of the
pathways significantly altered by estradiol in SLE T cells is interferon-α. While several genes
within the interferon-α pathway appeared to be upregulated, expression of vitamin D receptor
interacting protein (DRIP150) is of particular interest because it provides preliminary evidence
that deregulated cofactor expression could modulate the response to estradiol in target cells
and may underlie the sensitivity to estradiol in some SLE T cells.

PATIENTS AND METHODS
Study subjects

This study was approved by the St. Luke’s Hospital Institutional Review Board and all subjects
provided written informed consent prior to participation. Thirteen female SLE patients between
the ages of twenty-four and forty-six years with a median age of forty-two years were enrolled
in the study. The SLE patients fulfilled the American College of Rheumatology criteria for
SLE [26] and were diagnosed with moderate disease activity at the time of blood draw
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(SLEDAI score 2–18, median 6). Patients enrolled in the study exhibited symmetrical
polyarticular non-erosive arthritis (n = 8), lupus malar or discoid rash (n = 8), Raynaud’s
syndrome (n =1), serositis (n =3), and renal disease (n = 6). 1 Nine of the patients were taking
prednisone, three patients were taking mycophenolate mofetil, three patients were taking
azathioprine and seven patients were taking hydroxychloroquine. Duration of lupus in the
patients ranged from three to twenty years (median duration, eight years). Eight of the patients
were Caucasian, four were African American and one was of Asian descent. Ten healthy control
females were enrolled in the study. The age of the control females ranged from twenty-one to
fifty-one years with a median age of thirty-seven. To control for the effects of medications,
five female patients with rheumatoid arthritis (RA) were enrolled in the study. The age of the
RA patients ranged from 28 to 48 years with a median age of 42. Two of the RA patients were
taking prednisone, one was taking methotrexate and one was taking azathioprine. Two of the
RA patients were not taking medications. Participants had regular menstrual cycles and none
were taking hormone replacement therapy, oral contraceptives, or had a history of other
collagen vascular diseases.

Collection of T cell enriched peripheral blood mononuclear cells
T cell enriched mononuclear cells were separated from blood samples (~ 90 ml) by density
gradient (Histopaque, Sigma, St. Louis, MO, USA). The lymphocytes were removed and
washed twice in serum-free medium (RPMI 1640, Fisher Scientific, Hanover Park, IL, USA)
and residual red blood cells were lysed (H-Lyse buffer, R&D Systems, Minneapolis, MN,
USA). T cells were purified by negative selection through T cell isolation columns (Human T
Cell Enrichment Columns, R&D Systems). T cells were cultured overnight (18 h) at 37 °C
under 5% CO2 in serum-free medium (Hybridoma, Sigma, St. Louis, MO, USA) supplemented
with L-glutamine (200 mM). T cells were activated after 18 h of culture for 4 h with phorbol
12 myristate 13-acetate (PMA, Sigma, 10 ng/ml) and ionomycin (Sigma, 0.5 μg/ml). To test
the effect of estradiol on activated T cells, estradiol-17β (10−7 M) was added (or not) to half
of the replicate cultures for the entire culture period. We have previously shown that calcineurin
and CD154 expression are upregulated in SLE T cells in response to estradiol at this dose and
time as described in detail elsewhere [24,25].

RNA isolation
T cell RNA was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA) and Phase Lock
Heavy Gels (Eppendorf, Fisher Scientific). Total RNA was purified from T cells and treated
with DNase I according to the manufacturer’s protocol (DNA-free, Ambion, Austin, TX).

Microarray analysis
Gene profiling was carried out at the Kansas University School of Medicine Microarray
Facility. The concentration and purity of total RNA was assessed with an Agilent Bioanalyzer
and samples with RIN scores above 7.0 were used for complimentary (cRNA) RNA synthesis.
Biotinlated cRNA was hybridized to high density Affymetrix human GeneChips HG-
U133_Plus_2, which contained 54,675 probe sets. The chips were scanned and analyzed using
MAS5 type of data analysis with Affymetrix and Gene spring GX 7.3.1 (Agilent Technologies)
software, where the data from the microarray chips were subsequently normalized per gene
and chip. The absence, presence, or marginal status of specific gene probes was based on the
detection p-value (Student’s t test). Detection p-value under 5% (< 0.05) determines the probe
as present. In cases where the detection p-value was between 5 to 6.5% (0.05–0.065) the
detection interpretation was marginal lowering the significance level to less than 95%. If the
detection value exceeded 6.5% (> 0.065), the probes were designated as absent, since the
significance of the detection was less than 94%. Signal intensities of genes present in estradiol-
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treated samples were compared to the non-treated samples in order to generate a value for fold-
change.

