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Background: Mechanisms that control expression of the splicing factor SRSF1 in human T cells are unknown.
Results: Ubiquitination and proteasome degradation of SRSF1 occur during T cell activation and in T cells from patients with
systemic lupus erythematosus (SLE).
Conclusion: Ubiquitin-proteasome degradation regulates SRSF1 expression in human T cells.
Significance: Understanding how SRSF1 expression is regulated in SLE may enable new therapeutic approaches.

T cells from patients with systemic lupus erythematosus (SLE)
exhibit reduced expression of the critical T cell receptor (TCR)-
associated CD3� signaling chain and are poor producers of the
vital cytokine IL-2. By oligonucleotide pulldown and mass spec-
trometry discovery approaches, we identified the splicing regu-
lator serine/arginine-rich splicing factor (SRSF) 1 or splicing
factor 2/alternative splicing factor (SF2/ASF) to be important in
the expression of CD3� chain. Importantly, increases in the
expression of SRSF1 rescued IL-2 production in T cells from
patients with SLE. In this study, we investigated the regulation
of SRSF1 expression in resting and activated human T cells. We
found that T cell stimulation induced a rapid and significant
increase in mRNA expression of SRSF1; however, protein
expression levels did not correlate with this increase. Co-en-
gagement of CD28 induced a similar mRNA induction and
reduction in protein levels. Proteasomal but not lysosomal deg-
radation was involved in this down-regulation as evidenced by
blocking with specific inhibitors MG132 and bafilomycin,
respectively. Immunoprecipitation studies showed increased
ubiquitination of SRSF1 in activated T cells. Interestingly, T
cells from patients with SLE showed increased ubiquitination of
SRSF1 when compared with those from healthy individuals. Our
results demonstrate a novel mechanism of regulation of the
splicing factor SRSF1 in human T cells and a potential molecular
mechanism that controls its expression in SLE.

Systemic lupus erythematosus (SLE)2 is a complex autoim-
mune disease of unknown etiology, which predominantly
afflicts women in the reproductive years. Multi-organ damage

due to deposition of pathogenic autoantibodies and immune
complexes characterizes the disease. Dysregulated T cells are
an important contributor to pathogenesis of this complicated
disease (1). T cells from patients with SLE are poor producers of
the vital cytokine interleukin (IL)-2 (2). We and others have
shown that T cells from patients with SLE exhibit numerous
signaling defects (3, 4), including the reduced expression of the
critical T cell receptor (TCR)/CD3� signaling chain (5, 6). Using
an mRNA oligonucleotide pulldown and mass spectrometry
approach (7), we identified the serine/arginine splicing factor
(SRSF) 1 or splicing factor 2/alternative splicing factor (SF2/
ASF) binding to the CD3� 3�-untranslated region (UTR) (8).
We showed that SRSF1 regulates alternative splicing of the
CD3� 3�-UTR to promote the generation of a full-length ver-
sion over a defective truncated splice variant and thus enhances
CD3� expression in human T cells. Interestingly, we found
altered expression of SRSF1 in T cells from SLE patients. Aver-
age Srsf1 mRNA expression was lower in T cells from SLE
patients when compared with those from healthy individuals.
SRSF1 protein expression was decreased in SLE T cells, more so
in patients with worse disease. Importantly, increasing SRSF1
expression by transient transfection into SLE T cells rescued
IL-2 production (9). The mechanisms of SRSF1 regulation in
human T cells are not known, and understanding these would
help identify the processes involved in its altered expression in
SLE T cells.

SRSF1 or SF2/ASF is a prototype member of the serine/argi-
nine-rich (SR) family of splicing proteins. The N-terminal RNA
binding domain of this protein contains two RNA recognition
motifs, whereas the C-terminal domain has SR dipeptide
repeats and is critical for protein-protein interactions. Not only
does SRSF1 regulate constitutive splicing of pre-mRNA, but
also, it is an important determinant of alternative splicing (10).
Besides alternative splicing, SRSF1 has been shown to regulate
diverse aspects of gene regulation, including mRNA stability
(11, 12), translation (13), and also transcription (9, 14). Very
little is known regarding its role and regulation in immune cells
and specifically in T cells. Antigen activation of T cells has been
described to influence numerous alternative splicing events
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(15), including those of the adhesion molecule CD44 (16) and
signaling proteins such as CD45, which was shown to be regu-
lated by SRSF1 (17). However, not much is known about the
control of this splicing regulator during T cell activation.

