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Introduction 

SLE is an autoimmune disease of unknown etiology. Despite the recent advances in the diagnosis of 
lupus, there is still no effective treatment or cure for this life-threatening disease. The lack of progress in 
developing new treatments for lupus is mainly due to poor understanding of the autoimmune process of 
this disease. Recent genome wide association (GWA) studies have identified genetic variations (single 
nucleotide polymorphism or SNP) in several genes that are associated with an increased risk of lupus. 
However, how these SNPs influence the function of the lupus-associated genes and how these genes 
interact with one another are largely unknown. Addressing these two important questions will be the 
first step toward understanding the pathogenesis of lupus. A genetic variation with the gene ets1 was 
recently shown to increase the risk of SLE. The goal of this project is to elucidate the regulatory role of 
ets1 in SLE 
 

Body 
Ets1 protein, encoded by the ets1 gene, is the prototype of the ETS family of transcription factors (1). 
Previous studies have demonstrated that its activity can be regulated by its level, differential 
phosphorylation, alternative splicing, and nuclear/cytoplasmic translocation. Two independent GWA 
studies have identified two SNPs (rs6590330 and rs1128334) that are associated with a higher risk of 
SLE (2, 3). These findings are consistent with the observation that Ets1-deficient (KO) mice 
spontaneously develop a lupus-like autoimmune disease (4). This phenotype is probably mediated by 
both Ets1KO B and T cells. 
 
Published data have connected Ets1 with several other lupus-associated genes, including IL-2, IL-10, IL-
17, BAFF, and Blimp1, and strongly suggest that Ets1 can counteract the autoimmune process of lupus 
in several ways. It promotes the expression of IL-2 but inhibits the expression of IL-10 and Th17 
differentiation in Th cells. It also keeps Blimp1 in check in B cells, dampening plasma cell 
differentiation. We postulate that the Ets1-mediated counteracting mechanism is weakened in lupus 
patients due to attenuated Ets1 activity and/or the presence of lupus-prone il10 SNPs and that 
attenuated Ets1 activity can act together with other pathogenic pathways to induce lupus. The 
ultimate goal of this project is to test these hypotheses. 
 
This project contains three original specific aims: 
Aim 1. Examining the interactions between Ets1 and lupus-prone il10 SNPs in regulating the 
expression of IL-10 in Th cells 
Aim 2. Investigating the role of Ets1 in human lupus 
Aim 3. Investigating the role of Ets1 in animal models of lupus 
 
Each aim is divided into several tasks and we will address our progress in each task. For the purpose of 
continuity, new progress is highlighted in yellow and added to the progress report of 2013.  
 
Task 1. Examining the interactions between Ets1 and lupus-prone il10 SNPs in regulating the 
expression of IL-10 in Th cells 
1a. A composite human IL-10 reporter construct will be generated and examined in Th1 and Th2 cells 
(Time frame: months 1-12): completed and reported in 2012 
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Human IL-10 gene contains several conserved non-coding sequences (CNS) (Figure 1A). The CNS6 
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Figure 1. Impacts of SNPs on the activity of IL-10 promoter. A.Sequence comparison of the il10 locus 
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non-coding sequences (CNS), which are numbered. The * indicates SNP and the red arrow heads represent 
potential Ets1 binding sites. B. Schematic diagrams of IL-10 luciferase reporter constructs. The red lines 
indicate SNPs. The nucleotides of the minor alleles are listed. C-F. Bjab cells (C), EL4 cells (D), primary WT 
Th1 and Th2 cells (E), and WT and Ets1KO Th1 cells (F) were trasnfected with indicated reporters, and 
stimulated with PMA/ionomycin for 24 hours. Luciferase activity was measured with Dual-Luciferase™ 
Reporter Assay System (Promega, Madison, WI). The luciferase activity thus obtained was adjusted for 
transfection efficiency. The adjusted luciferase activity of pGL3 was then arbitrarily set as 1. Data shown are 
cumulative results of at least three independent experiments. 

Mouse/human 

Mouse/dog 

pG
L3

IL1
0P

IL1
0P
/C
NS
4-6

0

10

20

30

40

50

R
el

at
iv

e 
Lu

ci
fe

ra
se

 a
ct

iv
ity

 

pG
L3

IL1
0P
/C
NS
4-6

IL1
0P
(G
CC
)/C
NS
4-6

IL1
0P
/C
NS
4-6
(T
AT
)

0

5

10

15

20

R
el

at
iv

e 
Lu

ci
fe

ra
se

 a
ct

iv
ity

 

pG
L3

IL1
0P
/C
NS
4-6

0.0
2.5
5.0
7.5
10.0
12.5
15.0
17.5

Th1
Th2

R
el

at
iv

e 
Lu

ci
fe

ra
se

 a
ct

iv
ity

 

R
el

at
iv

e 
Lu

ci
fe

ra
se

 a
ct

iv
ity

 

0

10

20

30 WT
KO

pG
L3

 
IL-

10
P/C

NS4-
6 

IL1
0P

(G
CC)/C

NS4-
6 

IL1
0P

/C
NS4-

6(
TA

T)
 

C D E F 



 6 

contains a conserved Ets1 binding site and a SNP (rs3024505 C/T) that is associated with a higher risk 
of SLE. This SNP is tagged with two SNPs (rs3024493 G/T and rs3024495 G/A) located within CNS4  
and 5, respectively. In addition, the promoter (CNS3) contains three SNPs (-1087A/G, -819T/C, and -
592A/C). The all-minor GCC haplotype of the promoter is supposed to be more potent than other 
haplotypes and is associated with a higher risk of SLE. We have made several human IL-10 luciferase 
reporter constructs, which contains the promoter alone (IL10P) or in combination with CNS4+5 and 
CNS6 (IL10P/CNS4-6, Figure 1B).  We first tested the constructs in human Jurkat T cells but got very 
little activity mainly because Jurkat cells expressed very little IL-10 (data not shown). We then tested 
the constructs in human Bjab B cells, which do produce IL-10, and found that the activity of 
IL10P/CNS4-6 was slightly weaker than IL10P (Figure 1C). This was probably due to the large size of 
IL10P/CNS4-6 plasmid and less robust transfection efficiency. IL10P/CNS4-6 was also active in mouse 
EL4 T cells (Figure 1D), which also express IL-10, but was not as potent as in Bjab B cells. We then 
compared the activity of IL10P/CSN4-6 in murine primary Th1 and Th2 cells. Somewhat unexpectedly, 
we found the activity of IL10P/CNS4-6 was very comparable between Th1 and Th2 cells (Figure 1E). 
Our data collectively suggest that although IL10P/CNS4-6 reflects the ability of producing IL-10, 
additional cis-acting elements are probably needed for the preferential expression of IL-10 in Th2 cells 
compared to Th1 cells. 
 
1b. Mutations corresponding to the lupus-prone SNPs of the il10 gene will be introduced into the 
composite IL-10 reporter. The impact of these SNPs on the activity of the composite IL-10 reporter will 
be examined. (Time frame: months 12-24)-completed and reported in 2012 
 
We have examined the effect of two sets of SNP on IL10P/CNS4-6. The first set of SNPs includes -
1087A/G, -819T/C, and -592A/C, which are located within the IL-10 promoter. The minor alleles of 
these three SNPs (G/C/C) were introduced into the wild type IL10P/CNS4-6 reporter through site-
directed mutagenesis (Figure 1B). We found that the GCC haplotype, namely IL10P(GCC)/CNS4-6, 
was as active as wild type reporter in EL4 cells (Figure 1D). The second set of SNP includes rs3024493 
G/T, rs3024495 G/A, and rs3024505 C/T. The minor T allele of SNP rs3024505 is associated with a 
higher risk of SLE and is tagged by rs3024493 and rs3024495. As the minor alleles of these three SNPs 
are tagged, it is logical to introduce them all together into IL10P/CNS4-6 reporter. We have thus far 
examined the effect of these three minor alleles on the activity of IL10P/CNS4-6 reporter in EL4 cells 
and found that the all-minor TAT version, namely IL10P/CNS4-6(TAT), was almost twice more active 
than the wild type version (Figure 1D), suggesting that these three SNPs can modulate the expression of 
IL-10.  
 
1c. Th cells will be purified from control or Ets-1-deficient mice with Miltenyi magnetic beads or 
through cell sorting at our Cell Sorting Core. The purified Th cells will be activated in vitro. (Time 
frame: months 1-12)-completed and reported in 2012 
 
We have established this task as a routine procedure according to a published protocol (5). We routinely 
started with 1-2 Ets1KO mice and an equal number of control mice. Approximately 10-12 millions Th 
cells were obtained from each mouse. The purified Th cells were activated in vitro under Th1 polarizing 
conditions. The phenotype of differentiated Th1 cells was confirmed by the production of cytokines, 
which were measured with ELISA or intracellular staining. The result of a representative experiment 
was shown in Figure 3 of the original grant application and will not be shown here again.  
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1d. The activated Th cells will be subjected to chromatin immunoprecipitation (ChIP) with Ets1 
antibody to identify potential Ets1 binding site in the IL-10 locus (Time frame: months 1-12)-completed 
and reported in 2012 
 
We have used rVista 2.0 program to search for conserved Ets1 binding site within the il10 locus and 
identified two potential sites: one located within CNS4/5 and one within CNS6 (Figure 1A). We found 
no conserved Ets1 site within the promoter of the il10 gene. We have performed chromatin 
immunoprecipitation with anti-Ets1 antibody on murine primary Th cells according to a published 
protocol (reference 5) to examine in vivo recruitment of Ets1 to the two putative Ets1 bindings sites. We 
found that Ets1 was recruited to CNS6 of the il10 gene as strongly as to a known Ets1 binding site 
within the CD127 gene (Figure 2). In contrast, we detected no recruitment of Ets1 to CNS4/5, which 
also contains a putative Ets1 binding site. 
 
1e. DNase I hypersensitivity assay and ChIP with anti-
acetylated H3 and H4 will be performed in wild type and 
Ets1-deficient Th cells to characterize the epigenetic 
landscape of the IL-10 locus in the presence or absence of 
Ets1. (Time frame: month 12-24)-completed and reported in 
2012 
 
We have collaborated with Dr. Sin-Hyeog Im in examining 
the epigenetic landscape of the IL-10 locus in both wild type 
and Ets1KO Th cells. We performed chromatin 
immunoprecipitation with anti-acetylated histone 3 (H3Ac), a 
mark of active transcription. We found that acetylated 
histones were recruited to the promoter (CNS3) and CNS4/5, 
but not CNS6, in wild type Th2 but not Th1 cells, a finding 
consistent with the fact that IL-10 is actively expressed in Th2 
cells. Interestingly, Ets1KO Th1 cells actually display a 
pattern of H3Ac recruitment almost identical to that of wild 
type Th2 cells. This finding was recently published in The 
Journal of Immunology (Figure 3A and 3B of appendix 1). 
This collaborative effort also demonstrated that Ets1 recruited 
HDAC1 to the il10 locus, thereby suppressing the 
transcription of IL-10.  
 
1f. The function of putative Ets1 binding site or Ets1 response element in the context of the composite 
IL-10 reporter will be examined. (Time frame: months 12-24)-completed and reported in 2013 
 
We have compared the activity of IL10P/CNS4-6, IL10P(GCC)/CNS4-6, and IL10P/CNS4-6(TAT) in 
wild type primary Th1 cells. Although IL10P/CNS4-6(TAT) was more active than the other two 
reporters in EL4 cells, we detected no significant difference among these three reporters in primary Th1 
cells (Figure 1F). 
 

Figure 2. Ets1 is recruited to the CNS6
of the il10 locus. Primary mouse Th1
cells were subjected to chromatin
immunoprecipitation with anti-Ets1 or
control IgG. The precipitated chromatin
was subjected to real-time PCR using
primers targeting a known Ets1 binding
site within the CD127 promoter and
potential Ets1 binding sites within CNS6
and CNS4/5 of the il10 gene. The fold
enrichment with anti-Ets1 over control
IgG was calculated. The mean and range
of triplicate from one of two independent
experiments were shown.
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1g. The interaction between Ets1 and the lupus-prone SNP of the IL-10 gene in the context of the 
composite IL-10 reporter will be examined. (Time frame: months 12-24)-completed and reported in 
2013 
 
We also compared the activity of IL10P/CNS4-6, IL10P(GCC)/CNS4-6, and IL10P/CNS4-6(TAT) 
between WT and Ets1KO Th1 cells. We saw no difference between WT and Ets1KO Th1 cells (Figure 
1F). Taken all together, our data suggest that all the SNPs included in our reporters had very little impact 
on the transcription of IL-10 gene in primary Th1 cells. In addition, the suppressive effect of Ets1 on the 
expression of IL-10 most likely is not meditated by these SNPs.  

 
New development since the 2013 report 
To further elucidate the role of rs3024505 in the regulation of IL-10 expression, we obtain blood 
samples from five healthy donors, who are homozygous for the protective C allele of the SNP, and four 
age- and gender-matched healthy donors, who are homozygous for the risk T allele. We found that 
serum IL-10 level was comparable between these two groups (Figure 3A). However, PBMC from the 
TT donors produced more IL-10 in response to LPS stimulation. A similar trend was observed in 
PMA/ionomycin-stimulated PBMC. Interestingly, we detected no difference in IL-10 production in T 
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Figure 3. The minor T allele of rs3024505 is associated with heightened production of IL-10 by PBMC in response to 
LPS and a higher percentage of CD14+CD11b+ monocytes among PBMC. A. Serum, PBMC, and CD4+Th cells were 
harvested from 4 healthy donors who are homozygous for the T allele of rs3024505 and 5 healthy age and gender matched 
donors homozygous for the C allele. PBMC were stimulated with LPS and PMA/ionomycin, and CD4+T cells were stimulated 
with anti-CD3/anti-CD28. The level of IL-10 in serum or supernatant of stimulated PBMC and CD4+T cells were quantified 
with ELISA. B. Intracellular IL-10 staining was performed on the LPS-stimulated PBMC. Histograms of IL-10 of indicated 
population were overlaid with those of corresponding un-stimulated populations. C. Peripheral blood monocytes were 
identified as CD14+CD11b+ cells. Representative FACS plots from one CC and one TT donor are shown in the left panel. 
The level of IL-10 produced by PBMC in response to LPS was plotted against the percentage of CD14+ monocytes among 
PBMC of corresponding donors. Statistical analysis was performed with linear regression. D. The percentage of CD14+ 
monocytes among PBMC of 4 TT and 5 CC donors are shown. Statistical analysis was performed with Student’s t test.  
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cells stimulated with anti-CD3/anti-CD28. We subsequently performed intracellular IL-10 staining and 
found that CD14+ monocytes but not B cells, T cells, or granulocytes were the main source of LPS-
induced IL-10 (Figure 3B). In addition, the level of LPS-induced IL-10 was positively correlated with 
the percentage of CD11b+CD14+ monocytes among PBMC (Figure 3C). Thus, TT donors as a group 
had a higher percentage of CD14+ monocytes than CC donors (Figure 3D). This unexpected but 
intriguing result suggests that rs3024505 is associated with the percentage of CD14+ monocytes in 
PBMC. Additional funding will be needed to confirm this association and to investigate its molecular 
mechanism.  
 
Research activities related to Aim 1 
In addition to over-producing of IL-10, Th cells of lupus patients also express a low level of IL-2 (6, 7), 
a feature also seen in Ets1KO Th1 cells. Understanding how Ets1 promotes the expression of IL-2 will 
shed light on the mechanism of action of Ets1 and the pathogenesis of SLE.  Ets1 is known to suppress 
the differentiation of plasma cells by counteracting the activity of Blimp1 (8), a transcription factor that 
is also associated with SLE. Blimp1 is known to promote IL-10 but suppress IL-2 production in Th cells 
(9-11). These observations raise the possibility that Ets-1 indirectly regulates the expression of IL-10 
and IL-2 by suppressing the activity or expression of Blimp1. We have tested this hypothesis and made 
the following exciting findings. 
1. Ets1 is also required for the expression of IL-2 in human primary Th cells.  
2. Ets1 indeed suppresses the expression of Blimp1 in Th1 cells but not vice versa.  
3. However, Th1 cells deficient in both Ets1 and Blimp1 still express an abnormally high level of IL-10 
and a low level of IL-2, indicating that Ets1 regulates the expression of IL-10 and IL-2 in a Blimp1-
independent manner.  
4. Instead, Ets1 acts synergistically with NFAT in transactivating the IL-2 gene.  
5. Ets1 is present in both the nucleus and cytoplasm of resting Th cells. Nuclear Ets1 is quickly 
translocated to the cytoplasm in response to calcium signals. The nuclear exit of Ets1 follows a kinetics 
different from that of nuclear entry of NFAT.  
6. Cytoplasmic Ets1 physically interacts with NRON complex, which traps NFAT in the cytoplasm in 
resting Th cells (12, 13).  
7. Deficiency of Ets1 attenuates the nuclear entry of NFAT proteins and their recruitment to the IL-2 
promoter. 
A manuscript describing these results has been published in The Proceeding of National Academy of 
Sciences (2013, 110:15776) and is attached as appendix 2.  
 
Original Task 2. Investigating the role of Ets1 in human lupus 
Revision of Aim 2 
While we were recruiting new lupus patients for tasks 2a-2c and designing experiments to understand 
the molecular mechanism mediating the negative correlation between the level of Ets1 and anti-dsDNA, 
a paper was published confirming our data shown in Figure 5B and 5C (14). This paper further suggests 
that DNA-containing immune complexes induce the expression of micro-RNA155 through the TLR4-
Myd88 pathway. This induction of micro-RNA also requires the presence of HMGB1 (high mobility 
group box1) with the immune complexes. Micro-RNA155 once induced then targets Ets1, resulting in a 
reduction in the level of Ets1. As this paper demonstrated what we set out to test in the original Task 2, 
we were given the permission by DOD to revise Aim 2, which will be described latter.   
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2a. PBMC, Th, and B cells will be purified from peripheral blood of SLE patients with Miltenyi 
magnetic beads or through a cell sorter at our Cell Sorting Core based on pre-selected surface markers. 
(Time frame: months 1-30)-incomplete due to the revision of Task 2 described above 
 
2b. cDNA, nuclear and cytoplasmic protein extract will be harvested from the purified PBMC, Th and B 
cells. (Time frame: months 1-30): not started due to the revision of Task 2 described above 
 
2c. Real-time PCR will be performed to quantify the transcript level of Ets1, IL-10, IL-17, and BAFF in 
Th and B cells. Cytoplasmic and nuclear protein extract will be subjected to Western analysis using 
Ets1-specific antibodies. (Time frame: month 1-30)-not started due the revision of Task 2 described 
above 
 
2d. ELISA will be perform to quantify the level of IL-10, IL-17, and BAFF in serum or supernatant of 
cultured cells. (Time frame: 1-30 months)-completed and reported in 2013 
 

Although we are unable to obtain PBMC from lupus patients, we were able to measure cytokines in the 
serum received from BWH Lupus Biobank. We chose to use FlowCytomix of eBioscience, which 
allows us to quantify the level of several cytokines in a small volume of serum. An example of 
standardization of IL-10 was shown in Figure 4A and 4B. We have thus far examined serum of 49 lupus 
patients. The demographic characteristics of study subjects are shown in Table 1. Overall, the level of 
cytokines including IL-10, IL-2, IL-17A, and IFNα was low and was detectable in only a half of the 
samples (Figure 4C). There was no reverse correlation between IL-2 and IL-10 or IL-17A (Figure 4D), a 
pattern different from what one would expect from Ets1 deficiency. In addition, there was no correlation 
between the level of any of the cytokines and various parameters of SLE activity including SLEDAI, 
SLICC, ANA level, and dsDNA level (Figure 4E and data not shown). Our results suggest that the 
abnormal cytokine profile seen in SLE patients is not solely due to Ets1 deficiency. However, we felt 
that the levels of various cytokines in serum were too low to be reliably detected and that this approach 
was unlikely to yield a conclusive result. We therefore decided not to pursue this approach further.  
 
2e. Medical records of lupus patients expressing normal or abnormal levels of Ets1 will be reviewed and 
statistical analyses will be performed to identify clinical features that are associated with abnormal 
levels of Ets1. (Time frame: months 30-36)- incomplete due to the revision of Task 2 described above 

Figure 4. Quantification of serum cytokines in lupus patients. A and B. Fresh 
RPMI containing various concentrations of human IL-10 (in series of 10 dilution) 
was incubated with anti-IL-10 conjugated beads according to the manufacturer�s 
instruction and analyzed with FACS. The histogram of the IL-10 PE channel was 
shown in A. The normalized MFI of IL-10 PE was plotted against the concentration 
of IL-10 (in log scale) and shown in B. C. Serum from 49 lupus patients was 
analyzed with FlowCytomix for indicated cytokines. The level of IL-2 was plotted 
against the level of IL-10 (D) or SLEDAI (E). Statistical analysis was performed with 
Linear Regression. 
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Table 1: Demographic characteristics of study subjects 
 
 Healthy SLE 
Number and gender 15 F 53 F and 2 M 
Age (years) 46.2 ± 5.2 48.8 ± 12.5 
Ethnicity 9 Caucasians, 4 African 

Americas, 1 Asians, and 1 
Asian/Caucasian 

42 Caucasians, 4 blacks, 4 
Asians, and 5 Hispanics 

 

 
Lupus Biobank has also stored peripheral blood in PaxGene tubes, which are designed to preserve RNA 
of peripheral blood for long periods of time. We found that the RNA thus purified from the PaxGene 
tubes of Lupus Biobank was of good quality, enabling us to quantify the transcript level of Ets1 in 
peripheral blood of lupus patients. We have measured the Ets1 level in peripheral blood of 55 lupus 
patients and reviewed their clinical features, which were provided by the BHW Lupus Biobank. We also 
simultaneously measured the transcript level of PTPN22, which was used as a control gene. PTPN22 
was chosen because a SNP located at position 1858 of its cDNA is also associated with a higher risk of 
SLE (15, 16). Lupus Biobank does not have blood samples from healthy donors. We therefore obtained 
peripheral blood of 15 age- and gender-matched healthy donors recruited from BWH PhenoGenetic 
project, and measured the transcript level of Ets1 and PTPN22 in their peripheral blood. The 
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Figure 5. The level of Ets1 in peripheral blood negatively correlates with the level of anti-dsDNA in 
lupus. A. The transcript levels of Ets1 and PTPN22 in peripheral blood of lupus patients (N=55) and healthy 
donor (N=15) were measured with real time PCR. The transcript level thus obtained was normalized against that 
of actin from the same sample. Statistical analysis was performed with Student�s t test (**p < 0.005; ns not 
significant). B. Correlation between Ets1 and anti-dsDNA in lupus patients was calculated with non-parametric 
Spearman test. C. The lupus patients were divided into three groups based on the level of anti-dsDNA and the 
their levels of Ets1 were compared with One-Way ANOVA test followed by Tukey�s Multiple Comparison test 
(*p<0.05; ***p<0.0001) D. Correlation between Ets1 and SLICC score was calculated with non-parametric 
Spearman test. 
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demographic characteristics of healthy and lupus population were shown in Table 1. We have made two 
very interesting findings. 
 
1. We found that the level of Ets1 in peripheral blood was very comparable between healthy donors and 
lupus patients, however the level of PTPN22 was 2-3 higher in lupus group than in healthy group 
(Figure 5A). A manuscript describing this interesting finding has been published and is attached as 
appendix 3.   
2. We found a strong but reverse correlation between the level of Ets1, but not PTPN22, and the titer of 
anti-double stranded DNA (dsDNA) (Figure 5B and 5C). There was also a modest reverse correlation 
between Ets1 level and Systemic Lupus International Collaborative Clinics damage index (SLICC) 
(Figure 5D). In contrast, we found no correlation of Ets1 level with SLEDAI, level of ANA, or age (data 
not shown). Although the sample size was still small, the p value for the negative correlation between 
Ets1 level and anti-dsDNA was very significant (p < 0.0001).  

