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Decreased	IL-2	production	in	systemic	lupus	erythematosus	(SLE)	represents	a	central	component	of	the	dis-
ease	immunopathology.	We	report	that	the	message,	protein,	and	enzymatic	activity	of	the	catalytic	subunit	of	
protein	phosphatase	2A	(PP2Ac),	but	not	PP1,	are	increased	in	patients	with	SLE	regardless	of	disease	activity	
and	treatment	and	in	a	disease-specific	manner.	Treatment	of	SLE	T	cells	with	PP2Ac-siRNA	decreased	the	
protein	levels	and	activity	of	PP2Ac	in	a	specific	manner	and	increased	the	levels	of	phosphorylated	cAMP	
response	element–binding	protein	and	its	binding	to	the	IL2	and	c-fos	promoters,	as	well	as	increased	activator	
protein	1	activity,	causing	normalization	of	IL-2	production.	Our	data	document	increased	activity	of	PP2A	as	a	
novel	SLE	disease-specific	abnormality	and	define	a	distinct	mechanism	whereby	it	represses	IL-2	production.	
We	propose	the	use	of	PP2Ac-siRNA	as	a	novel	tool	to	correct	T	cell	IL-2	production	in	SLE	patients.

Introduction
T cells from patients (1) and mice (2) with systemic lupus erythema-
tosus (SLE) produce decreased amounts of IL-2. IL-2 is essential for 
both the promotion and the suppression of the immune response 
(3). Decreased amounts of IL-2 contribute to increased susceptibil-
ity to infections (4), decreased activation-induced cell death (5), and 
the subsequent extended survival of autoreactive lymphocytes (6). 
IL-2 is also considered to be vital for the development and function 
of regulatory cells (3), which are presumed to be important in the 
control of the systemic autoimmune response typified in SLE (7).

In normal T cells the production of IL-2 is controlled at the tran-
scription level (8). A number of transcription factors, including 
nuclear factor of activated T cells (NFAT), activator protein 1 (AP1), 
NF-κB, and	cAMP response element–binding protein (CREB) bind 
to well-defined cis sites of the proximal promoter (9). In SLE T cells, 
the activity of the IL2 promoter is decreased because of decreased 
NF-κB (10, 11) and AP1 activity (12) and increased binding of the 
transcriptional repressor CREM to the –180 site (13, 14). In nor-
mal T cells, the –180 site is occupied by CREB (15), but following T 
cell activation, downstream kinases, including PKA, phosphorylate 
CREB at the Ser133 residue (16). Phosphorylated CREB (pCREB) 
bound to the –180 site interacts with the transcription coactiva-
tors CRE-binding protein (CBP) and p300 and enhances the activ-
ity of the IL2 promoter (17). SLE T cells display increased amounts 
of cAMP response element modulator (CREM) that binds to the 
IL2 promoter and represses its activity (13, 14). Removal of CREM 
by an antisense approach leads to significant increase in IL2 pro-
moter activity and IL-2 production (13). CREM increases in nor-

mal T cells following activation and replaces pCREB at the –180 
site, and this results in the termination of IL-2 production (15). 
Therefore, it is possible that the ratio of pCREB/CREM that occu-
pies the –180 site of the IL2 promoter determines the production 
of IL-2. In SLE T cells, the documented decreased PKA I activity 
(18) should be expected to result in decreased pCREB levels. Also, 
the RIIb subunit of PKA II, which is abnormally translocated from 
the cytoplasm to the nucleus (19), binds CREB and limits its bind-
ing to the IL2 promoter (20).

Protein phosphatase 2A (PP2A) is the primary enzyme that leads 
to dephosphorylation of pCREB in T lymphocytes (16, 21–26), and 
it has been shown to suppress the production of IL-2 (27–32). There-
fore, T cell PP2A levels determine in an inverse manner the levels of 
pCREB and, consequently, through this pathway PP2A represents a 
negative regulator of the IL2 promoter activity, although there are 
reports indicating that PP2A can increase the production of IL-2  
(33–35). PP2A, a Ser/Thr phosphatase ubiquitously expressed in 
eukaryotic cells, is a heterotrimeric enzyme that consists of a scaf-
fold-type structural subunit (A), a catalytic subunit (C), and one of 
a diverse array of regulatory subunits (B) (36). The extensive variety 
of different regulatory subunits enables PP2A to act on a wide range 
of substrates and, as a result, to monitor several cellular processes, 
including the cell cycle, gene transcription and translation, and apop-
tosis (36). PP2A represents a highly conserved molecule through 
evolution (37, 38), and its importance is furthermore underscored 
by the fact that mice lacking the gene for the catalytic subunit of 
PP2A (PP2Ac) do not survive for more than 4–6 days of embryonic 
life (39). Recent studies have identified PP2A as a tumor suppressor 
(40) as well as a key molecule in the pathogenesis of disorders such as 
Alzheimer disease (41) and Opitz BBB/G syndrome (42).

We present data that introduce PP2A as a novel regulator of the 
IL2 promoter activity and IL-2 production. We report here that the 
protein and catalytic activity of PP2A is increased in patients with 
SLE but not in patients with RA and that it is responsible, at least 
in part, for the decreased production of IL-2. We demonstrate that 
we can effectively decrease the levels of PP2A using a proper siRNA 
and correct the production of IL-2 in SLE T cells.

Nonstandard	abbreviations	used: AP1, activator protein 1; CamKII, CaM-depen-
dent kinase II; ChIP, chromatin immunoprecipitation; CREB, cAMP response 
element–binding protein; CREM, cAMP response element modulator; DN, domi-
nant negative; OA, okadaic acid; pCREB, phosphorylated CREB; PP2A, protein 
phosphatase 2A; PP2Ac, catalytic subunit of PP2A; siRNA, small interfering RNA; 
SLE, systemic lupus erythematosus; SLEDAI, SLE disease activity index.
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Results
PP2Ac protein levels are increased in SLE T cells. PP2A mediates the 
dephosphorylation and thus inactivation of pCREB (16, 21–26), 
a transcription factor that induces the expression of the IL2 gene. 
To examine whether PP2A has a role in the defective production 
of IL-2 in SLE T cells, we determined the protein levels of PP2Ac 
in protein extracts from peripheral blood T cells derived from SLE 
patients (n = 30) and normal subjects (n = 25) by Western blotting. 
b-Actin protein levels were used as control, and the ratio of PP2Ac 
to b-actin was compared between SLE and control T cells. As 
shown in Figure 1, SLE T cells expressed significantly higher lev-
els of PP2Ac compared with normal T cells (mean PP2Ac/b-actin 
ratio ± SEM: 6.57 ± 0.87 vs. 1.89 ± 0.21, respectively; P < 0.0001). 
Sixty percent of the SLE patients studied expressed PP2Ac above 
the maximum levels observed in normal subjects.

Subsequently, we examined whether increased PP2Ac expres-
sion in lupus T cells was related to the activity of the disease. Anal-
ysis of PP2Ac levels in T cells from patients with active (SLE dis-
ease activity index [SLEDAI], 4–14; n = 14) and inactive (SLEDAI,  
0–3; n = 16) disease revealed comparable levels of the enzyme 
(7.73 ± 1.37 vs. 5.56 ± 1.08 respectively; P = 0.2), while both 
groups showed increased expression of PP2Ac compared with 
normal T cells (P = 0.001 and P = 0.004, respectively, when com-
pared with patients with active and inactive disease) (Figure 1B).  
Inspection of the data did not reveal an association between any 
particular clinical or laboratory manifestation and increased 
PP2Ac levels. Furthermore, at least 6 months after the initial 
assessment, 5 patients were reexamined. In 2 patients the disease 
activity had not changed, whereas in 3 the disease activity had 

changed by more than 3 SLEDAI points. Moderate changes in 
PP2Ac protein levels that were observed in these patients did not 
parallel the changes in disease activity. In all cases changes in 
PP2Ac/b-actin protein ratio were less than or equal to 10%, while 
the direction of the change in the SLEDAI score did not pre-
dict the direction of the minor change in PP2Ac protein levels. 
Likewise, there was no association between the levels of PP2Ac 
and the treatment that patients were receiving at the time of the 
study. In particular, the PP2Ac/b-actin ratio did not correlate 
with the dose of prednisone (Pearson product moment correla-
tion coefficient, –0.172; P = 0.36).

PP2A shares structural and functional characteristics with the 
Ser/Thr PP1 (43). To examine whether PP2Ac overexpression rep-
resents a finding limited to this specific enzyme, a parallel study 
of the expression of PP2Ac and PP1 was performed in T cells 
derived from 16 patients with SLE and 13 normal subjects. SLE 
and control T cells displayed comparable levels of PP1 (1.84 ± 0.37 
vs. 1.28 ± 0.14 respectively; P = 0.1), while at the same time PP2Ac 
expression was again increased in lupus T cells (SLE: 6.82 ± 0.94; 
control: 2.07 ± 0.32; P = 0.03). A representative experiment and 
cumulative data are shown in Figure 2.

To address the question whether PP2Ac overexpression is lim-
ited to SLE T cells, PP2Ac expression in T cells from 10 patients 
with  RA  and  10  normal  donors  was  examined.  As  shown  in  
Figure 3, PP2Ac levels were similar in normal T cells and T cells 
from patients with RA  (RA: 2.41 ± 0.25; normal: 2.56 ± 0.39;  
P = 0.81). Therefore, PP2Ac but not PP1 is increased in SLE patients 
regardless of disease activity and treatment, and the  increase 
appears to occur in a disease-specific manner.

