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Background: Syk is increased in effector T cells and SLE T cells and contributes to increased TCR activation-induced
intracytoplasmic calcium flux.
Results: c-Jun in cooperation with Ets2 increases the transcription of SYK and the intracytoplasmic calcium flux.
Conclusion: c-Jun overexpression may cause the increase in calcium flux in SLE.
Significance: c-Jun represents an important diagnostic and treatment target for SLE.

Effector T cells and T cells from patients with systemic lupus
erythematosus (SLE) express increased levels of the spleen tyro-
sine kinase (Syk). Syk binds to the T cell receptor (TCR)-CD3
complex and transduces the TCR-mediated signal in the cell
more efficiently than the canonical CD3� chain. The reasons for
the increased expressionof Syk are unclear. In the present study,
we found that Syk is regulated by the transcription factor c-Jun
in cooperation with Ets2. c-Jun and Ets2 bound to the SYK pro-
moter in close proximity and increased the promoter activity in
a specific manner. Disruption of c-Jun and Ets2 expression by
siRNA resulted in decreased expression of Syk. Overexpression
of c-Jun but not Ets2 resulted in increase in Syk protein. c-Jun
and Ets2 co-immunoprecipitated and had an additive effect on
Syk expression. c-Jun-driven SYK promoter activation showed a
similar pattern in B cells; however, as expected, basal promoter
activity was much higher in B cells as compared with T cells.
Overexpression of c-Jun led to increase in intracytoplasmic cal-
cium flux following TCR stimulation. Moreover, we found that
SLE T cells had increased levels of c-Jun at baseline and phos-
phorylated c-Jun upon activation. Finally, disruption of c-Jun
and Ets2 in SLE T cells resulted in a decrease in calcium flux
uponTCR stimulation. In conclusion, c-Jun in cooperationwith
Ets2 increases the expression of Syk and contributes to Syk-me-
diated heightened calcium responses in SLE T cells.

The spleen tyrosine kinase (Syk)2 is increased in total amount
and level of phosphorylation in systemic lupus erythematosus
(SLE) T cells and associates with theT cell receptor (TCR)-CD3
complex, serving as a main signal transducer (1). This event
contributes to the hyperexcitable phenotype of SLE T cells, i.e.
the robust intracytoplasmic flux of calcium following the

engagement of TCR. Contrary to SLE T cells, resting T cells
from healthy volunteers do not express Syk at significant levels.
Once activated, however, CD4 T cells acquire an effector
phenotype that, not unlike SLE T cells, is characterized by
expression of Syk (2). In both SLE T cells and effector CD4 T
cells, Syk binds to the FcR� chain that replaces the CD3�
chain as the preferred signal-transducing molecule of the
TCR-CD3 complex.
The significance of this rewiring of the main signal sensor of

T cells with Syk becoming its preferred signaling partner has
been well established. Inhibition of Syk in SLE T cells in vitro
leads to normalization of calcium flux in these cells (1). Simi-
larly, an oral Syk inhibitor improved nephritis in two different
strains of lupus-pronemice (3, 4) and showed promising results
in clinical trials in rheumatoid arthritis patients (5).
Nevertheless, the mechanisms that underlie the up-regula-

tion of Syk in both effector and SLET cells are largely unknown.
Our previous work showed that the expression of Syk in T cells
(6) is controlled at the promoter level, with the transcriptional
repressor cAMP-responsive element modulator-� (CREM-�)
tonically preventing the transcription of SYK in normal but not
in SLE T cells. We therefore hypothesized that other trans fac-
tors bind to the SYK promoter and dictate the expression of Syk
in SLE T cells and effector T cells overcoming the effect of
transcriptional repressors. In this study, we show that the SYK
promoter contains sites that bind c-Jun and Ets2. The two tran-
scription factors cooperate to increase the expression of Syk,
contributing to higher calcium influx in T cells.

EXPERIMENTAL PROCEDURES

Patients—12 patients who fulfilled the American College of
Rheumatology criteria for the diagnosis of SLE (7) donated
40–50 ml of blood for our studies. Samples were collected in
heparin-lithium tubes. All but one patient were female with a
mean age of 39.6 (29–60) years old. 25% of the patients were
African-Americans, and 75% were white. The disease activity
was calculated using the SLE disease activity index (8). At the
time of the blood draw, 42% of the patients were taking oral
prednisone at a mean dose of 9.5 (2.5–15) mg, 75% were taking
hydroxychloroquine, and 50%were onMycophenolateMofetil.
One patient was on tacrolimus, one was on azathioprine, and
one patient was taking weekly methotrexate at the time of the
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study. Prednisone was held for at least 12 h prior to the blood
draw. The institutional review board of Beth Israel Deaconess
Medical Center approved the study protocol, and informed
consents were obtained from all the study subjects.
Antibodies—Mouse monoclonal antibody against Syk (clone