T cell activation not only triggers the activation and
increased expression of downstream effectors, but also inter-
estingly down-regulates certain molecules simultaneously. For
example, TCR/CD3 triggering induces a rapid and sustained
down-regulation of the CD3� chain, which is mediated by
ligand-induced endocytosis, ubiquitination, and lysosomal
degradation (18). The I�B� inhibitory component is targeted
for ubiquitin-proteasome degradation, which is essential for
nuclear translocation of NF�B and activation of downstream
targets (19, 20). The ubiquitin-proteasome system is an impor-
tant cellular mechanism of protein degradation, which allows
for the removal of aberrant, misfolded, aged, or excess proteins
and generates peptides and amino acids that can be recycled.
Ubiquitin is a small, 76-amino acid (�8-kDa) protein and is
ubiquitously expressed. It is conjugated through the glycine
residue at the C-terminal end with the side chain of a lysine
residue on the target protein. A series of enzymes, activating
(E1), carrier (E2), and ligase (E3), are involved in the activation
of ubiquitin, recognition of substrate, and conjugation of ubiq-
uitin to the substrate. Polyubiquitin chain-tagged proteins are
ultimately degraded by a large protease called the 26 S protea-
some. A recent study showed that T cell stimulation drives the
proteasomal degradation of Argonaute 2, a core effector pro-
tein of the microRNA-induced silencing complex (21). Another
study showed that the splicing factor SRSF5 is down-regulated
by proteasome degradation and that this occurs simultaneously
with increase in mRNA expression during late erythroid differ-
entiation (22). Whether SRSF1 undergoes similar regulation at
the protein level during T cell activation is not known.

In this study, we show for the first time that T cell activation
induces a rapid and significant increase in the mRNA expres-
sion of SRSF1, whereas protein expression does not mimic this
increase. We further show that bypassing the proximal TCR
signaling with phorbol myristic acid (PMA) and ionomycin
induces a similar phenotype with even stronger down-regula-
tion of protein expression. This discrepancy between the
mRNA and protein expression is not due to excessive mRNA
decay, but rather due to active protein degradation mediated by
the proteasome. Immunoprecipitation of SRSF1 revealed
increased ubiquitination in activated T cells. Finally, we show
that T cells from patients with SLE exhibit increased ubiquiti-
nated forms of SRSF1 when compared with healthy individuals.

EXPERIMENTAL PROCEDURES

T Cells—Peripheral blood from healthy donors was obtained
from the Kraft Family Blood Donor Center (Dana Farber Can-
cer Institute, Boston, MA) and the Blood Donor Center (Boston
Children’s Hospital, Boston, MA). Peripheral blood from SLE
patients, rheumatoid arthritis (RA) patients, and age-, race-,
and gender-matched healthy individuals was drawn at the
Rheumatology Clinic at the Beth Israel Deaconess Medical
Center (Boston, MA). All patients fulfilled at least four of the
American College of Rheumatology (ACR) classification crite-
ria for SLE or RA, respectively. Informed consent was obtained

from all study participants. All studies were approved by the
institutional review board. Total T cells were purified by nega-
tive selection using the Rosette Sep T cell isolation kit (Stem
Cell Technologies, Vancouver, Canada).

Antibodies and Reagents—Anti-SRSF1 (clone 96), anti-Ubiq-
uitin (clone Ubi-1) and control mouse IgG antibodies were pur-
chased from Life Technologies. Anti-CD3� antibody and HRP-
conjugated secondary antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-CD3 (OKT3 clone) anti-
body was purchased from Bio X Cell (West Lebanon, NH), and
anti-CD28 antibody was from BioLegend (San Diego, CA).
Goat anti-mouse cross linker, MG132, and bafilomycin A1
were purchased from EMD Millipore (Billerica, MA). Actino-
mycin D, PMA, ionomycin, and cycloheximide were purchased
from Sigma-Aldrich. Polyubiquitinated conjugates (FK1) mAb,
caspase-3 inhibitor Z-Asp-Glu-Val-Asp-FMK (DEVD), and
pan caspase inhibitor Z-Val-Ala-Asp-FMK (VAD) were from
Enzo Life Sciences (Farmingdale, NY).