Pathway analysis
Cell signaling pathways were identified using the Ingenuity Pathways Analysis (IPA, Ingenuity
Systems, Redwood City, CA) library of canonical pathways that were most significant to the
data sets. Genes from the data sets that met the fold change cutoff in all SLE patients but not
in control females and, in all control females but not in SLE patients were positioned in the
appropriate canonical pathways using the IPA Knowledge Base. Fischer’s exact test was used
to calculate a p-value determining the probability that the association between the genes in the
data set and the canonical pathway were explained by chance alone.

Real-time polymerase chain amplification
Selected target genes within upregulated pathways were independently investigated by
examining expression levels using real-time PCR. Total T cell RNA was digested using DNase
1 and cDNA was synthesized from 4 μg of the resulting RNA using a High Capacity cDNA
kit (Applied Biosystems, Foster City, CA). Real-time PCR (Step-one, Applied Biosystems)
was carried out according to the manufacturer’s protocol. The templates were quantified using
a Taqman probe and specific gene primers for vitamin D receptor interacting protein [DRIP150,
(also known as mediator complex subunit 14), Hs00188481, Applied Biosystems] and
interferon induced with tetratricopeptide repeats 1 (IFIT1, Hs01911452, Applied Biosystems).
A Taqman probe and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs99999905,
Applied Biosystems) specific gene primers were used for the internal control. In each cycle,
fluorescent signals for the target gene and GAPDH were collected from triplicate samples. The
value of Ct (target Ct minus GAPDH Ct), which was inversely correlated with the number of
target mRNA copies, was calculated and compared with a pooled T cell sample that was used
as a positive control for all of the assays. Samples without template were included on each
plate as a negative control. The fold change in expression levels was calculated by dividing
the sample Ct values obtained from T cells cultured with and without estradiol from the same
individual.

Statistical Analysis
Because the entire content of a blood draw was required of an individual assay, samples from
each subject enrolled in this study were not tested in all assays. After median normalization
for each chip, the Student’s t test was used to compare differences in T cell gene expression
without and with estradiol. The significance of the association between a data set and the
canonical pathway (IPA, www.ingenuity.com) was measured by: (i) a ratio of the number of
genes from the data set that mapped to the pathway divided by the total number of genes that
map to the canonical pathway; (ii) Fisher’s exact test to calculate a p-value determining the
probability that the association between the genes in the dataset and the canonical pathway was
explained by chance alone. A nonparametric Mann-Whitney U test was used to compare
differences in DRIP150 and IFIT1 expression. Linear regression analysis correlated SLEDAI
scores with IFIT1 and DRIP150 response to estradiol. A p value < 0.05 was considered
statistically significant.

RESULTS
Gene profiling reveals differential expression of estrogen responsive genes between SLE
and normal T cells

Microarray analysis was used to identify specific genes that were differentially regulated in
samples of peripheral T cells purified and activated from SLE patients (n=6) and control
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females (n=5). Of the six patients used for the microarray study, four were Caucasians and two
were African American. The median SLEDAI at the time of blood collection was 6.8.
Normalized probe values (see METHODS) were obtained from profiled T cells and the data
were used to generate fold changes in gene expression. Since we expected some heterogeneity
among human samples we arbitrarily chose to include fold change values ≥ 1 for all upregulated
genes and ≤1 for all downregulated genes. Four gene lists were assembled using GeneSpring
software (data not shown). The first list contained genes that were upregulated by estradiol in
all SLE T cell samples but not in all control T cell samples. The second list contained genes
that were downregulated by estradiol in all SLE T cell samples but not in all control T cell
samples. The third list contained genes that were upregulated by estradiol in all control T cell
samples but not in all SLE T cell samples. The fourth list contained genes that were
downregulated by estradiol in all control T cell samples but not in all SLE T cell samples.