4D10), c-Jun antibody (sc-74543), Ets2 antibody, goat anti-rab-
bit HRP, and goat anti-mouse HRP were procured from Santa
Cruz Biotechnology. An antibody against phosphorylated Syk
(Tyr-348) was purchased from Pharmingen. Antibody against
phosphorylated c-Junwas purchased fromCell Signaling Tech-
nology (Danvers, MA). The anti-human CD3 antibody clone
OKT3 was purchased from BioXcell, and anti-human CD28
was procured from BioLegend. �-Actin antibody was pur-
chased from Sigma-Aldrich.
Expression Vectors—A SYK promoter luciferase reporter

construct (product identifier 108157_CHR9_P0393_R1-SYK)
that was cloned in pSGG vector (modified pGL4) was pur-
chased from Switch Gear Genomics (Menlo Park, CA). The
construct length was �782 from the transcription initiation
site. pRSV-c-Jun was a gift from Michael Blanar (University of
California, San Francisco ). The Rous sarcoma virus promoter/
enhancer-c-Jun cassette was described before (9). Ets2 expres-
sion vector was a gift fromMichael C. Ostrowski (Department
of Molecular Genetics, Ohio State University, Columbus, OH)
(10). Jun D cDNA in an expression vector was purchased from
OriGene Technologies (Rockville, MD). CREB and c-Fos con-
structs were described before (11, 12).
Two deletion mutants of SYK promoter of �385 and �73

were constructed in luciferase expression vector by directional
cloning of amplified PCR product using XhoI and HindIII
restriction sites as linkers. The primers used in the study are
�385 sense, TAACTCGAGTCCAGCACAGTAGCTTGGA-
GCTT and �73 sense ATTAACTCGAGCTTCAGCCGA-
TTCCCGCCCAGCTCC in combination with an antisense
primer, CGCAAGCTTTAGAACAAGAAAGGGCATG-
AAAGCA.
T Cell Isolation—T cells from healthy donors and SLE

patients were isolated and purified from peripheral blood by
using a RosetteSep kit (Stem Cell Technologies Inc.) following
the manufacturer’s instructions. T cells were separated from
Rosetted cell complexes by Lymphoprep gradient (Fresenius
Kabi Norge AS, Oslo, Norway) and then cultured in RPMI 1640
with 5%CO2 supplemented with 10% fetal bovine serum for 2 h
prior to experimental use.
B Cell Isolation—B cells were isolated from peripheral blood

of healthy individuals by using CD19 MicroBeads procured
from Miltenyi Biotech (Cambridge, MA) following company
provided protocol.
Transfection/Luciferase Experiments—5 � 106 purified T

cells were resuspended in T cell Amaxa nucleofector solution
(Lonza Walkersville Inc., Walkersville, MD), and transient
transfection of 2.0 �g of SYK reporter plasmids was performed
along with 0.5 �g of c-Jun or Ets2 cDNA in expression vector
either alone or together. 50 ng of Renilla luc gene driven by the
cytomegalovirus (CMV) promoter (pRL-CMV; Promega,Mad-
ison, WI) was used as an internal control in all transfection
experiments. After 24 h of incubation, cells were washed with
PBS and lysedwith Passive Lysis Buffer, and luciferase activities

were measured by injecting luciferase assay reagent (Promega)
into cell extracts and recording luminescence (a 15-s light out-
put) in a TD20/20 luminometer (Turner Biosystems,Mountain
View, CA). The Renilla luciferase activity as internal control
was assayed with the Dual-Luciferase reporter assay system
(Promega). The relative luciferase activity was then calculated
according to the formula: relative luciferase activity � firefly
luciferase activity/Renilla luciferase activity.
Mutagenesis—The QuikChange site-directed mutagenesis

method was performed using PfuTurbo� DNA polymerase in a
temperature cycler. The basic procedure utilizes a super-
coiled double-stranded DNA vector with the insert of inter-
est and two synthetic oligonucleotide primers containing the
desired mutation. The oligonucleotide primers that were
used to mutate the activator protein-1 (AP-1) site were
M-AP-1 sense, AGCTTGTTGGTTTGGATGTCAAGATA-
CACTCCAGG, and M-AP-1 antisense, CCTGGAGTGTA-
TCTTGACATCCAAACCAACAAGCT. The primers were
extended during temperature cycling by PfuTurbo DNA
polymerase. Incorporation of the oligonucleotide primers
generated a mutated plasmid containing staggered nicks.
Following temperature cycling, the product was treated with
DpnI. The nicked vector DNA containing the desired muta-
tions was then transformed into One Shot� TOP10 cells
(Invitrogen) supercompetent cells. The final clone was
sequenced and used in transfection. Luciferase activity was
measured following the procedure as discussed before.
Western Blot—Total protein was extracted from T cells by

radioimmunoprecipitation assay (RIPA) buffer (Boston Bio-
Products) supplemented with protease and phosphatase inhib-
itors (5 mM sodium fluoride (NaF), 4 mM sodium vanadate
(Na3VO4), aprotinin, leupeptin, 1 mM dithiothreitol, and 1 mM