T Cell Activation—T cells were cultured in complete RPMI
medium 5 � 106 cells/ml in 24-well plates and stimulated with
soluble anti-CD3 (5 �g/ml), anti-CD28 (2.5 �g/ml), and cross
linker (2.5 �g/ml) antibodies or with PMA (25 ng/ml) and iono-
mycin (0.5 �g/ml) for the time points indicated. In some exper-
iments, cells were pretreated with the proteasome inhibitor
MG132 (5–10 �M) or the lysosomal inhibitor bafilomycin A1
(10 �M) for 2 h before activation. Inhibitors were kept in cul-
tures for the duration of the activation.

RT-PCR—Total RNA was isolated using the RNeasy plus
extraction kit (Qiagen, Valencia, CA). 200 ng of RNA was
reverse-transcribed using the RNA to cDNA EcoDry premix
(Clontech). Real time PCR amplification was carried out with
SYBR Green I master mix on a LightCycler 480 (Roche Applied
Science) using the program: initial denaturation at 95 °C for 5
min, 40 cycles of amplification; denaturation at 95 °C for 15 s,
annealing at 60 °C for 15 s, and extension at 72 °C for 30 s; 1
cycle of melting curves, 95 °C for 15 s, 65 °C for 2 min, and 97 °C
(continuous); and a final cooling at 37 °C. All PCR reactions
were performed in triplicate. Threshold cycle (Ct) values were
used to calculate relative mRNA expression by the �Ct relative
quantification method. Primer sequences are: SRSF1: forward
5�-TCT CTG GAC TGC CTC CAA GT-3� and reverse 5�-GGC
TTC TGC TAC GAC TAC GG-3�; IL-2: forward 5�-CAC ACT
CAC AGT AAC CTC AAC TCC T-3� and reverse 5�-GTG
GGA AGC ACT TAA TTA TCA AGT CAG TG-3�; house-
keeping gene cyclophilin A: forward 5�-TTC ATC TGC ACT
GCC AAG AC-3� and reverse 5�-TCG AGT TGT CCA CAG
TCA GC-3�.

Protein Gel Electrophoresis and Immunoblotting—Cells were
washed with PBS, pelleted, and lysed in radioimmunoprecipi-
tation assay buffer (Boston Bioproducts, Ashland, MA) supple-
mented with complete mini protease inhibitor mixture (Roche
Applied Science). Lysates were mixed with SDS sample buffer
and reducing agent, heated at 70 °C for 10 min, resolved on
4 –12% Bis-Tris SDS-PAGE gels, and transferred to polyvi-
nylidene difluoride (PVDF) membranes. Membranes were
blocked with 5% nonfat milk in Tris-buffered saline with 0.05%
Tween 20 (TBS-T) for 1 h, incubated with primary antibody
(1:1000; or 1:4000 �-actin) overnight at 4 °C, washed three
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times with TBS-T, incubated with HRP-conjugated secondary
antibody (1:2000) for 1 h at room temperature, washed three
times with TBS-T, developed using chemiluminescence detec-
tion reagents, and imaged with the Fujifilm LAS-4000 imager.
Densitometry was performed with the Quantity One software
(Bio-Rad).

Immunoprecipitation Experiments—Immunoprecipitations
were performed using the Direct IP kit (Pierce) according to the
manufacturer’s instructions. Briefly, cells were lysed in immu-
noprecipitation/lysis buffer (15–20 �l/106 cells) with protease
inhibitor mixture and the deubiquitinating enzyme inhibitor,
iodoacetamide (10 mM). Lysates were precleared with control
resin beads for 1 h on a rotator at 4 °C. SRSF1 antibody (3 �g) or
a control mouse IgG was coupled to protein A/G resin beads on
a rotator for 2 h at room temperature. After several washes,
antibody-coupled resin was incubated with precleared lysates
overnight at 4 °C. Several washes were performed to remove
unbound proteins, and bound proteins were eluted with elution
buffer. Elutes were mixed with sample buffer and reducing
agent and heated at 70 °C for 10 min. Gel electrophoresis and
immunoblotting were performed as described in the above
section.

Statistical Analyses—The Student’s t test was used for statis-
tical analysis, and a p value � 0.05 was considered statistically
significant.