Signal transduction pathways are altered by estradiol in SLE T cells
As expected, the expression of a large number of genes was altered in SLE and normal T cells
by estradiol (data can be accessed http://bioinformatics.kumc.edu/mdms/login.php). In order
to obtain a more focused view of how these genes might alter SLE T cell function, we used
the IPA library to investigate whether estradiol altered signaling pathways in all of the T cell
samples from SLE patients versus pathways in all of the control T cell samples. In general,
estradiol uniquely downregulated more signaling pathways in both SLE and control T cells
(20 down versus 16 up in SLE T cell samples; 28 down versus 13 up in control T cell samples,
Tables 1–4). Three pathways, including B cell receptor signaling, cardiac β2-adrenergic
signaling and IL-4 signaling, were upregulated in both SLE and control T cell samples but the
genes involved were different between SLE and control T cells. These pathways are therefore
not included as uniquely regulated in SLE or normal T cells.

Sixteen signaling pathways were uniquely upregulated in all of the SLE T cell samples (Table
1). Eight of these pathways are involved in cellular metabolism while six pathways control
various aspects of T cell function. Five of the six pathways involved with T cell function are
known to be altered in autoimmune diseases. Removed references and discussion of pathways
to Discussion as suggested by reviewer 1. Twenty pathways were uniquely downregulated by
estradiol in all of the SLE T cell samples (Table 2). The downregulated responses included
metabolic pathways, cell signaling pathways and pathways that are crucial for T cell function
including PPARα Activation, calcium signaling, cAMP-mediated signaling, and IL-2
signaling. Removed references and discussion of pathways to Discussion as suggested by
reviewer 1.

Estradiol increased gene expression of thirteen pathways in all of the control but not the SLE
T cell samples (Table 3). The antigen presentation pathway was the only pathway identified
that is known to play a role in T cell function. The other types of signaling pathways regulated
by estradiol in the control T cell samples involved cell signaling, motility, and metabolism.
Twenty eight pathways were significantly downregulated by estradiol in the control T cell
samples (Table 4). It is interesting to note that five of those pathways downregulated in the
control but not in the SLE T cell samples, regulate processes that are defective in SLE T cells.
Removed references and discussion of pathways to Discussion as suggested by reviewer 1.

The interferon-α pathway is upregulated in response to estradiol in SLE T cells
Type I interferons are suggested to be key modulators in the pathogenesis of SLE [27]. The
microarray data showed estradiol upregulated the interferon-α pathway in SLE (p = 0.005) and
not in control T cell samples (Table 1). We further investigated interferon-α signaling in order
to identify those genes that were contributing to the upregulated response. Normalized values
from the microarray data showed seven of the genes including the Janus kinase 2 (JAK2),
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protein tyrosine phosphatase, non-receptor type 11 (PTPN11), vitamin D receptor interacting
protein (DRIP150), 2′, 5′-oligoadenylate synthetase 1 (OAS1), the SEC14-like 2 (S. cerevisiae)
(sec14L2), the suppressor of cytokine signaling 1 (SOCS1), and interferon induced with
tetratricopeptide repeats 1 (IFIT1) showed mean fold-values greater than 1.5 in response to
estradiol across the SLE T cell samples (Figure 1).

Real-time PCR allowed us to investigate pathway genes in T cells from additional SLE patients
as well as T cells from patients with RA to control for the effects of medications. We measured
expression levels of two genes in the interferon-α pathway in SLE T cell samples from five of
the six SLE patients and five controls who donated blood for microarray study. In addition, we
added five additional SLE T cell samples, five additional control T cell samples and T cells
from 5 patients with RA. First, we measured the IFIT1 gene product that showed a modest
mean-fold increase in response to estradiol in the SLE T cell samples (see Figure 1). The IFIT1
gene was chosen in spite of this modest increase because it codes for a protein that has been
suggested to function in the pathogenesis of SLE [28]. Second, was the DRIP150 gene since
this gene product functions as a cofactor for ER mediated transcription [29] and could be
responsible for the increased sensitivity of SLE T cells to estradiol.