4-(2-aminoethyl) benzenesulfonyl fluoride). An equal amount
of proteins was resolved on a 4–12% Bis-Tris NuPAGE precast
gel at 200 V for 1 h and transferred to polyvinylidene difluoride
(PVDF)membrane at 30 V for 2 h, blocked in 5% nonfat milk in
Tris-buffered saline with Tween 20 (TBS-T) buffer for 3 h,
incubated with primary antibody (1:1000) overnight, washed
three times with TBS-T, incubated with horseradish peroxi-
dase-conjugated goat anti-mouse or goat anti-rabbit secondary
antibody for 3 h, washed three times with TBS-T buffer, incu-
bated for 2–5min with ECL reagents (Amersham Biosciences),
and visualized by a Fuji LAS-3000 scanner. Respective blots
were stripped, blocked again, and developed with �-actins fol-
lowing a similar procedure.
siRNA Transfection—Predesigned and validated siRNAs

were purchased fromAppliedBiosystems (Carlsbad, CA): c-Jun
siRNA, sense, GGCACAGCUUAAACAGAAATT, and anti-
sense, UUUCUGUUUAAGCUGUGCCAC; Ets2 siRNA, sense,
GAGCUGCUAUCAGACAAAUTT, and antisense, AUUUG-
UCUGAUAGCAGCUCCA); and Syk siRNA, sense, CGCUC-
UUAAAGAUGAGUUATT, and antisense, UAACUCAUCU-
UUAAGAGCGGG. Negative control siRNA-SilencerNegative
Control #1 siRNA was purchased from Applied Biosystems.
Two different concentrations of siRNAs were transfected by
electroporation in 5 � 106 primary T cells by using Amaxa
nucleofector solution as described above. siRNA-transfected
cells were plated in RPMI 1640 media without any antibiotic

c-Jun and Ets2 Regulate Expression of Syk in T Cells

11834 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 15 • APRIL 6, 2012



and incubated for 72 h. Where stated, transfected cells were
exposed to anti-CD3/CD28 antibodies for 30 min. Cells were
lysed with RIPA buffer and analyzed by Western blots and
appropriate antibodies. To visualize better Syk protein expres-
sion in T cells, 50 �g of total protein was loaded during separa-
tion on SDS-PAGE.
Chromatin Immunoprecipitation Assay (ChIP)—3 � 106 T

cells were stimulated with 1 �g of anti-CD3/CD28 antibodies
or left untreated and cross-linked with 1% formaldehyde for 10
min at 37 °C. Cells were washed twice with ice-cold PBS con-
taining protease inhibitors, dissolved in SDS Lysis Buffer to
obtain the appropriate number of cells/150 �l, and incubated
for 10min on ice, andDNAwas sheared to lengths between 200
and 1000 bp by sonication. Sonicated DNA was diluted with
ChIP dilution buffer, precleared with 30 �l of salmon sperm
DNA-protein A-agarose 50% slurry for 1 h at 4 °C with agita-
tion, and subjected to precipitation using anti-c-Jun antibody
overnight. Immunoprecipitated DNAwas incubated with 50�l
of salmon sperm DNA/protein A-agarose slurry for 6 h fol-
lowed by gentle centrifugation (�1000 rpm for 5 min). Protein
A-agarose/antibody/protein complex was washed sequentially
by low salt, high salt, LiCl immune complex, and Tris-EDTA
wash buffer (Millipore, Billerica, MA). Freshly prepared elu-
tion buffer (1% SDS, 0.1 M NaHCO3) was used to elute DNA-
protein complex, purified by using a QIAamp DNA purifica-
tion kit (Qiagen), and analyzed by PCR. The primers used for
amplification of the SYK promoter were: sense, GAGTGCT-
CCAGCACAGTAGCTT, and antisense, TTCATGCC-
CTTTCTTGTTCT.
ElectrophoreticMobility Shift Assay (EMSA)—5pmol of dou-

ble-stranded synthetic oligonucleotides encompassing one
potential AP-1 site or Ets binding sites on SYK promoter was
annealed and labeledwith [32P]ATPby usingT4polynucleotide
kinase. The primers usedwere as follows: AP-1wild type probe,
sense, GTTTGGTGACCAAGATACAC, and antisense: GTG-
TATCTTGGTCACCAAAC; AP-1mutated probe, sense, GTT-
TGGTCACTAGGATACAC, and antisense, GTGTATCCTA-
GTGACCAAAC; Ets2 wild type probe, sense, CACTCCAGG-
GAATATGCCATGC, and antisense, GCATGGCATATTCC-
CTGGAGTG; Ets2 mutated probe, sense, CACTCCAGTTC-
ATATGCCATGC, and antisense: GCATGGCATATGAACT-
GGAGTG. Briefly, 5 �g of T cell nuclear extracted protein (13)
was incubated with labeled probe in the presence of binding
buffer, 1�g of poly(dI�dC), and different concentrations of cold
competitor for 1 h at 20 °C. The DNA-protein complex was
isolated on 6% DNA retardation gel at 110 V for 1 h. In a sepa-
rate binding reaction, 2 �g of c-Jun antibody (Santa Cruz Bio-
technology and BD Biosciences) was used to verify the specific-
ity of complex. An additional binding reaction was performed
with a probe where AP-1 sites or Ets binding sites were dis-
rupted by three bases alongside the wild type probe. Gels were
fixed in 10% acetic acid and 10% methanol for 10 min, dried,
exposed overnight to a phosphor screen, and scanned using a
PhosphorImager scanner (GE Healthcare).
Co-immunoprecipitation—10 � 106 T cells were lysed in