RESULTS

T Cell Activation Increases mRNA but Not Protein Expression
of the Splicing Factor SRSF1—We asked whether and how the
mRNA and protein expression of the splicing factor SRSF1 is
modulated during initial T cell activation. T cells purified from
peripheral blood of healthy individuals were stimulated with
anti-CD3 plus anti-CD28 antibodies over a period of 24 h. Total
mRNA and protein were isolated from the cells. Srsf1 mRNA
expression was assessed by reverse transcription and quantita-
tive real time PCR. We previously showed that over a period of
72 h of T cell activation, there is a gradual increase in SRSF1
expression notably at 48 and 72 h (8). However, a careful exam-
ination of the initial 24 h of stimulation revealed that although
Srsf1 mRNA expression rapidly increased 4 –5-fold (Fig. 1A),
protein expression did not change significantly during the acti-
vation period, or even decreased to some extent (Fig. 1, B and
C). We further tested whether triggering the TCR alone with
anti-CD3 or with CD28 co-stimulation would affect the expres-
sion of SRSF1. We found that in both conditions, a similar
increase in Srsf1 mRNA occurred (Fig. 2A), although protein
decrease was slightly more pronounced in the co-stimulated
cells especially at 24 h (Fig. 2B). CD28 co-stimulation activates
the JNK pathway and is critical for the stabilization of IL-2
mRNA, and results in the exponential increase in IL-2 produc-
tion. Therefore, as an internal experimental control, we mea-
sured IL-2 mRNA expression levels. As expected we observed
significantly higher levels of IL-2 mRNA in the CD28 co-stim-
ulated cells (Fig. 2C). These results indicate that the SRSF1
mRNA and protein expression undergo differential regulation
in human T cells upon TCR stimulation.

Bypassing the TCR Induces Differential mRNA and Protein
Expression of SRSF1—TCR activation induces tyrosine phos-
phorylation of signaling intermediates and intracellular signal-
ing pathways to activate diacylglycerol, inositol triphosphate,
and the Ras mitogen-activated protein kinase (MAPK) path-
ways. Diacylglycerol induces NF�B activation, and inositol
triphosphate triggers calcium flux to activate nuclear factor of
activated T-cells (NFAT), whereas the MAPK pathway acti-
vates c-Fos, a component of the c-Fos/c-Jun AP1 transcription
factor. Nuclear translocation of these transcriptional activators
leads to cellular activation, proliferation, and differentiation.
To assess whether TCR proximal or distal signaling is required
for the differential mRNA and protein regulation of SRSF1, we
used PMA and the calcium ionophore ionomycin to activate T
cells. PMA activates diacylglycerol, and ionomycin activates
calcium channels, thus activating the same intracellular signal-
ing cascade, although bypassing the proximal TCR signaling
entirely. As seen in Fig. 3A, we observed a similar increase in

FIGURE 1. T cell activation induces mRNA but not protein expression of
SRSF1. T cells were activated with anti-CD3 and anti-CD28 for 0, 3, 6, and 24 h.
A, cells were collected, and total RNA was isolated and reverse-transcribed.
SRSF1 expression was measured by quantitative PCR and normalized to the
cyclophilin A housekeeping gene. Graph shows average values from n � 6
donors, and error bars represent S.D. Stim., stimulated. B, total protein was
extracted from T cells and immunoblotted for SRSF1 and �-actin. Represent-
ative blots from two donors (N1 and N2) are shown. C, densitometric quanti-
tation of SRSF1 from immunoblots was performed and normalized to �-actin.
Graph shows average values from n � 6 donors, and error bars represent S.D.
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mRNA expression of SRSF1. Interestingly, the down-regulation
of SRSF1 protein was more evident using this mode of stimula-
tion (Fig. 3, B and C). These results show that the mRNA induc-
tion and protein down-regulation are independent of the prox-
imal TCR signaling.

Srsf1 mRNA Stability Is Not Altered during T cell Activation—
We asked whether despite the increase in SRSF1 mRNA
expression, post-transcriptional half-life of the transcripts was

compromised. Accordingly, we tested whether T cell stimula-
tion affected the mRNA stability of SRSF1. T cells were stimu-
lated with anti-CD3 and anti-CD28 or left unstimulated, and
actinomycin D was added to block transcription. SRSF1 mRNA
expression was measured over a period of 2 h. We found no
significant differences in mRNA decay of SRSF1 in resting
versus stimulated T cells and observed a normal half-life of
about 1.5 h in both conditions (Fig. 4A). T cell activation
induces IL-2 transcription and enhanced stabilization of
IL-2 mRNA, which leads to the exponential increase in IL-2
production. Therefore, as an internal experimental control,
we measured the half-life of IL-2 mRNA, which is well
known to increase upon T cell activation. We observed sig-
nificantly higher mRNA stability of IL-2 mRNA in stimu-
lated cells when compared with unstimulated cells (Fig. 4B).
These results indicate that the mRNA stability of SRSF1 is
not affected by T cell activation.