 
Revised Task 2. Determining whether the abnormal expansion of memory B cells in Ets1KO mice 
is a cell-autonomous phenomenon 
Revised 2a. Memory and naive B cells in WT mice will be identified based on the expression of PD-L2, 
CD80, and CD73. (Time frame: months 20-24)-completed and reported in 2013 
 
Ets1KO mice have an increase in the number of PD-L2+ B cells in their spleens, lymph nodes, bone 
marrow, and peripheral blood (Figure 6A). A recent publication suggests that murine PD-L2+ B1 cells 
preferentially produce anti-dsDNA (17). This unique population of B cells is expanded in lupus mice. 
Although human counterparts of PD-L2+ B1 cells have yet to be identified, we postulate that expansion 
of equivalents of PD-L2+ B1 cells caused by Ets1 deficiency is the reason why the level of Ets1 is 
negatively correlated with the level of anti-dsDNA (Figure 5B and 5C). We therefore set to determine 
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the identity and function of the PD-L2+ B cells seen in Ets1KO mice. Although the PD-L2+ B cells also 
express a medium level of CD5, they are negative for CD11b, IgM, and CD43, a profile not consistent 
with that of classical B1 cells (Figure 6B). They also have a relative low level of CD23 and surface IgD 
compared to PD-L2- B2 cells, most of which are naive B cells. Instead, they express CD80 and CD73 
(Figure 6C), a phenotype bearing striking similarity to that of memory B cells (18). In addition, the 
Ets1KO PD-L2+ B cells produced a higher level of anti-dsDNA in response to stimulation compared to 
Ets1KO or WT PD-L2- B2 cells (Figure 6D), a feature consistent with that of memory B cells. Murine 
memory B cells are usually present in a very low number even after immunization, and very little is 
known regarding the transcription factors regulating their homeostasis. Our data strongly suggests that 
Ets1 negatively regulates the homeostasis of memory B cells. The expansion of PD-L2+ B cells is not 
observed in FF/CD19cre (data not shown), indicating that PNT domain of Ets1 is not required to 
regulate the homeostasis of memory B cells. 
 
Revised 2b. The number of memory B cells 
in WT and Ets1KO young (3 weeks of age) 
and adult (6-8 weeks of age) mice will be 
quantified. (Time frame: months 24-36)-
completed 
 
We found that 3-week-old WT and Ets1KO 
mice contained very few PD-L2+ B cells in 
their spleens. This population of B cells 
slowly expanded along with age in WT 
mice (Figure 7A). In contrast, the PD-L2+ 
B cells rapidly expanded in Ets1KO mice 
and reached a peak of approximately 15-
25% of splenic B cells 12-15 weeks after 
birth. Although the percentage of splenic 
PD-L2+ B cells in Ets1KO mice remained 
unchanged after week 15, their number 
continued to increase due to splenomegaly. 
Thus the absolute number of splenic PD-
L2+ B cells of 34-week-old Ets1KO mice 
was much higher than that of 15-week-old 
mice (Figure 7B). 
 
Revised 2c. Naive B cells will be sorted 
from WT and Ets1KO mice and then 
adoptively transfer to Ets1KO and WT 
mice, respectively. Three weeks after the 
transfer, donor cells will be harvested and 
their expression of memory markers will be 
examined with FACS. (Time frame: months 
24-36)-completed 
 
We have transferred naive (PD-L2-) B cells 
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Figure 7. Cell-intrinsic expansion of PD-L2+ B cells in Ets1KO 
mice. A&B. Splenic PD-L2+ B cells were identified with FACS in WT 
and Ets1KO mice of indicated ages. Their percentage among splenic 
B cells was calculated and is shown in A. The absolute numbers of 
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Three weeks after the transfer, donor cells in host spleens were 
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with FACS. Representative FACS plots are shown in C and the 
percentage of PD-L2+ cells among donor B cells from three pairs of 
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from WT and Ets1KO mice into congenic WT mice. Approximately 1% of WT donor B cells became 
positive for PD-L2, whereas 3% of Ets1KO donor B cells expressed PD-L2. (Figure 7C and 7D). 
Ets1KO mice were born in a very low frequency (one KO mice in 3 litters from Ets1Het x Ets1KO 
mating), and we were not able to obtain an enough number of Ets1KO mice to serve as hosts of WT 
naive B cells. Regardless, our results strongly suggest that the abnormal homeostasis of memory B cells 
in the absence of Ets1 is mediated by a cell-intrinsic mechanism. In order to identify the target genes of 
Ets1 that regulate the homeostasis of memory B cells, we have performed in silico gene expression 
analyses, which will be described in Task 3b. 
  
Task 3. Investigating the role of Ets1 in animal models of lupus  
This task requires 20 mice from the following strains: FF/CD4cre, FF/CD19Cre. FF/LysCre, Ets1-
deficient, Ets1-deficient/ FcγIIbR+/-, Ets1-deficient/ FcγIIbR-/-, FcγIIbR-/-, and wild type C57BL/6. 
3a. The following mouse strains will be created: FF/CD4Cre, FF/CD19Cre, FF/LysCre (Time frame: 
months 1-12)-completed and reported in 2013 
 
We have created these strains of mice, which are at N12 C57BL/6 background.  
 
3b. The phenotype of FF/CD4Cre, FF/CD19Cre, and FF/LysCre will be characterized. (Time frame: 
months12-24)-completed and reported in 2013, new update 
 
 We have made significant 
progress in this task. The floxed 
Ets1 allele contains two loxp 
site flanking exon 2 and 3 
(Figure 8A). When the exon 2 
and 3 was deleted with the 
CD4cre transgene, we saw no 
detectable full length Ets1 
protein. However, a new protein 
with a molecular weight of 50 
kD was detected with anti-Ets1 
antibody in T cells of 
FF/CD4cre mice (Figure 8B). 
We subsequently confirmed that 
this new protein was a truncated Ets1 protein missing the Pointed (PNT) domain, which is encoded by 
exon 2 and 3. It is the product of an in-frame splicing between exon 1 and 4. We have since called tis 
truncated protein PNT-less Ets1. This result, albeit unexpected, actually provided us with a great 
opportunity to investigate PNT domain dependent and independent function of Ets1. We have made the 
following discoveries. 
 
1. FF/CD4cre and FF/CD19cre mice were born at an expected frequency and grossly healthy up to 6 
months after birth. 
2. Although Ets1KO (germline Ets1-deficient) mice have a defect in thymocyte development and lacks 
NKT cells (19-21), FF/CD4cre have normal thymocyte development and a normal number of NKT cells 
(Figure 9A and 9B). These data indicate that the PNT domain is not required for the development of 
thymocytes and NKT cells.  
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3. The PNT domain is also required for normal production of Th cytokines including IL-2 and IL-10. In 
addition, FF/CD4cre Th17 cells still produce IL-17A and IL-17F as high as or even higher than Ets1KO 
Th17 cells (Figure 9C). 

 
 4. Despite our results, the downstream genes mediating the effect of Ets1 are largely unknown. We 
believe that identification of Ets1 target genes will greatly advance our understanding of the mechanism 
of action of Ets1 and the pathogenesis of SLE. However, the budget agreement of this grant does not 
allow us to perform extensive gene chip analysis. We therefore carried out in silico gene expression 
analyses. One striking feature of Ets1 deficiency in T cells is virtual absence of NKT cells (21). As Ets1 
very likely regulates the same genes in NKT cells and conventional T cells, we used the Population 
Comparison tool in Immgen (http://www.immgen.org) to identify genes that are up-regulated during the 
transition from pre-selected DP thyomocytes to NKT cells. Among 1000 genes thus identified, we 
searched for genes that are bound by Ets1 within 500 bp of their transcriptional start site according to an 
Ets1 ChIP-seq database generated from Jurkat T cells (22). We further narrowed down the list by using 
rVista program (http://rvista.dcode.org) to look for genes that contain conserved ETS binding sites 
within their promoters. This sequence of analyses yields 55 genes (Figure 10A and appendix 4). We 
were able to confirm the differential expression between WT and Ets1KO thymocytes in 4 of 5 
randomly selected genes including cxcr3, dusp2, gmfg, and chd7, validating our in silico approach 
(Figure 10B). These 55 genes include the known Ets1 target IL7R (CD127) and two lupus-associated 
genes PTPN22 and UBE2l3. Fortuitously, we also discovered that the induction of ICOS, also a lupus-
associated gene, was impaired in Ets1KO Th cells and that Ets1 was recruited to the promoter of ICOS 
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(Figure 10C and 10D). Thus, our in silico approach has established molecular links among several 
lupus-prone genes. A manuscript describing the in silico gene analyses is now under preparation . 
 
5. Germline deficiency of Ets-1 results in a marked reduction in the number of CD21+CD23lo marginal 
zone (MZ) B cells (23). This feature is still present in FF/CD19cre mice (Figure 9D), indicating that the 
PNT domain is required for the development of MZ B cells. 
6. We have also applied the in silico gene analysis described above to B cells. There is no gene chip data 
on memory B cells in Immgen. We therefore compared the gene expression between marginal zone B 
cells, which are missing in Ets1KO mice, and follicular B cells. We then looked for genes that are also 
expressed at a high level in B1 cells, which are also missing in Ets1KO mice, and contain conserved 
ETS binding sites in their promoters. This sequence of analyses yields Myof, Fcrl5, PTPN14, and 
Pik3r4. We are in the process of validating the role of Ets1 in regulating the expression of these genes. 
7. Deficiency of Ets1 has little impact on the homeostasis and function of myeloid cells including 
macrophages and neutrophils (data not shown).  
 
A manuscript reporting some of the findings described above is under preparation. 
 

3c. Ets-deficient/FcγIIbR-/- mice will be created (Time frame: months 12-24)-completed and reported in 
2013, new update 
We have backcrossed Ets1Het/FcγIIbR+/- mice to N12 C57BL/6 genetic background. Our original 
hypothesis was that double haplo-insufficiency of Ets1 and FcγIIbR would result in lupus features. 
However, Ets1Het/FcγIIbR+/- mice remained healthy up to 38 weeks of age and did not have any 
weight loss or sign of autoimmunity (Figure 11A data not shown). Two of three FcγIIbRKO mice died 
unexpectedly before developing any weight loss or sign of stress; their cause of death is still unclear. We 
therefore decided to terminate this line.  
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Figure 10. Identification of Ets1 target genes in T cells. A. A schematic diagram 
showing the strategy of in silico gene expression analyses. B. The transcript level of 
indicated genes in WT and Ets1KO thymocytes were quantified with real time PCR. C. 
The level of ICOS on the surface of resting and activated WT or Ets1KO Th cells was 
quantified with FACS. D. WT Th cells were subjected to ChIP analysis using control IgG 
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control) was quantified with real time PCR. 
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Instead, we have created Ets1KO/ FcγIIbRKO (DKO) mice of N4 C57BL/6 genetic background. We 
decided to create and examine N4 DKO for the following reasons. Ets1KO mice are still viable at N4 
generations and N4 FcγIIbRKO mice are healthy and free of lupus-like disease. Thus N4 DKO mice 
allow us to compare the contribution of Ets1 deficiency and FcγIIbR deficiency in the development of 
lupus like disease. Given the low frequency of DKO mice, we have so far analyzed 5 DKO female mice, 

A N12 C57BL/6 background 

Figure 11. Potential synergy between Ets1 and FcγIIbR in suppressing autoimmunity. A&B. Survival curve of N12 
C57BL/6 (A) or N4 C57BL/6 (B) mice of indicated genotypes. Mice were weighed at week 14 and then twice a month,. The 
data shown are percentage of mice with weight loss reaching 10% of the starting weight or died unexpectedly. C. Serum 
levels of IgM and IgD anti-dsDNA of N4 C57BL/6 mice shown in B was measured with ELISA and are shown.Statistical 
analyses were performed with one-way ANOVA followed by Tukey’s multiple comparisons test. D. Spleens from N4 C57BL/
6 mice of indicated genotypes are shown. E. H&E staining of the kidney, liver, and lung from N4 C57BL/6 mice of indicated 
genotypes are shown. Only data from female mice are shown in A-E. 
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performed the tasks described in 3d-3f, and have made the following exciting discoveries. 
 
1. The control mice (WT, Ets1KO and/or FcγIIbRKO) and male DKO mice stayed healthy and steadily 
gained weight through the whole course (Figure 11B), though deficiency in Ets1 resulted in a low 
average weight probably due to congenital cardiac defects. Female DKO mice started to lose weight 
around week 29, and 4 of 5 DKO female mice had weight loss reach 10% of their starting weight 
(measured 14 weeks after birth). 
 
2. All female DKO mice developed proteinuria detected by Dipstick about the same time when they 
started to lose weight (Table 2). Ets1KO mouse had equivocal proteinuria, whereas male DKO mice and 
control mice had no detectable proteinuria. 
 
3. The level of serum anti-dsDNA (either IgM or IgG) in FcγIIbRKO and Ets1KO mice was very 
comparable to that of control mice, whereas feamle DKO mice had a statistically significant higher titer 
of anti-dsDNA (both IgM and IgD) (Figure 11C). 
 
4.  All female DKO mice and Ets1KO mouse had splenomegaly at the time of euthanasia (Figure 11D 
and data not shown). We have so far analyzed the histology in 3 female DKO mice, which all showed 
evidence of chronic glomerulonephritis including sclerosis, crescent formation, and accumulation of 
proteinacious material in tubules (Figure 11E). There was also lymphocytic infiltration in periportal 
areas of liver and sub-pleural region of lung, but no obvious lymphadenopathy. In contrast, male DKO 
mice (N=2), Ets1KO (N=3) and FcγIIbRKO (N=3) mice, and control mice (N=4) showed no histological 
evidence of glomerulonephritis or lymphocytic infiltration. 

 
Table 2. Summary of the phenotype of DKO mice 
 
Genotype Control FcγIIbR 

KO 
Ets1KO male 

DKO 
female 
DKO 

Weight loss no no no no starting at 
25 wks 

proteinuria no no +/- no +++ 
splenomegaly no mild yes yes yes 
Lymphoma no no no no 1 out of 5 
Glomerulonephritis 
on H&E 

no no no no yes 

serum dsDNA no no no +/- +++ 
increase in 
CD11b+Gr1+ cells 

no no modest yes strong in 4 
out of 5 

increase in CD11b-
Gr1- cells 

no no no  yes strong in 4 
out of 5 

 
5. Unexpectedly, one female DKO developed T cell lymphoma made out of monoclonal 
Vb14+CD4+CD8+ T cells (data not shown).  
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6. The other female DKO mice, however, had a near normal number of lymphocytes including B and T 
cells (Figure 12A). Their T cells exhibited a phenotype (CD44+) of activated/memory cells. Deficiency 
of Ets1 alone led to an increase in the percentages of memory B cells (PD-L2+, CD80+, and/or CD73+) 
and plasma cells (IgD-CD138+), and double deficiency of Ets1 and FcγIIbR resulted in a further increase 
in the percentage of plasma cells but not memory B cells (Figure 12B). 
 
7. Interestingly, All DKO mice except one had a marked increase in the number of non-T/non-B 
myeloid cells (Figure 12A). These excessive non-T/non-B cells were made up of two major populations 
(Figure 12C). The first population is CD11b+Gr1+, which are most likely granulocytes. A modest 
increase in the number of granulocytes was also seen in Ets1KO mice. The second population is CD11b-

Gr1-. This finding was unique to DKO mice and was detected even in the male DKO mouse, which had 
very no glomerulonephritis. Thus, the increase in CD11b-Gr1- cells is not the result of 
glomerulonephritis. We subsequently found that the CD11b-Gr1- non-T/non-B population consisted of 
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NK cells, innate lymphocytes, γ/δ T cells, and mast cells (data now shown) and was not dominated by 
any of the sub-populations. 
Our preliminary findings indicate that deficiency of Ets1 and FcγIIbR synergistically hasten the 
development of lupus-like autoimmune disease, which preferentially attack female. As Ets1 deficiency 
has little impact on myeloid cells, we believe the development of autoimmune features in DKO mice is 
dependent on adaptive immune cells. One advantage of DKO mice as a lupus model is that both Ets1 
and FcγIIbR are associated with lupus in genome-wide association studies. Thus, this model is highly 
relevant to human lupus. However, the disadvantages of this model are late onset of disease and low 
frequency of DKO mice, rendering it very difficult to carry out any large study requiring a high number 
of mice. The former hurdle can be remedied by providing additional lupus-inducing stimuli, such as a 
small does of topical TLR7 ligand, which has been shown to induce lupus in all strains of mice in a few 
weeks (24). The latter hurdle can be overcome by moving DKO mice from N4 C57BL/6 genetic 
background to earlier backcrosses, such as N3 C57BL/6, in which the perinatal fatality caused by Ets1 
deficiency is less of an issue. We plan to try both remedies in the near future.  
 
3d. Urine collected from mice thus created in this task will be monitored for the presence of protein by 
urine dipstick (Time frame: 24-36)-completed, see task 3c 
 
3e. Serum obtained from mice thus created in this task will be subjected to ELISA assays to quantify the 
level of immunoglobulin and anti-nucleus antibodies (Time frame: 24-36)-completed, see task 3c 
 
3f. All mice created in this task will be sacrificed and various organs, including skin, lung, liver, heart, 
and kidney will be harvested and subjected to histological and immunohistochemical analyses looking 
for signs of inflammation, cellular infiltration, and deposition of immune complex (Time frame: 24-36)-
partly completed, see also task 3c 
 
We still need to complete histological analyses in all experimental mice. 
  
Milestones of the first funding period:  
Aim 1:  
a. construction and functional characterization of a compound IL-10 reporter: reached  
b. screening the IL-10 locus with Ets1 ChIP: reached.  
Aim 2:  
a. examining Ets1 level/activity and quantifying the level of IL-10, IL-17, and BAFF in blood samples 
from 30 lupus patients and 10 healthy individuals: reached.  
Aim 3: crossing CD4Cre, CD19Cre, and LysCre to FF mice: reached.  
 
At the end of the second funding period: 
Aim 1: Introducing mutations corresponding to the lupus-prone SNPs to the compound IL-10 reporter 
and examining their impact on the promoter activity; examining the influence of Ets1 on the epigenetic 
landscape of the IL-10 locus; determining the interaction between Ets1 and the lupus-prone il10 SNPs: 
reached  
Aim 2: Examining Ets1 activity and quantifying the level of IL-10, IL-17, and BAFF in blood samples 
from additional 40 lupus patients and 30 healthy individuals: reached 
Aim 3: Initial phenotypic characterization of FF/CD4Cre, FF/CD19Cre, and FF/LysCre mice; breeding 
Ets1KO mice to FcγIIbR -/- mice: reached 
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At the end of the third funding period: 
Aim 2: Enumerating the number of memory B cells in WT and Ets1KO mice, completing adoptive 
transfer of naive B cells into host mice: reached 
Aim 3: Screening for autoimmune features in FF/CD4Cre, FF/CD19Cre, FF/LysCre, and Ets1-
deficient/FcγIIbR-/- mice: partially reached 
 

Key Research Accomplishments in year 3 
1. The T allele of rs3024505 is potentially associated with a higher percentage of CD14+ monocytes 
among PBMC and a higher level of IL-10 produced by LPS-stimulated PBMC. 
2. Ets1 negatively regulates the homeostasis of memory B cells partly by a cell-intrinsic mechanism. 
2. We have defined PNT domain-dependent and independent function of Ets1. The PNT domain of Ets1 
is dispensable for the development of thymocytes, NKT cells, and B1 cells, and the homeostasis of 
memory B cells, but critically regulates the cytokine production by Th cells and NKT cells, and the 
development of MZ B cells. 
3. Our data indicate that Ets1 and FcγIIbR synergistically maintain self-tolerance and prevent 
autoimmunity. Although double haplo-insufficiency of Ets1 and FcγIIbR did not cause autoimmunity, 
deficiency of both Ets1 and FcγIIbR led to the development of several features of autoimmunity even in 
mice not of N12 C57BL/6 genetic background, and may increase the risk of lymphoma. We have thus 
established a new mouse model of lupus that is highly relevant to human SLE.  
4. Ets1 regulates the expression of several lupus-associated genes, including ICOS, PTPN22, and 
UBE2l3. 
 

Reportable Outcome 
Publications 
The following paper has been published. 
1. Lee, C. G., H. K. Kwon, A. Sahoo, W. Hwang, J. S. So, J. S. Hwang, C. S. Chae, G. C. Kim, J. E. 
Kim, H. S. So, E. S. Hwang, R. Grenningloh, I. C. Ho, and S. H. Im. Interaction of Ets-1 with HDAC1 
represses IL-10 expression in Th1 cells. J Immunol. 2012; 188:2244-2253. 
2. Tsao, H. W., T. S. Tai, W. Tseng, R. Grenningloh, S. C. Miaw, and I. C. Ho. Ets-1 facilitates nuclear 
entry of NFAT proteins and their recruitment to the IL-2 promoter. Proc Natl Acad Sci USA. 2013; 
110:15776. 
3. Chang, H. H., W. Tseng, K. Costenbader, and I. C. Ho. Altered expression of PTPN22 isoforms in 
SLE. Arthritis Res Ther. 2014 (Epub ahead of print)  
 
The following manuscript is in preparation. 
1. Tai, T. Z., H. W. Tsao, R. Grenningloh, P. Oettgen, and I. C. Ho. Ets1 controls the expression of 
ICOS and regulates the maturation, activation, and peripheral homeostasis of NKT cells. 
 
Abstract presentations 
1. Tsao, H. W., T. S. Tai, W. Tseng, I. C. Ho, and S. C. Miaw. Ets1 interacts with NRON complex and 
facilitates the nuclear entry of NFAT. American Association of Immunologists Annual Meeting 2013, 
Hawaii, USA 
 
Degree obtained 
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1. Hsiao-Wei Tsao, PhD from Graduate Institute of Immunology, College of Medicine, National Taiwan 
University, October, 2013. 
 
Animal models created 
1. Ets1/FcγIIbR DKO mice: a new animal model of human lupus 
 
Employment received 
1. Tzong-Shyuan Tai: Research Associate, E-Da University Hospital, Taiwan; September, 2013 
 

Conclusion 
Aim 1 
1. Ets1 suppresses the expression of IL-10 by recruiting HDA to the il10 locus (Figure 13). 
2. This effect of Ets1 is independent of the genotype of rs3024505, rs3024493 and rs3024495. 
3. However, the T allele of rs3024505 is potentially associated with a higher level of IL-10 by LPS-
stimulated PBMC. The main producers of LPS-induced IL-10 are CD14+ monocytes. 
4. The T allele of re3024505 is potentially associated with a higher percentage of CD14+ monocytes in 
PBMC.  
5. Ets1 promotes the expression of IL-2, which is down-regulated in T cells of lupus patients, by an 
NFAT-dependent mechanism. Ets1 is translocated to the cytoplasm in response to calcium signals and 
interacts with NRON complex, thereby disrupting the complex and releasing NFAT into the nucleus. In 
addition, the residual nuclear Ets1 recruits NFAT to the promoter of the IL-2 gene; these two proteins 
then synergistically transactivate IL-2. 
 
Aim 2 
1. The transcript level of Ets1 in peripheral blood is negatively correlated with the level of anti-dsDNA 
in lupus patients. 
2. Ets1 suppresses the expansion of PD-L2+ B cells in a cell-intrinsic manner. 
3. The PD-L2+ B cells very likely represent memory B cells and produce more anti-dsDNA than PD-
L2- B cells.  
4. The abnormal expansion of the PD-L2+ cells provides an attractive explanation for the negative 
correlation between the levels of Ets1 and anti-dsDNA. 
 