RIPA buffer supplemented with protease and phosphatase
inhibitors. Immunoprecipitation was performed using specific
antibody and 100 �g of total cell lysates in radioimmunopre-

cipitation buffer overnight. The immune complexes were col-
lected by incubating the cell extracts with protein G-agarose
beads for 5–6 h at 4C. Protein G-agarose beads were washed
three times with radioimmunoprecipitation buffer supple-
mented with protease inhibitors and 500 mM sodium chloride
and eluted by SDS protein sample buffer without any reducing
agent, separated in denaturing gel, and analyzed by Western
blot.
Measurement of Free Cytosolic Calcium—5 � 103 primary T

cells isolated from healthy donors and SLE patients were trans-
fected with 0.9 �M c-Jun, Ets2, Syk, and control siRNA in sep-
arate groups, and after appropriate incubation, the cells were
washed with RPMI 1640 with 1% FBS followed by labeling with
1 �g/ml Indo-1 (Molecular Probes, Eugene, OR) for 30 min at
37 °C, washed with RPMI 1640, and kept on 37 °C water bath.
Cells were analyzed using a BD Biosciences LSRII flow cytom-
eter. Sampleswere run and at 40 s, and then either anti-CD3 (10
�g/ml) or the isotype control goat anti-mouse IgG was added;
after running for another 10 s, goat anti-mouse cross-linkerwas
added. The ratio of the violet to blue Indo-1 fluorescence,
which is directly proportional to free cytosolic Ca2�, was
recorded for a period of 8 min. Data were analyzed in FlowJo
software (Tree Star, Inc. Ashland, OR). In a separate experi-
ment, T cellswere transfectedwith 0.5�g of c-Jun in expression
vector or empty vector, and cytosolic Ca2� was measured fol-
lowing the same procedure as stated above.
Statistical Analysis—Statistical analyses were performed

using GraphPad� Prism. Student’s t test and analysis of vari-
ance were used for statistical comparisons. Results with p �
0.05 were regarded as statistically significant.

RESULTS

c-Jun Binds to SYK Promoter at Position �354—Previous
work (1, 2) has shown that resting T cells express low levels of
Syk, but when they become activated, Syk expression increases.
We postulated that transcription factors that are activated fol-
lowing T cell stimulation contribute to the up-regulation of
Syk.
One such important factor is c-Jun, which forms the AP-1

complex either as a homodimer or as a heterodimer with c-Fos.
AP-1 alone or in cooperation with other transcription factors
such as nuclear factor of activatedT cells (NF-AT) increases the
expression of multiple pro-inflammatory genes.
We found that the promoter of SYK contains a potential

AP-1 binding site at position �354 (Fig. 1A). We performed
ChIP assays using nuclear lysates from normal T cells under
resting conditions or following stimulation with anti-CD3 and
anti-CD28 antibodies. We found that (Fig. 1B) c-Jun binds to
the SYK promoter in a specific manner. We then constructed a
32P-labeled probe that mirrored the AP-1 binding site of the
SYK promoter (Fig. 1C). Incubation of this probe with nuclear
extracts from T cells resulted in a specific protein-DNA com-
plex that was dissolved in the presence of anti-Jun antibody
(Fig. 1C, left panel) or excess unlabeled probe (Fig. 1C, right
panel). Moreover, mutation of three nucleotides in the AP-1
probe resulted in significant decrease in binding (Fig. 1D).
Taken together, these findings suggest that c-Jun binds to SYK
promoter at the �354 site. Of note, c-Jun binding to SYK pro-
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moter increases with stimulation of the T cells, consistent with
the recognized increase in Syk expression in preactivated effec-
tor T cells.
Ets2 Binds to SYK Promoter—Complexes formed with c-Jun

act in cooperation with other factors to increase the transcrip-
tion of several genes. In the case of SYKpromoter, we noted that
it contained several Ets binding sites, one of which, at position
�333, was in close proximity to the �354 12-O-tetradecanoyl-
phorbol-13-acetate response element site.We therefore postu-
lated that Ets binds to the SYK promoter and may cooperate
with c-Jun in its transcription.
We constructed Ets binding radiolabeled probes (Fig. 1E)