FIGURE 2. T cell activation with or without co-stimulation induces the
discrepant mRNA and protein expression of SRSF1. T cells were activated
with anti-CD3 alone or anti-CD3 plus anti-CD28 for 0, 3, 6, and 24 h. A, cells
were collected, and total RNA was isolated and reverse-transcribed. SRSF1
expression was measured by quantitative PCR and normalized to the cyclo-
philin A housekeeping gene. Graph shows average values from n � 5 donors,
and error bars represent S.E. Stim., stimulated. B, total protein was extracted
from T cells and immunoblotted for SRSF1 and �-actin. Representative blots
are shown. Densitometric quantitation of SRSF1 from immunoblots was per-
formed and normalized to �-actin. Graph shows average values from n � 4
donors, and error bars represent S.E. C, IL-2 expression was measured by quan-
titative PCR and normalized to cyclophilin A housekeeping gene. Densito-
metric quantitation of SRSF1 from immunoblots was performed and normal-
ized to �-actin. Graph shows average values from n � 5 donors, and error bars
represent S.E.

FIGURE 3. Increased mRNA and decreased protein expression of SRSF1
occurs independently of the proximal TCR signaling. T cells were acti-
vated with PMA and ionomycin for 0, 3, 6, and 24 h. A, cells were collected, and
total RNA was isolated and reverse-transcribed. SRSF1 expression was meas-
ured by quantitative PCR and normalized to the cyclophilin A housekeeping
gene. Graph shows average values from n � 3 donors, and error bars repre-
sent S.D. Stim., stimulated. B, total protein was extracted from T cells and
immunoblotted for SRSF1 and �-actin. Representative blots are shown. Iono.,
ionomycin. C, densitometric quantitation of SRSF1 from immunoblots was
performed and normalized to �-actin. Graph shows average values from n �
3 donors, and error bars represent S.D.
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Proteasome but Not Lysosome Degradation Regulates Protein
Expression of SRSF1 during T cell Activation—T cell activation
is shown to induce degradation of molecules such as CD3�, I�B,
and Bcl-10 via lysosomal and proteasomal degradation path-
ways (18, 20, 23). To test whether similar mechanisms play a
role in SRSF1 protein regulation, we added inhibitors of the
proteasome or the lysosome during T cell activation. As seen in
Fig. 5, A and B, the addition of the proteasome inhibitor MG132
blocked the decrease in protein expression at 5 h after activa-
tion. This effect was reversible at 24 h of activation, as evi-
denced by the near complete loss of protein at this time point,
although this may additionally represent cellular toxicity that
can occur after prolonged incubation with MG132. The addi-
tion of lysosomal inhibitor bafilomycin did not show this resto-
ration, indicating that the proteasome rather than the lysosome
is involved in the degradation of SRSF1. The addition of MG132
and bafilomycin together did not restore SRSF1 expression at
the 24-h time point (Fig. 5A, lower panel). It is known that upon
T cell stimulation, the CD3� chain along with the entire TCR
complex is internalized by endocytosis followed by endosome-
lysosomal fusion and proteolysis by lysosomal enzymes. CD3�
chain is also degraded by the proteasome. Therefore, as control,
we assessed CD3� expression and found as expected that block-
ing either the lysosome or the proteasome limited its degrada-
tion (Fig. 5, A and C). These results indicate that T cell stimu-
lation actively induces the degradation of SRSF1, and this
contributes to the observed discrepancy between mRNA and
protein expression of SRSF1.

Increased Ubiquitination of SRSF1 in Activated T Cells—Pro-
teins destined for proteolysis are tagged with multiple ubiquitin
molecules and then targeted to the proteasome for degradation.
To determine the ubiquitination state of SRSF1, we immuno-
precipitated SRSF1 from protein extracts of resting and acti-
vated T cells. SRSF1 immunoprecipitates were resolved on
SDS-PAGE gels and immunoblotted with an anti-ubiquitin
antibody. As seen in Fig. 6, lysates showed decreased expression
of SRSF1 after activation, which was restored with MG132
inhibitor treatment. Increased ubiquitination was observed in
activated T cells when compared with resting cells, and further
accumulation of ubiquitinated complexes was seen in MG132-

FIGURE 4. T cell activation does not induce mRNA degradation of SRSF1. T
cells were activated with anti-CD3 plus anti-CD28 (Stim.) or left unstimulated
(Unstim.) for 3 h. Actinomycin D (10 �g/ml) was added to cultures, and cells
were collected at 0, 30, 60, 90, and 120 min later. Total RNA was isolated and
reverse-transcribed. A and B, SRSF1 (A) and IL-2 (B) expression was measured
by quantitative PCR and normalized to the cyclophilin A housekeeping gene.
Graphs show average values from n � 5 donors, and error bars represent S.E.