PP2Ac enzymatic activity is increased in SLE T cells. Although over-
expression of PP2Ac in a transgenic mouse led to upregulation 
of PP2Ac enzymatic activity (44), mutation of the catalytic site 
leads to increased expression of PP2A protein (45). Since phos-
phorylation of PP2Ac inhibits its catalytic activity (46) and SLE 
T cells display increased TCR/CD3-initiated phosphorylation of 
cytosolic proteins (47), we considered the increased protein levels 
of PP2Ac may represent a compensatory response to improperly 
phosphorylated and therefore inactive PP2Ac (46). Accordingly, we 

Figure 1
PP2Ac protein levels are increased in SLE T cells. Cellular protein 
extracts of T cells derived from patients with SLE (L) and normal (N) 
subjects were examined in parallel for the expression of PP2Ac using 
Western blots. (A) Immunoblots from a representative experiment are 
shown. b-Actin was used as control. (B) Scatter diagram showing cumu-
lative data from 30 patients with SLE and 25 normal subjects. Results for 
active (SLEDAI, 4–14) and inactive (SLEDAI, 0–3) patients are depicted 
separately. The intensity of the bands was measured by densitometry, 
and the PP2Ac/b-actin ratio was calculated. All measurements are 
depicted as well as the mean value for each study group ± SEM. P val-
ues derived from statistical analysis (2-tailed unpaired t test with Welch 
correction) are also shown.

Figure 2
SLE T cells express increased levels of PP2A but not PP1. West-
ern blot analysis was used for the parallel study of PP2Ac and PP1 
expression in T cells from patients with SLE and normal subjects. (A) 
Immunoblots depicting PP2Ac, PP1, and b-actin from a representa-
tive experiment. (B) Diagram presenting cumulative data from the 
study of 16 patients with SLE and 13 normal subjects. The intensity 
of the bands was measured by densitometry. The levels of PP1 are 
expressed as the PP1/b-actin ratio.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 115      Number 11      November 2005  3195

determined the catalytic activity of the enzyme in T cells derived 
from 10 patients with SLE and 10 normal subjects. PP2Ac was 
isolated by immunoprecipitation, and its catalytic activity was 
assessed after incubation with an appropriate phosphopeptide by 
measuring the levels of released phosphate (PO4

3–). PP2Ac protein 
expression was studied in parallel using immunoblotting. The 
catalytic activity of PP2Ac was 1.7-fold higher in SLE T cells than 
in normal T cells (mean pmol PO4

3–/µg ± SEM: 10.814 ± 1.658 
vs. 6.390 ± 1.213, respectively; P = 0.01). In contrast, PP2Ac activ-
ity in T cells from patients with RA (n = 10) was similar to that 
observed in normal T cells studied in parallel (n = 10). Cumulative 
data are shown in Figure 4A. Parallel assessment of PP2Ac expres-
sion in lupus T cells revealed a strong positive correlation between 
the protein levels and the catalytic activity of the enzyme (Pear-
son product moment correlation coefficient, 0.9446; P = 0.004). 
A representative experiment is depicted in Figure 4B. As shown 
in Figure 4C, our assays were not contaminated with exogenous 
phosphate or nonspecific immunoprecipitates, because in the 
presence of the Ser/Thr phosphatase inhibitor NaF, no PO4

3– was 
detected, while Western blot analysis of samples subjected to 
immunoprecipitation with anti-PP2Ac detected only PP2Ac.

In a previous study, in vitro treatment of the leukemic cell line 
HL-60 with methyl-prednisolone  led to a substantial  increase 
in PP2A activity without altering the expression of PP2Ac (48). 
Because among the SLE patients studied, 2 were receiving no treat-
ment while others were receiving either low (≤7.5 mg/d; 4 patients) 
or moderate dose of prednisone (>7.5 to <40 mg/d; 4 patients), we 
examined whether there was a relation between the prednisone dose 
received and the phosphatase activity. Our results indicate that cor-
ticosteroid treatment could not account for the increased activity 
of PP2Ac in lupus T cells (Figure 4D). Moreover, disease activity did 
not seem to affect PP2Ac enzymatic activity (Figure 4D). Therefore, 
increased PP2Ac protein levels in SLE T cells lead to increased activ-
ity of the phosphatase.

Increased PP2Ac mRNA in lupus T cells. Previous studies have shown 
that in a given cell system the expression of PP2Ac is strictly regu-

lated by translational (49) as well as transcriptional (28) regula-
tory mechanisms. To determine whether increased expression of 
PP2Ac in SLE T cells is associated with enhanced production of 
the enzyme, total mRNA was isolated from T cells derived from 19 
SLE patients and 12 normal subjects. Real-time RT-PCR was used 
to assess PP2Ac and b-actin mRNA levels, and the ratio of PP2Ac to  
b-actin mRNA was compared between SLE and control T cells. 
PP2Ac protein expression was also studied in parallel in 9 SLE 
patients and 6 normal subjects. PP2Ac mRNA levels were increased 
in SLE T cells compared with normal T cells (mean PP2Ac/b-actin 
mRNA ratio: 2.22 ± 0.53 vs. 0.76 ± 0.12, respectively; P = 0.03). 
Results from a representative experiment and cumulative data are 
presented in Figure 5. Furthermore, PP2Ac mRNA levels correlated 
positively with protein levels in the SLE (r2 = 0.79; P = 0.001) and 
normal group (r2 = 0.86; P = 0.007), indicating that increased PP2Ac 
mRNA levels correlate with increased protein levels (Figure 5C).

Downregulation of PP2Ac using specific small interfering RNA. To 
study the role of PP2Ac overexpression in SLE T cells, we first 
developed small interfering RNAs (siRNAs), to directly and spe-
cifically downregulate the expression of the phosphatase in short-
term cultures of primary T cells. T cells derived from healthy indi-
viduals were transfected with either PP2Ac- or control siRNA and 
subsequently cultured for 4–48 hours. PP2Ac protein and mRNA 
levels were assessed with Western blotting and real-time RT-PCR, 
respectively. Time- and dose-response experiments revealed that 
transfection of T cells with PP2Ac-siRNA resulted in a transient, 
siRNA dose–dependent downregulation of PP2Ac mRNA and pro-
tein levels (Figure 6, A and B). As shown in Figure 6, higher doses 
of PP2Ac-siRNA almost abolished PP2Ac expression. Nevertheless, 
because in some experiments, doses greater than 100 nM had a 
nonspecific suppressive effect on the levels of proteins other than 
PP2Ac, doses less than 100 nM were used in subsequent studies. 
Parallel assessment of T cell survival showed that the lowest PP2Ac 
protein expression/T cell number ratio was achieved following  
24–36 hours of culture. Under these conditions (siRNA dose,  
25–50 nM, 24–36 hours culture), we were able to downregulate 
PP2Ac in a specific manner, as the expression of other cellular pro-
teins (including PP1) remained stable, while experiments using 
control siRNA did not alter the expression of PP2Ac. Results from 
a representative experiment and cumulative results from 5 inde-
pendent experiments are shown in Figure 6, C and D.

PP2Ac downregulation in lupus T cells leads to increased pCREB expres-
sion and increased binding of pCREB to the IL2 promoter. Because PP2Ac 
leads to the dephosphorylation of pCREB (16, 23), we examined 
whether suppression of PP2Ac in lupus T cells could enhance the 
expression of pCREB. T cells from patients with SLE were trans-
fected with PP2Ac-siRNA using the conditions described above 
and were subsequently stimulated with PMA/A23187 for 2 hours. 
The expression of PP2Ac in whole cellular protein extracts and the 
expression of pCREB in nuclear protein extracts were assessed in 
parallel by immunoblotting. b-Actin and heterogeneous ribonu-
cleoprotein (hnRNP) protein levels were used as controls, respec-
tively. In the presence of PP2Ac-siRNA, the expression of PP2Ac 
decreased significantly, while at the same time pCREB levels were 
consistently upregulated. Results from a representative of 5 simi-
lar experiments are shown in Figure 7A. Transfection with control 
siRNA did not affect the expression of pCREB.

T cell activation triggers the binding of pCREB to the IL2 promot-
er. We therefore asked whether the increased expression of pCREB 
following  PP2Ac  downregulation  in  stimulated  lupus  T  cells 

Figure 3
T cells from patients with RA do not express increased levels of PP2Ac 
protein. Western blot analysis of PP2Ac expression in normal subjects 
and patients with RA. (A) Results from a representative experiment are 
shown with simultaneous immunoblotting for PP2Ac and b-actin. (B) 
Cumulative data from 10 RA patients and 10 normal subjects are pre-
sented. PP2Ac expression was determined as described for Figure 1.
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results in increased binding of pCREB to the IL2 promoter. Fol-
lowing transfection, lupus T cells were activated for 1 and 2 hours, 
using PMA/A23187. We used chromatin immunoprecipitation 
(ChIP) assays to determine pCREB binding to the IL2 promoter. 
Our data showed that in stimulated but not transfected T cells, 
pCREB binding gradually increased over time, as expected. As 
shown in Figure 7B, transfection of T cells with PP2Ac-siRNA led 
to a significant increase in the amount of pCREB bound to the IL2 
promoter. On the contrary, ChIP using an unrelated anti-E47 Ab 
showed no binding to the IL2 promoter. Transfection with control 
siRNA did not affect pCREB binding.