that formed a complex with T cell-derived nuclear protein.
The complex was disrupted in the presence of anti-Ets2 anti-
body (Fig. 1E, left panel) or excess unlabeled probe (Fig. 1E,
right panel). In Fig. 1F, we show that mutation of three nucle-
otides in the �333 probe prevented the formation of the
specific DNA-protein complex. We therefore concluded
that Ets2 binds to the SYK promoter in close proximity to the
c-Jun binding site.
c-Jun and Ets2 Regulate Transcription of Syk—Given that

c-Jun and Ets2 bind to the SYK promoter, we asked whether
they regulate the expression of Syk in T cells. To this end, we

transfected T cells with a luciferase construct driven by the
proximal SYK promoter (see “Experimental Procedures”)
together with a c-Jun expressing vector that indeed increased
the expression of c-Jun (Fig. 2A, upper panel). We found that
increase in c-Jun expression resulted in a 15-fold increase in
luciferase activity (Fig. 2B). Mutation of the SYK promoter-
luciferase construct at the �354 site attenuated but did not
abolish completely the effect of c-Jun on the promoter activity.
In addition to the �782 SYK promoter luciferase construct, we
tested several other deletion mutants. We found that elimina-
tion of the cAMP-response element site at position �539
increased 30-fold the promoter activity with c-Jun overex-
pression as compared with �782 as expected based on our
previous observations (6). Conversely, a shorter (starting at
the �73 nucleotide) luciferase construct that did not contain
the �354 site had almost no activity with c-Jun overexpres-
sion (Fig. 2C).
Contrary to the effect of c-Jun, we observed a mild effect of

Ets2 overexpression (Fig. 2A, lower panel) on SYK promoter
activity (Fig. 2D). Nevertheless, overexpression of both c-Jun
and Ets2 resulted in an additive effect with the luciferase activ-
ity increasing 25-fold over the activity when only c-Jun was
overexpressed (Fig. 2D).

FIGURE 1. c-Jun and Ets2 bind to the proximal SYK promoter. A, the SYK proximal promoter area is depicted here. The proposed AP-1 and Ets binding sites
are marked. B, 3 � 106 normal T cells were cultured in the presence or absence of anti-CD3/CD28 for 30 min and then lysed and used for ChIP experiments with
anti-c-Jun or control antibody (Ab) as described under “Experimental Procedures.” The immunoprecipitated DNA was amplified using primers specific for the
SYK proximal promoter. A representative experiment and cumulative data from three independent experiments are shown here. C, resting normal T cells were
lysed, and the nuclear extract was incubated with a double-stranded oligonucleotide spanning the �354 region of the proximal SYK promoter (�354 probe).
In the left panel, we show an EMSA assay of the nuclear protein/�354 probe solution in the absence of antibody or in the presence of control IgG or anti-c-Jun
antibodies. In the right panel, the same EMSA nuclear protein/�354 probe solution was incubated in the presence of various concentrations of nonradiola-
beled �354 probe, and the autoradiographic picture is shown. D, resting normal T cells were lysed, and the nuclear extract was incubated with the �354 probe
or a mutated double-stranded oligonucleotide spanning the �354 region of the proximal SYK promoter (mutated �354 probe); the autoradiographic picture
is shown here. E, resting normal T cells were lysed, and the nuclear extract was incubated with a double-stranded oligonucleotide spanning the �333 region
of the proximal SYK promoter (�333 probe). In the left panel, we show an EMSA assay of the nuclear protein/�333 probe solution in the absence of antibody
or in the presence of control IgG or anti-Ets2 antibodies. In the right panel, the same EMSA nuclear protein/�333 probe solution was incubated in the presence
of various concentrations of nonradiolabeled �333 probe, and the autoradiographic picture is shown. F, resting normal T cells were lysed, and the nuclear
extract was incubated with the �333 probe or a mutated double-stranded oligonucleotide spanning the �333 region of the proximal SYK promoter (mutated
�333 probe); the autoradiographic picture is shown here.
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In a different set of experiments, we observed that overex-
pression of c-Jun greatly increased the expression of Syk pro-
tein (Fig. 2E) in T cells. Contrary to that, Ets2 overexpression
did not lead to detectable Syk protein increase (data not
shown). These results suggested that c-Jun binds to the �354
site of the SYK promoter and increases its activity, resulting in
increased levels of Syk protein in T cells. Moreover, although
Ets2 is a weak activator of SYK, it does have an additive effect
with c-Jun in increasing Syk expression.Wedid not observe any
increase in the SYK luciferase construct activity by overexpress-
ing other members of the AP-1 family of transcription factors;
namely, overexpression of c-Fos, JunD, andCREB in T cells had
no effect on the promoter activity (Fig. 2F). Overexpression of
c-Jun in primary B cells had also similar effect as in T cells, with
an increase in the SYK promoter activity (Fig. 3B). It has to be

noted that baseline SYK promoter activity was significantly
higher in B cells than in T cells as expected (B cells versusT cells
relative luciferase activity � S.E.: 1.14 � 0.32 versus 0.153 �
0.02, Fig. 3A). In T cells, basal SYK promoter activity was
�7-fold over empty vector, contrary to B cells, in which activity
was �50-fold (Fig. 3A).
c-Jun and Ets2 Cooperate in Regulating Expression of Syk—