FIGURE 5. T cell activation induces proteasomal but not lysosomal degra-
dation of SRSF1. A, T cells were pretreated with either lysosomal inhibitor
bafilomycin A1 and/or proteasome inhibitor MG132 for 2 h and then acti-
vated with soluble anti-CD3 and anti-CD28 antibodies for 0, 5, and 24 h. Total
protein was extracted from T cells and immunoblotted for SRSF1, CD3�, and
�-actin. Ctrl, control. B, densitometric quantitation of SRSF1 from immunob-
lots was performed and normalized to �-actin. Graphs show average values
from n � 3 donors, and error bars represent S.E. C, densitometric quantitation
of CD3� from immunoblots was performed and normalized to �-actin. Graphs
show average values from n � 3 donors, and error bars represent S.E.
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treated cells, more so at 5 h of activation. We included a nega-
tive control IgG antibody in the immunoprecipitation experi-
ments and immunoblotted lysates with the anti-ubiquitin
antibody as positive control (Fig. 6B). To confirm whether
SRSF1 is mono- or polyubiquitinated, we reprobed the mem-
branes with a polyubiquitin-specific (FK1) antibody and
observed similarly increased ubiquitination in MG132-treated
cells (Fig. 6B, lower panel). Densitometric quantitation of ubiq-
uitinated SRSF1 normalized to total SRSF1 from the lysates
showed a significant increase in ubiquitination in MG132-
treated cells (Fig. 6C).

Increased Ubiquitination of SRSF1 in T Cells from Patients
with SLE—We asked whether ubiquitination modulates SRSF1
protein expression in T cells from SLE patients when compared
with healthy individuals and patients with other autoimmune
diseases such as RA. We obtained T cells from 13 patients with
SLE, 5 patients with RA, and age-, race-, and gender-matched
healthy controls. SLE patients were all female, age range
between 22 and 44 years: six Caucasian, six African American,
and one mixed race. SLE disease activity index (SLEDAI) scores
ranged from 0 to 7. Patients with RA were all female, age range
between 37 and 73 years: two Caucasian and three African
American. T cells were isolated, and total lysates were immu-
noprecipitated using an SRSF1-specific antibody and immuno-
blotted for ubiquitin (Fig. 7A, upper panels). In parallel, immu-
noblots for SRSF1 showed the protein in the same conjugates,
confirming the presence of SRSF1 in these ubiquitinated com-
plexes (Fig. 7A, lower panels). Total lysates were immuno-
blotted with anti-ubiquitin antibody as a positive control and
showed a smearing pattern of ubiquitinated complexes (Fig.
7B). Densitometric quantitation of ubiquitinated SRSF1 nor-
malized to total SRSF1 from lysates showed a significant
increase in ubiquitination in SLE patients when compared with
healthy individuals (p � 0.03), whereas there was no significant
difference in ubiquitination in RA patients when compared
with healthy individuals (p � 0.87) (Fig. 7C). These results indi-
cate that T cell activation induces increased ubiquitination of
SRSF1, and patients with SLE exhibit this feature as well.

Caspase- but Not Calpain Protease-mediated Degradation
Contributes to the Regulation of SRSF1 Protein Expression dur-
ing T Cell Activation—We previously showed that increased
caspase-3 expression and activity contribute to the reduced
expression of CD3� in T cells from patients with SLE (24).
Interestingly, the SRSF1 amino acid sequence bears several
caspase-3 recognition DXXD motifs where D is aspartic acid
and X is any amino acid. Based on these concepts, we asked
whether mechanisms involving caspases or proteases play a role
in SRSF1 expression during T cell activation. We added the
caspase-3 inhibitor (DEVD) during T cell activation and
observed a dose-dependent effect on restoration of SRSF1 pro-