As measured by real-time PCR, the estradiol-induced change in IFIT1 expression was not
significantly different (p = 0.63, Mann-Whitney test) between the SLE and control T cell
samples. The mean fold change between SLE T cell samples cultured without and with estradiol
from the same person was 2.1 (n = 10), while the mean fold change for the control T cell
samples was 1.18 (n = 10). The estradiol response in the SLE T cells was bimodal in that five
of the T cell samples responded strongly to estradiol (Table 5). The lowest and highest
responders were African American suggesting that the bimodal response was not based on
race. The five high responders had renal involvement in their lupus. IFIT1 expression was
lower in five of the SLE patients in response to estradiol. Two of those patients, both African
American, had renal involvement in their disease. Changes in IFIT1 expression showed a
moderate correlation (r = 0.55) with the patient’s SLEDAI scores.

Relative DRIP150 expression (+/− estradiol) was significantly different in SLE T cells
compared with the control T cells (p = 0.043, 2-sided Mann-Whitney test). The mean fold
change in DRIP150 expression for the SLE T cells was 6.8 (n=10). The median fold change
in DRIP150 expression among the SLE patient’s T cells was 2.6. Among the top five
responders, the mean fold change for DRIP150 expression was 8.4 while in the five lower
responders the mean fold increase in expression was 1.1. T cell samples from six of the ten
SLE patients showed a greater than two fold increase in DRIP150 and those six patients had
renal involvement in their lupus. The T cell samples from two SLE patients showed a decline
in DRIP150 expression compared with the same T cell samples cultured without estradiol.
Both of those patients initially presented with arthritis and one exhibited Raynaud’s syndrome.
Neither of those patients exhibited renal involvement in their disease. DRIP150 expression in
the control and RA T cell samples showed a mean fold difference of 1 (n=10) and 0.85 (n=5),
respectively. The values for the RA T cell samples were closer to the controls than to the SLE
T cell samples indicating that altered DRIP150 expression is a disease effect rather than a
response to medications.

DISCUSSION
Previous results from our laboratory showed SLE T cells exhibit an increased sensitivity to
estradiol [6,7]. Administration of the ER antagonist Faslodex reduced disease activity in some
SLE patients [23]. We have extended those findings and used gene profiling to gain greater
insight into signaling pathways that are stimulated by estradiol and may alter T cell function.
We selected pathways that were uniquely controlled by estradiol in all six female SLE and all

Walters et al. Page 6

Clin Immunol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



five control T cell samples obtained from healthy females. It is important to note that such an
approach will not detect altered pathways in subsets of patients. Our rationale was to select
those pathways differentially regulated by estradiol in all T cell samples in order to identify
signaling pathways that were targets in the majority of SLE patient’s T cells. Confirming the
validity of this approach was the identification of the T cell receptor signaling pathway as an
estrogen target shown in earlier studies [24] and known to be altered in SLE T cells [15].

Estradiol increases signaling through PI3K/AKT, T Cell Receptor, Interferon, GM-CSF,
Calcium and SAPK/JNK pathways (Table 1) that are normally associated with regulating T
cell function. Estradiol increases expression of the PI3K/AKT pathway in SLE and not in
control T cells. In normal T cells, activation of the PI3K/AKT pathway stimulates cell survival,
glucose metabolism and inducible transcription [30]. It is important to note that alteration in
the PI3K/AKT pathway is sufficient to promote autoimmunity [15]. Estradiol enhances the T
cell receptor signaling pathway which we [24,25], and others [3,4,31] have shown is altered
in human SLE T cells. Estradiol increases GM-CSF signaling uniquely in activated SLE T
cells (Table 1). GM-CSF is a critical hematopoietic growth factor that affects circulating
leukocytes and is produced by activated T cells [32]. GM-CSF can increase antigen-induced
immune responses and alter the Th1/Th2 cytokine balance in T cells. Estradiol also augmented
the stress-activated protein kinase (SAPK/JNK) pathway in SLE T cells. JNK1 and JNK2
stimulate the release of proinflammatory cytokines in activated T cells and modulate the
differentiation of Th1 and Th2 cells [33].