To further understand the effect of c-Jun and Ets2 in the
expression and activation of Syk, we used siRNA that specifi-
cally targeted c-Jun (Fig. 4A, top panel) and Ets2 (Fig. 4A, lower
panel) expression. The cells that were transfected with siRNA
showed a significant (�50%) reduction in the expression of
c-Jun and Ets2. T cells treated with c-Jun siRNA displayed a
significant decrease in Syk expression (control versus c-Jun
siRNA-treated T cells Syk/actin ratio � S.E.: 1.68 � 0.163 ver-

FIGURE 2. c-Jun and Ets2 increase SYK promoter activity in T cells. A, overexpression of c-Jun and Ets2. Upper panel, 5 � 106 T cells from healthy donors were
transfected with 1 �g of c-Jun expression vector or empty vector, and at 24 h after transfection, cells were lysed in RIPA buffer and subjected to Western blot
with an antibody against total c-Jun. The lower panel is the same as the upper panel except that expression vector was used for Ets2 and Western blot was
performed with Ets2 antibody. The same membranes were stripped, blocked, and reprobed with �-actin. B, 5 � 106 T cells from peripheral blood of healthy
donors were transfected with wild type �782 SYK promoter (left side) or an AP-1 site mutated �782 SYK promoter construct (right side). c-Jun-overexpressing
vector was used to increase c-Jun expression. After 24 h of incubation, the cells were lysed, and the luciferase activity was recorded (see “Experimental
Procedures”). The mean luciferase activity � S.E. from 10 independent experiments is shown here. C, 5 � 106 T cells from peripheral blood of healthy donors
were transfected with SYK promoter of �782, �385, and �73 lengths, and c-Jun-overexpressing vector was used to increase c-Jun expression. After 24 h of
incubation, the cells were lysed, and the luciferase activity was recorded (see “Experimental Procedures”). The mean luciferase activity � S.E. from three
independent experiments is shown here. CRE, cAMP-response element. D, 5 � 106 T cells from peripheral blood of healthy donors were transfected with wild
type SYK promoter and c-Jun- and Ets2-overexpressing vectors or control vectors as indicated. After 24 h of incubation, the cells were lysed, and the luciferase
reading was recorded. The mean luciferase activity � S.E. from 10 independent experiments is shown here. E, 5 � 106 T cells from healthy donors were
transfected with 1 �g of c-Jun expression vector or empty vector. After 24 h of incubation, the cells were lysed in RIPA buffer and subjected to Western blot with
an antibody against total Syk. The band intensity was calculated using Bio-Rad Quantity One, and the ratio of Syk/actin was calculated. A representative
experiment and cumulative data from three separate experiments are presented here. F, 5 � 106 T cells from peripheral blood of healthy donors transfected
with �782 SYK promoter were also cotransfected with c-Jun-, JunD-, c-Fos-, and CREB-expressing vectors as indicated. After 24 h of incubation, the cells were
lysed, and the luciferase activity was recorded (see “Experimental Procedures”). The mean luciferase activity � S.E. from three independent experiments is
shown here. (The error bars represent S.E.; *, p � 0.05, **, p � 0.01, ***, p � 0.001.)
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sus 0.73 � 0.009; p � 0.01, Fig. 4B). More importantly T cells
treated with c-Jun siRNA showed a decrease in the expression
of the activated p-Syk following TCR stimulation (control ver-

sus c-Jun siRNA-treated T cells p-Syk/actin ratio � S.E.: 1.1 �
0.04 versus 0.62 � 0.09; p � 0.05, Fig. 4C). Similarly, T cells
transfected with Ets2 siRNA displayed decreased expression of

FIGURE 3. c-Jun increases SYK promoter activity in B cells. A, 5 � 106 B cells and T cells were isolated from peripheral blood of healthy donors and transfected with
�782 SYK promoter or empty luciferase vector. After 24 h of incubation, the luciferase activity was recorded. The mean luciferase activity � S.E. from three indepen-
dent experiments is shown here. B, 5 � 106 B cells were isolated from peripheral blood of healthy donors and transfected with SYK promoter of �782, �385, and �73
lengths, and c-Jun-overexpressing vector was used to increase c-Jun expression. After 24 h of incubation, the cells were lysed, and the luciferase activity was recorded
(see “Experimental Procedures”). The mean luciferase activity � S.E. from three independent experiments is shown here. *, p � 0.05, ***, p � 0.001.