Aim 3 
1. Ets1 regulates the development and function of lymphocytes by both PNT domain-dependent and 
independent mechanisms. 
2. Deficiency of both Ets1 and FcγIIbR, but not either gene, leads to lupus-like features in mice of N5 
C57BL/6 genetic background and possibly a higher risk of lymphoma. 
3. The high incidence of lupus features can be contributed to a high number of plasma cells and memory 
B cells. 
4. Ets1 regulates the expression of several other lupus-associated genes, including ICOS, PTPN22, and 
UBE2l3. Dysregulation of these putative Ets1 target genes probably contribute to the development of 
lupus-like features. 
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Figure 13. Ets1 counteracts the immune 
mechanism of SLE in many ways. In Th 
cells, Ets1 recruits HDAC to the il10 locus, 
thereby suppressing the expression of IL-10. 
Its effect on IL-10 is not mediated through 
rs3024505 SNP. However, the T allele of this 
SNP is associated with a higher percentage of 
CD14+ monocytes in peripheral blood and a 
higher level of LPS-induced production of 
IL-10 b PBMC. Ets1 also facilitates the nuclear 
entry of NFAT proteins and their recruitment to 
the IL-2 promoter. How Ets1 inhibits the 
differentiation of Th17 cells is still not fully 
understood. In B cells, Ets1 negatively 
regulates the differentiation of plasma cells by 
suppressing the expression of Blimp1. Ets1 
also inhibits the expansion of memory B cells 
by a cel l - intr insic and PNT domain-
independent mechanism. Furthermore, Ets1 
and FcγIIbR synergistically maintain self-
tolerance and suppress the expansion of a 
novel non-T, non-B, Gr1- and CD11b- 
population. The identity and pathogenic role of 
this population of cells is unknown.  
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Ji-Sun Hwang,* Chang-Suk Chae,* Gi-Cheon Kim,* Jung-Eun Kim,* Hong-Seob So,†,‡
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IL-10 is a multifunctional cytokine that plays a crucial role in immunity and tolerance. IL-10 is produced by diverse immune cell

types, including B cells and subsets of T cells. Although Th1 produce IL-10, their expression levels are much lower than Th2 cells

under conventional stimulation conditions. The potential role of E26 transformation-specific 1 (Ets-1) transcription factor as a neg-

ative regulator for Il10 gene expression in CD4+ T cells has been implicated previously. In this study, we investigated the

underlying mechanism of Ets-1–mediated Il10 gene repression in Th1 cells. Compared with wild type Th1 cells, Ets-1 knockout

Th1 cells expressed a significantly higher level of IL-10, which is comparable with that of wild type Th2 cells. Upregulation of IL-10

expression in Ets-1 knockout Th1 cells was accompanied by enhanced chromatin accessibility and increased recruitment of

histone H3 acetylation at the Il10 regulatory regions. Reciprocally, Ets-1 deficiency significantly decreased histone deacetylase 1

(HDAC1) enrichment at the Il10 regulatory regions. Treatment with trichostatin A, an inhibitor of HDAC family, significantly

increased Il10 gene expression by increasing histone H3 acetylation recruitment. We further demonstrated a physical interaction

between Ets-1 and HDAC1. Coexpression of Ets-1 with HDAC1 synergistically repressed IL-10 transcription activity. In summary,

our data suggest that an interaction of Ets-1 with HDAC1 represses the Il10 gene expression in Th1 cells. The Journal of

Immunology, 2012, 188: 2244–2253.

M
anycell types, such as B cells, macrophages, mast cells,
eosinophils, dendritic cells, and diverse subsets of T
cells, produce IL-10, an immunoregulatory cytokine.

IL-10 has anti-inflammatory properties and inhibits the function of
macrophages and dendritic cells. IL-10 also plays critical roles in
maintaining immune homeostasis and has diverse effects on nu-
merous nonimmune cell populations, such as keratinocytes and
endothelial cells (1, 2).

Naive CD4+ T cells can be differentiated into various effector
populations, such as Th1, Th2, Th17, and regulatory T cells, when
they are exposed to Ags with unique cytokine milieu. For exam-
ple, Th1 cells produce IFN-g and protect against intracellular
pathogen such as virus and bacteria. Th2 cells produce IL-4, IL-5,
and IL-13, and confer protection against multicellular parasitic
infection (3, 4). Initially, IL-10 was reported as a typical Th2
cytokine (1). Recently, Th1 cells were also reported to produce IL-
10, but only under specific circumstances (2, 5), such as in chronic
and nonhealing infectious conditions (6, 7). In line with this, IL-
12, IL-27, and Notch signals can also induce IL-10 production in
Th1 cells (8–10). Nevertheless, the expression level of IL-10 in
conventional Th1 cells still needs to be maintained in a repressed
state to allow Th1 cells to exercise their effector function. Fol-
lowing the earlier notion, it was reported that the promoter and
several putative regulatory elements within the Il10 locus were
silenced in Th1 cells (11, 12). Several studies have elucidated the
role of specific transcription factors, such as GATA-3 and c-Jun,
together with epigenetic mechanisms, in the regulation of Il10
gene expression in Th2 cells (12–15). However, it is still unclear
how the repressed state of Il10 gene expression is maintained in
conventional Th1 cells.
E26 transformation-specific 1 (Ets-1) is a member of the ETS

family of transcription factors, and it binds to the conserved
GGAA/T sequence (16, 17). Previous studies in Ets-1 knockout
(Ets-1KO) mice have demonstrated the important functions of
Ets-1 in development, proliferation, and survival of NK and
T cells (18–20). Furthermore, Ets-1 acts as a cofactor of T-bet and
is essential for Th1 effector function and differentiation by regu-
lating IFN-g expression (21). Ets-1 is a negative regulator of Th17
differentiation, and Th17 cells deficient of Ets-1 express increased
IL-17 and IL-17–related cytokines (22). On the contrary, Ets-1
positively regulates several cytokine genes such as Il2, Il5, and
Gmcsf (23). These studies suggest that Ets-1 may modulate the
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effector function of Th cells by acting as a positive or negative
regulator in a context-dependent manner (24–26). In addition,
Ets-1 deficiency leads to altered B cell differentiation, hyper-
responsiveness to TLR9, and autoimmune disease (22, 27). In-
terestingly, Ets-1KO Th1 cells produce an abnormally high level
of IL-10 (21). Despite these observations, it is still unclear how
Ets-1 represses the Il10 gene expression in Th1 cells.
In this study, we demonstrated that Ets-1KO Th cells showed

elevated IL-10 expression upon ex vivo stimulation. Th1 cells from
Ets-1KO mice showed increased histone H3 acetylation (H3Ac)
recruitment but reduced histone deacetylase 1 (HDAC1) binding at
the Il10 regulatory regions compared with their wild type (WT)
counterparts. We further tested and demonstrated that a physical
interaction between Ets-1 and HDAC1 cooperatively downregu-
lated Il10 gene expression in Th1 cells.

Materials and Methods
Mice, cells, and reagents

C57BL/6 and BALB/c mice were purchased fromOrient Bio (Gyeonggi-do,
Korea). Ets-1–deficient (21), T-bet–deficient (28) and STAT4-deficient (29)
mice were described previously. Mice were housed in specific pathogen-
free barrier facilities and used in accordance with protocols approved by
the Animal Care and Ethics Committees of the Gwangju Institute of
Science and Technology. The HEK-293 cells were obtained from the
Korean Cell Line Bank (Seoul National University, Seoul, Korea). Cells
were cultured in DMEM supplemented with 10% FBS and penicillin-
streptomycin. Recombinant human IL-2 and anti–IL-4 (11B11) were
provided by the National Cancer Institute, Preclinical Repository (Be-
thesda, MD). IL-4 was purchased from PeproTech (Rocky Hill, NY), and
IL-12 was purchased from Sigma-Aldrich (St. Louis, MO). Anti-CD3
(145.2C11), anti-CD28 (37.51), anti–IFN-g (XMG1.2), and anti–IL-12
(C17.8) were purchased from BD Biosciences (San Jose, CA). Tricho-
static acid A and DMSO were obtained from Sigma-Aldrich.

CD4+ T cell purification, differentiation, and ELISA

CD4+ T cells were purified from the lymph nodes and spleen of 8- to 10-
wk-old mice using magnetic beads (L3T4; Miltenyi Biotec GmbH, Ber-
gisch Gladbach, Germany). For Th differentiation, the cells (5 3 106/ml)
were stimulated with 1 mg/ml plate-bound anti-CD3 and 2 mg/ml soluble
anti-CD28 under Th1-skewing (10 ng/ml IL-12 plus 10 mg/ml anti–IL-4)
or Th2-skewing (10 ng/ml IL-4, 10 mg/ml anti–IFN-g plus 10 mg/ml anti–
IL-12) conditions in RPMI 1640 medium (Welgene, Daegu, Korea) sup-
plemented with 10% FBS, L-glutamine, penicillin-streptomycin, non-
essential amino acids, sodium pyruvate, HEPES, and 2-ME. A total of
100 U/ml recombinant human IL-2 was added after 24 h, and the cells
were expanded in complete medium containing IL-2 for 6 d. ELISA for
IL-10 was performed using the mouse IL-10 ELISA kit (KOMA Biotech,
Seoul, Korea) according to the manufacturer’s protocol.

RNA isolation, cDNA synthesis, quantitative RT-PCR

Total RNA was extracted using TRI Reagent (MRC, Cincinnati, OH). For
reverse transcription, cDNA was generated using 1 mg total RNA, oligo
(dT) primer (Promega, Madison, WI), and Improm-II Reverse Transcrip-
tase (Promega) in a total volume of 20 ml. One microliter of cDNA was
amplified using the following RT-PCR primers sets: HPRT (59-TTATG-
GACAGGACTGAAAGAC-39 and 59-GCTTTAATGTAATCCAGCAGGT-
39), Il10 (59-ATAACTGCACCCACTTCCCA-39 and 59-TCATTTCCGA-
TAAGGCTTGG-39), Il24 (59-GCCCAGTAAGGACAATTCCA-39 and 59-
ATTTCTGCATCCAGGTCAGG-39), Ccr8 (59-GCTCAGATAATTGGTC-
TTCCT-39 and 59-ACGAGGACTAAGATGACCAG-39), Bcl2l1 (59-GAC-
AAGGAGATGCAGGTATTGG-39 and 59-TCCCGTAGAGATCCACAA-
AAGT-39), Ifng (59-GAGCCAGATTATCTCTTTCTACC-39 and 59-GTT-
GTTGACCTCAAACTTGG-39), Il4 (59-CAACGAAGAACACCACAGAG-
39 and 59-GGACTTGGACTCATTCATGG-39).Mouse hypoxanthine-guanine
phosphoribosyl transferase (HPRT) primer was used for quantitative RT-PCR
(qRT-PCR) to normalize the amount of cDNA used for each condition.

Plasmids and luciferase reporter assays

Reporter constructs were generated by cloning the minimal promoter and
conserved noncoding sequence (CNS) regions of the Il10 locus from P1
clones into the pXPG reporter vector containing the luciferase gene de-
scribed in the previous report (30). Flag–Ets-1 plasmid was described
previously (21). The cDNA encoding Flag–Ets-1 was cloned into pLV-

CAG-EGFP vector (kindly provided by Dr. Masahito Ikawa, Osaka Uni-
versity, Osaka, Japan). HEK-293 cells were transfected using GeneEx-
presso (Excellgen, Rockville, MD) according to the manufacturer’s
protocol. After 24 h, cells were harvested and luciferase activity was
measured by the dual luciferase assay system (Promega). Data were nor-
malized by the activity of Renilla luciferase, which was used as an internal
control for transfection.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays were performed as described
previously (30). In brief, cells were cross-linked with formaldehyde at
a final concentration 1%, lysed, and sonicated to shear DNA. After im-
munoprecipitation with anti–Ets-1 (Santa Cruz Biotechnology, Santa Cruz,
CA), anti-HDAC1 (Abcam, Cambridge, MA), anti-H3Ac (K9/14) (Milli-
pore, Billerica, MA), or rabbit IgG (Vector Laboratories, Burlingame, CA)
at 4˚C overnight, Ab/DNA complexes were eluted and cross-linking was
reversed by boiling with Chelex-100 (31). After reversal of cross-links, the
presence of selected DNA sequences was assessed by real-time PCR using
the following primers: CNS20.12 (59-TCTGTACATAGAACAGCTGTC-
39 and 59-CTGGTCGGAATGAACTTCTG-39), CNS+1.65 (59-GTCTC-
TTGCTCATCTGTCTC-39 and 59-GCTAATAACCCACAATGACTC-39),
CNS+2.98 (59-ACTAGGTGTTGAGGAGAGTG-39 and 59-GAATTCTG-
CTTTCTGCTCGT-39), CNS+6.45 (59-GTGGTCATTTTTTCAGTAAGA-
CC-39 and 59-CCTAACCTTTCATCTCACAG-39), IL-24 promoter (59-
TCATCTCACCTGAGGGACTG-39 and 59-TCATTGGTAGAGGATCTT-
CT-39), CCR8 promoter (59-GGTTTGAACTGAGGTCTCCA-39 and 59-
GGCTGGAATTCAGTCGTGTC-39), Bcl-XL 39untranslated region (UTR)
(59-CTGAAGTCATTAACAGCTCTGGG-39 and 59-CTGAAAGTCCAC-
CTTGCTAGAG-39). As a loading control, the qRT-PCR was done directly
on input DNA purified from chromatin before immunoprecipitation. Data
are presented as the amount of DNA recovered relative to the input control.
Result of ChIP with isotype IgG was confirmed as a background value and
showed,0.001 of relative ratio to input. IgG level was shown only when it
is necessary.

Chromatin accessibility by real-time PCR assay

Chromatin accessibility by real-time PCR assays were performed as de-
scribed previously (32) with minor modifications. Cells were washed and
lysed by resuspending pellets in ice-cold Nonidet P-40 (NP-40) lysis buffer
(10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mMMgCl2, 0.5% NP-40, 0.15
mM spermine, 0.5 mM spermidine) and incubating on ice for 5 min.
Nuclei were collected by centrifuge at 3000 rpm for 5 min at 4˚C. Isolated
nuclei were washed with MNase digestion buffer without CaCl2 (10 mM
Tris-HCl [pH 7.4], 15 mM NaCl, 60 mM KCl, 0.15 mM spermine, 0.5 mM
spermidine), collected by centrifuge at 3000 rpm for 5 min at 4˚C, and
resuspended in MNase digestion buffer supplemented with 1 mM CaCl2.
Nuclease treatment was achieved with or without MNase with various
concentrations. Samples were divided as “cut” or “uncut” to identify
MNase-treated and control untreated samples, respectively. Samples were
then incubated at 37˚C for 1 min. Reactions were stopped by addition of 20
ml 100 mM EDTA/10 mM EGTA (pH 8.1) and 10 ml of 10% SDS (w/v).
Genomic DNA was isolated using Genomic DNA prep kit (Solgent,
Daejon, Korea). Concentrations of final eluted DNA were accessed by
means of a BioSpec-nano spectrophotometer (Shimadzu, Kyoto, Japan),
and 50 ng DNA was subsequently used as a template in real-time PCR to
quantify target sequences in “cut” and “uncut” samples. Each eluate was
also subject to agarose gel electrophoresis to visualize the extent of MNase
digestion of genomic DNA. Primers used in the quantitative assays were
validated by amplifying serially diluted genomic DNA as templates to
create standard curve for each primer set and analyzed using the quanti-
fication method. Chromatin accessibility was calculated and expressed as
the average fold difference of target template in “uncut” over “cut” sam-
ples. Thus, readily digested sequences (hypersensitive sites) were expected
to be depleted in MNase-treated samples and give higher chromatin ac-
cessibility values than less accessible sequences.

Immunoprecipitation and immunoblotting

Immunoprecipitation was performed using a polyclonal Ab recognizing
HDAC1 (Abcam), Ets-1 (Santa Cruz Biotechnology), or rabbit IgG (Vector
Laboratories, Burlingame, CA) followed by protein A-Sepharose (Milli-
pore) incubation from overexpressed HEK-293 or primary Th1 total
lysates. To determine levels of HDAC1 proteins, we prepared total lysate
from Th1 and Ets-1KO Th1 cells in RIPA buffer (50 mM Tris [pH 7.6],
150 mM NaCl, 1% NP-40) containing protease inhibitors mixture (Roche,
Mannheim, Germany) for 30 min on ice. Samples were loaded together
with a Page Ruler Prestained Protein ladder (Fermentas, Glen Burnie, MD)
on a 10% SDS-PAGE gel. The proteins were electroblotted onto a nitro-
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cellulose membrane (Bio-Rad, Richmond, CA). After blocking for 1 h in
5% skim milk, the membranes were incubated with mAb of Ets-1 (Santa
Cruz Biotechnology), HDAC1 (Millipore), and b-actin (Abcam) in 3%
blocking buffer overnight at 4˚C. The blots were developed using a 1/5000
diluted anti-mouse HRP (Abcam) and visualized.

Intracellular cytokine staining

Cells were stimulated with 1 mg/ml plate-bound anti-CD3 and 2 mg/ml
soluble anti-CD28 plus 10 mg/ml brefeldin A (Sigma-Aldrich) for 6 h.
Cells were harvested, washed with PBS, and fixed in fixation/permea-
bilization buffer (eBioscience, San Diego, CA) for 0.5 h. Cells were
washed and resuspended in 100 ml permeabilization buffer (eBioscience).
For intracellular detection of IL-10, anti–IL-10–PE (eBioscience) or iso-
type control Ab (eBioscience) was added and incubated for 0.5 h at 4˚C.
After incubation, cells were washed, resuspended in 1 ml PBS, and ana-
lyzed by flow cytometry (Beckman Coulter, Brea, CA).

Proximity ligation assay

WT Th1 and Ets-1KO Th1 cells were differentiated and were incubated in
8S Multicell (CTRL Life Science, Gwangju, Korea) coated with Poly-L-Lys
in PBS for overnight at 4˚C. For fixation, 4% paraformaldehyde was added
and incubated for 10 min. 0.25% Triton X-100 was used for permeabili-
zation. Proximity ligation assay was performed using the Rabbit PLUS
and Mouse MINUS Duolink in situ proximity ligation assay (PLA) kits
with Ab of Ets-1 (rabbit) and HDAC1 (mouse) (OLINK Bioscience,
Uppsala, Sweden) according to the manufacturer’s protocol. Subsequently,
slides were dehydrated, air-dried, and embedded in DAPI-containing
mounting medium. Fluorescence was detected using a FluoView micro-
scope (Olympus, Center Valley, PA).

Computational analysis

Genomic sequences spanning the Il10 gene were analyzed using the Web-
based alignment software, VISTA browser 2.0 (33), to identify CNSs.

Statistical analysis

Data are the mean 6 SD of at least three independent experiments, unless
differently specified in the text. A Student t test was used to calculate the
statistical significance of the experimental data. The level of significance
was set at *p , 0.05 and **p , 0.01. Significance was indicated only
when appropriate.

Results
Increased IL-10 expression in Ets-1–deficient Th cells

To elucidate the molecular mechanism of Ets-1–mediated Il10
gene repression in Th1 cells, we compared IL-10 expression in
Th1 cells differentiated from WTor Ets-1KO mice. Cells were left
without stimulation or stimulated with anti-CD3/anti-CD28; then
IL-10 mRNA and protein levels were measured by qRT-PCR,
ELISA, and flow cytometry. Th1 cells from Ets-1KO showed
.8-fold increase in IL-10 mRNA expression compared with WT
Th1 cells (Fig. 1A). Next, we measured the IL-10 protein level by
ELISA to check whether protein level is also increased in Ets-
1KO cells. Indeed, a significant increase of IL-10 (9-fold) was
observed in Ets-1KO cells compared with WT Th1 cells (Fig. 1B).
We further analyzed protein expression by performing intracel-
lular cytokine staining. The IL-10+ cells constituted ∼9% of Ets-
1KO cells compared with 1.7% in WT Th1 (Fig. 1C). Similarly,
Ets-1KO Th2 cells also expressed more IL-10 than WT Th2 cells
even though WT cells already produced a high level of IL-10.
We further tested whether ex vivo isolated Ets-1KOCD4+ T cells

also expressed higher levels of IL-10 transcript than WT cells.
Like in Th1 cells, ex vivo CD4+ T cells isolated from Ets-1KO
mice expressed a much higher level of IL-10 transcript compared
with WT CD4+ T cells under unstimulated (.8-fold increase) and
stimulated (.5-fold increase) conditions (Fig. 2A). A significant
increase in IL-10 protein level (2-fold) was also observed in Ets-
1KO cells compared with WT CD4+ T cells (Fig. 2B). Intracel-
lular cytokine staining showed that ∼0.5% of WT Th cells was
stained positively for intracellular IL-10 ex vivo, whereas near 3%
of Ets-1KO cells were positive for IL-10 (Fig. 2C). These results

collectively indicate that Ets-1 plays a negative role in Il10 gene
regulation in both Th1 and Th2 cells.

Changes in histone modification and chromatin accessibility
upon Ets-1 deficiency

To find out the underlyingmolecular mechanism of Ets-1–mediated
Il10 gene repression in Th1 cells, we analyzed whether Ets-1
deficiency caused any changes in chromatin architecture and
epigenetic modifications around the Il10 regulatory regions. We
and others previously reported the involvement of epigenetic reg-
ulation in IL-10 expression (11–14). We have previously mea-
sured the levels of recruited H3Ac as a marker for transcrip-
tionally active chromatin (34). We focused on four CNSs of the
Il10 locus identified with VISTA: promoter (20.12), intron
regions (+1.75 and +2.98), and 39 end (+6.45) (Fig. 3A). To
measure the relative amount of H3Ac recruited to the promoter
and intronic regions of the Il10 locus, we performed ChIP with Ab
specific for H3Ac. Consistent with the published data, a significant
increase of H3Ac level was observed in WT Th2 cells compared
with WT Th1 cells at the promoter (20.12) and introns (+1.64 and
+2.98) (Fig. 3B). However, the CNS+6.45 region did not show any
difference in H3Ac levels between WT Th1 and Th2 cells. This
observation is in agreement with the previous report showing no
histone acetylation (H4Ac) in this region compared with other
regions of the Il10 locus (13). Interestingly, Ets-1KO Th1 cells
displayed a pattern of H3Ac recruitment similar to that of WT Th2
cells. We further tested whether increased H3Ac recruitment and

FIGURE 1. Enhanced IL-10 expression in Ets-1–deficient Th1 and Th2

cells. CD4+ T cells obtained from spleens and lymph nodes of WTand Ets-

1KO mice were cultured under Th1- and Th2-skewing conditions, as de-

scribed in Materials and Methods. (A) Total RNA was isolated from Th1

and Th2 cells unstimulated or restimulated with anti-CD3/anti-CD28 and

subjected to real-time PCR (RT-PCR) analysis. Mouse HPRT was used as

a control. (B) Differentiated Th1 and Th2 cells were restimulated using

anti-CD3/anti-CD28 for 24 h. IL-10 levels in culture supernatant were

analyzed by ELISA. All data are presented as means with SD from three to

five independent experiments. (C) Intracellular IL-10 protein levels were

measured by flow cytometry analysis after staining with IL-10 Ab or

control isotype IgG. Data are representative of three separate experiments.