Downregulation of PP2Ac restores the production of IL-2 in SLE T cells. 
Because in activated SLE T cells PP2Ac negatively regulates the 
binding of pCREB to the IL2 promoter and because lupus T cells 
display increased expression of active PP2Ac, we examined whether 
suppression of PP2Ac could restore the production of IL-2. Five 
patients with SLE and 5 normal subjects were studied in parallel. T 
cells were transfected with either PP2Ac- or control siRNA and sub-
sequently were cultured in the presence or absence of PMA/A23187 
for 1 and 3 hours. Following 3 hours of culture, supernatants 
were collected, and the concentration of IL-2 was measured using 
ELISA. Cells cultured for 1 hour were harvested, and the expres-
sion of PP2Ac was assessed in Western blots. Transfection of T 

cells with PP2Ac-siRNA resulted in a substantial decrease in PP2Ac 
expression in both SLE patients and normal subjects (63% and 41% 
average decrease, respectively), while the levels of PP2Ac in trans-
fected and 1 hour–stimulated T cells from patients with SLE and 
normal subjects did not differ (mean PP2Ac/b-actin ratio ± SEM: 
2.96 ± 0.97 vs. 2.24 ± 0.36; P = 0.3). As shown in Figure 8A, stimu-
lated T cells from patients with SLE produced decreased amounts 
of  IL-2  compared  with  normal  subjects  (mean  value  ±  SEM:  
362.22  ±  98.35  pg/ml  vs.  665.12  ±  69.77  pg/ml,  respectively;  
P = 0.03). In contrast, SLE T cells that were transfected with PP2Ac-
siRNA produced upon stimulation similar amounts of IL-2 com-
pared with normal T cells (855.46 ± 186.5 pg/ml vs. 894.18 ± 75.65 
pg/ml, respectively; P = 0.9). Of note, transfection with PP2Ac-
siRNA resulted in the significant increase in IL-2 concentration in 
culture supernatants in both groups (P = 0.05). Moreover, PP2Ac-
siRNA–transfected T cells that were not stimulated did not upreg-
ulate the production of IL-2, while T cells that were transfected 
with control siRNA and subsequently stimulated produced IL-2 at 
levels similar to those observed in nontransfected activated T cells 
(data not shown). In addition, because PP2A structural subunit 
A (PP2Aa) has been reported to be involved in the regulation of 
IL-2 through interaction with the cytoplasmic tail of CTLA4 (33), 
we examined whether PP2Ac-siRNA treatment affected PP2Aa 

Figure 4
PP2Ac enzymatic activity is increased in SLE T cells. PP2Ac enzymatic activity was studied in peripheral blood T cells from patients with SLE or 
RA and normal subjects as described in Methods and is presented as picomoles PO4

3–/microgram of protein. PP2Ac protein levels were studied 
in parallel using Western blots. (A) Cumulative data of PP2Ac catalytic activity are presented. Statistical significance is also shown. (B) Results 
from a representative experiment are shown where PP2Ac enzymatic activity (upper panel: malachite green assay; phosphatase activity values 
[pmol PO4

3–/µg protein, mean ± SEM of triplicates] corresponding to each sample are noted below the panel) was assessed in parallel with PP2Ac 
protein levels (lower panel; PP2Ac/b-actin ratios are noted below the panel). Anti-IgG immunoprecipitates and b-actin protein levels were used 
as controls for the determination of the activity and the expression of PP2Ac, respectively. (C) Experiments performed to assess nonspecific 
results due to contamination with residual PO4

3– or with nonspecific immunoprecipitates. Enzymatic activity of anti-PP2Ac immunocomplexes was 
abolished in the presence of the Ser/Thr phosphatase inhibitor NaF (upper panel, representative of 6 experiments). Western blot analysis of the 
anti-PP2Ac immunoprecipitates detected only PP2Ac protein, whereas when the control anti-IgG Ab was used, no protein was precipitated (lower 
panel). (D) PP2Ac activity is increased in SLE T cells from patients with active and inactive disease, regardless of prednisone treatment. Results 
for patients receiving no, low dose (≤7.5 mg/d), or moderate dose (>7.5 to <40 mg/d) of prednisone as well as active (SLEDAI, 4–14) and inactive 
(SLEDAI, 0–3) patients are depicted separately.
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expression. As shown in Figure 8B, T cells treated with different 
doses of PP2Ac-siRNA downregulated the expression of PP2Ac 
but not of PP2Aa. These findings confirm that increased IL-2 pro-
duction following siRNA-induced downregulation of PP2Ac was 
not a nonspecific, siRNA-related event. Our data indicate that the 
increased levels of active PP2Ac found in T cells from patients with 
SLE impair the production of IL-2.

To verify the negative role of PP2A in the regulation of IL-2 pro-
duction, we used additional approaches to modulate its enzymatic 
activity. First, we used okadaic acid (OA) in stimulated T cell cul-
tures. OA interrupts the interaction between the catalytic (C) and 
the structural (A) subunit of PP2A and thus abrogates the activity 
of the phosphatase (50). Although OA is a potent inhibitor of phos-
phatases, in low doses it is considered to selectively target PP2A 

Figure 5
PP2Ac mRNA is increased in lupus T cells and correlates with PP2Ac protein levels. T cell PP2Ac mRNA levels were assessed using real-time 
RT-PCR as described in Methods. PP2Ac protein levels were determined by Western blotting. (A) Results from a representative experiment with 
1 SLE (L1) patient and 1 normal subject (N1) studied in parallel. PP2Ac (upper panel) and b-actin (lower panel) mRNA levels were assessed 
simultaneously (PP2Ac mRNA, L1 threshold cycle [Ct]: 24.34, N1 Ct: 26.88; b-actin mRNA, L1 Ct: 26.25, N1 Ct: 26.07). (B) Cumulative data of 
PP2Ac-mRNA levels from 12 normal subjects and 19 patients with SLE. All values are depicted as well as the mean value ± SEM. (C) Levels of 
PP2Ac mRNA are plotted against PP2Ac protein levels. Results from linear regression analysis are also shown.

Figure 6
Downregulation of PP2Ac expression using 
RNA interference. Primary T cells were 
transfected with siRNAs that target PP2Ac. 
Protein levels of PP2Ac, assessed with 
Western blots, were examined in time- and 
dose-response experiments. Cells were 
also transfected with an irrelevant nonsilenc-
ing siRNA to control for nonspecific effects. 
(A) Representative experiment showing the 
effect of different doses of PP2Ac-siRNA on 
PP2Ac protein levels in normal T cells cul-
tured for 30 hours. (B) Time/dose-response 
curves of PP2Ac downregulation following 
transfection with PP2Ac-siRNA. (C) Expres-
sion of PP2Ac in T cells transfected with 
either PP2Ac-siRNA or control siRNA. 
Results from a representative experiment 
are shown. (D) Cumulative data from 5 inde-
pendent experiments showing the degree 
of PP2Ac downregulation following PP2Ac-
siRNA and as compared with cells that were 
either untreated or transfected with con-
trol siRNA. *P = 0.05 when compared with 
PP2Ac-siRNA–treated T cells.
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rather than other Ser/Thr phosphatases (50). We found that in the 
presence of low doses of OA (5 nM), the production of IL-2 by stim-
ulated human T cells was substantially increased (Figure 8C).

Second, in order to inhibit PP2Ac activity using an additional spe-
cific approach, T cells were transfected with either H118N or L199P, 
2 different PP2Ac mutant plasmids previously shown to encode 
dominant negative (DN) forms of PP2Ac (45, 51). T cells were subse-
quently stimulated with either PMA/A23187 or plate-bound OKT3/
anti-CD28 mAbs, and IL-2 production was assessed in culture super-
natants. Six patients with SLE, 8 healthy subjects, and 3 patients 
with RA were studied. As shown in Figure 8, D and E, in all study 
groups, transfection of either PP2Ac mutant resulted in a significant 
increase in IL-2 production compared with that observed in T cells 
transfected with the wild-type PP2Ac. It should be noted that down-
regulation of PP2Ac with OA or transfection with inactive forms of 
PP2Ac resulted in increased production of IL-2 in T cells stimulated 
either with OKT3/anti-CD28 (Figure 8, C and E) or PMA/A23128, 
an activation method that bypasses the early TCR/CD3-initiated 
signaling events (Figure 8, C and D). While T cells from healthy indi-
viduals and patients with RA upregulated the production of IL-2 in 
a similar manner (1.7- and 1.6-fold increase, respectively; Figure 8D), 
transfection of SLE T cells with PP2Ac mutant forms resulted in a 
higher degree of IL-2 upregulation (2.26-fold increase; Figure 8D). 
Overall, these results confirm that downregulation of PP2Ac results 
in increased IL-2 production.

Increased binding of pCREB to the IL2 promoter in the presence 
of reduced amounts of PP2Ac suggests that the upregulation of 
IL-2 is due to increased transcription. To determine the effect of 
PP2Ac on the activity of IL2 promoter, T cells were transfected 
with a plasmid encoding an IL2 promoter luciferase construct 
or a corresponding empty vector. A b-galactosidase plasmid was 
cotransfected to control for transfection efficiency. At the same 
time, cells were subjected to transfection with either PP2Ac- or 
control siRNA. Following 24 hours of culture, cells were stimu-
lated for an additional 1 hour with PMA/A23187. As shown in 
Figure 8F, in the absence of PP2Ac-siRNA, the activity of the IL2 
promoter in lupus T cells was impaired compared with that in 
normal T cells. Nevertheless, when PP2Ac-siRNA was cotransfect-
ed, SLE T cells displayed a dramatic upregulation of IL2 promoter 
activity to levels comparable to those of normal T cells.

PP2Ac-siRNA increases AP1 activity in SLE T cells by increasing the bind-
ing of pCREB to the c-fos promoter. The AP1 family of transcription 
factors consists of hetero- and homodimers of fos and jun proteins, 

which are expressed during the early phase of T cell activation (52). 
AP1, especially the c-fos/c-jun heterodimer, binds to the IL2 pro-
moter and enhances the production of IL-2 (8, 53). We have recent-
ly reported that c-fos upregulation following T cell stimulation is 
impaired in SLE, leading to decreased AP1 binding activity (12). 
Because pCREB binds to the c-fos promoter and enhances the pro-
duction of c-fos (54), we postulated that increased levels of pCREB 
following PP2Ac downregulation should upregulate c-fos and nor-
malize AP1 binding activity in SLE T cells. T cells from patients 
with SLE (n = 3) and normal subjects (n = 3) were transfected with 
PP2Ac-siRNA, and after 24 hours culture they were stimulated for 
2 hours. Nuclear extracts were used to assess AP1 binding by EMSA. 
An AP1 consensus oligonucleotide labeled with 32P was used (12), 
and AP1 binding was assessed by densitometry. The AP1 construct 
used binds specifically AP1, which consists of the c-fos/c-jun het-
erodimer (12). In stimulated but not transfected T cells, AP1 bind-
ing was significantly lower in SLE patients (mean AP1 binding in 
densitometry units ± SEM: 24,219 ± 932 in SLE vs. 34,840 ± 2,136 
in normal subjects; P = 0.03) in accordance with our previous results 
(12). In contrast, when SLE T cells were treated with PP2Ac-siRNA, 
AP1 binding increased significantly (33,679 ± 914 [densitometry 
units]; P = 0.009 when compared with nontransfected SLE T cells) 
and reached levels comparable to those observed in stimulated nor-
mal T cells. Results from a representative experiment and cumula-
tive data are shown in Figure 9, A and B, respectively. AP1 activity 
was not affected when cells were transfected with control siRNA. 
Our data show that increased levels of PP2Ac in SLE T cells sup-
press the activity of AP1.