Calcium signaling is dysregulated in SLE T cells by several mechanisms (34–39). Engagement
of the T cell receptor leads to a transient release of calcium that occurs earlier and is of greater
magnitude in SLE compared with normal T cells [36]. By contrast, long-term changes in
calcium signaling is diminished in SLE T cells and may underlie abnormal T cell activation
and/or the inability of SLE T cells to produce IL-2 [37,38]. It is interesting to note that estradiol
both stimulates and reduces calcium signaling in SLE T cells (compare Tables 1 and 2). This
finding suggests that estradiol plays a role in differentially affecting short term versus sustained
calcium signaling in SLE T cells. Some clues regarding the molecular mechanisms involved
in this apparent paradox are suggested by increased signaling through the pentose phosphate
pathway in SLE T cells, which is increased by estradiol (Table 1). Previous studies have shown
that the mitochondrial membrane in SLE T cells is hyperpolarized owing to reductions in ATP
and glutathione [38,39]. Mitochondrial hyperpolarization and persistent ATP depletion is a
critical checkpoint that predispose SLE T cells to undergo cell death by necrosis rather than
apoptosis. The mitochondrial transmembrane potential is regulated in part by the supply of
NADPH produced by the pentose phosphate pathway [39]. Since abnormal T cell activation
and cell death underpin the pathology of SLE it is important to clarify the estrogen-dependent
steps that contribute to alterations in this metabolic pathway and may change calcium signaling
in SLE T cells.

Of the twenty signaling pathways that were uniquely downregulated by estradiol (Table 2), the
decrease in IL-2 signaling is a central component of defective SLE T cell signaling [40,41].
Local increases in nitric oxide at the site of T cell receptor engagement reduce IL-2 production
[42]. Nitric oxide is regulated by NADPH and, as revealed by our study, the pentose phosphate
pathway is altered by estradiol in SLE T cells. Alternatively, IL-2 is regulated by a number of
transcription factors including the cAMP response element-binding protein (CREB). Of
relevance for IL-2 regulation in SLE T cells is the report from Katsiari et al. (43) showing that
protein phosphatase 2A expression is higher in SLE than normal T cells leading to reduced
transcription of IL-2. Protein kinase A (PKA) is a major target of cAMP activation. PKA
signaling is maintained by a balance between kinase and phosphatase activity and the pathway
is deficient in SLE T cells [44]. Although additional studies are required to identify the targets
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for reduced cAMP signaling in response to estradiol, our data indicate that estradiol targets
pathways known to be markers for abnormal signaling in SLE T cells.

Estradiol uniquely downregulates 28 signal transduction pathways in activated control T cells
(Table 4). Several of these pathways are known to be defective in SLE T cells including cell
receptor signaling [45], ERK/MAPK signaling [46,47], IL-4 [48], NF-κB [49] and apoptosis
signaling [50]. Although nothing is known about estradiol-dependent signaling in normal T
cells, our results suggest that estradiol downregulates key signaling pathways in activated
normal T cells. Estrogen is considered a promoter of the immune response (51). Our results
indicate that estradiol downregulates numerous pathways in activated T cells and suggests that
failure to downregulate these same pathways in SLE T cells could contribute to SLE T cell
hyperactivation. The concept now requires further investigation because it suggests
downregulation is an important mechanism that is defective in the SLE T cell response to
estradiol.

In this report, we chose to further study the interferon-α pathway owing to its importance in
SLE and other autoimmune diseases [17,18,22]. Seven of thirteen genes identified in
interferon-α signaling showed greater than a 1.5 mean-fold increase in the SLE T cell samples
(Figure 1). If regulation of this pathway is typical for estradiol targets, it suggests that estrogen-
dependent upregulation of signaling will occur by increased expression of multiple genes
within a pathway rather than a large change in the magnitude of expression of a single gene.
We found that expression of IFIT1 in SLE T cell samples was bimodal in that some patient’s
T cells responded strongly to estradiol while others were less responsive to the hormone.
Changes in IFIT1 expression correlated moderately with SLE disease activity. Interestingly,
T cells from patients with renal disease showed the greatest sensitivity to estradiol. Other
studies have found significant differences in IFIT1 expression in SLE compared with control
T cells [28,52] and increased expression correlated with renal disease [53]. It is likely that our
study underestimates estradiol effects on IFIT1 expression since the T cells were cultured for
16 h in serum free medium without added interferon-α.

The interferon stimulated gene factor 3 (ISGF3) is a heterotrimeric complex central to the
regulation of IFN gene transcription [54,55]. Binding of IFN to cell surface receptors activates
STAT1 and STAT2 proteins which complex with interferon regulatory factor 9 (IRF9) forming
the ISGF3 activation complex. The ISGF3 complex enters the nucleus where it binds to specific
DNA sequences and increases the rates of transcription of interferon gene targets. While many
of the signaling events downstream of interferon signaling are known [22,27,54], the
mechanisms involved in regulating IFN-dependent gene transcription are less well understood.