**p , 0.01.
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higher IL-10 expression in Ets-1KO Th1 cells are associated with
changes in the accessibility of chromatin architecture around the
Il10 locus. Nuclei were prepared from Th1 cells differentiated
from WT and Ets-1KO CD4+ T cells and treated with MNase. The
chromatin accessibility was measured by qRT-PCR. Ets-1KO Th1
cells showed a significantly increased chromatin accessibility than
WT Th1 cells in the IL-10 promoter region, but not in CNS+1.65
and CNS+2.98 regions (Fig. 3C). The chromatin accessibility for
the promoter region of HPRT and H19 genes was also tested as
control regions for open and closed accessibility, respectively.
These results suggest that an increased IL-10 expression in Ets-
1KO Th1 cells is correlated with enhanced chromatin accessibility
and H3Ac enrichment.

Downregulation of HDAC1 recruitment in Ets-1–deficient Th1
cells

Acetylation of histone is regulated by HDACs (35). The class I
deacetylase HDAC1 and HDAC2 are highly expressed in thymus
and spleen, and HDAC1-associated factors, such as Ikaros, Aiolos,
and Sin3A, play important roles during T cell development (36,
37). To examine whether the increased H3Ac recruitment and
more accessible chromatin structure at the Il10 locus in Ets-1KO
Th1 cells are related with the loss of HDAC1 recruitment, we
analyzed the level of in vivo HDAC1 binding to Il10 regulatory
loci by ChIP analysis. Previous studies including our own have
showed that higher HDAC1 recruitment is inversely correlated to
IL-10 expression (11, 12). In this study, we also confirmed the
involvement of HDAC1 recruitment in differential IL-10 expres-
sion in Th1 and Th2 cells. Th1 cells expressing much lower IL-10

level than Th2 cells showed a preferential HDAC1 enrichment in
promoter (20.12) and intron regions (+1.65 and +2.98) (Fig. 4A).
HDAC1 enrichment at the Il10 regulatory regions, however, was
significantly reduced in Ets-1KO Th1 cells to the comparable level
of WT Th2 cells (Fig. 4A).

To further elucidate the role of HDAC in IL-10 repression, we
tested the effect of HDAC inhibitor, trichostatin A (TsA), on IL-10
expression level and histone acetylation status in Th1 cells. CD4+

T cells obtained from WT and Ets-1KO were differentiated into
Th1 cells. At day 4 of differentiation, cells were treated with TsA
or DMSO (control) and then harvested 2 d later. TsA treatment
significantly increased IL-10 expression up to 8-fold as measured
by qRT-PCR (Fig. 4B). TsA treatment also increased IL-10 pro-
tein levels as measured by ELISA and intracellular cytokine
staining (Fig. 4B, 4C). To test whether the increase of IL-10 ex-
pression by TsA treatment was also affected by changes in the
recruitment of H3Ac to the regulatory elements of the Il10 locus,
we performed ChIP analysis. Indeed, TsA treatment signifi-
cantly increased H3Ac recruitment at CNS20.12, CNS+1.65, and
CNS+2.98 (Fig. 4D). These results collectively suggest that Ets-1
deficiency reduced the recruitment of HDAC1 in Il10 regulatory
elements, which leads to increased histone acetylation and fa-
vorable chromatin architecture for upregulation of IL-10 expres-
sion.

Physical interaction between Ets-1 and HDAC1

We then set to determine how deficiency of Ets-1 led to a reduced
level of HDAC1 recruitment in the Il10 regulatory regions. We
found that mRNA level of HDAC1 was not altered by Ets-1 de-
ficiency (data not shown). However, HDAC1 protein level was
slightly decreased in Ets-1KO Th1 cells compared with WT
counterpart (Fig. 5A). However, this difference was subtle and
could not account for the difference in HDAC1 recruitment shown
in Fig. 4A. We therefore postulated that Ets-1 interacted directly
with and recruited HDAC1 to the Il10 locus. To test whether
there is a physical interaction between Ets-1 and HDAC1, we per-
formed coimmunoprecipitation experiment in HEK-293 cells that
were transfected with Ets-1 and HDAC1 expression constructs.
HDAC1 protein was detected by anti-HDAC1 immunoblotting
(IB) in immunoprecipitate brought down by Ets-1 Ab (Fig. 5B,
top panel). Conversely, immunoprecipitation with anti-HDAC1
Ab, but not control IgG, also pulled down Ets-1 protein (Fig.
5B, bottom panel). In addition, we were able to demonstrate a
physical interaction between endogenous Ets-1 and HDAC1 pro-
teins in vivo in primary Th1 cells by immunoprecipitation assay
(Fig. 5C). To further confirm the colocalization of Ets-1 and
HDAC1, we performed an in situ PLA (38). Because a PLA signal
can be detected when the proteins of interest are in close prox-
imity, this technique enabled us to detect direct protein–protein
(Ets-1 and HDAC1) interaction in CD4+ T cells. Association of
endogenous Ets-1 and HDAC1 in primary Th1 cells was observed
and the interaction took place in the nucleus (Fig. 5D, upper row).
The specificity of this interaction was confirmed by the absence of
association between Ets-1 with HDAC1 in Ets-1KO Th1 cells
(Fig. 5D, bottom row).

Functional synergism of Ets-1 and HDAC1 to repress IL-10
expression

To test the relationship between Ets-1 recruitment and the dif-
ferential IL-10 expression profile, we performed an Ets-1 ChIP
assay in Th1 (IL-10low) and Th2 (IL-10high) cells, using an Ets-1–
specific Ab. Specific binding of Ets-1 to the IL-10 regulatory
elements was confirmed using Ets-1KO mice as a negative control
in Th1 cells (Fig. 6A). No significant difference was observed in

FIGURE 2. Enhanced ex vivo IL-10 expression in Ets-1–deficient CD4+

T cells. CD4+ T cells were obtained from spleens and lymph nodes of WT

and Ets-1KO mice and stimulated directly with anti-CD3/anti-CD28 for 24

h or left unstimulated. (A) Total RNAwas subjected to real-time PCR (RT-

PCR) analysis. Mouse HPRT was used as a control. (B) IL-10 levels in

culture supernatant were analyzed by ELISA. All data are presented as

means with SD from three to five independent experiments. (C) Intracel-

lular IL-10 protein levels were measured by flow cytometry analysis after

staining with IL-10 Ab or control isotype IgG. Data are representative of

three separate experiments. **p , 0.01.
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the level of Ets-1 enrichment between Th1 and Th2 cells (Fig.
6B). We further examined the functional significance of the in-
teraction between Ets-1 and HDAC1 in the repression of Il10 gene
expression. We performed in vitro reporter assay using IL-10 re-

porter constructs containing a minimal IL-10 promoter and the
diverse CNSs (30). Overexpression of Ets-1 alone failed to repress
the IL-10 reporter activity of CNS20.12 (Fig. 6C, upper panel,
fourth bar). Interestingly, Ets-1 alone actually induced reporter

FIGURE 3. Accessible chromatin configuration at the Il10 regulatory regions in Ets-1KO Th1 cells. (A) CNSs in the Il10 loci of mouse and human are

shown. The mouse genomic sequence is used as the base sequence on the x-axis. CNS regions are marked with arrowheads. CNS regions are named

according to their distance in kilobases from the IL-10 transcription start site. (B) ChIP was performed using WT and Ets-1KO Th1 cells with anti-H3Ac or

isotype IgG Ab, and the levels of precipitated DNA were measured by qRT-PCR with primers specific for each indicated CNS region. (C) Nuclei isolated

from WT or Ets-1KO Th1 cells were left untreated or subjected to MNase treatment, as described in Materials and Methods. Extracted genomic DNAwas

then subjected to RT-PCR using specific primers for indicated regulatory regions. Graphs depict the relative chromatin accessibility normalized to un-

digested samples and show mean 6 SEM, n = 3. All data are presented as means with SD from three independent experiments. *p , 0.05, **p , 0.01.

FIGURE 4. Increased IL-10 expression upon treatment of HDAC inhibitor, TsA. (A) ChIP was performed using WT and Ets-1KO Th1 cells with anti-

HDAC1 or isotype IgG Ab, and levels of precipitated DNA were measured by qRT-PCR with primers specific for each indicated CNS region. All data are

presented as means with SD from three independent experiments. (B) IL-10 mRNA and protein level were analyzed by qRT-PCR and ELISA. (C) Intracellular

IL-10 protein level was measured by flow cytometry analysis after intracellular cytokine staining with IL-10 Ab or control isotype IgG. (D) ChIP was performed

on nontreated or TsA-treated cells with anti-H3Ac or isotype IgG Ab, and levels of precipitated DNAwere measured by qRT-PCR with primers specific for each

indicated CNS region. All data are presented as means with SD from three independent experiments; intracellular cytokine staining data are representative of

three separate experiments. *p , 0.05, **p , 0.01.
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activity of CNS+1.65 and CNS+2.98. However, dose-dependent

overexpression of HDAC1 significantly decreased Ets-1–induced

IL-10 reporter activity (Fig. 6C, fifth and sixth bars). These results

suggest that Ets-1–mediated repression of IL-10 expression is

dependent on HDAC1.

Role of T-bet or STAT4 in Ets-1–mediated IL-10 repression

A previous report showed that Ets-1 deficiency could decrease the
level of STAT4 and T-bet expression (21). However, the exact role
of T-bet or STAT4 in regulating IL-10 expression still remains
undefined. Thus, we tested whether the increased IL-10 expression

FIGURE 5. Physical interaction of Ets-1 with HDAC1. (A) Total cell lysates of WT or Ets-1KO Th1 cells were prepared and total HDAC1 levels were

assayed by Western blot. Ab to b-actin was used as a loading control. (B) Flag-Ets-1 and HDAC1 constructs were transiently transfected into HEK-293

cells. Transfected cells were harvested after 24 h and lysates were IP with Ets-1 or isotype IgG Ab. Coprecipitated HDAC1 was analyzed by IB with

HDAC1 Ab. IP of Ets-1 was confirmed by IB with Ets-1 Ab. Conversely, transfected cells were harvested after 24 h and lysates were IP with HDAC1 or

isotype IgG Ab. Coprecipitated Ets-1 was analyzed by IB with Ets-1 Ab. IP of HDAC1 was confirmed by IB with HDAC1 Ab. (C) Primary Th1 cells were

used for immunoprecipitation with Ets-1 Ab, then detected with HDAC1 Ab. Ponceau S-stained IgG H chain was shown as a loading control (IgG).

Immunoprecipitation using rabbit IgG (isotype) was used as a negative control for coimmunoprecipitation. (D) Detection of Ets-1 and HDAC1 interaction

in primary WT Th1 and Ets-1KO Th1 cells using Duolink with two primary Abs. Duolink signals are shown in red, and DAPI was used for staining of

nuclei. Stained cells were examined by confocal microscopy (original magnification 360). Data were representative of three independent experiments.

FIGURE 6. Suppression of IL-10 expression by

functional cooperation between Ets-1 and HDAC1.

(A) ChIP was performed using WT and Ets-1KO Th1

cells with anti–Ets-1 or isotype IgG Ab, and the levels

of precipitated DNAwere measured by qRT-PCR with

primers specific for each indicated CNS region. (B)

Ets-1 recruitment in the Il10 regulatory regions in Th1

and Th2 cells. ChIP assay was performed using pri-

mary Th1 and Th2 cells. Quantitative real-time PCR

was performed on each CNS region as indicated. Data

are presented as means with SD from three inde-

pendent experiments. (C) HEK-293 cells were trans-

fected with the indicated IL-10 CNS reporter con-

structs together with Ets-1 or HDAC1 alone, or Ets-1

plus HDAC1 in combination. Luciferase activity is

expressed relative to the expression of a cotransfected

Renilla luciferase plasmid (pRL-TK) as a control for

transfection efficiency. Relative luciferase units are

expressed as the fold difference relative to the control

value. Data shown are the average of at least three

independent experiments. *p , 0.05, **p , 0.01.
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in Ets-1–deficient Th1 cells is a result of a defect in Th1 cell
differentiation and whether T-bet or STAT4 deficiency is linked to
differential Ets-1 recruitment to the IL-10 regulatory sites. The
effect of T-bet or STAT4 deficiency on IL-10 expression was an-
alyzed. CD4+ T cells from T-betKO and STAT4KO were differ-
entiated into Th1 cells, and IL-10 levels were measured by RT-
PCR and ELISA. In vitro differentiated Th1 cells from T-betKO
and STAT4KO did not show any significant differences in the
levels of IL-10 production, mRNA (data not shown), and protein
(Fig. 7A, 7D). As expected, T-betKO and STAT4KO T cells
showed significantly reduced IFN-g, whereas IL-4 level was up-
regulated (Supplemental Fig. 1). Next, we performed Ets-1 ChIP
analysis to test the effect of T-bet or STAT4 deficiency on the
recruitment of Ets-1 and HDAC1 to the IL-10 regulatory sites.
T-bet or STAT4 deficiency slightly increased Ets-1 binding to
CNS20.12 and CNS+1.65, but not CNS+2.98. However, no sig-
nificant difference was observed in the level of HDAC1 recruit-
ment to the IL-10 regulatory sites, which is well correlated with
the similar level of IL-10 expression, regardless of T-betKO and
STAT4KO deficiency (Fig. 7A, 7D). This result suggests that T-bet
or STAT4 may not directly regulate Ets-1–mediated IL-10 re-
pression in Th1 cells.

Increased IL-24 and CCR8 expression in Ets-1–deficient Th1
cells

We also tested whether the Ets-1 and HDAC1 interaction could also
downregulate the expression of Th2 cell-associated molecules in
Th1 cells. Similar to IL-10 expression in Th1 cells, IL-24 level is
significantly lower in Th1 than Th2 cells (39). Chemokine receptor
CCR8 is also preferentially expressed in Th2, but not Th1 cells
(40). Because both targets have relatively low expression level in
Th1 cells, we tested the effect of Ets-1 deficiency on the expres-
sion level of Il24 and Ccr8 mRNA. Ets-1KO Th1 cells showed an
increase in both Il24 and Ccr8 expression level (Fig. 8A). To
further confirm the physical association of Ets-1 and HDAC1 to
the promoter of Il24 and Ccr8 loci, we performed Ets-1 and
HDAC1 ChIP experiments. Bcl2l1 39UTR region was used as
a negative binding region for Ets-1 and HDAC1 (41). Significant
enrichment of Ets-1 and HDAC1 was observed in the promoter
region of Il24 and Ccr8 compared with the negative Bcl2l1 locus
(Fig. 8B, 8C). In addition, Ets-1 deficiency significantly increased
the level of H3Ac recruitment to the Il24 and Ccr8 promoter

regions (Fig. 8D). These results collectively suggest that interac-
tion of Ets-1 with HDAC1 could repress the expression of Th2
cell-associated molecules, such as Il10, Il24, and Ccr8, in Th1
cells by affecting histone modification of regulatory elements.

Discussion
The main purpose of this study was to elucidate the molecular
mechanism of Ets-1–mediated Il10 gene repression in Th1 cells.
We demonstrated that Ets-1 negatively regulates IL-10 expression
through functional and physical cooperation with HDAC1 in Th1
cells. Ets-1 deficiency resulted in increased H3Ac recruitment and
chromatin accessibility, whereas decreasing HDAC1 recruitment
in the Il10 regulatory regions. Physical interaction between Ets-1
and HDAC1 cooperatively repressed IL-10 transcription in Th1
cells.
Unlike subset-specific Th cytokines, such as IFN-g and IL-4, IL-

10 is relatively promiscuous and can be produced by both Th2 and
Th1 cells. Although Th2 cells express a much higher amount
of IL-10 (11, 12), Th1 cells also express IL-10 under certain
conditions (2, 5–10) through unknown mechanisms. We have
previously shown that Ets-1–deficient Th1 cells produced larger
amounts of IL-10 than WT Th1 cells (21). In this study, we further
confirmed a significant increase of IL-10 expression in ex vivo
isolated Ets-1KO CD4 T cells (Fig. 2). Ets-1 is a transcription
factor and has a dual function, acting as both a transcriptional
activator and repressor (16, 42, 43). In most cases, Ets-1 positively
regulates the expression of its target genes (23). However, Ets-1
can also suppress its target gene through interacting with repres-
sive factors like EAP1/Daxx (44). Recently, Hollenhorst et al. (45)
reported an enrichment of Ets-1 in regulatory elements of the Il10
locus through ChIP-seq analysis in human Jurkat T cell. We also
found in vivo binding of Ets-1 in the regulatory regions of the Il10
gene including promoter, intron 3, and intron 4 regions (Fig. 6A).
However, the amount of Ets-1 binding was similar in Th1 (IL-
10low) and Th2 (IL-10high) cells (Fig. 6B). How does Ets-1 binding
selectively repress IL-10 expression in Th1 cells? We assumed
that Ets-1 may regulate IL-10 expression by altering the local
chromatin architecture. Indeed, chromatin accessibility was sig-
nificantly increased in Ets-1KO Th1 cells, mainly at the IL-10
promoter region (Fig. 3C), in comparison with WT Th1 cells.
We also tested the H3Ac level in Il10 regulatory regions because
H3Ac is one of the well-characterized active marks of histone

FIGURE 7. Role of T-bet or STAT4 on Ets-1–mediated IL-10 repression in Th1 cells. (A and D) CD4+ T cells were isolated from WT and T-betKO or

STAT4KO mice. After 6 d of Th1 differentiation, cells were stimulated with anti-CD3/anti-CD28. IL-10 expression was analyzed by ELISA. (B and E) ChIP

was performed using WT and T-betKO or STAT4KO Th1 cells with anti–Ets-1 or isotype IgG Ab. (C and F) ChIP was performed using WT and T-betKO or

STAT4KO Th1 cells with anti-HDAC1 or isotype IgG Ab, and the levels of precipitated DNA were measured by qRT-PCR with primers specific for each

indicated CNS region. Results showed mean 6 SEM, n = 3. All data are presented as means with SD from three independent experiments. *p , 0.05.
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modification in gene expression (34, 35, 46, 47). Ets-1KO Th1
cells showed a significantly higher H3Ac level around the Il10
regulatory regions (Fig. 3B). These results suggest that higher
expression level of IL-10 in Ets-1KO Th1 cells is closely linked
with enhanced histone acetylation status (11, 13).
DNA binding proteins often interact with and recruit HDAC

proteins to exert their suppressive activity on target gene expression
(46). The increased chromatin accessibility together with enriched
H3Ac level in Ets-1KO Th1 cells suggest the involvement of
differential recruitment of silencing complexes. HDAC proteins
are the main regulators of histone deacetylation (35). Previously,
we reported that HDAC1 was enriched in the promoter and introns
3 and 4 of the Il10 gene in D5 cells (Th1 clone) (11). Recently,
Villagra et al. (48) also reported that HDAC11 regulated IL-10
expression in APCs. In this study, we found a significant decrease
of HDAC1 recruitment in Il10 regulatory regions in Ets-1KO Th1
cells compared with WT Th1 cells (Fig. 4A). Treatment of TsA,
an HDAC inhibitor, significantly enhanced IL-10 expression in
Th1 cells by decreasing HDAC1 recruitment (Fig. 4B–D). These
results suggest the involvement of histone deacetylase activity in
the repression of Il10 expression. The effects of TsA in this ex-
perimental system may be direct, because the TsA treatment did
not affect Ets-1 expression level but increased the level of IL-10
expression. However, the effect of TsA might also be indirect,
because TsA can affect the expression of other genes, which in-
directly regulate IL-10 expression.
Ets-1 deficiency did not cause any significant differences in

HDAC1 mRNA levels (data not shown), although a slight decrease
of HDAC1 protein level was observed in Ets-1KO Th1 cells (Fig.
5A). However, this difference in the level of HDAC1 protein is
subtle and, in our view, is insufficient to explain the marked re-
duction in HDAC1 recruitment to the Il10 gene seen in Ets-1KO
Th1 cells. Overexpression of Ets-1 alone failed to suppress IL-10
reporter activity rather than activate reporter activities of CNS+1.65
and CNS+2.98 (Fig. 6C). However, HDAC1 coexpression effi-
ciently suppressed Il10 reporter activity, suggesting the important
role of HDAC1 as a composite repressor of the Ets-1 complex.
Our data collectively suggest that Ets-1 negatively regulates IL-10
expression by affecting histone modification states and HDAC1

recruitment. Ets-1–mediated recruitment of HDAC1 likely is also
subjective to regulation by yet to be characterized mechanisms.
It is known that IFN-g can suppress the expression of Th2

cytokines, including IL-10, raising the possibility that overpro-
duction of IL-10 by Ets-1KO Th1 cells may be a secondary effect,
because of the reduced IFN-g level. Upon Ets-1 deficiency, a de-
creased level of STAT4 and T-bet expression was also observed
(21). In this study, we tested whether T-bet or STAT4 deficiency
could mediate differential Ets-1 and HDAC1 recruitment to the
IL-10 regulatory sites. However, no quantitative differences were
observed in the level of IL-10 expression by T-bet or STAT4 de-
ficiency in Th1 compared with WT Th1 cells (Fig. 7A, 7D). In
addition, it has been reported that T-bet deficiency did not cause
any effect on IL-10 production by NK cells (49). According to
another report in Th1 cells, STAT4 may positively regulate IL-10
production, rather than repress it, under the control of IL-12
stimulation (10). Furthermore, T-bet or STAT4 deficiency did
not cause statistically significant changes in the level of Ets-1 and
HDAC1 recruitment to the IL-10 regulatory sites, suggesting that
T-bet or STAT4 may not be directly involved in Ets-1–mediated
IL-10 repression in Th1 cells.
Function of Ets-1 is mainly dependent upon its interaction

with other binding partners (16, 42, 43, 50). For example, Ets-1
cooperates with transcriptional coactivator CREB binding protein
and the related p300 protein to upregulate its target genes (51). In
contrast, Ets-1 cooperates with EAP1/Daxx to repress its target
genes (44). Therefore, Ets-1–mediated recruitment of HDAC1
might be heavily influenced by its binding partners. In this study,
we demonstrated that HDAC1 is the major partner of Ets-1–me-
diated IL-10 repression (Fig. 5). However, other repressor proteins
could also composite as an Ets-1 repressor complex. To identify
the Ets-1 interacting protein partners, we have recently performed
mass spectrometry using the Ets-1 immunoprecipitated (IP) pro-
tein complex. We confirmed the interaction of Ets-1 with HDAC1,
mSin3a, and DNA methyltransferase 3a and 3b (C.G. Lee and
S.-H. Im, unpublished data). Those molecules could form an
Ets-1 repressor complex and affect the epigenetic statue of DNA
methylation (52, 53) and histone modifications, resulting in an
inactive chromatin configuration at the Ets-1 target gene loci.

FIGURE 8. Repression of Il24 and Ccr8

expression by Ets-1 and HDAC1. (A) RNA

was isolated from WT and Ets-1KO Th1 cells

under unstimulated conditions after 6 d of

differentiation. Il24 and Ccr8 mRNA were

analyzed by qRT-PCR, and Bcl2l1 was used

as a negative control. (B and C) ChIP was

performed using WT Th1 cells with anti–

Ets-1 or anti-HDAC1 Ab. Promoter regions

of IL-24 and Ccr8 were used for enrichment

of Ets-1 and HDAC1, whereas Bcl2l1 39UTR

regions were regarded as a negative region.