To verify that increased AP1 activity following downregulation of 
PP2Ac is the result of increased pCREB levels, we studied the effect 
of PP2Ac suppression on pCREB binding to the c-fos promoter using 
ChIP assays. T cells were transfected with either PP2Ac- or control 
siRNA and then stimulated for 1–3 hours. As shown in Figure 9C, 
PP2Ac suppression caused increased pCREB expression and in par-
allel increased binding of pCREB to the c-fos promoter (Figure 9D).  
Binding of pCREB to the  IL2 promoter was also  increased, as 
expected (Figure 9D). Because following stimulation, upregulated 
c-fos binds to the IL2 promoter to induce the transcription of IL2 
gene (8, 53), we examined in the same experiments the binding of 
c-fos to the IL2 promoter. We found that at 3 hours of stimulation, 
a small amount of c-fos remained bound to the IL2 promoter, as 
expected. In contrast, when PP2Ac was suppressed, c-fos binding 
was significantly increased (Figure 9D). In agreement with these 

Figure 7
Suppression of PP2Ac in SLE T cells enhances pCREB expression 
and pCREB binding to the IL2 promoter. T cells from patients with 
SLE were transfected with either PP2Ac- or control siRNA. Following 
30 hours of culture, cells were stimulated for 1–2 hours with PMA/
A23187. (A) Western blot analysis of pCREB and PP2Ac expression 
in nuclear and total cellular protein extracts, respectively. Heteroge-
neous ribonucleoprotein (hnRNP) and b-actin were used as controls 
(pCREB/hnRNP and PP2Ac/b-actin ratios are noted below the cor-
responding panels). Results from a representative of 5 similar experi-
ments are shown. (B) ChIP assay performed as described in Methods. 
Anti-pCREB–immunoprecipitated DNA, derived from cells manipulated 
as described above, were subjected to PCR using primers specific for 
the –180 binding site of the IL2 promoter (OD values corresponding to 
each sample are noted below the panel). Results from a representative 
of 3 similar experiments are shown.
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results, when T cells were transfected with the DN PP2Ac plasmid 
H118N, pCREB and c-fos binding to the IL2 promoter increased 
(Figure 9E). Our data  indicate  that downregulation of PP2Ac 
increases AP1 activity in SLE T cells by increasing the binding of 
pCREB to the c-fos promoter. At the same time, c-fos binding to the 
IL2 promoter is increased, suggesting that increased AP1 activity in 
SLE T cells following the suppression of PP2Ac contributes in the 
induction of IL-2 production described above.

SLE sera do not upregulate PP2Ac expression in normal T cells. We have 
recently reported that SLE serum IgG can suppress the produc-
tion of IL-2 in normal T cells (55). Because PP2A is regulated by a 
number of different signaling pathways initiated by extracellular 
stimuli (56), we considered whether increased expression of PP2Ac 
in SLE T cells represents the effect of SLE sera. Normal T cells were 
cultured in medium supplemented with sera derived from normal 
subjects (n = 9) or from patients with SLE (n = 9) as previously 
described (55), and PP2Ac expression was examined by Western 
blotting. PP2Ac expression in the lysates of T cells incubated with 

SLE or normal sera was comparable (P = 0.46) (data not shown). 
In addition, we found that when freshly isolated SLE T cells (n = 4) 
were rested overnight in the absence of SLE serum, PP2Ac expres-
sion did not change (data not shown). These results reveal that 
serum factors present in the sera of SLE patients are not respon-
sible for PP2Ac overexpression in SLE T cells.

Discussion
The present study demonstrates that the message, protein, and cata-
lytic activity of PP2Ac are increased in human SLE T cells. Further-
more, it shows that specific downregulation of PP2Ac in SLE T cells 
with PP2Ac-siRNA results in increased binding of pCREB to the IL2 
promoter and increased AP1 binding activity, causing normalization 
of IL-2 production. PP2Ac protein levels and activity are upregulated 
in SLE T cells from patients with active and inactive disease, regard-
less of the type of treatment. The expression of PP1, a closely related 
phosphatase, is not altered, suggesting that SLE T cells do not have 
a generalized phosphatase abnormality. These facts, along with the 

Figure 8
Downregulation of PP2Ac restores IL-2 production and IL2 promoter activity in SLE T cells. (A) T cells were transfected with either PP2Ac- or 
control siRNA. Cells were then stimulated with PMA/A23187 for 3 hours. IL-2 was measured as described in Methods. *P = 0.03 and 0.05 when 
compared with nontransfected normal T cells and with transfected lupus T cells, respectively; **P = 0.05 compared with nontransfected normal 
T cells. (B) PP2Ac-siRNA treatment downregulates PP2Ac but not PP2Aa expression. Results from 2 independent experiments with normal T 
cells are shown (PP2Ac/PP2Aa ratios are noted below the panels). (C) T cells were treated as indicated, and IL-2 was measured. Results from 
1 of 2 similar experiments are shown. (D) T cells were transfected with plasmids encoding either the wild-type PP2Ac or DN PP2Ac mutants 
(H118N or L199P). Twenty hours following transfection, cells were stimulated with PMA/A23187 for 6 hours. P values represent the result of 
paired t test analysis. (E) Results from the same experiment as shown in D, except that T cells were stimulated with OKT3/anti-CD3 mAbs for 18 
hours. (F) T cells were cotransfected with (a) a plasmid encoding an IL2 promoter luciferase construct or an empty vector, (b) a b-galactosidase 
plasmid, and (c) either PP2Ac- or control siRNA. Following 24 hours of culture, cells were stimulated for 1 hour with PMA/A23187. IL2 promoter 
activity was assessed as the luciferase activity. Numbers show the fold increase in IL2 promoter activity when compared with stimulated cells in 
the absence of PP2Ac-siRNA. Results from 1 of 2 similar experiments are presented.
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observation that RA T cells do not express increased levels of PP2Ac 
and that SLE sera cannot induce the expression of the enzyme in 
normal T cells, suggest that PP2Ac overexpression represents an 
intrinsic SLE T cell abnormality and not a secondary phenomenon 
related to disease activity, treatment, or extracellular factors.

Increased PP2Ac protein correlated with increased expression of 
PP2Ac mRNA, suggesting either increased transcription of the PP2Ac 
gene or increased stability of the corresponding mRNA. Increased  
IL-6 mRNA stability has been reported previously in patients with 
SLE (57). In living cells, PP2A is active only as a heterotrimeric mol-
ecule (36); the association of the catalytic subunit with the struc-
tural and regulatory subunits is a decisive factor for the activity of 
the enzyme (58). The parallel study of PP2Ac enzymatic activity and 
PP2Ac protein levels suggests that increased activity of PP2Ac in SLE 
T cells derives from increased protein levels of the enzyme.

PP2A has been previously shown to suppress (27–32) or increase 
the expression of IL-2 (33–35). This discrepancy is probably due to 
different experimental settings and/or methods used to determine 
PP2A function. The role of PP2A in the regulation of IL-2 produc-
tion was examined using either OA or polyomavirus middle tumor 
(middle T) antigen, which bind to PP2A and abrogate its activity (50, 
59). Because OA affects other phosphatases such as PP1, PP4, PP5, 
and PP6 (50), and because middle T antigen also binds to a variety of 
other signaling molecules such as proteins containing SH2 domains 
or the src family of protein kinases (59), these studies have not pro-
vided conclusive results. In one study, though, where PP2A activity 
in Jurkat T cells was specifically targeted with a DN mutant of PP2A, 

the anti-CD28 antibody–initiated production of IL-2 was signifi-
cantly enhanced (28). Nonetheless, it is possible that in response to 
different stimuli, diverse PP2A holoenzymes may form that affect 
IL-2 regulation differentially (58). In this study, we reduced PP2Ac 
levels in peripheral blood T cells using a PP2Ac-siRNA in a specific 
manner. Nevertheless, because the use of siRNA has been criticized 
as having unpredicted effects on the recipient cells, the effect of DN 
forms of PP2Ac in the production of IL-2 was also tested. Overall, 
using 3 different approaches to inhibit PP2Ac function — that is, 
PP2Ac-siRNA, PP2Ac DN constructs, and OA — we have confirmed 
the role of PP2A as a suppressor of IL-2 production.

We demonstrate that in SLE T cells, overexpression of active 
PP2Ac suppresses the expression of IL-2 through the downregu-
lation of pCREB expression. We have recently proposed a 2-step 
model for the transcriptional regulation of IL-2 by CREB and 
CREM (15). During the first step, T cell stimulation results in phos-
phorylation of CREB, which in turn recruits p300 and CBP and 
binds to the –180 site on the IL2 promoter. Other factors like AP1 
and NF-κB, which also recruit CBP and p300, bind to the IL2 pro-
moter and together with pCREB form an enhanceosome that asso-
ciates with the RNA polymerase II complex and activates the tran-
scription of IL-2 mRNA and the production of protein (8, 60–62). 
In the second step of the T cell activation, CREM mRNA is induced, 
and the produced CREM protein binds to the IL2 promoter, gradu-
ally replacing pCREB and terminating IL-2 production (15, 63). It 
appears that in SLE T cells, increased PP2Ac activity leads to defec-
tive formation of pCREB and impaired transcriptional activation 

Figure 9
PP2Ac-siRNA increases AP1 activity in SLE T cells by increasing the binding of pCREB to the c-fos promoter. (A and B) PP2Ac-siRNA increases 
AP1 activity in SLE T cells. An AP1 binding [32P]-radiolabeled oligonucleotide was used in EMSA, where AP1 binding activity was assessed in 
nuclear extracts derived from cells that were transfected in the presence or absence of PP2Ac-siRNA and subsequently stimulated for 2 hours. 
Results from a representative experiment with 1 SLE patient and 1 normal subject are shown (A). (B) Mean ± SEM of AP1 binding from 3 patients 
with SLE and 3 normal subjects examined in parallel are displayed. AP1 binding was quantitated by densitometry of autoradiographed bands. 
P values are also shown. (C and D) PP2Ac-siRNA–mediated pCREB upregulation parallels increased binding of pCREB to the c-fos promoter 
and increased binding of both pCREB and c-fos to the IL2 promoter. Normal T cells were transfected with either PP2Ac- or control siRNA and 
then stimulated with PMA/A23187 for 1–3 hours. pCREB expression was assessed with Western blots (C), and in vivo DNA binding of pCREB 
and c-fos was examined using ChIP assays (D) as described in Methods. Anti-E47 immunoprecipitates were used as negative control. Results 
from a representative of 3 similar experiments are shown. (E) T cells were transfected with wild-type PP2Ac or H118N and then stimulated with 
PMA/A23187 for 1 hour. DNA binding of pCREB and c-fos to the IL2 promoter was examined with ChIP assays (OD values corresponding to 
each sample are noted below the panel). Results from 1 of 2 similar experiments is shown.
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of the IL2 promoter. In addition, decreased levels of pCREB permit 
CREM to occupy their common –180 binding site on the IL2 pro-
moter and directly suppress IL-2 production (15, 63). Furthermore, 
decreased pCREB affects IL2 gene transcription through the down-
regulation of c-fos, which results in lower AP1 activity. This is in 
agreement with our previous studies, which showed impaired AP1 
activity in SLE T cells (12). PP2A could also affect AP1 activity by 
altering the phosphorylation status of c-fos and c-jun (64).