Transcriptional coactivators are important modulators of gene regulation. Coactivators regulate
gene transcription by modifying chromatin structure and enhancing promoter accessibility. In
addition, coactivators can recruit other factors to the promoter of responsive genes that enhance
the transcriptional response. DRIP150 is a member of a multi-protein complex that shares
several subunits with the mammalian Mediator complex [29,54]. Mediator complexes function
as a bridge between distal transcription activators and RNA polymerase II. The Mediator
complex is essential for the regulation of NF-κB, SP1 and most nuclear hormone receptor
signaling pathways including the ER [13]. DRIP150 interacts with both ER-α and ER-β [56].
ISGF3-mediated transcription is dependent on STAT2 interactions with DRIP150 [55].
Interestingly, one of the DRIP coactivators, TRAP220 showed preference for interacting with
ER-β over ER-α [56].

Our data indicate that DRIP150 expression is altered in SLE compared with normal T cells in
response to estradiol. These results are the first to suggest that abnormal cofactor recruitment
to the promoter of genes involved in cell signaling could lead to enhanced pathway activation
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and disrupt normal T cell function. Over and or under expression of key signaling pathways is
expected to contribute to the development of autoimmune disease. It may be that abnormal
coactivator expression recruits ERs to the promoters of genes that are not normally regulated
by estradiol. Alternatively, inappropriate cofactor recruitment could occur by differential
expression of ER subtypes such that ratio of ER-α/ER-β is altered in SLE T cells [57] leading
to abnormal signal transduction. It is now clear that the time has come to explore the role of
coactivators and corepressors as possible mechanisms underlying the deregulation of numerous
genes in SLE T cells.
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Figure 1.
Expression of interferon-related genes in the activated T cells from SLE patients (n=6)
increased in response to estradiol but not in the activated T cells from healthy donors (n=5).
Activated T cells were cultured without and with estradiol. Fold change (FC) values were
calculated from gene profiling data as a ratio of expression levels with estradiol compared to
expression levels without estradiol from the same individuals. The mean FC for thirteen genes
representing those associated with the interferon-α pathway are displayed (1–13). Dark bars
(black) are mean FC values from all T cell samples obtained from control females. Light bars
(gray) are mean FC values from all T cell samples obtained from female SLE patients. The
horizontal lines represent mean FC values for each group, 1.0 for the control T cells and 1.6
for the SLE T cells. 1 = DRIP150; 2 = IFIT1; 3 = IFNAR1; 4 = INFAR2; 5 = JAK1; 6 = JAK2;
7 = OAS1; 8 = PTPN11; 9 = PTPN2; 10 = SEC14; 11 = SOCS1; 12 = STAT1; 13 = STAT2.
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Table 1

Estradiol uniquely upregulates signaling pathways in activated SLE T cells but not in normal T cells. Gene lists
that were generated from microarray data were analyzed for pathways uniquely upregulated in all SLE but not
in control T cells. List shown is of pathways in the SLE T cells which met the criteria for significance (p ≤ 0.05).

Pathway SLE T cells p-valueControl T cells p-value
Pentose Phosphate Pathway 0.0002 NS
Inositol Phosphate Metabolism 0.0030 NS
Sulfur Metabolism 0.0037 NS
PI3K/AKT Signaling 0.0041 NS
Interferon Signaling 0.0047 NS
T Cell Receptor Signaling 0.0062 NS
Glucocorticoid Receptor Signaling 0.0069 NS
GM-CSF Signaling 0.0071 NS
Insulin Receptor Signaling 0.0141 NS
β-alanine Metabolism 0.0155 NS
Propanoate Metabolism 0.0170 NS
Valine, Leucine and Isoleucine Degradation 0.0170 NS
Pantothenate and CoA Biosynthesis 0.0191 NS
Calcium Signaling 0.0275 NS
Synaptic Long Term Potentiation 0.0380 NS
SAPK/JNK Signaling 0.0407 NS
Huntington’s Disease Signaling 0.0407 NS
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Table 2

Estradiol uniquely downregulates signaling pathways in activated SLE T cells but not in normal T cells. Gene
lists that were generated from microarray data were analyzed for pathways uniquely downregulated in all SLE
T cells and not in the control T cells. List shown is of pathways which met the criteria for significance (p ≤ 0.05)
in SLE T cells.