(D) ChIP was performed using WT and Ets-

1KO Th1 cells with anti-H3Ac or isotype IgG

Ab (and the levels of precipitated DNA were

measured by qRT-PCR with primers specific

for each indicated region). Results showed

mean6 SEM; n = 3. All data are presented as

means with SD from three independent ex-

periments. *p , 0.05, **p , 0.01.
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However, it is still unclear whether the formation of the Ets-1 and
HDAC1 complex is a general mechanism to suppress Ets-1 target
genes. To test this idea, we analyzed two target genes, Il24 and
Ccr8, that are known to have higher expression in Th2 compared
with Th1 cells. Like IL-10, Ets-1 deficiency significantly in-
creased the expression level of Il24 and Ccr8 mRNA in Th1 cells
by increasing H3Ac levels in the promoter regions (Fig. 8D).
Recently, we have performed an expression microarray to observe
the transcriptional changes between WT Th1 and Ets-1KO Th1
cells. More than 800 genes were identified as potential Ets-1 target
genes. Among them, 312 genes were upregulated (data not
shown). Currently, we are investigating whether the formation of
an Ets-1 and HDAC1 complex is also involved in the repression of
these newly identified Ets-1 target genes.
Another possible scenario is that the ability of Ets-1 to recruit

HDAC1 is regulated by its posttranslational modifications, which
may differ in Th1 and Th2 cells. Phosphorylation is a well-known
posttranslational modification of the ETS family of transcription
factors (17). Phosphorylation of Ets-1 can enhance or attenuate its
transcriptional activity (54–56). However, neither activating nor
inhibitory phosphorylation of Ets-1 had much impact on Th cy-
tokine production (57). Acetylation of Ets-1 often results in the
upregulation of target gene expression because acetylated Ets-1 is
preferentially associated with the p300/CREB binding protein
complexes (58). However, the effect of acetylated Ets-1 in IL-10–
expressing cells has yet to be reported so far and needs further
investigation.
In summary, our work advances our understanding of how Ets-1

suppresses IL-10 expression. Our findings are also clinically rel-
evant. Single nucleotide polymorphisms at the Ets1 locus were
recently shown to be associated with a greater risk for systemic
lupus erythematosus (SLE) (59, 60). Patients with SLE often
overproduce IL-10, the level of which correlates with disease
activity (61, 62). However, the molecular mechanism mediating
the overproduction of IL-10 is poorly understood. It will be of
great interest to investigate whether the recruitment of Ets-1 and/or
HDAC1 to the Il10 locus is altered and whether the interaction
between Ets-1 and HDAC1 is disrupted in SLE patients.
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E26 transformation-specific sequence 1 (Ets-1), the prototype of
the ETS family of transcription factors, is critical for the expression
of IL-2 by murine Th cells; however, its mechanism of action is still
unclear. Here we show that Ets-1 is also essential for optimal
production of IL-2 by primary human Th cells. Although Ets-1
negatively regulates the expression of Blimp1, a known suppres-
sor of IL-2 expression, ablation of B lymphocyte-induced matura-
tion protein 1 (Blimp1) does not rescue the expression of IL-2 by
Ets-1-deficient Th cells. Instead, Ets-1 physically and functionally
interacts with the nuclear factor of activated T-cells (NFAT) and is
required for the recruitment of NFAT to the IL-2 promoter. In ad-
dition, Ets-1 is located in both the nucleus and cytoplasm of resting
Th cells. Nuclear Ets-1 quickly exits the nucleus in response to
calcium-dependent signals and competes with NFAT proteins for
binding to protein components of noncoding RNA repressor of
NFAT complex (NRON), which serves as a cytoplasmic trap for
phosphorylated NFAT proteins. This nuclear exit of Ets-1 precedes
rapid nuclear entry of NFAT and Ets-1 deficiency results in im-
paired nuclear entry, but not dephosphorylation, of NFAT pro-
teins. Thus, Ets-1 promotes the expression of IL-2 by modulating
the activity of NFAT.

E26 transformation-specific sequence 1 (Ets-1) is the founding
member of the ETS family of transcription factors (1, 2); it is

expressed mainly in lymphoid cells and plays multiple roles in
regulating the development and function of these cells. Ets-1–
deficient (KO) Th1 cells produce very little IL-2 (3). However, it
is still unclear whether Ets-1 is also critical for the expression of
IL-2 in human Th cells and how Ets-1 promotes the expression
of IL-2.
The transcriptional regulation of IL-2 has been characterized

(4, 5). One of the positive regulators of IL-2 expression is the
nuclear factor of activated T-cells (NFAT) family of transcrip-
tion factors, which contains five members (6, 7). The promoter of
the IL-2 gene contains five consensus binding sequences of
NFAT (8). Deficiency of both NFATc1 and NFATc2 severely
attenuates the expression of IL-2, confirming the critical role of
NFATs in regulating IL-2 expression (9). In resting T cells,
NFATs are phosphorylated and retained in cytoplasm by the
NRON complex, which consists of a backbone of noncoding
RNA called noncoding RNA repressor of NFAT (NRON) and
several proteins, including Tnpo1, Iqgap1, chromosome segre-
gation 1-like (Cse1l), protein phosphatase 2, regulatory subunit
A, alpha (Ppp2r1a), and Psmd11 (10–12). The NRON complex
serves as a cytoplasmic trap of NFAT. T-cell antigen receptor
(TCR) signals and dephosphorylation of NFAT lead to the re-
lease of NFAT from the NRON complex. Free dephosphory-
lated NFAT is then translocated into the nucleus and
transactivates IL-2 and many other genes. However, the detailed
mechanism regulating the assembly/disassembly of the NRON
complex and cytoplasmic/nuclear translocation of NFAT is still
not fully understood.
B lymphocyte-induced maturation protein 1 (Blimp1) is a

transcription repressor that is known to negatively regulate the
expression of IL-2 (13–15). Both Blimp1 and Ets-1 are also
expressed in B cells and counterregulate each other during the

terminal differentiation of B cells to plasma cells (16, 17). These
observations raise the possibility that Blimp1 and Ets-1 also coun-
terregulate each other in T cells, and that Ets-1 regulates the
expression of IL-2 indirectly by suppressing Blimp1.
We set out to investigate how Ets-1 regulates IL-2 expression.

We found that Ets-1 was also required for the expression of IL-2
in human T cells. Although Ets-1 suppressed the expression of
Blimp1 in T cells, the impaired IL-2 expression in the absence of
Ets-1 was not due to aberrant expression of Blimp1. Instead,
endogenous Ets-1 physically interacted with endogenous NFAT.
Ets-1 and NFAT synergistically transactivated the IL-2 pro-
moter. In the absence of Ets-1, the recruitment of NFAT to the
IL-2 promoter was markedly impaired. We further found that
nuclear Ets-1 exited the nucleus before rapid NFAT nuclear
entry and that cytoplasmic Ets-1 interacted with protein com-
ponents of the NRON complex. More importantly, deficiency of
Ets-1 deterred nuclear entry but not dephosphorylation of
NFAT. Our data collectively demonstrate that Ets-1 promotes
the expression of IL-2 through NFAT-dependent mechanisms.

Results
Ets-1 Is Required for IL-2 Production by Human T Cells. One key
feature of Ets-1KO Th1 cells is impaired IL-2 production. To
determine whether Ets-1 was also required for IL-2 production
by human Th cells, we suppressed the expression of Ets-1 by
nearly 80% in primary human Th cells with siRNA (Fig. 1A). Th
cells transfected with Ets-1 siRNA, but not scrambled siRNA,
expressed a significantly lower level of IL-2 in response to anti-
CD3 stimulation. In contrast, the expression of phosphatase
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PTPN22, which is not a known Ets-1 target, was not affected by
Ets-1 siRNA. This result confirms that Ets-1 is critical for the
expression of IL-2 in both mouse and human T cells.
Ets-1 could regulate IL-2 production directly or indirectly. The

murine IL-2 promoter contains several potential Ets-1 binding
sites, including a region centering on −440 (Fig. 1B). This region,
Ets binding sequence (EBS), actually contains two palindromic
Ets-1 binding sites and has been shown to bind other Ets tran-
scription factors, such as GABPα (18), and regulate the activity
of the IL-2 promoter. We therefore conducted a ChIP assay and
found that Ets-1 was recruited to EBS and also to a known Ets-1
binding site within the CD127 promoter in Th1 cells (19) (Fig.
1C). In contrast, we detected no recruitment of Ets-1 to TLR7,
which is not regulated by Ets-1. We subsequently generated
a 0.6-kb IL-2 promoter reporter (−574 to +43), encompassing
the EBS. The activity of the 0.6-kb promoter was induced with
phorbol myristate acetate (PMA)/ionomycin and was twice as
active in WT Th1 cells than in Ets-1KO Th1 cells (Fig. 1D).
However, overexpression of Ets-1 only modestly increased the
activity of this promoter above baseline, and mutation of the

EBS did not affect the ability of Ets-1 to modestly enhance the
activity of the 0.6-kb promoter (Fig. 1E). Similar results were
obtained with an IL-2 promoter/reporter containing 7 kb of the
genomic region upstream of the transcription start site (Fig. S1).
We therefore theorized that Ets-1 indirectly controlled the expres-
sion of IL-2.

Ets-1 Deficiency Leads to Aberrant Expression of Blimp1. We then
examined the expression of several transcription factors that are
known to regulate the expression of IL-2 (4, 5). We found that
the transcript level of Runx1, Oct1, and several NF-κB members
was slightly reduced in the absence of Ets-1, whereas the ex-
pression of Egr, NFAT, c-Jun, and c-Fos was unchanged (Fig.
S2). Intriguingly, the transcript level of Blimp1 was substantially
higher in Ets-1KO Th1 cells compared with WT cells. Because
forced expression of Blimp1 strongly suppressed IL-2 production
in Th cells (15), we postulated that Ets-1 indirectly regulated the
production of IL-2 by suppressing the expression of Blimp1. We
first compared the expression of Ets-1 and Blimp1 during the
differentiation of WT Th1 cells. Under Th1-skewing conditions,
Ets-1 levels gradually increased and reached a plateau ∼3–4 d
after stimulation. Interestingly, Blimp1 was quickly induced within
12 h after stimulation; its expression reached a peak within 2–3 d
after stimulation but started to fade away on day 4 when the
expression of Ets-1 was at its peak (Fig. 2A). Fully differentiated
WT Th1 cells expressed a low level of Blimp1. However, a sig-
nificantly higher level of Blimp1 was detected in Ets-1KO Th1
cells, particularly in response to PMA/ionomycin (Fig. 2B). In
contrast, Ets-1 levels were very comparable between WT and
Blimp1KO Th1 cells. These results collectively indicate that
Ets-1 directly or indirectly suppresses the expression of Blimp1 in
Th1 cells but not vice versa. There are two conserved Ets-1
binding sites, EBS1 and EBS2, starting at −879 and −213 of the
proximal promoter of Blimp1 (Fig. 2C). We found that Ets-1 was
recruited to EBS2 but not EBS1 (Fig. 2D). Thus, Ets-1 very likely
directly suppresses the expression of Blimp1 in Th1 cells by
binding to the EBS2 of the Blimp1 promoter.

Ablation of Blimp1 Does Not Restore the Production of IL-2 by Ets-
1KO Th Cells. To further test whether reduced IL-2 expression of
Ets-1KO Th1 cells could be attributed to aberrant expression of
Blimp1, we generated Ets-1/Blimp1 doubly deficient (DKO)
mice. Given the low frequency of DKO mice, we were only able
to obtain two DKO mice. We found that Blimp1 deficiency had
a negligible impact on the development and homeostasis of Ets-
1KO thymocytes (Fig. 2E). Both Ets-1KO and Blimp1KO mice
had more memory/effector Th cells and less naïve Th cells in
their peripheral lymphoid organs compared with WT mice (Fig.
2E). This feature was even more prominent in DKO mice. De-
ficiency of Blimp1 did not lead to the expected increase in IL-2
production, which is probably due to the small sample size (n =
3) and the fact that WT Th1 cells already express a very high
level of IL-2. Importantly, ablation of Blimp1 did not allow Ets-
1KO Th1 cells to produce a normal level of IL-2 (Fig. 2F). Thus,
the dysregulated IL-2 production seen in Ets-1KO Th1 cells was
not due to heightened expression of Blimp1.

Ets-1 Physically and Functionally Interacts with NFAT. NFAT can
physically interact with the ETS domain of Ets-1 when both
proteins are translated in vitro (20). We theorized that Ets-1 and
NFAT physically interact with each other in Th cells and syn-
ergistically transactivate the IL-2 gene. To test this theory, we
first performed a coimmunoprecipitation assay with primary Th1
cells. We were able to coprecipitate NFATc2 and NFATc1 with
anti–Ets-1 antibody but not with control IgG directly from nu-
clear extract of PMA/ionomycin-stimulated Th1 cells (Fig. 3A).
Thus, endogenous Ets-1 does physically interact with endoge-
nous NFAT proteins in the nucleus of Th cells. We used
NFATc2 as an example of NFAT proteins in subsequent
experiments. To examine the functional impact of the Ets-1/
NFAT interaction on the transcription of IL-2, we transfected

Fig. 1. Ets-1 regulates the expression of IL-2. (A) Primary human Th cells
were either mock transfected or transfected with scrambled or Ets-1–specific
siRNA. The transfected cells were stimulated with anti-CD3 for 24 h. The
transcript levels of indicated genes were measured with real-time PCR. The
transcript level was normalized against the level of mock-transfected,
unstimulated cells. Statistical significance was calculated with one-way
ANOVA followed by Tukey’s test comparing stimulated scrambled and Ets-1
siRNA-transfected samples. (B) A schematic diagram and the DNA sequence
of the promoter of the murine IL-2 gene. Conserved EBS is indicated. The
boxed areas are wild-type and mutated EBS. (C) WT murine Th1 cells were
stimulated with PMA/ionomycin for 1 h and subjected to ChIP with anti–Ets-1
antibody or control IgG. The recruitment of Ets-1 to the indicated genes was
examined with PCR. The data shown is representative of two experiments.
(D) WT and Ets-1KO Th1 cells were transfected with indicated reporters and
stimulated with PMA/ionomycin for 3 h. Luciferase activity was first nor-
malized against internal controls and then against the normalized value of
pGL3-transfected WT cells. (E) EL4 cells were transfected with wild-type 0.6-
kb IL-2 reporter or EBS mutant reporter along with increasing concentrations
of Ets-1 expression vector. Relative luciferase activity was determined and
shown. The data shown in A, D, and E are the averages and SDs of at least
three independent experiments, which were preformed in duplicate.
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EL4 T cells with expression vectors encoding Ets-1 and/or
NFATc2 along with the IL-2 0.6-kb promoter/reporter. Again,
Ets-1 alone only modestly transactivated the promoter, whereas
overexpression of NFAT led to an approximately fourfold increase
in luciferase activity (Fig. 3B). Coexpression of Ets-1 and NFAT
resulted in an almost eightfold induction of luciferase activity,
confirming the functional synergy between these two proteins.
We subsequently used ChIP to examine the recruitment of

NFATc2 to the IL-2 promoter in the presence or absence of
Ets-1. NFATc2 was recruited to the IL-2 promoter in WT Th cells
after stimulation with PMA/ionomycin. However, the recruitment
of NFATc2 was markedly reduced in the absence of Ets-1 (Fig.
3C). We then transduced Ets-1KO Th1 cells with bicistronic
retroviral vectors expressing both Ets-1 and GFP or only GFP.
The cells were then subjected to ChIP with anti-NFATc2 or
control IgG, and the recruitment of NFATc2 to the IL-2 pro-
moter was examined with semiquantitative PCR. We found that
the recruitment of NFATc2 was restored by retroviral Ets-1 (Ets1
GFP+ in Fig. 3D). In contrast, the recruitment of NFATc2 was
still impaired in untransduced (GFP−) or vector-transduced cells
(vector GFP+ in Fig. 3D). This observation suggests that Ets-1
facilitates the recruitment of NFATc2 to the IL-2 promoter.

Calcium-Dependent Signals Drive Nuclear Exit of Ets-1. Although
Ets-1 is a DNA binding protein, we were surprised to see that
Ets-1 was distributed in both the cytoplasm and nucleus of
resting Th cells (Figs. 3A and 4A). There was an up-shift in the
molecular weight of Ets-1 in stimulated cells due to phosphory-
lation of four serine residues located N-terminally to the ETS
domain (21). Intriguingly, the level of nuclear Ets-1 decreased
substantially within 15 min after stimulation (Fig. 4A). This de-
crease in the level of nuclear Ets-1 corresponded to an increase
in the level of cytoplasmic Ets-1. However, by 90 min after
stimulation, Ets-1 was dephosphorylated and the level of nuclear
and cytoplasmic Ets-1 was restored to near prestimulation levels.
This data strongly suggests that nuclear Ets-1 is translocated to
the cytoplasm of activated Th cells. This presumable Ets-1 nu-
clear exit is driven by ionomycin but not PMA or other stimuli,
such as IL-7, Tat, or dexamethasone (Fig. 4B).
The observation that nuclear exit of Ets-1 coincided with nu-

clear entry of NFAT prompted us to carefully examine the ki-
netics of these two events. There were significant variations in
the nuclear/cytoplasmic distribution of NFATc2 in resting Th1
cells among experiments. To compensate for the interexper-
imental variations, we first normalized the level of NFATc2
against loading controls. We then calculated the percentage of
nuclear NFATc2 at all time points and arbitrarily set the peak
value as 1. We did the same normalization for cytoplasmic Ets-1.
In resting Th1 cells, nearly all NFATc2 was phosphorylated and
located in cytoplasm (Fig. 4 C and D). Dephosphorylation and
nuclear entry of NFATc2 started within 15 s after stimulation
with PMA/ionomycin. This early phase of nuclear entry pro-
ceeded at a relatively slow pace, and its duration varied from 90 sFig. 2. Ets-1 suppresses Blimp1 expression in Th1 cells. (A) WT naïve Th cells

were stimulated under Th1 skewing conditions. At indicated time points, cell
extract was harvested and subjected to Western blot analysis with indicated
antibodies. (B) Th1 cells of indicated genotype were stimulated with PMA/
ionomycin for 4 h. Cell extract was subjected to Western blot analysis with
indicated antibodies. (C) Schematic diagram of the promoter of the Prdm1
gene, which encodes Blimp1. The two putative EBS were marked with
arrows and boxes. (D) WT Th1 cells were subjected to ChIP with anti–Ets-1 or
control IgG. The precipitated DNA was subjected to real-time PCR with
primer specific to each EBS. (E) Thymocytes and lymph node cells obtained
from 8-wk-old mice of indicated genotype were analyzed with FACS. The
CD4/CD8 plots of TCR+ thymocytes and CD62L/CD44 plots of CD4+ lymph
node T cells are shown. (F) Th1 cells of indicated genotype were stimulated
with PMA/ionomycin and subjected to intracellular cytokine staining with
IL-2 antibody. The percentage of IL-2–positive cells is shown. Each dot rep-
resents one mouse. Data shown in A and B are representatives of two in-
dependent experiments. Data shown in D are the averages and SDs of three
independent experiments done in duplicate.

Fig. 3. Ets-1 physically and functionally interacts with NFAT proteins. (A)
WT Th1 cells were stimulated with PMA/ionomycin (P/I) for 30 min. Cyto-
plasmic and nuclear extract were separately prepared and probed with in-
dicated antibodies (Left). The nuclear extract was immunoprecipitated with
anti–Ets-1 or control IgG and then probed with anti-NFATc1 and anti-
NFATc2, respectively (Right). (B) EL4 cells were transfected with the 0.6-kb
IL-2 promoter/reporter along with indicated expression vectors. The trans-
fected cells were stimulated with P/I for 3 h. Relative luciferase activities are
shown. (C) WT or Ets-1KO Th1 cells were stimulate with P/I for 1 h, and
subjected to ChIP using anti-NFATc2 or control IgG. The recruitment of
NFATc2 to the IL-2 promoter was quantified with real-time PCR. (D) Ets-1KO
Th1 cells were transduced with bicistronic retroviral vectors expressing both
Ets-1 and GFP or only GFP (vector). The transduced (GFP+) and non-
transduced (GFP−) cells were sorted and stimulated with P/I, and subjected
to ChIP with anti-NFATc2 or control IgG. The recruitment of NFATc2 to the
IL-2 promoter was determined with semiquantitative PCR. The data shown in
A and D are representative of two independent experiments. The data
shown in B and C are the averages and SDs of three independent experi-
ments done in duplicate.
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to 5 min. Only ∼20% of total NFATc2 was translocated into the
nucleus during the early phase. This early phase was followed by
a phase of rapid translocation, during which 50–70% of total
NFATc2 was translocated to the nucleus within a period of 1 min.
Subsequently, nuclear NFATc2 was gradually rephosphorylated
and translocated back to the cytoplasm. In contrast, ∼60% of
total Ets-1 was already located in the cytoplasm of resting Th1
cells. The level of cytoplasmic Ets-1 also started to increase
within 15 s after stimulation. Instead of following biphasic ki-
netics similar to that of NFATc2 nuclear entry, this nuclear exit
of Ets-1 proceeded at a steady rate and reached a plateau within
2–4 min.

Ets-1 Is Required for Efficient Nuclear Entry of NFAT.The observation
that the nuclear exit of Ets-1 started before the onset of rapid
nuclear entry of NFATc2 prompted us to question whether Ets-1
regulated nuclear entry of NFAT. We compared nuclear entry of
NFATc2 between WT and Ets-1KO Th1 cells (Fig. 5A). We
found that the level of total NFATc2 protein measured by
combining cytoplasmic and nuclear pools was very comparable
between WT and Ets-1KO cells, and that the level of total
NFATc2 remained rather steady up to 60 min after stimulation
(Fig. S3A). This result was consistent with the comparable level
of NFAT transcript between WT and Ets-1KO Th cells (Fig. S2).
Stimulation with PMA/ionomycin led to nearly complete and
comparable dephosphorylation of NFATc2 within 10 min in both
WT and KO cells (Fig. S3B). Thus, deficiency of Ets-1 did not
affect calcium-induced dephosphorylation of NFATc2. We then
examined the level of nuclear NFATc2 protein. As expected, the
level of nuclear NFATc2 peaked ∼5–10 min after stimulation.
The level then gradually decreased, and only approximately
a quarter of the peak level of nuclear NFATc2 was detected at 60
min after stimulation. Interestingly, the level of nuclear NFATc2
in Ets-1KO cells was only ∼50% of that of WT cells at 10 min
after stimulation (Fig. 5B). The level of nuclear NFATc2 in Ets-
1KO cells also gradually decreased at a rate similar to that in WT
cells. A similar defect in nuclear entry of NFATc1 was also ob-
served in Ets-1KO Th1 cells (Fig. S3C). Thus, Ets-1 is required
for efficient nuclear entry of NFAT but does not regulate its
dephosphorylation and nuclear exit.
Thus far, our data suggest that Ets-1 not only facilitates nuclear

entry of NFAT but also synergizes with NFAT in the transcription
of IL-2. To further confirm that Ets-1 could influence NFAT

activity independently of its synergy with NFAT at the transcrip-
tional level, we compared the activity of an NFAT-dependent
artificial promoter/reporter between WT and Ets-1 KO Th1 cells.
This reporter, 3xNFAT/activation protein 1 (AP-1)-Luc, is driven
by three copies of a composite NFAT/AP-1 site derived from the
IL-2 promoter but contains no consensus Ets-1 binding site (22);
as expected, it was transactivated by NFATc2 but not Ets-1 (Fig.
S4). Overexpression of both Ets-1 and NFATc2 did not yield
a synergistic effect on this reporter. Instead, overexpression of
Ets-1 attenuated the effect of NFATc2; mostly likely, the
physical interactions between NFATc2 and Ets-1 resulted in
the sequestration of NFATc2. Thus, 3xNFAT/AP-1 is ideal for
determining whether Ets-1 can influence NFAT activity
independently of its synergy with NFAT. In agreement with our
hypothesis, this reporter was ∼50% less active in Ets-1 KO Th1
cells thanWT cells (Fig. 5C). In contrast, the activity of a reporter
driven by three copies of a cyclic AMP-response element (CRE)
site was comparable between WT and KO Th1 cells.