Although PP2A may directly dephosphorylate pCREB (16), it is 
also likely that it affects CREB phosphorylation because it counter-
acts the function of kinases that lead to the formation of pCREB, 
such as PKA, PKC, ERK1, and CaM-dependent kinase II (CaMKII) 
and CaMKIV (65). Consequently, increased PP2A may contribute to 
the defective function of PKA, PKC, and ERK1 in SLE T cells (66–68), 
leading to impaired activation of CREB. We have recently reported 
that SLE T cells display increased activity of CaMKIV (55). CaMKIV 
phosphorylates and activates both CREB and CREM. We showed 
that in SLE T cells, CaMKIV upregulates CREM and suppresses  
IL-2. The reason(s) why increased CaMKIV preferentially promotes 
the function of CREM in SLE T cells is unclear, as is the role of PP2A 
in regulating CaMKIV. It should be noted, though, that while PP2A 
directly dephosphorylates and inactivates CaMKIV (23), at the same 
time it inactivates PKA, PKC, and CaMK II (65), which also regulate 
CaMKIV function in a negative manner (69–71). The specific targets 
of the PP2A holoenzymes that are formed probably determine the 
net result of the multiple interactions of PP2A in SLE T cells. Altered 
kinetics of these interactions may also have a profound impact on 
rewiring the activation process in SLE T cells.

Similar to PP2A, a small number of tyrosine phosphatases have 
been implicated in the negative regulation of IL-2 production  
(72–80). Among these phosphatases, only PTEN and SHP-1, which 
were also shown to reduce IL-2 production (76, 78), have been 
linked to autoimmune phenomena. Specifically, mice carrying 
PTEN gene mutations present impaired Fas-mediated apoptosis 
and develop autoimmune disease (81), while SHP-1–deficient mice 
produce pathogenic autoantibodies and suffer from lupus-like 
glomerulonephritis (76). In addition, autoimmune phenomena are 
documented in patients with Cowden syndrome, a disease caused 
by germline PTEN mutations (82). Nevertheless, no abnormalities 
of the expression and function of these phosphatases have been 
demonstrated in patients with SLE. On the other hand, CD45, a 
transmembrane tyrosine phosphatase, which has been implicated 
in the molecular aberrations in SLE (83, 84), exerts diverse effects 
on IL-2 production (75, 85–87). In particular, T cell lines that do 
not express cell surface CD45 cannot generate TCR signals (86) and 
thus cannot produce IL-2, while coligation of CD45 with the anti-
gen receptor inhibits IL-2 production (87). The role of CD45 in IL-2 
regulation in SLE T cells has not been studied.

We have studied the role of PP2Ac in the regulation of IL-2 in 
SLE T cells. Nevertheless, increased expression of PP2Ac may have 
broader consequences in the function of SLE T cells. The available 
information on PP2A function comes from studies that describe 
the effects of PP2A suppression. The opposite approach, that is, 
the stable overexpression of PP2A, has been proven to be largely 
unsuccessful due to the stringent control of PP2A at both the tran-
scriptional and the translational levels (49, 88). In addition, para-
digms of PP2A dysregulation in human disease identify abnor-
malities related to impaired function of the enzyme (41, 42). SLE 
is the first disease where increased PP2A expression and function 
are documented. Our data are in agreement with previous reports 

showing that T cells derived from the lupus-prone MRL/lpr mice 
lymphoid tissues display increased activity of PP2A (89, 90). Only 
recently, a transgenic mouse was generated to express high levels of 
PP2Ac in the myocardiac tissue (44). A similar approach targeting 
T lymphocytes could provide valuable information for the role of 
PP2A in the immune response. PP2A is recognized as a major pro-
tein kinase phosphatase (65). In particular, PP2A has been shown 
to modulate the activities of ERK/MAPKs, CaMKs, JNK, PKA, -B, 
and -C, as well as IκB kinases resulting in the regulation of the 
activity of numerous transcription factors such as AP1, NF-κB, 
CREB, Sp-1, and STAT3 and -6 (64). Notably, the specific effects 
of PP2A vary considerably depending on the target molecule and 
the cell type examined. In the same context, the broader role of 
PP2Ac overexpression in SLE T cells should be defined along with 
the characterization of the holoenzymes that PP2Ac forms in SLE 
T cells as well as the identification of the respective targets.

In summary, our data document increased activity of PP2Ac as 
a novel SLE disease-specific abnormality and defines a distinct 
mechanism whereby it represses IL-2 production. We propose that 
PP2A-siRNA may represent a novel tool to correct T cell IL-2 pro-
duction and limit disease activity.

Methods
Study subjects. Forty-four female patients with SLE, 24–71 years old, fulfill-
ing at least 4 of the 11 American College of Rheumatology classification 
criteria for SLE, were studied. Thirty-two patients were on hydroxychlo-
roquine, 29 on prednisone (1–60 mg/day), 6 on azathioprine, 7 on myco-
phenolate mofetil, 2 on methotrexate, and 1 on cyclophosphamide, and 2 
patients were receiving no treatment. SLEDAI ranged between 0 and 14. Fif-
teen patients with RA, aged 37–80, were also evaluated. Patients receiving 
prednisone were examined at least 24 hours following their last dose. Fifty-
three healthy female subjects, 21–64 years old, were analyzed in parallel. 
The institutional review boards of the institutions involved (Washington 
Hospital Center, Walter Reed Army Institute of Research, and Uniformed 
Services University of the Health Sciences) approved the study protocol, 
and informed consent was obtained from all study subjects.

Antibodies. Antibodies against PP2Ac, PP2Aa, b-actin, PP1, CREB, pCREB, 
and c-fos were purchased from Upstate. Anti-rabbit HRP, anti-goat HRP, anti-
E47, and normal mouse IgG Abs were purchased from Santa Cruz Biotechnol-
ogy Inc. Rabbit anti-hnRNP serum was used in Western blots, as previously 
described (91). OKT3/anti-CD3 Ab was purchased from Ortho-McNeil Phar-
maceuticals Inc. The anti-CD28 Ab was purchased from BD Biosciences.

T cells. T cells were purified from peripheral venous blood using a rosette 
T cell purification kit (StemCell Technologies) as previously described (12). 
Purified cells were greater than 98% CD3 positive, as flow cytometry analy-
sis disclosed. Cells were then either directly lysed to extract protein and RNA 
or cultured. Sera were also collected and frozen at –70°C until used. Sera 
were heat inactivated at 56°C for 30 minutes and centrifuged before use.

Cell cultures. T cells (1 × 106 to 2.5 × 106) were cultured in RPMI 1640 
medium, 10% heat-inactivated FCS, 2 mM glutamine, 100 U/ml penicil-
lin, and 100 µg/ml streptomycin (full RPMI) at 37°C, 5% CO2, in 24- or  
6-well plates. In some experiments, sera from lupus or healthy subjects 
were added to the medium. In some cases, cells were harvested after an 
overnight rest. In a few experiments, T cells were directly stimulated in 
cultures containing OA (5 or 50 nM). In the majority of experiments, trans-
fection of cells was performed prior to plating as described below. After 
4–48 hours of culture, transfected cells were either collected or stimulated 
for an additional 1–18 hours. T cells were stimulated with either PMA  
(10 ng/ml) and calcium ionophore A23187 (0.5 µg/ml) or OKT3/anti-
CD3 Ab (5 µg/ml) and anti-CD28 Ab (1 µg/ml). Cells were used for protein 
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extraction, ChIP, or luciferase assays. Culture supernatants were collected 
and kept at –20°C for the quantification of IL-2.

IL-2 ELISA. The concentration of IL-2 in culture supernatants was deter-
mined using the Quantikine Immunoassay kit (R&D Systems) according 
to the manufacturer’s instructions.

siRNA, plasmids, and T lymphocyte transfection. Duplexes of 21-nucleotide 
siRNA with two 3′-TT ends were synthesized by QIAGEN. Combinations 
of 3 siRNA targeting different positions within the b isoform of human 
PP2Ac mRNA (PP2Ac-siRNA) were used. The sense strands were: AUGUG-
CAAGAGGUUCGUUG, UGUCUGCGAAAGUAUGGGA, and UUGGU-
GUCAUGAUCGGAAU. A nonsilencing siRNA was included as control 
(control siRNA) (sense strand: AATTCTCCGAACGTGTCACGT). Trans-
fection was carried out by electroporation using the Nucleofection System 
(Amaxa), according to the manufacturer’s protocols. Final siRNA concen-
trations ranged from 10 to 1,000 nM. Electroporation was also used to 
transfect plasmids encoding the wild-type PP2Ac and the PP2Ac mutants 
H118N and L199P (kindly provided by B.A. Hemmings,	Friedrich Miescher 
Institute for Biomedical Research, Basel, Switzerland). Two micrograms of 
each plasmid were used per transfection (3 × 106 to 5 × 106 cells). Following 
transfection, cells were cultured as described above. In some experiments, 
a plasmid encoding an IL2 promoter luciferase construct or a correspond-
ing empty vector and a plasmid encoding b-galactosidase were cotrans-
fected (5:1 ratio) in the presence or absence of siRNA. The total amount 
of plasmids used in each sample was 5 µg. Following 24 hours culture and 
subsequent 1-hour stimulation, the activity of the IL2 promoter was exam-
ined using a luciferase assay.