FIGURE 4. Silencing of c-Jun and Ets2 in T cells abrogated Syk protein expression. A, 5 � 106 T cells were transfected with two different concentrations of c-Jun
siRNA, Ets2 siRNA, or nonspecific siRNA. After 72 h, the cells were lysed in RIPA buffer and subjected to Western blot with c-Jun antibody (upper panel) and Ets2 antibody
(lower panel). B, 5�106 T cells were transfected with two different concentrations of c-Jun siRNA or nonspecific siRNA. After 72 h, the cells were lysed in RIPA buffer and
subjected to Western blot with total Syk antibody. The band density was quantified, and the Syk/actin ratio was calculated. One representative experiment and
cumulative data from five independent experiments are shown here. C, 5�106 T cells were transfected with two different concentrations of c-Jun siRNA or nonspecific
siRNA. After 72 h, the cells were treated with anti-CD3/anti-CD28 antibodies (treated) or control antibody (untreated) for 30 min. The cells were subsequently lysed in
RIPA buffer, and Western blot was performed with antibody against phosphorylated Syk. The band density was quantified, and the p-Syk/actin ratio was calculated.
One representative experiment and cumulative data from five independent experiments are shown here. D, 5 � 106 T cells were transfected with two different
concentrations of Ets2 siRNA or nonspecific siRNA. After 72 h, the cells were lysed in RIPA buffer and subjected to Western blot with total Syk antibody. The band density
was quantified, and the Syk/actin ratio was calculated. One representative experiment and cumulative data from five independent experiments are shown here. E, 5�
106 T cells were transfected with two different concentrations of Ets2 siRNA or nonspecific siRNA. After 72 h, the cells were treated with anti-CD3/anti-CD28 antibodies
(treated) or control antibody (untreated) for 30 min. The cells were subsequently lysed in RIPA buffer, and Western blot was performed with antibody against
phosphorylated Syk. The band density was quantified, and the p-Syk/actin ratio was calculated. One representative experiment and cumulative data from five
independent experiments are shown here. (The error bars represent S.E.; *, p � 0.05, **, p � 0.01.)
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Syk (control versusEts2 siRNA-treatedT cells Syk/actin ratio�
S.E.: 0.87 � 0.15 versus 0.4 � 0.11, p � 0.05, Fig. 4D) and p-Syk
following activation (control versus Ets2 siRNA-treated T cells
p-Syk/actin ratio � S.E.: 0.56 � 0.07 versus 0.32 � 0.032; p �
0.05, Fig. 4E).
Next, we transfected resting T cells with both c-Jun and Ets2

siRNA. As can be seen in Fig. 5A, we noted a profound decrease
in Syk expression in resting T cells. More importantly, follow-
ing TCR stimulation, T cells transfected with c-Jun and Ets2
displayed a blunted Syk phosphorylation (Fig. 5B). Finally, in
co-immunoprecipitation experiments shown in Fig. 5C, c-Jun
and Ets2 co-precipitate, especially after T cell activation. It has
to be noted that we used�50�g of protein when evaluating the
expression of Syk as Syk concentration is low in resting T cells.
These results suggest that c-Jun and Ets2 cooperate in the tran-
scriptional regulation of Syk.
c-Jun and Ets2 Contribute to Syk-mediated Increase in Cal-

cium Flux—SLE T cells display increased flux of calcium fol-
lowing TCR stimulation. To understand whether c-Jun con-
tributes to this observation, we transfected normal T cells with
c-Jun and recorded the influx of calcium in the cytoplasm fol-
lowing TCR engagement. As shown in Fig. 6B, following cell
activation, the c-Jun-overexpressing T cells had significantly
more calcium concentration in their cytoplasm than control T
cells. Conversely, we used SLET cells to answer whether silenc-
ing c-Jun can decrease the expression of Syk and normalize the
influx of calcium. T cells were isolated from patients with SLE
(SLE disease activity index: 0–9). SLE T cells have higher levels
of both c-Jun (control T cells versus SLE T cells: c-Jun/actin
ratio� S.E., 0.13� 0.06 versus 0.355� 0.11; p � 0.01) (Fig. 6C)
and phosphorylated c-Jun after anti-CD3/CD28 stimulation
(control T cells versus SLE T cells: phospo-c-Jun/actin ratio �
S.E., 0.355 � 0.040 versus 0.757 � 0.029) (Fig. 6D). As previ-
ously published (1, 2), SLE T cells have increased Syk levels as
compared with controls (control T cells versus SLET cells; Syk/

actin ratio � S.E.: 0.12 � 0.009 versus 0.597 � 0.11; p � 0.01)
Fig. 6E). We then transfected SLE T cells with siRNA against
c-Jun, Ets2, and Syk. As shown in Fig. 6F, c-Jun and Ets2
siRNA-treated SLE T cells had blunted calcium flux responses
as compared with control-treated. Syk siRNA (Fig. 6A) had a
more pronounced effect on calcium flux of SLE T cells. There
was no apparent difference in the expression of c-Jun, phospho-
rylated c-Jun, or Syk between patients with different disease
activities or differentmedication doses (data not shown). These
results taken together suggest that c-Jun assisted by Ets2 plays a
central role in the Syk-mediated increased calcium influx
observed in SLE T cells.