Ets-1 Interacts with Protein Components of the NRON Complex. One
possible explanation for the impaired nuclear entry of NFAT was
that Ets-1 suppressed the expression of the NRON complex.
Alternatively, cytoplasmic Ets-1 could directly or indirectly fa-
cilitate the release of NFAT from the NRON complex. We
found that the transcript levels of NRON RNA and the protein
components of the NRON complex were unaltered in the ab-
sence of Ets-1 (Fig. 6A). We therefore examined whether Ets-1
physically interacted with the NRON complex. We found that
Cse1l and Ppp2r1a, two protein components of the NRON
complex, were coimmunoprecipitated by anti–Ets-1 antibody,
confirming the physical interaction between Ets-1 and the NRON
complex (Fig. 6B). We subsequently postulated that Ets-1 com-
peted with NFAT for binding with NRON complex and that the
increase in the level of cytoplasmic Ets-1 in activated Th1 cells
led to the release of NFAT from the NRON complex. We
generated 293T cells expressing a constant level of HA-NFATc2
but an increasing level of Flag–Ets-1 (Fig. 6C, top two panels).
We then coimmunoprecipitated HA-NFATc2 with anti-Cse1l.
The 293T cells expressed little endogenous Ets-1 (Fig. 6C, fourth

Fig. 4. Ets-1 exits nucleus in response to calcium-dependent signals. WT Th1
cells were stimulated with P/I (A and B) or other stimuli (B) for 15 min (B) or
indicated periods of time (A). Whole-cell, nuclear, and cytoplasmic extracts
were prepared at indicated time points and probed with indicated anti-
bodies. (C) WT Th1 cells were stimulated with P/I. Cytoplasmic and nuclear
extracts were separately prepared at indicated time points and probed with
indicated antibodies. (D) The relative levels of nuclear NFATc2 and cyto-
plasmic Ets-1 were calculated in the way described in Results. The data
shown in A–C are representative of at least two independent experiments,
and the averages and SDs of three experiments are shown in D.

Fig. 5. Ets-1 facilitates nuclear entry of NFATs. (A and B) WT and Ets-1KO
Th1 cells were stimulated with P/I for indicated periods of time. Nuclear and
cytoplasmic extracts were separately prepared and probed with anti-NFATc2
and other indicated antibodies. A representative blot from four indepen-
dent experiments is shown in A. The averages and SDs of the relative level of
nuclear NFATc2 at different time points are shown in B. (C) WT and Ets-1KO
Th1 cells were transfected with indicated luciferase reporters and stimulated
with P/I for 6 h. The averages and SDs of relative luciferase activity from
three independent experiments are shown.
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panel). In the absence of exogenous Ets-1, HA-NFATc2 was
readily coimmunoprecipitated with anti-Cse1l from 293T cells
(Fig. 6D, Top). Exogenous Ets-1 was also coimmunoprecipitated
with anti-Cse1l (Fig. 6D, Middle), a finding consistent with the
data shown in Fig. 6B, and dose-dependently interfered with the
interaction between HA-NFATc2 and Cse1l (Fig. 6D, Top and
Bottom). Interestingly, a level of Flag–Ets-1 as high as that of
endogenous Ets-1 seen in Th1 cells was needed to appreciably
displace HA-NFATc2 from Cse1l (Fig. 6C, fourth panel, and D).

Discussion
The function of IL-2 is well established but the transcriptional
regulation of IL-2 is still not fully understood. We found that
Ets-1 critically regulated the expression of IL-2 by modulating
the nuclear translocation of NFAT proteins and their recruit-
ment to the IL-2 promoter. Ets-1, to the best of our knowledge,
is the only transcription factor that has been shown to regulate
nuclear entry of NFAT.
The role of Blimp1 in regulating the development and func-

tion of T cells has been characterized. The phenotype of Blimp1
KO T cells is the opposite of that of Ets-1KO cells in several
aspects, such as the expression of IL-2 and IL-10 (14, 23). In
addition, Ets-1 and Blimp1 play opposite roles during plasma cell
differentiation, with Ets-1 suppressing but Blimp1 promoting the
process. Accordingly, the expression of Ets-1 has to be shut down
before the induction of Blimp1. We also found a pattern of
mutually exclusive expression between these two proteins during
Th1 differentiation. Our data indicate that Ets-1 suppresses the
expression of Blimp1 in Th1 cells but not vice versa. The func-
tional significance of this finding is still unknown. Ablation of
Blimp1 did not rescue the developmental defect of T cells and
the production of IL-2 resulting from Ets-1 deficiency. However,
it is still possible that these two proteins counteract each other in
yet-to-be-identified functional aspects of Th cells.
Our data indicate that nuclear entry of NFAT in response to

calcium-dependent signals is a two-phase process. An early but
slow phase takes place almost immediately after PMA/ionomycin
stimulation and is followed by a rapid phase of nuclear entry,
which occurs between 2 and 5 min after stimulation. In contrast,
the nuclear exit of Ets-1, also taking place immediately after
stimulation, is a relatively steady process and reaches its peak
within 5 min. Ets-1 physically interacts with NRON-associated
proteins, including Cse1l and Ppp2r1a, and competes with NFAT
for binding to Cse1l, thereby displacing NFAT from Cse1l. This

later action of Ets-1 appears to require the high level of cytoplasmic
Ets-1 that is seen in activated Th cells. Taken together, our data
suggest the following scenario. During the activation of Th cells,
calcium-dependent signals lead to rapid dephosphorylation of
NRON-trapped NFAT, initiating the release of NFAT from
NRON complex. This early release of NFAT is likely not very
efficient and coincides with the early but slow phase of nuclear
entry of NFAT. The calcium-dependent signals also induce a
steady nucleus-to-cytoplasm translocation of Ets-1. Cytoplasmic
Ets-1 eventually reaches a level that is sufficient to compete with
NFAT for binding to NRON complex, thereby hastening the
displacement of dephosphorylated NFAT from NRON complex.
This Ets-1–assisted release of NFAT is partly responsible for the
late but rapid phase of nuclear entry of NFAT. Additional
experiments will be needed to confirm this scenario. Although
Ets-1 physically interacts with NFAT, it is highly unlikely that the
physical interaction between these two proteins is required for
nuclear entry of NFAT, because they apparently move in op-
posite directions. Instead, their physical interaction is probably
critical for residual nuclear Ets-1 to recruit NFAT to the IL-2
promoter. Thus, Ets-1 not only facilitates nuclear entry of NFAT
but also recruits NFAT to the IL-2 promoter.
It was reported that Ets-1KO Th cells expressed a low level of

inositol 1,4,5-triphosphate receptor, type 3 (IP3R3) (24, 25),
which can serve as a calcium channel, and that antagonists of
IP3R3 attenuated the expression of IL-2 and IFN-γ in T cells.
Although the impaired expression of IP3R3 may contribute to
the defect in IL-2 production, stimulation with PMA/ionomycin,
which should bypass the need of IP3R3, did not correct this
defect. Thus, the profound defect of IL-2 expression seen in
Ets-1KO Th cells is probably not due to attenuated expression
of IP3R3.
Nuclear exclusion of Ets-1 has been reported and may play

a regulatory role in erythropoiesis. Ets-1 is expressed in CD34+
erythroid-megakaryocytic progenitor cells (26). It is excluded
from the nucleus during erythroid maturation but stays in the
nucleus during megakaryocytic maturation. Why Ets-1 has to be
excluded from nucleus and what signals drive its nuclear exit
during erythroid maturation are still unknown. Because the role
of NRON and NFAT in erythroid–megakaryocytic differentiation
is rather limited, cytoplasmic Ets-1 may have NRON-independent
functions. The nuclear exit of Ets-1 during erythroid maturation
was mediated by a leucine-rich nuclear export signal (NES) lo-
cated at the N terminus of Ets-1. However, we found that

Fig. 6. Ets-1 interacts with the NRON complex. (A)
Transcript levels of NRON RNA and various protein
components of the NRON complex of resting WT
and Ets-1KO Th1 cells were quantified with real-
time PCR. The data shown are the averages and SDs
of three independent experiments done in dupli-
cate. (B) WT Th1 cells were stimulated with P/I for
10 min. Cytoplasmic and nuclear extracts were
probed with indicated antibodies (Left). Cytoplas-
mic extract was then immunoprecipitated with anti–
Ets-1 or control IgG, and the immunoprecipitant was
probed with anti-Cse1l and Ppp2r1a (Right). (C) The
293T cells were transfected with 3 μg of HA-NFATc2
expression plasmid and an increasing amount of
Flag–Ets-1 expression plasmid. Cytoplasmic extract
from the transfected cells was probed with in-
dicated antibodies. Cytoplasmic extract from resting
and P/I-stimulated WT Th1 cells was included as
references for endogenous Ets-1. The level of total
Ets-1 (Flag–Ets-1 and endogenous Ets-1) was nor-
malized against that of α-tubulin, and the relative
values of total Ets-1 are shown at the bottom. (D)
The cytoplasmic extract of 293T cells described in C
was immunoprecipitated with anti-Cse1l and then probed with indicated antibodies (Top and Middle). The level of NFATc2 in immunoprecipitant (IP) was
normalized against that of input shown in C. The averages and ranges of the normalized values of IP/input NFATc2 from two independent experiments are
shown (Bottom).
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mutation of this putative NES did not affect the nuclear exit of
Ets-1 in T cells (Fig. S5), suggesting the presence of an additional
NES that is required for the nuclear exit of Ets-1 in T cells. The
identification of the additional NES will greatly facilitate future
studies on the functional consequence of the nuclear exit of Ets-1
in T cells.

Material and Methods
Mice. Ets-1KO mice of N5 CH57BL/6 genetic background have been described
previously (3). Heterozygous or wild-type littermates were used as controls.
Blimp1FF mice were purchased from Jackson Laboratory and crossed to CD4-
cre mice to generate Blimp1FF/CD4cre mice. All animals were housed under
specific pathogen-free conditions, and experiments were approved by the
Institutional Animal Care and Use Committee of Dana-Farber Cancer In-
stitute and were performed in accordance with the institutional guidelines
for animal care.

Purification and Differentiation of Th cells. Purification and differentiation of
Th cells were performed according to a published protocol without modi-
fication (3).

Preparation of Cytoplasmic and Nuclear Extract of Th Cells, and Western Blot
Analysis. Th cells were first suspended in hypotonic buffer [10mMTris·HCl (pH
7.4), 3 mM MgCl2, 10 mM NaCl, 0.5% Nonidet P-40]. Nuclei were resus-
pended in lysis buffer [50 mM Tris·HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA
(pH 8), 0.5% Nonidet P-40, and 1% Triton-X 100] and lysed by sonication.
The following antibodies were used in Western blotting: anti–Ets-1 [C-20;
Santa Cruz Biotechnology, or EPR546(2); Epitomics], anti-Hsp90a/b (H-114;
Santa Cruz Biotechnology), anti-NFATc2 (4G6-G5; Santa Cruz Biotechnology),
anti-NFATc1 (7A6; Santa Cruz Biotechnology), anti-Lamin B (C-20; Santa Cruz
Biotechnology), anti-Blimp-1 (ROS195G; BioLegend), anti-nucleolin (GTX30908;
GeneTex), anti-HA (GTX115044; GeneTex), anti-Flag (M2; Sigma-Aldrich), and
anti–α-tubulin (B-5-1-2; Sigma-Aldrich).

Cell Lines, Plasmid, Transfection, and Luciferase Assay. The promoter of mouse
IL-2 (−574 to +43 and −7428 to +45) were amplified by PCR and cloned into
pGL3-basic vector to become pGL3–IL-2. The 3xNFAT/AP-1-luc was obtained
from Addgene (plasmid 17870). Full-length p51 Ets-1 and HA-tagged Nfatc2
were cloned into pcDNA3.1 and pcDNA3 expression vectors to generate

pcDNA3.1-Ets1 p51 and pcDNA3-HA-Nfatc2, respectively. pGL4.74-Renilla
was purchased from Promega and included in all transfection experiments as
a control of transfection efficiency. Transfection of EL4 cells was performed
with Microporator MP-100 (Life Technologies) according to manufacturer
protocols. Transfection of primary Th1 cells was performed with Amaxa
nucleofection (Amaxa Biosystems) according to the manufacturer’s in-
struction. Briefly, 5 million human CD4+ T cells were suspended in 100 μL of
Mouse T-cell Nucleofector Solution (VPA-1006) and transfected with 5 μg of
plasmid DNA. Luciferase activity was determined with Dual-Glo Luciferase
Assay System (Promega).

Immunoprecipitation. Immunoprecipitation was performed as described pre-
viously (27). The following antibodies were used: anti–Ets-1 antibody (C-20;
Santa Cruz), normal rabbit IgG (Santa Cruz), anti-CSE1L (N2N3; GeneTex),
and anti-PPP2R1A (GTX102206; GeneTex).

Real-Time PCR and siRNA. Total RNA was extracted with TRIzol reagent and
PureLink RNA Mini Kit (Life Technologies), and QuantiTect Reverse Tran-
scription Kit (QIAGEN) was used for cDNA synthesis. Gene expression was
determined by Brilliant II SYBR Green Kit and Mx3005P QPCR System (Agilent
Technologies) according to the manufacturer’s instructions. The sequences
of primers are listed in Table S1. Human Ets-1 ON-TARGETplus SMARTpool
siRNA (M-003887-00-0005) and ON-TARGETplus Nontargeting siRNA (D-001206-
13-05) were purchased from Dharmacon/Thermo Scientific.

Chromatin Immunoprecipitation. ChIP assay was conducted as described
previously with modifications (3). A detailed protocol is available upon re-
quest. Anti–Ets-1 (C20; Santa Cruz Biotechnology) and anti-NFATc2 (4G6-G5;
Santa Cruz Biotechnology) were used for precipitation. The sequences of
primers used in ChIP are listed in Table S2.

Statistical Analysis. Statistical analyses were performed with Student t test
unless indicated otherwise. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. S1. E26 transformation-specific sequence 1 (Ets-1) weakly transactivates 7.4-kb IL-2 promoter/reporter. EL4 cells were transfected with the 7.4-kb IL-2
promoter/reporter along with escalating concentrations of Ets-1 expression vector. Cells were then stimulated with phorbol myristate acetate (PMA)/ion-
omycin, and relative luciferase activity was quantified and shown (n = 3).

Fig. S2. Expression of transcription factors regulating the expression of IL-2. In vitro-differentiated WT and Ets-1KO Th1 cells were restimulated with PMA/
ionomycin for 4 h. The transcript level of indicated genes was quantified with real-time PCR. The transcript level was first normalized against that of actin from
the same sample. The normalized values obtained from WT Th1 cells were arbitrarily set as 1. The data shown are cumulative results of three independent
experiments.
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Fig. S3. Ets-1 is also required for efficient nuclear entry of nuclear factor of activated T-cells c1 (NFATc1). The averages and SDs of total level of NFATc2 (A) and
the percentage of dephosphorylated NFATc2 (B) from the four experiments described in Fig. 5 A and B are shown. The nuclear and cytoplasmic extracts from
two of the four experiments were also probed with anti-NFATc1. A representative blot from the two experiments is shown in C Left. The averages and ranges
of the relative levels of nuclear NFATc1 from the two experiments are shown in C Right.

Fig. S4. Ets-1 does not transactivate and has no synergistic effect with NFAT on 3xNFAT/AP-1 reporter. EL4 cells were transfected with 3xNFAT/AP-1 reporter
and indicated amounts of expression vectors for Ets-1 and NFATc2. The transfected cells were stimulated with PMA/ionomycin and the relative luciferase
activity are shown. The data shown are averages and SDs of three independent experiments.

Fig. S5. The nuclear exit of Ets-1 in T cells is not dependent on the putative nuclear export signal (NES). WT or Ets-1KO Th1 cells were transduced with empty
retroviral vector (RV) or vector expressing either WT Ets-1 or Ets-1 carrying mutations at the putative NES. Transduced cells were sorted and stimulated with
PMA/ionomycin (P/I) for 15 min. The presence of Ets-1 in nuclear and cytoplasmic extract was examined with Western blotting. The figure is composed of two
gels from the same experiment; one contains WT/RV and KO/RV, and the other includes KO/Ets-1 WT and KO/Ets-1 NES.
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Table S1. Sequences of primers used for quantitative real-time
PCR analysis of gene expression

Name Primer sequence 5′→3′

mcRel forward TTACCAGAAATGCCCAGGTC
mcRel reverse AGGCCCTTCTAGGAATGGAA
mRelA forward TTCCCAATGGTCTCTCAGGA
mRelA reverse GTCGCTGTCAGCACCTTAGGA
mNF-κB1 forward ATGGCAGACGATGATCCCTAC
mNf-κB1 reverse CGGAATCGAAATCCCCTCTGTT
mOct-1(isoform A) forward AGCTCTTGCTTCTAGTGGCTC
mOct-1(isoform A) reverse CTGGCTGTAGGTGCAGAGTTC
mErg-1 forward TCGGCTCCTTTCCTCACTCA
mEgr-1 reverse CTCATAGGGTTGTTCGCTCGG
mEgr-2 forward GCCAAGGCCGTAGACAAAATC
mEgr-2 reverse CCACTCCGTTCATCTGGTCA
mEgr-3 forward CCGGTGACCATGAGCAGTTT
mEgr-3 reverse TAATGGGCTACCGAGTCGCT
mNfatc2 forward CCACCACGAGCTATGAGAAGA
mNfatc2 reverse GTCAGCGTTTCGGAGCTTCA
mNfatc1 forward CAGTGTGACCGAAGATACCTGG
mNfatc1 reverse TCGAGACTTGATAGGGACCCC
mcFos forward CGGGTTTCAACGCCGACTA
mcFos reverse TTGGCACTAGAGACGGACAGA
mActin forward GGCTGTATTCCCCTCCATCG
mActin reverse CCAGTTGGTAACAATGCCATG
mGABPa forward CTCCCGCTACACCGACTAC
mGABPa reverse TCTGACCATTGTTTCCTGTTCTG
mRunx1 forward GCAGGCAACGATGAAAACTACT
mRunx1 reverse GCAACTTGTGGCGGATTTGTA
hmEts1-Ets forward GGCAGTTTCTTCTGGAATTA
hmEts1-Ets reverse CACGGCTCAGTTTCTCATA
hIL2 forward AACTCCTGTCTTGCATTGCAC
hIL2 reverse GCTCCAGTTGTAGCTGTGTTT
hPTPN22 forward GCAGAAGTTCCTGGATGAG
hPTPN22 reverse TCAGCCACAGTTGTAGGATAG
hActin forward GTGACAGCAGTCGGTTGGAG
hActin reverse AGGACTGGGCCATTCTCCTT
mTnpo1 forward ATGGAGTATGAGTGGAAACCTGA
mTnpo1 Revere TTTTTGTTGCACGGTCCTCTG
mIqgap1 forward GAGAAGACCGTGTTGGAGCTA
mIqgap1 reverse GGGTGAGGCTATGCTCAGG
mCse1l forward ATGGAGTCCTTCGTACAGCG
mCse1l reverse TCATTTGCATGGGTACTGCAC
mPpp2r1a forward GACGGTGACGATTCGCTCTAT
mPpp2r1a reverse CTGGTCCGTTCAACCCCAAG
mPsmd11 forward GCAGGAGGTCGAGCTATGTTT
mPsmd11 reverse TGAGAACCCAAATGCAATGCTT
mNron forward TTCAAACGGCTTAGCACCCT
mNron reverse TGTCCTGCTGGGACCAGATA

Table S2. Sequences of primers used for quantitative PCR
analysis in ChIP assay

Target Primer sequence 5′→3′

mIL2 promoter EBS forward ATCACCCTGTGTGCAATTAG
mIL2 promoter EBS reverse ACGCAAGAGGAGATAGATGA
mCD127 promoter EBS forward ACCACAGACAGGGAACTATG
mCD127 promoter EBS reverse CACACTCTACCTCTCCGTTT
mTLR7 negative control forward TCTAGAGTCTTTGGGTTTCG
mTLR7 negative control reverse TTCTGTCAAATGCTTGTCTG
mBlimp1 promoter EBS1 forward CCGCATCTGGTTTGTTTTG
mBlimp1 promoter EBS1 reverse TTAGTGGGGCTCGTTCTGAG
mBlimp1 promoter EBS2 forward GAAGATTCCCAGTCCTTGTTG
mBlimp1 promoter EBS2 reverse GACGGTCTGATTCACTCCTACC
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Altered expression of protein tyrosine
phosphatase, non-receptor type 22 isoforms in
systemic lupus erythematosus
Hui-Hsin Chang1,2, William Tseng1, Jing Cui1,2, Karen Costenbader1,2 and I-Cheng Ho1,2,3*
Abstract

Introduction: A C-to-T single nucleotide polymorphism (SNP) located at position 1858 of human protein tyrosine
phosphatase, non-receptor type 22 (PTPN22) complementary DNA (cDNA) is associated with an increased risk of
systemic lupus erythematosus (SLE). How the overall activity of PTPN22 is regulated and how the expression of
PTPN22 differs between healthy individuals and patients with lupus are poorly understood. Our objectives were to
identify novel alternatively spliced forms of PTPN22 and to examine the expression of PTPN22 isoforms in healthy
donors and patients with lupus.

Methods: Various human PTPN22 isoforms were identified from the GenBank database or amplified directly from
human T cells. The expression of these isoforms in primary T cells and macrophages was examined with real-time
polymerase chain reaction. The function of the isoforms was determined with luciferase assays. Blood samples were
collected from 49 subjects with SLE and 15 healthy controls. Correlation between the level of PTPN22 isoforms in
peripheral blood and clinical features of SLE was examined with statistical analyses.

Results: Human PTPN22 was expressed in several isoforms, which differed in their level of expression and
subcellular localization. All isoforms except one were functionally interchangeable in regulating NFAT activity. SLE
patients expressed higher levels of PTPN22 than healthy individuals and the levels of PTPN22 were negatively
correlated with the Systemic Lupus International Collaborating Clinics/American College of Rheumatology Damage
Index (SLICC-DI).