Luciferase assay. Cytoplasmic extracts were prepared using a luciferase 
assay kit (Promega), and luminescence was measured immediately for 30 
seconds using a TD20/20 luminometer (Promega). The luciferase activity 
was normalized using the b-galactosidase readings.

ChIP assay. ChIP assays were performed as previously described (15). 
Three to 5 million T cells were used per investigated Ab. The DNA was 
amplified with primers flanking the IL2 promoter, including the –180 
site (forward sequence, 5′-ATGCTCACGAGATTAGGACACG-3′; reverse 
sequence, 5′-TGTAAAACTGTGGGGGT-3′), or with primers  flanking 
the c-fos promoter, including the –57 site (forward, 5′-ATGCTCACGAGA-
TTAGGACACG-3′; reverse, 5′-GCTGCAGATGCGGTTGGAGT-3′). PCR 
products were separated on a 1.0% agarose gel, and the OD of each band 
was quantitated using Quantity One software (Bio-Rad Laboratories).

EMSA. Nuclear extracts (3 µg) were incubated with a [32P]-radiolabeled 
AP1 dsDNA probe and 1 µg of poly(dI/dC) in the binding buffer for 15 
minutes at room temperature. The reaction mixture was then subjected 
to separation in 6% nondenaturing gel (Invitrogen Life Technologies). 
The dried gel was then autoradiographed. The AP1 consensus-binding 
sequence was: forward, 5′-CGCTTGATGACTCAGCCGGAA-3′; reverse,  
5′-TTCCGGCTGAGTCATCAAGCG-3′.

Protein purification. To prepare whole-cell protein lysates, cells (3 × 106 to 5 × 106)  
were incubated on ice with 200–400 µl lysis buffer (10 mM Tris, pH 7.9),  
50 mM NaCl, 5 mM EDTA, 1% Nonidet P-40 supplemented with freshly 
added proteases inhibitors [1 mM 4-(2-aminoethyl) butylsulfonyl fluoride,  
2 mM aprotinin, 1 mM leupeptin, 5 mM NaF, and 1 mM Na3VO4] and DTT 
(1 mM), for 40 minutes. Following 5 minutes centrifugation at 20,000 g), 
supernatants were stored at –80°C. Protein extracts used in phosphatase 
activity assays were prepared following the same procedure, with the lysis buf-
fer adjusted to pH 7.0 and without the addition of the Ser/Thr phosphatase 
inhibitor NaF. Cytoplasmic and nuclear protein extracts were prepared as 
previously described (12). Protein concentration was measured using the 
Bradford reagent (Bio-Rad Laboratories) and standardized with BSA.

Western blotting.  Cellular  proteins  were  separated  in  4–12%  BisTris-
NuPAGE gels according  to  the manufacturer’s protocols  (Invitrogen 

Corp.). The proteins were transferred onto PVDF and blotted with various 
antibodies as indicated. Protein bands were detected by enhanced chemi-
luminescence reagents (Amersham Biosciences), and the density of each 
band was calculated with Quantity One software.

Reverse transcription and real-time PCR. RNA extracted from T cells (1 × 106)  
(RNEasy Mini Kit; QIAGEN) was treated with DNase I (QIAGEN) and 
quantitated. Total RNA (300 ng) was transcribed in cDNA in a convention-
al thermocycler using AMV reverse transcriptase and oligo-dT primer (RT-
PCR kit; Promega). Real-time PCR was conducted with a Cepheid Smart-
Cycler thermocycler by adding SYBR green to the reaction mixture. Primers 
used (Sigma-Aldrich) were: PP2Ac forward 5′-ATGTGCAAGAGGTTCGTT-
GC-3′, reverse 5′ AGTATGTCTATGGATGGAGA-3′; and b-actin forward 5′-
CATGGGTCAGAAGGATTCCT-3′, reverse 5′-AGCTGGTAGCTCTTCTC-
CA-3′. Real-time PCR products were quantitated as previously described 
(12). Additional details are provided in the Supplemental Figure (available 
online with this article; doi:10.1172/JCI24895DS1).

PP2Ac enzymatic activity determination. PP2A enzymatic activity was 
assessed following PP2Ac immunoprecipitation using a malachite green–
based phosphatase assay (PP2A Immunoprecipitation Phosphatase Assay 
Kit; Upstate). To preclear protein extracts, protein A agarose slurry was 
added, followed by rotation at 4°C for 1 hour. Samples were centrifuged 
to discard the beads, and 100 µg of total cellular protein was incubated 
with either protein A agarose slurry alone or in the presence of an anti-
PP2Ac Ab (clone 1D6; Upstate) or a control normal mouse IgG Ab (Santa 
Cruz Biotechnology Inc.) at 4°C with constant rocking for 2 hours. Both 
Abs were used at 4 µg/sample. Agarose-bound immune complexes were 
collected and, following intense washing with 700 µl TBS (7 times) and 
500 µl optimized Ser/Thr buffer (final wash), were resuspended in 20 µl 
Ser/Thr buffer. An appropriate phosphopeptide (amino acid sequence: 
K-R-pT-I-R-R) was added as a substrate for PP2Ac, and samples were 
incubated at 30°C in a shaking incubator for 10 minutes. Supernatants 
(25 µl) were transferred in 96-well plate, and released phosphate was mea-
sured by adding 100 µl malachite green phosphate detection solution. 
Color developed for 15 minutes before reading the plate at 650 nm. The 
absorbance of the reactions was corrected by subtracting the absorbance 
in samples treated with anti-IgG Ab. Phosphate concentrations were cal-
culated from a standard curve created using serial dilutions of a standard 
phosphate solution (0–2,000 pmol).

Statistics. Data are presented as mean value ± SEM. Where mentioned, 
the paired or otherwise the unpaired 2-tailed t test with Welch correction, 
linear regression (r2), and the Pearson product moment correlation coef-
ficient were used for statistical analysis (SPSS software, version 12.0; SPSS 
Inc.). Statistical significance was defined as P < 0.05.

Acknowledgments
This work is supported by NIH grants RO1 AI42269 and RO1 
AI49954. We thank A. Weinstein, R. Bhagati, P. De Marco, B. 
Walitt, S. Timbil, and V. Logan for their help with the recruitment 
of the research subjects and B.A. Hemmings and P. Cron for pro-
viding the PP2Ac constructs. We also thank Y. Wang for valuable 
advice. The opinions expressed herein are those of the authors and 
do not represent those of the Department of Defense.

Received for publication March 1, 2005, and accepted in revised 
form August 9, 2005.

Address correspondence to: George C. Tsokos, Walter Reed Army 
Institute of Research, Building 503, Room 1A32, Silver Spring, 
Maryland 20910, USA. Phone: (301) 319-9911; Fax: (301) 319-
9133; E-mail: gtsokos@usuhs.mil.



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 115      Number 11      November 2005  3203

  1. Linker-Israeli, M., et al. 1983. Defective production 
of interleukin 1 and interleukin 2 in patients with 
systemic lupus erythematosus (SLE). J. Immunol. 
130:2651–2655.

  2. Theofilopoulos, A.N., and Dixon, F.J. 1985. Muri-
ne models of systemic lupus erythematosus. Adv. 
Immunol. 37:269–390.

  3. Nelson, B.H. 2004. IL-2, regulatory T cells, and 
tolerance. J. Immunol. 172:3983–3988.

  4. Iliopoulos, A.G., and Tsokos, G.C. 1996. Immuno-
pathogenesis and spectrum of infections in syste-
mic lupus erythematosus. Semin. Arthritis Rheum. 
25:318–336.

  5. Kovacs, B., Vassilopoulos, D., Vogelgesang, S.A., and 
Tsokos, G.C. 1996. Defective CD3-mediated cell 
death in activated T cells from patients with syste-
mic lupus erythematosus: role of decreased intra-
cellular TNF-alpha. Clin. Immunol. Immunopathol.  
81:293–302.

  6. Tsokos, G.C. 1999. Overview of cellular immune 
function  in  systemic  lupus  erythematosus.  In  
Systemic lupus erythematosus. R.G. Lahita, editor. Aca-
demic Press. New York, New York, USA. 17–54.

  7. Horwitz, D., Gray, J.D., and Zheng, S. 2002. The 
potential of human regulatory T cells generated 
ex vivo as a treatment for lupus and other chronic 
inflammatory diseases. Arthritis Res. 4:241–246.

  8. Jain, J., Loh, C., and Rao, A. 1995. Transcriptional 
regulation of the IL-2 gene. Curr. Opin. Immunol. 
7:333–342.

  9. Rothenberg, E.V., and Ward, S.B. 1996. A dynamic 
assembly of diverse transcription factors integrates 
activation and cell-type information for interleu-
kin 2 gene regulation. Proc. Natl. Acad. Sci. U. S. A. 
93:9358–9365.

  10. Wong, H.K., Kammer, G.M., Dennis, G., and Tso-
kos, G.C. 1999. Abnormal NF-kappaB activity in T 
lymphocytes from patients with systemic lupus ery-
thematosus is associated with decreased p65-relA 
protein expression. J. Immunol. 163:1682–1689.

  11. Herndon,  T.M.,  et  al.  2002.  Direct  transfer  of 
p65 into T lymphocytes from systemic lupus ery-
thematosus patients leads to increased levels of 
interleukin-2 promoter activity.  Clin. Immunol. 
103:145–153.

  12. Kyttaris, V.C., Juang, Y.T., Tenbrock, K., Weinstein, 
A., and Tsokos, G.C. 2004. Cyclic adenosine 5′-
monophosphate response element modulator is 
responsible for the decreased expression of c-fos 
and activator protein-1 binding in T cells from 
patients  with  systemic  lupus  erythematosus.  
J. Immunol. 173:3557–3563.