FIGURE 6. T cell activation induces increased ubiquitination of SRSF1. A, T
cells were pretreated with proteasome inhibitor MG132 for 2 h and activated
with PMA and ionomycin for the indicated time points. Total protein was
extracted, and SRSF1 was immunoprecipitated (IP) using a monoclonal anti-
body. Immunoprecipitates were resolved on gels and immunoblotted (IB) for
ubiquitin. Lysates were resolved on gels and immunoblotted for SRSF1 and
�-actin. A representative blot is shown from a total of n � 5 donors. Stim.,
stimulated. Ub-SRSF1, ubiquitinated SRSF1. B, T cells were pretreated and acti-
vated as in A. Total protein was immunoprecipitated using anti-SRSF1 and

control IgG antibodies. Immunoprecipitates were resolved on gels and
immunoblotted with anti-ubiquitin antibody (upper left panel), and stripped
and reprobed with a polyubiquitin (Poly-Ub) (FK1) antibody (lower panel).
Lysates were resolved and immunoblotted with a polyubiquitin (FK1) anti-
body (upper right panel) and SRSF1 antibody (lower right panel). Representa-
tive blots are shown from one of n � 8 donors. C, densitometric quantitation
of ubiquitinated SRSF1 (Ub-SRSF1) immunoblots from B was performed and
normalized to SRSF1 from lysates. Graph shows average values from n � 8
donors, and error bars represent S.E. * indicates p value � 0.05.
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tein expression (Fig. 8, A and B). Additionally, the pan-caspase
inhibitor (VAD) was also able to restore protein expression in
activated T cells. The calpain protease inhibitor calpeptin was

added to cultures and did not have any effect on SRSF1 expres-
sion (Fig. 8, C and D). These results indicate that caspase-me-
diated degradation contributes to the expression of SRSF1 pro-
tein in activated T cells.

FIGURE 7. Increased ubiquitination of SRSF1 in T cells from patients with
SLE. T cells were purified from peripheral blood of healthy individuals (N),
patients with SLE (L), and patients with rheumatoid arthritis (RA). A, total pro-
tein was extracted, and SRSF1 was immunoprecipitated (IP) using a monoclo-
nal antibody. Immunoprecipitates were resolved on SDS-PAGE gels and
immunoblotted (IB) for ubiquitin (upper left and middle panels), a poly-
ubiquitin antibody (upper right panel), and SRSF1 (lower panels). Total lysates
were resolved on gels and immunoblotted for SRSF1 and �-actin. Ub-SRSF1,
ubiquitinated SRSF1. B, total lysates were resolved on a gel and immuno-
blotted for ubiquitin (Ub) and �-actin. C, densitometric quantitation of ubiq-
uitinated SRSF1 (Ub-SRSF1) immunoblots from A was performed and normal-
ized to SRSF1 from lysates. Graph shows average values from N (n � 12), L (n �
13), and RA (n � 5) donors, and error bars represent S.E. * indicates p value �
0.05.

FIGURE 8. T cell activation induces caspase-mediated degradation of
SRSF1. A, T cells were pretreated with the protein translation inhibitor cyclo-
heximide (C, 10 �g/ml) for 10 min followed by either caspase-3 inhibitor
DEVD or pan-caspase inhibitor VAD for 1 h and then activated with soluble
anti-CD3 and anti-CD28 antibodies for 5 h. Total protein was extracted from T
cells and immunoblotted for SRSF1 and �-actin. 5h Stim, 5-h stimulation. B,
densitometric quantitation of SRSF1 immunoblots from A was performed and
normalized to �-actin. C, T cells were pretreated with cycloheximide (Chx, 10
�g/ml) for 10 min followed by protease inhibitor calpeptin (Calp.) for 1 h, and
then activated with soluble anti-CD3 and anti-CD28 antibodies for 5 h. Total
protein was extracted from T cells and immunoblotted for SRSF1 and �-actin.
D, densitometric quantitation of SRSF1 immunoblots from C was performed
and normalized to �-actin. Graphs show average values from n � 4 donors,
and error bars represent S.E.
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DISCUSSION

In this study, we present several novel findings. First, we
show that Srsf1 mRNA expression is significantly induced upon
T cell activation; however, protein expression does not change
or even decreases. Second, we show that triggering the TCR
alone or with co-stimulation induces the discrepant SRSF1
mRNA and protein expression. Third, bypassing the TCR with
PMA plus ionomycin stimulation induces a more pronounced
down-regulation of protein expression. Fourth, we show that
proteasome- and caspase-mediated degradation but not lyso-
some- or protease-mediated degradation are responsible for
the SRSF1 protein decrease during activation. Finally, we show
increased ubiquitination of SRSF1 in T cells from some patients
with SLE when compared with healthy individuals.