Conclusions: The overall activity of PTPN22 is determined by the functional balance among all isoforms. The levels
of PTPN22 isoforms in peripheral blood could represent a useful biomarker of SLE.
Introduction
PTPN22 is a non-receptor type protein tyrosine phosphat-
ase expressed mainly in hematopoietic cells [1]. It contains
a basic bipartite nuclear localization signal (NLS) in its N-
terminus, which is followed by a conserved protein tyro-
sine phosphatase (PTP) domain. An inhibitory domain
inhibiting its phosphatase activity is located immediately
after the PTP domain [2]. Its C-terminal half is relatively
less conserved, with the exception of four proline-rich
domains. Its physiological function is still not fully
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Medicine, Brigham and Women’s Hospital, One Jimmy Fund Way, Boston,
MA 02115, USA
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reproduction in any medium, provided the or
understood. PTPN22 has been shown to attenuate the
strength of T cell receptor (TCR) signals by interacting
with Lck, Csk, and Vav [3-6]. PTPN22-deficient mice
developed age-dependent splenomegaly due to hyper-
activation of lymphocytes, and knockdown of PTPN22 in
human T cells with small interfering RNA (siRNA) led to
enhanced TCR-mediated nuclear factor-kappa B (NF-κB)
activity [7,8]. PTPN22 is present in both the cytoplasm
and nucleus of macrophages [9]. Its nuclear localization
requires the NLS proximal to the PTP domain. The
expression of PTPN22 is further induced in alternatively
activated macrophages through a STAT6-dependent
mechanism. Cytoplasmic PTPN22 suppresses the pola-
rization of classically activated macrophages, whereas
nuclear PTPN22 promotes the differentiation of alterna-
tively activated macrophages [9].
Ltd. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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Alternative splicing is an evolutionary conserved mech-
anism enabling a cell to produce proteins of different
function from a single gene. A large body of evidence has
indicated that the process of alternative splicing is corre-
lated with disease activity or is even pathogenic in some
autoimmune diseases [10-12]. At least two isoforms of
PTPN22 have been reported. Lyp2, of which the sequence
was deduced from two complementary DNA (cDNA)
fragments, lacks the three most C-terminal proline-
rich domains [1], whereas isoform 2, tentatively called
PTPN22.2 for the purpose of discussion, splices out exons
10 and 11. However, it is unclear whether Lyp2 and
PTPN22.2 are functionally distinct from the full-length
PTPN22 (tentatively called PTPN22.1). We have also
identified a novel isoform of PTPN22, called PTPN22.6,
which lacks nearly the entire PTP domain [13]. Unlike
PTPN22.1, overexpression of PTPN22.6 actually increased
NFAT-dependent luciferase activity. More importantly,
PTPN22.6 can act as a dominant negative mutant of
PTPN22.1 in regulating cytokine production in Th cells,
suggesting that the overall activity of PTPN22 can be
influenced by the relative levels of its isoforms.
Several genome-wide association studies have linked

PTPN22 to autoimmune diseases. A C-to-T single nu-
cleotide polymorphism, which is located at position
1858 of PTPN22 cDNA and converts an arginine to a
tryptophan, is associated with a higher risk of rheuma-
toid arthritis (RA), systemic lupus erythematosus (SLE),
and type 1 diabetes but reduces the risk of Crohn’s
disease [7,14-17]. Despite these observations, it is still
unclear whether the expression of PTPN22 in patients
with autoimmune diseases differs from that of healthy
individuals, and how this would occur. In addition, the
functional impact of the C1858T SNP is still controver-
sial and appears to be complicated. The conversion from
arginine to tryptophan resulted in both gain and loss of
function of PTPN22 in T cells in different studies
[18,19]. We also found that the R-to-W conversion in
the context of PTPN22.1 resulted in a gain of function
of PTPN22 and a reduction of interleukin (IL)-2 pro-
duction in T cells. In contrast, the R-to-W conversion in
the context of PTPN22.6 led to a loss of function of
PTPN22 and overproduction of IL-2 [13]. Thus, the
functional impact of the C1858T SNP is isoform
dependent. Furthermore, the C1858T SNP is associated
with a loss-of-function phenotype in resting macro-
phages but a gain of function in classically activated
macrophages [9]. How these C1858T SNP-associated
functional changes affect the risk of autoimmune di-
seases is largely unknown. We have previously shown
that the transcript level of PTPN22.6 but not total
PTPN22 in peripheral blood is correlated with the 28-
joint disease activity score with three variables including
C-reactive protein (DAS28-CRP3) scores in patients with
RA [13]. However, it is unclear whether the expression
of PTPN22 and its isoforms is altered in SLE patients
and whether the level of PTPN22 isoforms also is corre-
lated with disease activity of SLE.
Here we report the identification of additional iso-

forms of human PTPN22. We examined the expression
of the PTPN22 isoforms in primary human T cells and
macrophages. We further compared the expression of
PTPN22 isoforms in the peripheral blood of 15 healthy
donors and 49 SLE patients, and correlated the expres-
sion pattern of PTPN22 isoforms with clinical features
of lupus.

Methods
Human samples
Forty-nine individuals with SLE fulfilling the 1997
American College of Rheumatology revised classification
criteria [20] were previously recruited from the Lupus
Center of the Brigham and Women’s Hospital (BWH)
for the Lupus Biobank. Fifteen control samples from
healthy individuals without SLE or related connective
tissue disease were obtained from the PhenoGenetic
project at the same hospital. All study subjects con-
sented to participate in studies conducted through the
Lupus Biobank and the PhenoGenetic project, and
agreed to the publication of results derived from such
studies. Demographics were collected in addition to the
following data from all SLE cases: 1) age at SLE onset; 2)
SLE manifestations and organ involvement; 3) concur-
rent anti-double-stranded DNA antibody titer, C3 and
C4. The treating rheumatologist performed a history and
physical examination for SLE disease activity (Safety on
Estrogens in Lupus Erythematosus National Assessment-
SLE Disease Activity Index; SELENA-SLEDAI) [21], and
history and chart review to complete an SLE organ da-
mage assessment (SLICC-DI) [22]. Whole blood samples
in PAX gene tubes (Qiagen, Germantown, MD, USA)
were obtained from all subjects by standard antecubital
venipuncture and stored at -80C at the Broad Institute
of MIT and Harvard as separated whole blood or ex-
tracted RNA. All aspects of the study were approved by
the partners’ Institutional Review Board.

Preparation of human peripheral blood mononuclear cells
(PBMC) and helper T (Th) cells
PBMC were isolated from buffy coats. Th cells were
enriched from PBMC with CD4 Microbeads (120-000-
440, Miltenyi Biotec, Auburn, CA, USA). Macrophages
were prepared from PBMC according to a published
protocol [23].

Cell culture and medium
Human primary Th cells and Jurkat cells were cultivated
in RPMI-1640. In some experiments, Th and Jurkat cells
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were stimulated with 2.5 μg/ml of plate-bound anti-CD3
(Hit3a, Cat. # 300314, BioLegend, San Diego, CA, USA)
and 2 μg/ml of soluble anti-CD28 (CD28.2, Cat. # 302914,
BioLegend) in the presence of IL-2 (50 unit/ml) for an in-
dicated amount of time. Human colonic adenocarcinoma
cell line HT-29 cells (HTB38, ATCC) and human em-
bryonic kidney cells 293 T were cultivated in McCoy’s 5A
medium (Gibco, Grand Island, NY, USA) and Dulbecco’s
modified Eagle’s medium (DMEM), respectively. Primary
human macrophages were stimulated with lipopolysac-
charide (LPS) (1 μg/ml, InvivoGen, San Diego, CA, USA)
along with human interferon-gamma (hIFN-γ) (50 ng/ml,
PeproTech, Rocky Hill, NJ, USA) for 24 hours for M1
polarization or hIL-4 (25 ng/ml, PeproTech) along with
hIL-13 (25 ng/ml, PeproTech) for 24 hours for M2
polarization.

Western blotting
Whole-cell extract was obtained by lysing cells with lysis
buffer (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1%
TritonX-100, 0.5% DOC, 0.1% SDS, and 1 mM EDTA)
containing 0.5 mM PMSF and complete protease inhibi-
tor cocktail (Roche, Basel, Switzerland). Cytoplasmic and
nuclear extracts were prepared by washing cells with
cold phosphate- buffered saline (PBS) and resuspending
them in hypotonic lysis buffer (10 mM HEPES, pH7.9,
1 mM MgCl2, 10 mM KCl, 0.1% TritonX-100, 20%
Glycerol, 0.5 mM PMSF, and protease inhibitors) on
ice for 10 minutes. The supernatant, corresponding to
cytoplasmic fraction, was collected by centrifugation at
12,000 g for 10 minutes. The nuclear pellet was washed
with hypotonic lysis buffer and then resuspended in
hypertonic lysis buffer (10 mM HEPES, pH7.9, 400 mM
NaCl, 1 m EDTA, 0.1% TritonX-100, 20% Glycerol,
1 mM PMSF, and protease inhibitors) and then incu-
bated on ice for 20 minutes. Nuclear extract was
collected by centrifugation. Protein extract was analyzed
by immunoblot. The following antibodies were used:
human PTPN22 antibody AF3428 (R & D Systems,
Minneapolis, MN, USA), Hsp90 α/β (sc-7947) and
Lamin B (sc-6216) antibody (Santa Cruz Biotechnology,
Inc. Santa Cruz, CA, USA), Oct1 (sc-232, Santa Cruz
Biotechnology, Inc.), and FLAG antibody (F3165, Sigma-
Aldrich, St Louis, MO, USA).

Plasmid, transfection and luciferase assay
cDNAs encoding PTPN22.1 and PTPN22.8 were am-
plified directly from Jurkat cells with primers 5′-CG
GGATCCTTGCTCTGCAGCATGGACCAAAGA-3′ and
5′-GACGTCGACGCGTTTAAATATTCCAAGTTGGTG
GT-3′. cDNA clones BC071670 (PTPN22.2) and BC0
17785 (PTPN22.7) were purchased from Open Biosys-
tems (Huntsville, AL, USA). cDNA clones AK3030124
(PTPN22.4), AK310698 (PTPN22.5), and AK310570
(PTPN22.6) were obtained from the NITE Biological
Resource Center (Chiba, Japan). All cDNA fragments
were cloned into an N-terminal FLAG-tag expression
vector pCMV-Tag 2B (Stratagene, La Jolla, CA, USA).
Transfection of 293 T cells was performed with Effec-
tene Transfection Reagent (Cat. # 301427, Qiagen).
Transfection of Jurkat cells was performed with electro-
poration with a Gene Pulser II (Bio-Rad, Hercules, CA,
USA) set at 374 V/1050 μF. In all NFAT luciferase
assays, Jurkat cells were transfected with 5 μg of
3xNFAT-Luc, 0.5 μg pTK-Renilla, and 10 μg of pCMV-
Tag 2B expression vectors; rested for 48 hours; and then
stimulated with anti-CD3 for 6 hours. Luciferase activity
was determined with a Dual-Luciferase™ Reporter Assay
System (Promega, Madison, WI, USA). Firefly luciferase
activity was then normalized against Renilla luciferase
activity obtained from the same sample. 3xNFAT-Luc
and pTK-Renilla lucifease vectors were described pre-
viously [24].

Real-time PCR and non-quantitative PCR
Total RNA was prepared using a Trizol Plus kit (Invitrogen,
Carlsbad, CA, USA). Reverse transcription was performed
on 1 ug of total RNA using the QuantiTect Reverse
Transcription kit (Qiagen). Real-time PCR analysis was
performed using the Brilliant SYBR Green QPCR kit
according to the manufacturer’s protocol (Stratagene) on
a MX-3000P apparatus (Stratagene). The cycling con-
ditions are: one cycle of 95C for 10 minutes and 40 cycles
of 95C for 30 seconds, 56C for 1 minute, and 72C for
1 minute. The following primer pairs were used: ‘total’
5′-GCAGAAGTTCCTGGATGAG-3′ and 5′-TCAGCCA
CAGTTGTAGGATAG-3′; Lyp2 5′-GTGGAACATCTGA
ACCAAAG-3′ and 5′-AGCCAAGAGAAATTTTTACCT
G-3′; PTPN22.2 5′-CCAAGAGGATGACAGTGTTC-3′
and 5′-CTTTGCTTGACTCCCATCTTTTA-3′; PTPN
22.5/6 5′-ATCTGTAATTCTTGCCCACC-3′ and 5′-CT
CTTCAGTAAAATAACACACATACC-3′; PTPN22.6 5′-
TTTGCCCTATGATTATAGCCG-3′ and 5′-GTTCTCA
GGAATTATAAGGACACT-3′; PTPN22.7/8 5′-TCTACA
ACCCTCCTGGACT-3′ and 5′-TTTCAGCTTCCTTTC
CCATT-3′; Ets-1(p51) 5′-CTCCTATGACAGCTTCGA
CT′3′ and 5′-ATCTCCTGTCCAGCTGATAA-3′; β-actin
5′-GTGACAGCAGTCGGTTGGAG-3′ and 5′-AGGAC
TGGGCCATTCTCCTT-3′. All real-time PCR reactions
were done in duplicate and the transcript levels were
normalized against those of β-actin.

siRNA transfection
One million Jurkat cells were resuspended with 400 ul
Opti-mem I containing 400 pmole of siRNA and sub-
jected to electroporation with a Gene Pulser II (Bio-Rad)
set at 250 V/400 uF. Human PTPN22 ON-TARGETplus
SMARTpool siRNA (L-008066-00-0005), ON-TARGETplus
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non-targeting siRNA (D-001810-01-05), and siLyp2 (sense:
5′-UGGAAGAAUGGUUCGUUAAUU-3′; anti-sense: 5′-
UUAACGAACCAUUCUUCCAUU-3′) were purchased
from Dharmacon/Thermo Scientific (Lafayette, CO, USA).

Statistical analysis
D’Agostino-Pearson omnibus normality test was used to
examine the normality of the data. Statistical analysis was
Figure 1 (See legend on next page.)
performed with paired Student’s t test (Figure 1C), one-
way ANOVA (Figures 1D and 3B), the Mann–Whitney
test (Figure 4), and Spearman correlation (Figure 5).

Results
Identification of additional PTPN22 isoforms
In addition to the published PTPN22 isoforms, we iden-
tified several cDNA sequences corresponding to three



(See figure on previous page.)
Figure 1 Alternatively spliced forms of human protein tyrosine phosphatase, non-receptor type 22 (PTPN22). (A) Schematic diagrams of
the human ptptn22 gene and putative protein products of each isoform. Exons are numbered, and white boxes represent untranslated exons.
Green boxes represent nuclear localization signal (NLS). Yellow boxes represent the protein tyrosine phosphatase (PTP) domains. The key
catalytic region (HCSAGC) and R620 are marked. Silver boxes are inhibitory domains. Red boxes represent proline-rich regions. Two-headed
arrows indicate the real-time PCR products of the isoforms. The exons constituting each isoform are indicated. The GenBank accession numbers,
if available, are listed in parentheses. (B) 293 T cells were transfected with 1 μg of an expression vector expressing indicated FLAG-PTPN22 isoforms.
The protein levels of FLAG-PTPN22 isoforms and Hsp90 in the transfected cells were determined with Western blotting. (C). 293 T cells were trans-
fected with a plasmid vector expressing FALG-PTPN22.1 and FLAG-PTPN22.6. The transfected cells were treated with 20 ug/ml of cycloheximide. The
levels of FLAG-PTPN22.1 and FLAG-PTPN22.6 were then determined with Western blotting and densitometry at indicated time points after the addition
of cycloheximide. The level at time 0 for each protein was arbitrarily set as 100%. Statistical significance was determined with paired Student’s t test. *P
<0.05; **P <0.005. (D) Jurkat cells were transfected with indicated siRNA. Cell extract of the transfect cells was then analyzed on Western blotting using
anti-PTPN22 and anti-Hsp90 (the left panel). Extract from 293 T cells transfected with an expression vector of Lyp2 was included in the Western blotting
(Lyp2 tx 293 T). The levels of the dominant 110 kD PTPN22 protein bands were quantified with a densitometer and normalized against the level of
Hsp90 from the corresponding samples, and are shown in the right panel. The normalized level of the mock-transfected cells was arbitrarily set as 100%.
Statistical analysis of three independent experiments was performed with one-way ANOVA followed by Tukey’s test.
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additional spliced variants of human PTPN22 in the
NCBI Gene database (Figure 1A). AK303124 is the pro-
duct of an out-of-frame splicing between exons 4 and 9.
It contains two open reading frames: one of 135 amino
acid residues and the other starting at a methionine of
exon 9 and corresponding to the last 563 amino acid
residues of the full-length PTPN22. AK310698 lacks
exon 21 but includes at its C-terminus eight novel
amino acid residues encoded by the genomic sequence
immediately 3′ to exon 20. BC017785 splices out exons
6 and 8 to 19. We tentatively named these three novel
Figure 2 Expression of protein tyrosine phosphatase, non-receptor type
(A) RNA was prepared from human Th cells obtained from three healthy dono
periods of time and subjected to real-time PCR analysis with isoform-specific p
levels thus obtained were normalized against those of β-actin from the same
three donors. (B) Protein extract prepared from human Th cells described in A
and Hsp90 antibody. (C) RNA was prepared from resting, M1, and M2 macrop
and subjected to real-time PCR analysis with isoform-specific primers.
isoforms PTPN22.4, PTPN22.5, and PTPN22.7. We also
amplified a novel isoform PTPN22.8 (GenBank accession
number JN084012), which lacks exon 6, directly from
Jurkat T cells. We were able to confirm the presence of
each of the unique or shared spliced junctions in human
primary T cells with real-time PCR and DNA sequencing
(Figure 1A and data not shown). In addition, we were
able to amplify the transcript of each of the isoforms ex-
cept Lyp2 in its entirety with PCR directly from Jurkat
cells. Several attempts to amplify the entire Lyp2 were
unsuccessful. The counterpart of PTPN22.2 is also
22 (PTPN22) isoforms in human helper T (Th) cells and macrophages.
rs, which were stimulated in vitro with anti-CD3/anti-CD28 for indicated
rimers. Each real-time PCR reaction was done in duplicate. The transcript
samples. The data shown are the means and standard deviations from
was subjected to Western blotting and probed with PTPN22 antibody
hages derived from peripheral blood of seven additional healthy donors



Figure 3 Subcellular localization and function of protein tyrosine phosphatase, non-receptor type 22 (PTPN22) isoforms. (A) 293 T cells
were transfected with 1 μg of plasmid vectors expressing indicated FLAG-tagged PTPN22 isoforms. Cytoplasmic and nuclear extract was
separately prepared from the transfected cells and subjected to Western blotting with indicated antibodies. The protein product of each
isoform is marked with ‘*’. (B) Jurkat cells were transfected with a NFAT-luc reporter, 10 ug of pCMV2B expressing indicated FLAG-PTPN22
isoforms, and a TK-Renilla reporter. The transfected cells were then stimulated with anti-CD3 overnight. A fraction of the transfected cells was subjected
to Western blotting with anti-FLAG (the top panel). The luciferase activity of the remaining cells was analyzed. Normalized firefly luciferase activity was
calculated as described in Methods and is shown in the bottom panel. In each experiment, the normalized value from cells transfected with the empty
expression vector was arbitrarily set as 100. The data shown are the means and standard deviations of three independent experiments. Statistical
significance was calculated with one-way ANOVA followed by Dunn’s test comparing non-full-length isoforms to PTPN22.1. *P = 0.0158.
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present in rhesus monkeys and chimpanzees, according
to NCBI Gene database, suggesting that these alternative
splicing events are evolutionarily conserved.
Not all of the isoforms can be expressed efficiently in

mammalian cells. We replaced the initiating methionine
of each isoform with a FLAG tag and expressed the
FLAG-fused PTPN22 proteins in 293 T cells. We found
that PTPN22.1 and Lyp2 were expressed more efficiently
than PTPN22.2, PTPN22.5, PTPN22.6, and PTPN22.8
(Figure 1B). No protein product of PTPN22.4, either
starting from the methionine in exon 1 (4.1) or exon 9
(4.2), or of PTPN22.7 was detected, suggesting that
PTPN22.4 and PTPN22.7 are non-productive. We there-
fore excluded these two isoforms from subsequent func-
tional analyses.
Despite the difference in the protein level, the tran-

script level of each isoform in transfected cells was very
comparable when measured with real-time PCR using a
pair of primers targeting the FLAG/PTPN22 fusion
junction that is common to all isoforms (data not
shown). As the transcripts of these FLAG-PTPN22 pro-
teins contain the same Kozak sequence, initiating ATG,
and 3′ polyadenylation tail, which are embedded in the
expression vector, we postulated that the difference in
the protein level was due to a difference in protein
stability instead of translational efficiency. To test this
hypothesis, we compared the protein stability between
PTPN22.1 and PTPN22.6, which was chosen as an ex-
ample because it was the least expressed but detectable
isoform. We treated transfected cells with cycloheximide
to stop protein synthesis and then compared the degra-
dation rate of FLAG-PTPN22.1 and FLAG-PTPN22.6.
PTPN22.1 protein was indeed more stable than
PTPN22.6 (Figure 1C).
We previously used a PTPN22.6-specific antibody to

demonstrate the presence of endogenous PTPN22.6 pro-
tein in human T cells. In addition, an anti-human poly-
clonal PTPN22 antibody, which was raised against S306-
S684 of PTPN22.1 and should recognize all isoforms,
detected one dominant broad protein band centering
around 110 kD and several smaller protein species in
Jurkat human T cells but not in HT-29 adenocarcinoma
cells, which do not express PTPN22 (Figure 1D and
[13]). The levels of almost all of the protein species were
reduced by PTPN22 siRNA but not by scrambled
siRNA. The commercially available PTPN22 siRNA



Figure 4 Expression of protein tyrosine phosphatase, non-receptor type 22 (PTPN22) isoforms in healthy donors and patients with
lupus. (A and B) RNA was prepared from whole blood of healthy individuals (N = 15) and patients with lupus described in Table 1. The RNA
was subjected to real-time PCR using PTPN22 isoform-specific primers. The transcript level thus obtained was normalized against that of β-actin
obtained from the same sample and is shown in A. The relative level of PTPN22 isoforms is shown in B. Statistical significance was determined
with Student’s t test. ns stands for not significant. *P <0.05; **P <0.005.

Figure 5 The level of protein tyrosine phosphatase, non-receptor type 22 (PTPN22) is negatively correlated with the Systemic Lupus
International Collaborating Clinics/American College of Rheumatology Damage Indiex (SLICC). Transcript level of total PTPN22 (A) and
PTPN22.2 (B) in peripheral blood of patients with lupus described in Figure 4 was plotted against SLICC. Correlation was analyzed with a non-parametric
Spearman test and adjusted for covariates including gender, age, age of disease onset, duration of disease, and race (white or non-white).
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recognizes four different RNA sequences of PTPN22 and
very likely affects the expression of all isoforms. Therefore,
the 110 kD broad protein band, which was reduced by
approximately 80% by the PTPN22 siRNA, is very
likely composed of PTPN22.1, PTPN2.2, PTPN22.5, and
PTPN22.8, which have comparable molecular weight. The
smaller protein species very likely include Lyp2 and/or
yet-to-be-discovered isoforms. However, there is no other
isoform-specific antibody, and it is still unclear whether
the other non-full-length PTPN22 proteins also exist in
human cells. To further confirm their existence, we de-
signed a single siRNA targeting the 3′ end of Lyp2. This
siRNA is expected to suppress the expression of Lyp2 and
any yet-to-be-discovered isoforms sharing the 3′ end with
Lyp2, but not the other isoforms shown in Figure 1A.
Indeed, expression of the siLyp2 in Jurkat cells led to the
disappearance of the smaller PTP22 protein species in-
cluding one with a molecular weight comparable to that
of Lyp2 (Figure 1D, the left panel), but had a negligible
effect on the level of the dominant 110 kD protein band
(Figure 1D, the right panel). This result strongly indicates
that, in addition to PTPN22.6, endogenous Lyp2 protein
is also present in human T cells.