  13. Tenbrock, K., Juang, Y.-T., Gourley, M.F., Nambi-
ar, M.P., and Tsokos, G.C. 2002. Antisense cyclic 
adenosine 5′-monophosphate response element 
modulator up-regulates IL-2 in T cells from pati-
ents with systemic lupus erythematosus. J. Immunol.  
169:4147–4152.

  14. Solomou, E.E., Juang, Y.T., Gourley, M.F., Kammer, 
G.M., and Tsokos, G.C. 2001. Molecular basis of 
deficient IL-2 production in T cells from patients 
with systemic  lupus erythematosus.  J. Immunol. 
166:4216–4222.

  15. Tenbrock, K., Juang, Y.-T., Tolnay, M., and Tsokos, 
G.C. 2003. The cyclic adenosine 5′-monophosphate 
response element modulator suppresses IL-2 pro-
duction in stimulated T cells by a chromatin-depen-
dent mechanism. J. Immunol. 170:2971–2976.

  16. Wadzinski, B.E., et al. 1993. Nuclear protein phos-
phatase 2A dephosphorylates protein kinase A-phos-
phorylated CREB and regulates CREB transcriptio-
nal stimulation. Mol. Cell. Biol. 13:2822–2834.

  17. Mayr, B., and Montminy, M. 2001. Transcriptional 
regulation by the phosphorylation-dependent fac-
tor CREB. Nat. Rev. Mol. Cell Biol. 2:599–609.

  18. Kammer, G.M., Khan, I.U., and Malemud, C.J. 1994. 
Deficient type I protein kinase A isozyme activity 
in systemic lupus erythematosus T lymphocytes.  

J. Clin. Invest. 94:422–430.
  19. Elliott, M.R., Tolnay, M., Tsokos, G.C., and Kam-

mer, G.M. 2003. Protein kinase A regulatory sub-
unit type IIbeta directly interacts with and sup-
presses CREB transcriptional activity in activated 
T cells. J. Immunol. 171:3636–3644.

  20. Elliott, M.R., et al. 2004. Down-regulation of IL-2 
production in T lymphocytes by phosphorylated pro-
tein kinase A-RIIbeta. J. Immunol. 172:7804–7812.

  21. Wheat, W.H., Roesler, W.J., and Klemm, D.J. 1994. 
Simian virus 40 small tumor antigen inhibits dephos-
phorylation of protein kinase A-phosphorylated 
CREB and regulates CREB transcriptional stimula-
tion. Mol. Cell. Biol. 14:5881–5890.

  22. Reusch, J.E., Hsieh, P., Klemm, D., Hoeffler, J., and 
Draznin, B. 1994. Insulin inhibits dephosphoryla-
tion of adenosine 3′,5′-monophosphate response 
element-binding  protein/activating  transcrip-
tion  factor-1:  effect  on  nuclear  phosphoserine 
phosphatase-2a. Endocrinology. 135:2418–2422.

  23. Westphal, R.S., Anderson, K.A., Means, A.R., and 
Wadzinski,  B.E.  1998.  A  signaling  complex  of 
Ca2+-calmodulin-dependent protein kinase IV and 
protein phosphatase 2A. Science. 280:1258–1261.

  24. Zakany, R., et al. 2002. Protein phosphatase 2A is 
involved in the regulation of protein kinase A sig-
naling pathway during in vitro chondrogenesis. 
Exp. Cell Res. 275:1–8.

  25. Choe, E.S., et al. 2004. The protein phosphatase 
1/2A inhibitor okadaic acid increases CREB and 
Elk-1 phosphorylation and c-fos expression in the 
rat striatum in vivo. J. Neurochem. 89:383–390.

  26. Roach, S.K., Lee, S.B., and Schorey, J.S. 2005. Differ-
ential activation of the transcription factor cyclic 
AMP response element binding protein (CREB) in 
macrophages following infection with pathogenic 
and  nonpathogenic  mycobacteria  and  role  for 
CREB in tumor necrosis factor alpha production. 
Infect. Immun. 73:514–522.

  27. Brizuela, L., Ulug, E.T., Jones, M.A., and Court-
neidge, S.A. 1995. Induction of interleukin-2 tran-
scription by the hamster polyomavirus middle T 
antigen: a role for Fyn in T cell signal transduction. 
Eur. J. Immunol. 25:385–393.

  28. Chuang, E., et al. 2000. The CD28 and CTLA-4  
receptors  associate  with  the  serine/threonine 
phosphatase PP2A. Immunity. 13:313–322.

  29. Falk, W., et al. 1994. Activation of the mouse IL-2 
gene by okadaic acid: synergy with interleukin-1. 
Lymphokine Cytokine Res. 13:167–174.

  30. Kracht, M., Heiner, A., Resch, K., and Szamel, M. 
1993. Interleukin-1-induced signaling in T-cells. Evi-
dence for the involvement of phosphatases PP1 and 
PP2A in regulating protein kinase C-mediated pro-
tein phosphorylation and interleukin-2 synthesis.  
J. Biol. Chem. 268:21066–21072.

  31. Ohmura, T., and Onoue, K. 1990. Stability of IL-2  
mRNA in T lymphocytes is controlled by a pro-
tein kinase C-regulated mechanism. Int. Immunol. 
2:1073–1079.

  32. Richards, F.M., Milner, J., and Metcalfe, S. 1992. 
Inhibition of the serine/threonine protein phos-
phatases  PP1  and  PP2A  in  lymphocytes:  effect 
on mRNA levels for  interleukin-2,  IL-2R alpha, 
krox-24, p53, hsc70 and cyclophilin. Immunology. 
76:642–647.

  33. Baroja, M.L., et al. 2002. Inhibition of CTLA-4 func-
tion by the regulatory subunit of serine/threonine 
phosphatase 2A. J. Immunol. 168:5070–5078.

  34. Grove, D.S., and Mastro, A.M. 1996. Modulation 
of levels of a negative transcription factor for IL-2  
by 12-O-tetradecanoyl phorbol-13-acetate and oka-
daic acid. Cytokine. 8:809–816.

  35. Nebl, G., Meuer, S.C., and Samstag, Y. 1998. Cyclo-
sporin  A-resistant  transactivation  of  the  IL-2 
promoter requires activity of okadaic acid-sensi-
tive serine/threonine phosphatases.  J. Immunol. 
161:1803–1810.

  36. Virshup, D.M. 2000. Protein phosphatase 2A: a pan-
oply of enzymes. Curr. Opin. Cell Biol. 12:180–185.

  37. Orgad, S.,  et al. 1990. The structure of protein 
phosphatase 2A is as highly conserved as that of 
protein phosphatase 1. FEBS Lett. 275:44–48.

  38. Favre, B., Zolnierowicz, S., Turowski, P., and Hem-
mings, B.A. 1994. The catalytic subunit of protein 
phosphatase 2A is carboxyl-methylated  in vivo.  
J. Biol. Chem. 269:16311–16317.

  39. Gotz, J., Probst, A., Ehler, E., Hemmings, B., and 
Kues, W. 1998. Delayed embryonic lethality in mice 
lacking protein phosphatase 2A catalytic subunit 
Calpha. Proc. Natl. Acad. Sci. U. S. A. 95:12370–12375.

  40. Van Hoof, C., and Goris, J. 2004. PP2A fulfills its 
promises as tumor suppressor: which subunits are 
important? Cancer Cell. 5:105–106.

  41. Tian, Q., and Wang, J. 2002. Role of serine/threo-
nine protein phosphatase in Alzheimer‘s disease. 
Neurosignals. 5:262–269.

  42. Schweiger, S., and Schneider, R. 2003. The MID1/
PP2A complex: a key to the pathogenesis of Opitz 
BBB/G syndrome. Bioessays. 25:356–366.

  43. Herzig, S., and Neumann, J. 2000. Effects of serine/
threonine protein phosphatases on ion channels in 
excitable membranes. Physiol. Rev. 80:173–210.

  44. Gergs, U., et al. 2004. Overexpression of the cata-
lytic subunit of protein phosphatase 2A impairs 
cardiac function. J. Biol. Chem. 279:40827–40834.

  45. Myles, T., Schmidt, K., Evans, D.R., Cron, P., and 
Hemmings,  B.A.  2001.  Active-site  mutations 
impairing the catalytic function of the catalytic 
subunit of human protein phosphatase 2A permit 
baculovirus-mediated overexpression in insect cells.  
Biochem. J. 357:225–232.

  46. Brautigan, D.L. 1995. Flicking the switches: phosphor-
ylation of serine/threonine protein phosphatases.  
Semin. Cancer Biol. 6:211–217.

  47. Liossis, S.N., Ding, D.Z., Dennis, G.J., and Tsokos, 
G.C. 1998. Altered pattern of TCR/CD3-mediated 
protein-tyrosyl phosphorylation in T cells from 
patients with systemic lupus erythematosus. Defi-
cient expression of the T-cell receptor zeta chain.  
J. Clin. Invest. 101:1448–1457.

  48. Aydin, H.H., et al. 2000. Up-regulation of serine/
threonine protein phosphatase type 2A regulatory 
subunits during methylprednisolone-induced dif-
ferentiation of leukaemic HL-60 cells. Clin. Lab. 
Haematol. 22:271–274.

  49. Baharians, Z., and Schonthal, A.H. 1998. Autoregu-
lation of protein phosphatase type 2A expression.  
J. Biol. Chem. 273:19019–19024.

  50. Dounay, A.B., and Forsyth, C.J. 2002. Okadaic acid: 
the archetypal serine/threonine protein phosphatase 
inhibitor. Curr. Med. Chem. 9:1939–1980.

  51. Evans, D.R.H., Myles, T., Hofsteenge, J., and Hem-
mings, B.A. 1999. Functional expression of human 
PP2Ac in yeast permits the identification of novel 
C-terminal and dominant-negative mutant forms. 
J. Biol. Chem. 274:24038–24046.