Pathway SLE T cells p-valueControl T cells p-value
PPARα/RXRγ Activation 0.0006 NS
G-Protein Coupled Receptor Signaling 0.0017 NS
Hepatic Fibrosis/Hepatic Stellate Cell Activation 0.0019 NS
cAMP-mediated Signaling 0.0024 NS
Nitrogen Metabolism 0.0058 NS
Propanoate Metabolism 0.0102 NS
Circadian Rhythm Signaling 0.0120 NS
Axonal Guidance Signaling 0.0174 NS
Keratan Sulfate Biosynthesis 0.0234 NS
Calcium Signaling 0.0275 NS
Fatty Acid Metabolism 0.0282 NS
Valine, Leucine and Isoleucine Degradation 0.0309 NS
Cardiac β2-adrenergic Signaling 0.0324 NS
β-alanine Metabolism 0.0417 NS
Phospholipid Degradation 0.0417 NS
Synaptic Long Term Potentiation 0.0437 NS
LPS/IL-1 Mediated Inhibition of RXR Function 0.0437 NS
TGF-β Signaling 0.0447 NS
IL-2 Signaling 0.0457 NS
Amyloid Processing 0.0457 NS
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Table 3

Estradiol uniquely upregulates signaling pathways in activated normal T cells but not in SLE T cells. Gene lists
that were generated from microarray data were analyzed for pathways uniquely upregulated in all control but not
in SLE T cells. List shown is of pathways which met the criteria for significance (p ≤ 0.05) in control T cells.

Pathway Control T cells p-valueSLE T cells p-value
Axonal Guidance Signaling 0.0001 NS
Ephrin Receptor Signaling 0.0011 NS
Regulation of Actin-based Motility by Rho 0.0021 NS
Valine, Leucine and Isoleucine Degradation 0.0043 NS
Antigen Presentation Pathway 0.0102 NS
Sonic Hedgehog Signaling 0.0102 NS
Bile Acid Biosynthesis 0.0110 NS
Serotonin Receptor Signaling 0.0123 NS
N-Glycan Biosynthesis 0.0141 NS
Xenobiotic Metabolism Signaling 0.0191 NS
FXR/RXR Activation 0.0372 NS
β-alanine Metabolism 0.0407 NS
Aryl Hydrocarbon Receptor Signaling 0.0427 NS
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Table 4

Estradiol uniquely downregulates signaling pathways in activated control T cells but not in SLE T cells. Gene
lists that were generated from microarray data were analyzed for pathways uniquely downregulated in all normal
and not in the control T cells. List shown is of pathways which met the criteria for significance (p ≤ 0.05) in
control T cells.

Pathway Control T cells p-valueSLE T cells p-value
IGF-1 Signaling 0.0002 NS
Insulin Receptor Signaling 0.0002 NS
PI3K/AKT Signaling 0.0009 NS
Natural Killer Cell Signaling 0.0016 NS
Fc Epsilon RI Signaling 0.0017 NS
Mitochondrial Dysfunction 0.0025 NS
Ceramide Signaling 0.0030 NS
Estrogen Receptor Signaling 0.0039 NS
NRF2-mediated Oxidative Stress Response 0.0044 NS
Synaptic Long Term Depression 0.0056 NS
Glucocorticoid Receptor Signaling 0.0058 NS
T Cell Receptor Signaling 0.0091 NS
Xenobiotic Metabolism Signaling 0.0100 NS
JAK/Stat Signaling 0.0117 NS
Oxidative Phosphorylation 0.0126 NS
VDR/RXR Activation 0.0138 NS
Integrin Signaling 0.0145 NS
Protein Ubiquitination Pathway 0.0195 NS
Neuregulin Signaling 0.0200 NS
Amyotrophic Lateral Sclerosis Signaling 0.0234 NS
Death Receptor Signaling 0.0251 NS
SAPK/JNK Signaling 0.0282 NS
Ubiquinone Biosynthesis 0.0347 NS
ERK/MAPK Signaling 0.0398 NS
FXR/RXR Activation 0.0407 NS
IL-4 Signaling 0.0417 NS
NF-κB Signaling 0.0427 NS
Apoptosis Signaling 0.0437 NS
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