It appears that the levels of cellular SRSF1 expression are
tightly controlled. SRSF1 regulates alternative splicing of tumor
suppressor genes such as BIN1 (25), and genes involved in apo-
ptosis such as caspase-9 and Bcl-x (26). Accordingly, high levels
of SRSF1 can lead to oncogenic transformation (25), whereas
depletion of SRSF1 can lead to genomic instability and cell cycle
arrest (27). T cells down-regulate several cellular proteins after
stimulation, either to propagate signaling or to dampen and
prevent excessive signaling or activation-induced cell death.
For example, TCR stimulation induces lysosomal degradation
of the CD3� chain (18) and of Bcl-10, a negative regulator of
TCR-induced NF-�B signaling activity (23). Also, TCR signal-
ing induces proteasome-mediated degradation of the NF-�B
inhibitor I�B� (20). Src-like adapter proteins (SLAP) are
required for the targeted ubiquitination and degradation of the
TCR signaling components (28). Although we find that T cell
stimulation induces a rapid and significant increase in mRNA
levels, a tight control of SRSF1 protein in T cells during the early
activation phase may prevent premature expansion of T cells in
response to antigenic stimulation. Thus ubiquitination and
proteasome degradation may serve as homeostatic regulation
of the levels of SRSF1.

Interestingly, CD28 co-stimulation led to slightly more pro-
nounced decline of SRSF1 protein levels (Fig. 2B). It has been
shown that CD28 and CTLA4 mediate their effect on the
threshold of T cell activation via an E3 ubiquitin ligase Cbl-b
(29), a molecule critical for maintenance of the balance between
tolerance and autoimmunity (30). It would be interesting to
examine whether SRSF1 mediates a similar effect on fine-tun-
ing the T cell response.

Although we observed no significant differences in the rate of
mRNA decay in activated T cells, it is possible that SRSF1 may
also be regulated at the level of mRNA translation. The long
3�-UTR contains ultraconserved elements involved in post-
transcriptional regulation, and SRSF1 was shown to negatively
regulate its own expression (31). Translational repression is
also mediated by microRNA, and this may be another mecha-
nism of SRSF1 regulation. Several microRNAs are known to be
modulated in T cells during activation and differentiation (32).
A computational (TargetScan) search of the 3�-UTR of SRSF1
revealed numerous predicted microRNAs targeting putative
sites including miR-214 and miR-155, which are known to

increase during CD4 T cell activation (33). It would be interest-
ing to examine their specific role in SRSF1 regulation.

Besides proteasomal degradation, ubiquitin modification
determines other aspects of protein metabolism to regulate
vital cellular processes. Substrate proteins may be modified by
monoubiquitin, multiple monoubiquitin, or polyubiquitin
chains. Monoubiquitination can regulate proteasome-inde-
pendent cellular processes such as protein localization, tran-
scriptional activation, and chromatin structure. Multiple
monoubiquitination has effects on localization of proteins such
as p53 and receptor tyrosine kinases, whereas short ubiquitin
chains are intermediate in protein degradation. Many proteins
are heterogeneously polyubiquitinated as evidenced by ubiqui-
tin smears above 100 kDa of molecular mass in SDS-PAGE gels
(30, 34). In our studies, ubiquitinated SRSF1 was seen mainly in
distinct bands even with a polyubiquitin-specific FK1 antibody.
It is likely that ubiquitin modification of SRSF1 also regulates
other aspects of SRSF1 function such as cellular localization
and activity.

The ubiquitin-proteasome system has been shown to be
important in autoimmune disease and specifically in SLE. We
previously reported that T cells from SLE patients exhibit
increased ubiquitinated forms of the CD3� signaling chain (35).
The TRIM21 (Ro52/SSA) autoantigen prevalent in SLE was
identified as a ubiquitin ligase and shown to target the poly-
ubiquitin-mediated degradation of IRF3 to turn off the type I
IFN response (36). Sera from patients with SLE were shown to
have autoantibodies against the proteasome �-type subunit C9
(37). Our findings of increased ubiquitinated forms of SRSF1 in
T cells from patients with SLE, similar to that seen during acti-
vation of normal T cells, suggest that this maybe due to the
ongoing TCR stimulation by autoantigens.

In conclusion, our study reveals a novel mechanism of regu-
lation of the splicing factor SRSF1 in human T cells, and a
potential mechanism for its altered expression in SLE.
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