  52. Karin, M., Liu, Z., and Zandi, E. 1997. AP-1 function 
and regulation. Curr. Opin. Cell Biol. 9:240–246.

  53. Jain, J., Valge-Archer, V.E., and Rao, A. 1992. Analy-
sis of the AP-1 sites in the IL-2 promoter. J. Immunol.  
148:1240–1250.

  54. Sassone-Corsi, P., Visvader, J., Ferland, L., Mellon, 
P.L., and Verma, I.M. 1988. Induction of proto-
oncogene fos transcription through the adenylate 
cyclase  pathway:  characterization  of  a  cAMP-
responsive element. Genes Dev. 2:1529–1538.

  55. Juang, Y.-T., et al. 2005. SLE serum IgG increases 
CREM binding to the IL-2 promoter and suppres-
ses IL-2 production through CaMKIV. J. Clin. Invest. 
115:996–1005. doi:10.1172/JCI200522854.

  56. Goldberg,Y. 1999. Protein phosphatase 2A: who 
shall regulate the regulator? Biochem. Pharmacol. 
57:321–328.

  57. Linker-Israeli, M., et al. 1999. Association of IL-6 
gene alleles with systemic  lupus erythematosus 



research article

3204	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 115      Number 11      November 2005

(SLE)  and  with  elevated  IL-6  expression.  Genes 
Immun. 1:45–52.

  58. Price, N.E., and Mumby, M.C. 2000. Effects of regu-
latory subunits on the kinetics of protein phospha-
tase 2A. Biochemistry. 39:11312–11318.

  59. Mumby, M. 1995. Regulation by tumour antigens 
defines  a  role  for  PP2A  in  signal  transduction. 
Semin. Cancer Biol. 6:229–237.

  60. Montminy, M. 1997. Transcriptional regulation by 
cyclic AMP. Annu. Rev. Biochem. 66:807–822.

  61. Butscher, W.G., Haggerty, C.M., Chaudhry, S., and 
Gardner, K. 2001. Targeting of p300 to the inter-
leukin-2 promoter via CREB-Relc cross-talk during 
mitogen and oncogenic molecular signaling in acti-
vated T-cells. J. Biol. Chem. 276:27647–27656.

  62. Merika, M., Williams, A.J., Chen, G., Collins, T., and 
Thanos, D. 1998. Recruitment of CBP/p300 by the 
IFN beta enhanceosome is required for synergistic 
activation of transcription. Mol. Cell. 1:277–287.

  63. Ferreri, K., Gill, G., and Montminy, M. 2005. The 
cAMP-regulated transcription factor CREB inter-
acts with a component of the TFIID complex. Proc. 
Natl. Acad. Sci. U. S. A. 91:1210–1213.

  64. Zolnierowicz, S. 2000. Type 2A protein phospha-
tase, the complex regulator of numerous signaling 
pathways. Biochem. Pharmacol. 60:1225–1235.

  65. Millward, T.A., Zolnierowicz, S., and Hemmings, 
B.A. 1999. Regulation of protein kinase cascades 
by  protein  phosphatase  2A.  Trends Biochem. Sci. 
24:186–191.

  66. Kammer, G.M. 2002. Deficient protein kinase a in 
systemic lupus erythematosus: a disorder of T lym-
phocyte signal transduction. Ann. N. Y. Acad. Sci. 
968:96–105.

  67. Tada, Y., Nagasawa, K., Yamauchi, Y., Tsukamoto, 
H., and Niho, Y. 1991. A defect in the protein kina-
se C system in T cells from patients with systemic 
lupus erythematosus. Clin. Immunol. Immunopathol. 
60:220–231.

  68. Cedeno, S., et al. 2003. Defective activity of ERK-1  
and ERK-2 mitogen-activated protein kinases in 
peripheral  blood  T  lymphocytes  from  patients 
with  systemic  lupus  erythematosus:  potential 
role of altered coupling of Ras guanine nucleotide 
exchange factor hSos to adapter protein Grb2 in 
lupus T cells. Clin. Immunol. 106:41–49.

  69. Wayman, G.A., Tokumitsu, H., and Soderling, T.R. 
1997. Inhibitory cross-talk by cAMP kinase on the 
calmodulin-dependent  protein  kinase  cascade.  

J. Biol. Chem. 272:16073–16076.
  70. MacNicol, M., and Schulman, H. 1992. Cross-talk 

between  protein  kinase  C  and  multifunctional 
Ca2+/calmodulin-dependent protein kinase. J. Biol. 
Chem. 267:12197–12201.

  71. Sun, P., Enslen, H., Myung, P.S., and Maurer, R.A. 
1994. Differential activation of CREB by Ca2+/
calmodulin-dependent protein kinases type II and 
type IV involves phosphorylation of a site that nega-
tively regulates activity. Genes Dev. 8:2527–2539.

  72. Gjorloff-Wingren, A., et al. 2000. Subcellular loca-
lization of intracellular protein tyrosine phospha-
tases in T cells. Eur. J. Immunol. 30:2412–2421.

  73. Han, S., Williams, S., and Mustelin, T. 2005. Cyto-
skeletal protein tyrosine phosphatase PTPH1 redu-
ces T cell antigen receptor signaling. Eur. J. Immunol.  
30:1318–1325.

  74. Marti, F., et al. 2001. Negative-feedback regulation 
of CD28 costimulation by a novel mitogen-activa-
ted protein kinase phosphatase, MKP6. J. Immunol. 
166:197–206.

  75. McKenney, D.W., Onodera, H., Gorman, L., Mimu-
ra,  T.,  and  Rothstein,  D.M.  1995.  Distinct  iso-
forms of the CD45 protein-tyrosine phosphatase 
differentially regulate interleukin 2 secretion and 
activation signal pathways involving vav in T cells.  
J. Biol. Chem. 270:24949–24954.

  76. Sathish, J.G., et al. 2001. Requirement for CD28 co-
stimulation is lower in SHP-1-deficient T cells. Eur. 
J. Immunol. 31:3649–3658.

  77. Saxena, M., Williams, S., Brockdorff, J., Gilman, J., 
and Mustelin, T. 1999. Inhibition of T cell signa-
ling by mitogen-activated protein kinase-targeted 
hematopoietic  tyrosine  phosphatase  (HePTP).  
J. Biol. Chem. 274:11693–11700.

  78. Seminario, M.C., et al. 2004. PTEN permits acute 
increases in D3-phosphoinositide levels following 
TCR  stimulation  but  inhibits  distal  signaling 
events by reducing the basal activity of Akt. Eur. J. 
Immunol. 34:3165–3175.

  79. Wang, X., et al. 2002. Enlargement of secretory vesi-
cles by protein tyrosine phosphatase PTP-MEG2 in 
rat basophilic leukemia mast cells and Jurkat T cells.  
J. Immunol. 168:4612–4619.

  80. Whitehurst, C.E., and Geppert, T.D. 1996. MEK1 
and the extracellular signal-regulated kinases are 
required for the stimulation of IL-2 gene transcrip-
tion in T cells. J. Immunol. 156:1020–1029.

  81. Di Cristofano, A., et al. 1999. Impaired Fas response 

and  autoimmunity  in  Pten  +/–  mice.  Science. 
285:2122–2125.

  82. Raiziz,  A.M.,  Ferguson,  M.M.,  Robinson,  B.A., 
Atkinson, C.H., and George, P.M. 1998. Identifica-
tion of a novel PTEN mutation (L139X) in a pati-
ent with Cowden disease and Sjogren’s syndrome. 
Mol. Pathol. 51:339–341.

  83. Jury, E.C., Kabouridis, P.S., Flores-Borja, F., Mageed,  
R.A., and Isenberg, D.A. 2004. Altered lipid raft-
associated signaling and ganglioside expression in 
T lymphocytes from patients with systemic lupus 
erythematosus.  J. Clin. Invest.  113:1176–1187. 
doi:10.1172/JCI200420345.

  84. Takeuchi,T., Pang, M., Amano, K., Koide, J., and 
Abe, T. 1997. Reduced protein tyrosine phospha-
tase (PTPase) activity of CD45 on peripheral blood 
lymphocytes in patients with systemic lupus ery-
thematosus. Clin. Exp. Immunol. 109:20–26.

  85. He, X., Woodford-Thomas, T.A.,  Johnson, K.G., 
Shah, D.D., and Thomas, M.L. 2002. Targeting 
of CD45 protein tyrosine phosphatase activity to 
lipid microdomains on the T cell surface inhibits 
TCR signaling. Eur. J. Immunol. 32:2578–2587.

  86. Koretzky, G.A., Picus, J., Schultz, T., and Weiss, A. 
1991. Tyrosine phosphatase CD45 is required for T-
cell antigen receptor and CD2-mediated activation 
of a protein tyrosine kinase and interleukin 2 pro-
duction. Proc. Natl. Acad. Sci. U. S. A. 88:2037–2041.

  87. Turka, L.A., Kanner, S.B., Schieven, G.L., Thomp-
son, C.B., and Ledbetter, J.A. 1992. CD45 modu-
lates T cell receptor/CD3-induced activation of 
human thymocytes via regulation of tyrosine phos-
phorylation. Eur. J. Immunol. 22:551–557.

  88. Chung, H., and Brautigan, D.L. 1999. Protein phos-
phatase 2A suppresses MAP kinase signalling and 
ectopic protein expression. Cell. Signal. 11:575–580.

  89. Matsuzawa, S., et al. 1992. Increase in potential 
activities of protein phosphatases PP1 and PP2A in 
lymphoid tissues of autoimmune MRL/MpJ-lpr/
lpr mice. J. Biochem. (Tokyo). 111:472–477.

  90. Zhu, T., Matsuzawa, S., Mizuno, Y., and Kikuchi, 
K. 1993. Alterations in activities of protein phos-
phatases PP1 and PP2A in T and B lymphocytes of 
autoimmune MRL/MpJ-lpr/lpr mice. J. Biochem. 
(Tokyo). 114:50–54.

  91. Tolnay, M., Vereshchagina, L.A., and Tsokos, G.C. 
1999. Heterogeneous nuclear ribonucleoprotein 
D0B is a sequence-specific DNA-binding protein. 
Biochem. J. 338:417–425.