Expression of PTPN22 isoforms in human PBMC
We set out to compare the expression kinetics of each
isoform in human T cells. We isolated primary Th cells
from the peripheral blood of healthy donors and sti-
mulated the cells with anti-CD3/anti-CD28 for various
periods of time. cDNA was prepared from the stimu-
lated cells and subjected to real-time PCR. We designed
three pairs of primers specific for PTPN22.2, Lyp2, and
PTPN22.6. (Figure 1A). However, PTPN22.1, PTPN22.5,
and PTPN22.8 do not have an isoform-specific splice
junction. We therefore designed three additional pairs of
primers. One pair targeted the 5′ region shared by all
isoforms and was used to represent ‘total’ PTPN22
expression. The second pair of primers (PTPN22.5/6)
recognized both PTPN22.5 and PTPN22.6 but not other
isoforms. The third pair of primers (PTPN22.7/8) was
specific to the splice junction shared only by PTPN22.7
and PTPN22.8. We measured the level of PTPN22 iso-
forms in Th cells obtained from three healthy donors.
The data on the level of total PTPN22 and PTPN22.6
were previously reported but were included here for the
purpose of comparison. We found that the level of ‘total’
transcript dropped by approximately 50% 24 hours after
stimulation and then gradually increased and eventually
peaked 5 days after stimulation (Figure 2A). The level of
the total PTPN22 transcript was approximately 10 to 50
times more than that of the non-full-length isoforms.
The expression kinetics of the non-full-length PTPN22
isoforms can be roughly divided into two groups. The
first group including Lyp2 and PTPN22.2 displayed a
kinetics similar to that of the total transcript (Figure 2A).
In contrast, the transcript level of the second group in-
cluding PTPN22.5/6, PTPN22.6, and PTPN22.7/8 was
not induced throughout the whole course. None of the
PTPN22 transcripts were detected at any significant
level in HT-29 cells, which expressed no PTPN22 (data
not shown). As the transcript levels of the non-full-
length isoforms were much lower than that of the total
PTPN22 transcript, we believe that the full-length
PTPN22 (that is PTPN22.1) is the main contributor to
the level of the total PTPN22 transcript. Indeed, the mo-
lecular weight of a dominant protein band detected with
anti-PTPN22 on Western blotting corresponded to that
of PTPN22.1 (Figure 2B). The level of PTPN22.1 protein
in primary Th cells also gradually increased after stimu-
lation, a kinetics similar to that of the total transcript of
PTPN22 with the exception of no reduction in the levels
at 24 hours.
PTPN22 is also expressed in myeloid cells including

macrophages. Macrophages can be divided into two
major functional subsets: classically activated macro-
phages (M1 cells) and alternatively activated macro-
phages (M2 cells). We have recently shown that resting
macrophages expressed a basal level of total PTPN22
and that the level stayed relatively unchanged in M1
cells [9]. In contrast, the expression of total PTPN22
was induced in M2 cells to a level three to four times
higher than that of resting or M1 cells. To examine the
expression of PTPN22 isoforms in macrophages, we
quantified the transcript level of PTPN22 isoforms in
macrophages from seven healthy donors. We found that
the levels of Lyp2, PTPN22.2, PTPN22.5/6, PTPN22.6,
and PTPN22.7/8 were very comparable among resting,
M1, and M2 macrophages (Figure 2C). Thus, the in-
crease in total PTPN22 observed in M2 cells mainly
comes from PTPN22.1. Taken together, our data indicate
that the level of PTPN22 isoforms varies significantly
among cells types and in response to different stimuli.

Subcellular localization and function of PTPN22 isoforms
PTPN22 contains a NLS at its N-terminus and is also
present in the nucleus of macrophage and T cells [9].
This NLS is present in all isoforms. To further examine
the subcellular localization of PTPN22 isoforms, we
expressed each isoform in 293 cells and separately ex-
amined the cytoplasmic and nuclear extract of the
transfected cells with Western blotting. As expected,
PTPN22.1 was detected in both the cytoplasm and the
nuclei of the transfected cells (Figure 3A). A similar
pattern of subcellular localization was observed for
Lyp2, PTPN22.2, and PTPN22.5. Interestingly, we de-
tected PTPN22.6 and PTPN22.8 only in the cytoplasm
but not in the nucleus of the transfected cells, sugges-
ting the presence of an additional and essential NLS
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encoded by exon 6, which is spliced out in these two
isoforms.
PTPN22.6 can act as a dominant negative variant of

PTPN22.1. But the function of the other isoforms is still
unclear. We therefore examined the effect of the other
isoforms on NFAT-driven luciferase activity. As expected,
overexpression of PTPN22.1 in Jurkat cells suppressed
NFAT-dependent luciferase activity by approximately 50%.
Interestingly, Lyp2, PTPN22.2, PTPN22.5, and PTPN22.8,
despite missing parts of the PTP domain, also had the
same effect (Figure 3B). There was no statistically signi-
ficant difference among these isoforms even after adjust-
ment for the protein level. In addition, a catalytic dead
mutant of mouse PTPN22, which contains D195A and
C227S mutations [4], had no impact on NFAT activity
(Additional file 1), further indicating that these isoforms
are still catalytic active. In contrast, expression of
PTPN22.6 resulted in a subtle but statistically significant
increase in NFAT activity. This result was reported before
but was included for comparison [13].

Expression of PTPN22 isoforms in healthy and SLE
populations
To determine whether the expression of PTPN22 iso-
forms was altered in SLE patients and whether the level
of PTPN22 isoforms was correlated with clinical features
of SLE, we quantified the transcript level of each isoform
in the peripheral blood of 15 healthy donors and 49 pa-
tients with SLE. The demographic characteristics of the
study subjects are shown in Table 1. All healthy indi-
viduals were female, but two of the 49 patients with
lupus were male. The average ages were 46.2 years and
48.8 years for the healthy and SLE groups, respectively.
We found that the transcript level of all isoforms ex-

cept PTPN22.6 was approximately two to three times
higher in the SLE group compared to that of the healthy
group (Figure 4A). The level of PTPN22.6 was low but
comparable in both groups. In addition, the transcript
level of Ets-1, a gene that is associated with SLE in
Asians [25-27], was also comparable between the two
groups (Additional file 2), indicating that the aberrant
expression of PTPN22 is not a non-specific event. To
determine whether there was preferential expression of
any one of the isoforms in SLE patients, we calculated
the percentage of each isoform against the total PTPN22
transcript. After deducing the percentage of Lyp2,
PTPN22.2, PTPN22.5/6, PTPN22.6, and PTPN22.7/8,
Table 1 Demographic characteristics of the study subjects

Healthy

Number and gender 15 F

Age (years) 46.2 ± 5.2

Ethnicity 9 Caucasians, 4 blacks, 1 Asians, and 1 Asian
the remainder was designated as ‘others’, which we
believe was made up of mainly PTPN22.1. We found
that SLE patients, compared to healthy individuals, had
a modest but statistically significant increase in the
percentage of Lyp2 and PTPN22.2 but a reciprocal de-
crease in the percentage of PTPN22.5/6 and the ‘others’
(Figure 4B). There was no difference in the percentage
of PTPN22.6 and PTPN22.7/8. Thus, patients with SLE
had not only overexpression of PTPN22 but also an
alteration in the relative level of PTPN22 isoforms.
We subsequently examined whether there was any

correlation between the transcript level of PTPN22 and
clinical parameters of lupus. We found no correlation
between total PTPN22 level and SLEDAI, level of anti-
nuclear antibody, or level of anti-double-stranded DNA.
However, a significant negative correlation between
SLICC-DI and the total transcript level of PTPN22 was
observed (Figure 5A). We then examined whether any of
the non-full-length isoforms was also negatively cor-
related with SLICC-DI. We found that the level of
PTPN22.2 but not other non-full-length isoforms also
showed a negative correlation with SLICSS-DI even after
adjustment for covariates including gender, age, age of
disease onset, duration of disease, and race (white or
non-white) (Figure 5B).

Discussion
The collection of PTPN22 isoforms has expanded sig-
nificantly over the past few years. During the preparation
of this manuscript, another isoform lacking exon 15 was
deposited in the NCBI database as isoform 3 (tentatively
called PTPN22.3), which is also present in chimpanzees
[28]. The expression of PTPN22.3 in different types of
hematopoietic cells and its effect on NFAT activity have
yet to be examined. Despite the publication of the clo-
ning of Lyp2, we would like to cautiously point out that
the existence of this transcript has yet to be confirmed.
The conclusion that this isoform exists is based on the
identification of a cDNA fragment corresponding to its
unique 3′ end. This isoform was then deduced from se-
veral overlapping cDNA fragments [1]. However, there is
no full-length cDNA clone in the NCBI database mat-
ching Lyp2. In addition, we were unable to amplify the
entire transcript of Lyp2 from Jurkat cells. Instead, we
recently amplified an intact and novel transcript from
Jurkat cells that shares the 3′ end with Lyp2 but con-
tains a deletion in the PTP domain (data not shown). It
With systemic lupus erythematosus

47 F and 2 M

48.8 ± 12.5

/Caucasian 36 Caucasians, 4 blacks, 4 Asians, and 5 Hispanics
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is very likely that there are other yet-to-be-discovered
isoforms sharing the 3′ end with Lyp2. This scenario is
consistent with the observation that the siLyp2 sup-
presses the expression of several PTPN22 protein spe-
cies (Figure 1D). Ultimately, mass spectrometry and/or
isoform-specific antibodies will be needed to confirm
the presence of non-full-length PTPN22 proteins in dif-
ferent types of immune cells.
With the exception of PTPN22.6, all isoforms examined

in this study are functionally interchangeable in suppres-
sing NFAT activity. However, the function of PTPN22 is
still poorly understood. For example, we recently found
that cytoplasmic PTPN22 suppresses M1 polarization,
whereas nuclear PTPN22 promotes M2 polarization of
macrophages [9]. PTPN22 is also expressed in neutrophils
and NK cells, and its function in these cells is largely un-
known. It is possible that the non-full-length isoforms,
each missing a part (or parts) of the PTPN22 protein and
some excluded from the nucleus, can also act as domi-
nant negative mutants of PTPN22.1 in other functional
readouts or immune cells. Thus, the overall activity of
PTPN22 is determined by not only the total level of
PTPN22 but also by the functional balance among all
isoforms.
The functional balance of PTPN22 isoforms may cri-

tically influence the impact of the C1858T SNP. It is still
poorly understood how the C1858T SNP increases the
risk of SLE and RA but lowers the risk of Crohn’s dis-
ease. There are conflicting data on the impact of this
SNP on the responsiveness of human T cells to stimula-
tion. We have previously shown that the effect of the
C1858T SNP on cytokine production in Th cells is
isoform dependent [13]. The R-to-W conversion in the
context of PTPN22.1 further weakened NFAT activity
and IL-2 production. In contrast, the R-to-W conversion
in the context of PTPN22.6 enhanced IL-2 production.
If the other non-full-length PTPN22 isoforms also have
a function different from that of PTPN22.1, then the
cumulative impact of the C1858T SNP can be compli-
cated and highly dependent on the portfolio of PTPN22
isoforms. This scenario may explain the conflicting data
described above.
Why do SLE patients express a higher level of PTPN22?

The expression of PTPN22 is induced in activated T cells
and M2 macrophages. Th and macrophages of patients
with lupus are likely activated and express a higher level
of PTPN22. The whole blood samples stored in the BWH
Lupus Biobank did not allow separate quantification of
PTPN22 levels in each type of blood cells. Some types of
blood cells, such as T cells, may express more PTPN22
than other types of blood cells, such as macrophages. An
expansion of the high PTPN22-expressing cells, but not
necessarily an increase in their status of activation, may
also contribute to the high level of PTPN22 observed in
the whole blood of patients with SLE. Identifying the
PTPN22-expressing cells responsible for the higher
PTPN22 level in the peripheral blood of patients with SLE
may shed light on the pathogenesis of this disease. It is
also intriguing to notice that patients with SLE not only
have a high level of PTPN22 but also have an altered port-
folio of PTPN22 isoforms. They express more Lyp2 and
PTPN22.2 at the expense of PTPN22.1 compared to
healthy individuals. The clinical significance of such an
alteration in the portfolio of PTPN22 isoforms has yet to
be determined.
A recent paper by Ronninger et al. reported a trend

suggesting that the combined transcript level of long
PTPN22 isoforms including PTPN22.1, PTPN22.2, and
PTPN22.3 was higher in PBMC of patients with RA than
healthy controls [29]. Although this trend is consistent
with the data shown in Figure 4, their data also showed
a trend of lower Lyp2 in patients with RA. In addition,
the ratio of long PTPN22 to Lyp2 was significantly
higher in patients with RA. We, however, found that the
level of Lyp2 was higher while the ratio of long PTPN22
to Lyp2 was lower in our patients with lupus. This dis-
crepancy may originate from fundamental differences in
the pathogenesis between RA and lupus. In addition, the
primers and probe used to detect long PTPN22 isoforms
in Ronninger’s paper target their 3′ end and will not
detect PTPN22.5, PTPN22.6, and other yet-to-be-disco-
vered isoforms sharing the 3′ end with PTPN22.5 and
PTPN22.6. The difference in primers used may also
explain why the ratio of long PTPN22 to Lyp2 is much
lower in Ronninger’s study (1 to 1.5) than ours (20 to 30).
Our calculated ratio is more consistent with the data
shown in Figure 1D.
McKinney et al. recently showed that a higher level of

PTPN22, along with a low level of ITGA and Notch1 in
CD8 + T cells but not PBMC, was associated with a poor
prognosis in SLE and anti-neutrophil cytoplasmic anti-
body (ANCA)-associated vasculitis [30]. The molecular
explanation for this correlation is still lacking. The level
of PTPN22 in McKinney’s study was indirectly deter-
mined by gene chip, which is not specific to any of the
PTPN22 isoforms. It will be interesting to know whether
such an association could be observed in PBMC if the
expression of each of the PTPN22 isoforms was mea-
sured. Given the McKinney’s report, it is surprising to
find in our study that the level of PTPN22 in peripheral
blood was not correlated with SLE disease activity
(SLEDAI), but actually was negatively correlated with
SLICC-DI. SLICC-DI is usually associated with disease
duration. However, we found no correlation between
PTPN22 level and disease duration in our SLE popula-
tion. It is possible that the negative correlation is attri-
buted to damage to one organ. The SLICC-DI in our
SLE population was relatively low. However, we did
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notice a trend suggesting a negative association between
PTPN22 levels and damage to the musculoskeletal sys-
tem (data not shown). More patients will be needed to
establish such a negative association.
We do not have a biological explanation for the nega-

tive correlation between PTPN22 level and SLICC-DI at
this moment. There was a substantial drop in the level
of PTPN22 in patients with a SLICC-DI equal to or
higher than three. We saw no obvious difference in the
portfolio of PTPN22 isoforms in this small group of pa-
tients (N = 12) compared to the other patients with SLE.
Deficiency of PTPN22 has been shown to lead to hyper-
activation of lymphocytes and overexpression of in-
flammatory cytokines in macrophages [8,9]. Thus, a
reduction in the level of PTPN22 as detected in those
12 patients can be proinflammatory, thereby resulting in
more organ damage. This hypothesis remains to be
confirmed.
Conclusions
This paper is the first to examine and compare the expres-
sion, subcellular localization, and function of various
isoforms of PTPN22, a gene that is strongly associated
with several rheumatic diseases. Human PTPN22 can be
expressed in several isoforms, and some of the isoforms
are also present in the nucleus due to at least two essential
nuclear localization signals. The expression profile of
PTPN22 isoforms varies among cell types, and is altered
in patients with lupus. In addition, the levels of total
PTPN22 and one of the isoforms are negatively correlated
with SLICC-DI scores. Future studies investigating the
molecular basis of this negative correlation will provide
important insight into the pathogenesis of SLE.
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Additional file 1: Suppression of NFAT activity by protein tyrosine
phosphatase, non-receptor type 22 (PTPN22). Description of data: the
data show that a catalytic dead mutant of PTPN22 is not able to suppress
NFAT activity.

Additional file 2: Expression of Ets-1 in healthy individuals and
patients with systemic lupus erythematosus (SLE). Description of
data: the data show that the expression of Ets-1 is comparable between
healthy individuals and patients with SLE.
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ProbeSet_ID 	
  Gene_Symbol	
  Gene_Description	
  NCBI_ID 	
  FC 	
  P.Value 	
  adj.P.Val DP	
  thymocytesstage	
  2NKT
10552406 Nkg7 natural	
  killer	
  cell	
  group	
  7	
  sequence72310 0.313 0.00261906 0.13285808 218 697
10606058 Cxcr3 chemokine	
  (C-­‐X-­‐C	
  motif)	
  receptor	
  312766 0.37 5.15E-­‐05 0.03000792 805 2173
10540679 Il17re interleukin	
  17	
  receptor	
  E57890 0.399 6.90E-­‐06 0.01431994 82 206
10375973 Taf13 TAF13	
  RA	
  polymerase	
  II,	
  TATA	
  box	
  binding	
  protein	
  (TBP)-­‐associated	
  factor99730 0.404 0.00335518 0.14318114 65 162
10494978 Ptpn22 protein	
  tyrosine	
  phosphatase,	
  non-­‐receptor	
  type	
  22	
  (lymphoid)19260 0.425 2.10E-­‐05 0.0194828 387 911
10362275 Samd3 sterile	
  alpha	
  motif	
  domain	
  containing	
  3268288 0.432 0.00129819 0.10956681 96 222
10475782 Dusp2 dual	
  specificity	
  phosphatase	
  213537 0.446 0.00010914 0.04362461 512 1148
10429114 Tmem71 transmembrane	
  protein	
  71213068 0.449 0.00017148 0.05409805 143 318
10361234 Hsd11b1 hydroxysteroid	
  11-­‐beta	
  dehydrogenase	
  115483 0.45 0.00182601 0.11924606 54 120
10456378 Chmp1b chromatin	
  modifying	
  protein	
  1B67064 0.451 0.00356183 0.14576007 142 315
10464572 Ndufv1 ADH	
  dehydrogenase	
  (ubiquinone)	
  flavoprotein	
  117995 0.468 0.00049841 0.08491749 205 438
10585599 Imp3 IMP3,	
  U3	
  small	
  nucleolar	
  ribonucleoprotein,	
  homolog	
  (yeast)102462 0.47 0.00146881 0.11193312 382 813
10542981 Gmfg glia	
  maturation	
  factor,	
  gamma63986 0.488 0.00101795 0.10458232 707 1448
10532819 Kctd10 potassium	
  channel	
  tetramerisation	
  domain	
  containing	
  10330171 0.503 0.00027563 0.06869334 210 418
10429128 Sla src-­‐like	
  adaptor 20491 0.508 0.00023238 0.06480287 641 1263
10538126 Gimap4 GTPase,	
  IMAP	
  family	
  member	
  4107526 0.525 8.46E-­‐05 0.03979411 2018 3843
10538138 Gimap1 GTPase,	
  IMAP	
  family	
  member	
  116205 0.529 0.00203052 0.12299343 345 651
10407192 Slc38a9 solute	
  carrier	
  family	
  38,	
  member	
  9268706 0.533 0.00199259 0.12291894 89 167
10439583 Sidt1 SID1	
  transmembrane	
  family,	
  member	
  1320007 0.536 0.00051007 0.08491749 230 429
10596119 Cep63 centrosomal	
  protein	
  6328135 0.544 0.00144795 0.11193312 88 161
10493435 Gba glucosidase,	
  beta,	
  acid14466 0.562 0.0063323 0.1751537 312 556
10438109 Ube2l3 ubiquitin-­‐conjugating	
  enzyme	
  E2L	
  322195 0.567 0.00147781 0.11193312 566 999
10353475 Eif3m eukaryotic	
  translation	
  initiation	
  factor	
  3,	
  subunit	
  M98221 0.568 0.00505071 0.16442468 324 571
10573217 Ddx39 DEAD	
  (Asp-­‐Glu-­‐Ala-­‐Asp)	
  box	
  polypeptide	
  3968278 0.569 0.00151326 0.11254465 272 478
10570764 Alg11 asparagine-­‐linked	
  glycosylation	
  11	
  homolog	
  (yeast,	
  alpha-­‐1,2-­‐mannosyltransferase)207958 0.57 0.00105881 0.10458232 72 126
10533633 Diablo diablo	
  homolog	
  (Drosophila)66593 0.574 0.00279358 0.13682738 79 138
10589929 Cmtm6 CKLF-­‐like	
  MARVEL	
  transmembrane	
  domain	
  containing	
  667213 0.576 0.00143988 0.11193312 630 1094
10454831 Paip2 polyadenylate-­‐binding	
  protein-­‐interacting	
  protein	
  267869 0.582 0.00408822 0.1532128 291 499
10347193 Atic 5-­‐aminoimidazole-­‐4-­‐carboxamide	
  ribonucleotide	
  formyltransferase/IMP	
  cyclohydrolase108147 0.583 0.00167286 0.11580822 881 1510
10425461 Adsl adenylosuccinate	
  lyase11564 0.584 0.0052654 0.16747141 482 826
10503218 Chd7 chromodomain	
  helicase	
  DA	
  binding	
  protein	
  7320790 0.589 0.0003196 0.0735555 537 913
10506870 Txndc12 thioredoxin	
  domain	
  containing	
  12	
  (endoplasmic	
  reticulum)66073 0.59 0.00527069 0.16747141 283 480
10407907 Rala v-­‐ral	
  simian	
  leukemia	
  viral	
  oncogene	
  homolog	
  A	
  (ras	
  related)56044 0.603 0.0022663 0.12684229 208 345
10472846 Pdk1 pyruvate	
  dehydrogenase	
  kinase,	
  isoenzyme	
  1228026 0.604 0.00099687 0.10458232 261 433
10524668 Coq5 coenzyme	
  Q5	
  homolog,	
  methyltransferase	
  (yeast)52064 0.605 0.00689663 0.17710181 124 204
10584835 Mpzl3 myelin	
  protein	
  zero-­‐like	
  3319742 0.608 0.00349446 0.14490671 64 106
10401958 Naca nascent	
  polypeptide-­‐associated	
  complex	
  alpha	
  polypeptide17938 0.61 0.00292921 0.13783444 1810 2965
10382300 Map2k6 mitogen-­‐activated	
  protein	
  kinase	
  kinase	
  626399 0.618 0.00159959 0.11556987 140 226
10492997 Etv3 ets	
  variant	
  gene	
  3 27049 0.62 0.00444526 0.15788573 311 501
10488892 Trpc4ap transient	
  receptor	
  potential	
  cation	
  channel,	
  subfamily	
  C,	
  member	
  4	
  associated	
  protein56407 0.625 0.00287947 0.13752875 600 960
10419073 Tspan14 tetraspanin	
  14 52588 0.633 0.00236738 0.12826079 511 807
10427628 Il7r interleukin	
  7	
  receptor16197 0.64 0.00091629 0.10384379 2092 3269
10431872 Slc38a1 solute	
  carrier	
  family	
  38,	
  member	
  1105727 0.651 0.00249876 0.13124764 520 799
10489004 Nfs1 nitrogen	
  fixation	
  gene	
  1	
  (S.	
  cerevisiae)18041 0.653 0.00593332 0.17194221 222 340
10403604 Lyst lysosomal	
  trafficking	
  regulator17101 0.654 0.00294659 0.13783444 263 401
10420413 Lats2 large	
  tumor	
  suppressor	
  250523 0.655 0.00272935 0.13523036 189 289
10390691 Nr1d1 nuclear	
  receptor	
  subfamily	
  1,	
  group	
  D,	
  member	
  1217166 0.663 0.00445582 0.15788573 140 212
10376312 Larp1 La	
  ribonucleoprotein	
  domain	
  family,	
  member	
  173158 0.667 0.00257923 0.13285808 535 801
10353167 Tram1 translocating	
  chain-­‐associating	
  membrane	
  protein	
  172265 0.676 0.00715937 0.17842582 2212 3273
10544976 Kbtbd2 kelch	
  repeat	
  and	
  BTB	
  (POZ)	
  domain	
  containing	
  2210973 0.682 0.00690016 0.17710181 354 520
10360794 Fbxo28 F-­‐box	
  protein	
  28 67948 0.687 0.00577022 0.17054356 314 457
10418247 Pde12 phosphodiesterase	
  12211948 0.689 0.00442243 0.157451 159 231
10443319 Def6 differentially	
  expressed	
  in	
  FDCP	
  623853 0.691 0.00496215 0.16336428 487 705
10452556 Rab12 RAB12,	
  member	
  RAS	
  oncogene	
  family19328 0.696 0.00406683 0.15284891 104 149
10481540 Fnbp1 formin	
  binding	
  protein	
  114269 0.724 0.00663847 0.17694121 1075 1485
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