DISCUSSION

SLE and effector T cells express Syk in association with FcR�
chain that substitutes for CD3�-Zap-70 duet as the main signal
transducer of the TCR-CD3 molecular complex. This rewiring
of the T cell receptor empowers the T cells to sense and react
vigorously to antigenic triggers. In SLE, several lines of evidence
suggest that TCR rewiring is of pathophysiologic importance.
First, reconstitution of the expression of CD3� in SLE T cells
results in reversal of the inappropriate calcium flux and cyto-
kine secretion (14). Second, inhibition of Syk attenuates the
heightened calcium flux in SLE T cells (1). Therefore, under-
standing the pathophysiologic mechanisms that lead to TCR
rewiring is of major interest.
Following our previous work on the regulation of the SYK

promoter by cAMP-responsive element modulator-� (6) in T
cells, we found that c-Jun increases the expression of Syk. This
effect is augmented in the presence of Ets2. Perturbation of the
expression of c-Jun and Ets2 resulted in changes in T cell
responsiveness, as exhibited by reduced anti-CD3-induced
intracytoplasmic calcium flux. Moreover, we showed for the
first time that altered expression and activation of c-Jun in SLE
T cells contributes to Syk-mediated increased calcium flux.

FIGURE 5. c-Jun and Ets2 cooperate to inhibit Syk expression. A, 5 � 106 T cells were transfected with equal concentrations of c-Jun and Ets2 siRNA or
nonspecific siRNA. 72 h after transfection, the cells were lysed in RIPA buffer and used in Western blots with total Syk antibody. The band density was quantified,
and the Syk/actin ratio was calculated. One representative experiment and cumulative data from five independent experiments are shown here. B, 5 � 106 T
cells were transfected with equal concentrations of c-Jun and Ets2 siRNA or nonspecific siRNA. After 72 h, the cells were treated with anti-CD3/anti-CD28
antibodies (treated) or control antibody (untreated) for 30 min. The cells were then lysed and used in Western blots with p-Syk antibody. The band density was
quantified, and the p-Syk/actin ratio was calculated. One representative experiment and cumulative data from five independent experiments are shown here.
C, T cells were incubated with anti-CD3/anti-CD28 antibodies (treated) or control antibody (untreated). The cells were subsequently lysed with RIPA buffer
supplemented with protease and phosphatase inhibitors. 100 �g of total proteins was immunoprecipitated with 4 �g of Ets-2 overnight. Immune complexes
were recovered by using protein G-agarose beads, and Western blots were performed using antibody against c-Jun (upper panel). In the lower panel, the
immunoprecipitation (IP) was performed using a c-Jun antibody, and the Western blot was done with Ets2 antibody. (The error bars represent S.E.; *, p � 0.05,
**, p � 0.01, ***, p � 0.001.)
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The reason for the increase in c-Jun in SLE T cells is
unknown. c-Jun resides in the cytoplasm of resting T cells and
becomes phosphorylated by Jun-N-terminal kinases (JNK)
(reviewed in Ref. 15). Phosphorylated c-Jun associates with
c-Fos, ATF2, or other Jun molecules to form AP-1 complexes
that are potent pro-inflammatory gene activators. In addition,
AP-1 binds to JUN promoter, increasing its expression in a pos-
itive feedback manner (16).
The most plausible explanation for the increased c-Jun in

SLE T cells is increased JNK activity. JNK phosphorylation,
which mirrors JNK activation status, has been reported as
increased in SLE patients with active disease versus controls
and patients with inactive SLE (17). JNK gets activated by sev-
eral mechanisms including CD3/CD28 stimulation, cytokines
such as TNF-�, and physical stimuli such as UV light (18). In
SLE, repeated cycles of T cell activation, abnormal cytokine
milieu, and/or UV light may explain the JNK and c-Jun activa-
tion. In the present study, the low number of patients limited us
from exploring potential correlations between the expression
of c-Jun and SLE disease activity, medications, or autoantibody
profile. Larger studies following patients over time will be
needed to establish a temporal relation between SLE flares and
increased expression/phosphorylation of c-Jun.
Besides leading to increased Syk expression and transform-

ing T cells into effector T cells, c-Jun activation plays a role in T
cell polarization. It is established that Jun N-terminal kinases
influence T cell polarization into Th1/Th2 effector cells (19).

Specifically, JNK positively influences the production of
Th1 cytokines while inhibiting the production of Th2 cyto-
kines as exhibited by in vitro activation/differentiation of
dnJNK1�Jnk2�/� cells. It is therefore possible that altered
c-Jun activation polarizes T cells toward a Th1 program, and
therefore enhanced production of IFN-�, which is a major
contributor to lupus nephritis.
In conclusion, herein we showed for the first time that c-Jun

in cooperation with Ets2 regulates the expression of Syk in T
cells and contributes to the abnormal early signaling events
in SLE T cells. Future studies will address the usefulness of
targeting the JNK/c-Jun pathway in SLE for diagnosis and/or
treatment.
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