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Summary
The differentiation and activation of T cells are critically modulated by MAP kinases, which are in
turn feed-back regulated by dual-specificity phosphatases (DUSPs) to determine the duration and
magnitude of MAP kinase activation. DUSP4 (also known as MKP2) is a MAP kinase-induced
DUSP member that is dynamically expressed during thymocyte differentiation. We generated
DUSP4-deficient mice to study the function of DUSP4 in T-cell development and activation. Our
results showed that thymocyte differentiation and activation-induced MAP kinase phosphorylation
were comparable between DUSP4-deficient and wild type mice. Interestingly, activated DUSP4−/−

CD4 T cells were hyperproliferative while DUSP4−/− CD8 T cells proliferated normally. Further
mechanistic studies suggested that the hyperproliferation of DUSP4−/− CD4 T cells resulted from
enhanced CD25 expression and IL-2 signaling through increased STAT5 phosphorylation.
Immunization of the DUSP4−/− mice recapitulated the T-cell hyperproliferation phenotype in
antigen recall responses, while the profile of Th1/Th2-polarized antibody production was not
altered. Combined, these results suggest that other DUSPs may compensate for DUSP4 deficiency
in T-cell development, MAP kinase regulation, and Th1/Th2-mediated antibody responses. More
importantly, our data indicate that DUSP4 suppress CD4 T-cell proliferation through novel
regulations in STAT5 phosphorylation and IL-2 signaling.
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Introduction
The activation of T lymphocyte requires signals transmitted from its surface antigen
receptor, TCR. Upon TCR recognition of specific antigenic peptides, a collection of kinases,
phosphatases, and adaptor molecules in various signaling pathways is mobilized to transmit
and translate the variegated surface signals to unique nuclear genetic programs that govern
further differentiation and expansion of naïve T cells into defined effector T cells [1].
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Among the signaling pathways implicated in T-cell activation, NF-AT, NF-κB, and MAP
kinase are shown to be essential for the activation of IL-2, the prototypic cytokine for T-cell
proliferation and survival [2–3]. In addition, these pathways also regulate the differentiation
of T cells in the thymus, which is marked by the progressive expression of co-receptor CD4/
CD8 from CD4−CD8− (double-negative, DN), to CD4+CD8+ (double-positive, DP), and
eventually to CD4+ (CD4 single-positive, CD4SP) or CD8+ (CD8 single-positive, CD8SP)
thymocytes [4].

While valuable information is provided by the lack-of-function mutations of signaling
molecules in the MAP kinase pathways [5], studying MAP kinase regulations is also
important because these regulations may be tied to the delicate fine-tuning of immune cell
polarization or immune response [6]. In this regard, the family of dual-specificity
phosphatases (DUSPs), which is capable of dephosphorylating both the tyrosine and
threonine residues of activated MAP kinases, has been demonstrated to be an important
regulator of MAP kinases [7–8]. Indeed, DUSP1/MKP1-, DUSP2/PAC1-, and DUSP10/
MKP5-deficient mice exhibit phenotypes in cytokine secretion, adaptive and innate immune
regulation, susceptibility to sepsis, and resistance to autoimmune induction [9–11].

DUSPs can be categorized into typical DUSPs that contain an N-terminal kinase binding
motif (KBM) and atypical ones that do not. Typical DUSPs can be further classfied based on
their subcellular locations, in which the closely related DUSP1, DUSP2, DUSP4/MKP2, and
DUSP5/hVH3 are all located predominantly in the nucleus [12]. While all these nuclear
DUSPs are highly expressed in various immune cell types, DUSP4 is the major DUSP
expressed in Th1, Th2, NK, and LPS-stimulated dendritic cells [12]. The activity of DUSP4
is thought to be regulated mainly at the transcription level, in which signals downstream of
MAP kinases, as well as transcription factors such as p53 and HoxA10, are all involved [13–
15]. In vitro results show that DUSP4 preferentially dephosphorylates ERK and JNK but not
p38 MAP kinases [16], and is induced by growth factors or stress signals [13–14, 17].
Further studies suggest that DUSP4 is involved in fibroblast replication senescence [18] and
macrophage apoptosis induction [19] through the regulation of ERK activity. Recently, a
report using mice with target mutation of DUSP4 suggests that DUSP4 may regulate MAP
kinase activity to alter inflammatory cytokine secretion in macrophage and induce resistance
to sepsis [20], while another independent DUSP4 mutant mice showed altered macrophage
JNK phosphorylation, Th1/Th2 responses, and susceptibility to L. mexicana [21]. However,
the role of DUSP4 in T-cell development and activation has not been reported. Here we
have generated DUSP4-deficient mice, and our results suggest that DUSP4 is dispensable
for thymocyte differentiation as well as MAP kinase regulation in activated T cells.
Nevertheless, DUSP4 appeared to play a non-redundant role in regulating IL-2 signaling and
CD4 T-cell proliferation.

Results
Generation of DUSP4-deficient mice

To study whether DUSP4 may be involved in thymocyte development, we sorted C57BL/6
thymocytes into DN, DP:TCRβLow (DPL), DP:TCRβIntermediate (DPI), DP:TCRβHigh(DPH),
CD4SP, and CD8SP subsets to determine the relative levels of DUSP4 mRNA in these cells
(Fig. 1A). The level of DUSP4 was lower in DN, CD4 SP, and CD8 SP cells, but was the
highest in DPI thymocytes (Fig. 1B), in which thymic positive and negative selection
occurred. To study the functions of DUSP4 during thymocyte development and T-cell
activation, we generated DUSP4-deficient mice (hereafter referred to as DUSP4−/− mice)
using gene trap mouse embryonic stem cells (Fig. 1C and 1D). Intercross of heterozygous
DUSP4 mice revealed expected Mendelian ratio as well as normal growth curves (data not
shown). Semi-quantitative RT-PCR and northern analysis suggested that the gene trap
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cassette efficiently blocked the formation of mature DUSP4 transcripts (Fig. 1E and 1F).
Western analysis of PMA/ionomycin-stimulated thymocytes confirmed DUSP4 protein
deficiency in DUSP4−/− cells (Fig. 1G). Interestingly, in WT thymocytes the level of
DUSP4 protein was increased as quickly as 5 min following PMA/ionomycin stimulation
and was further enhanced up to 2 h later (Fig. 1G), suggesting that, similar to other DUSPs
[22–23], DUSP4 may be induced stepwise through both post-translational and
transcriptional regulation in activated thymocytes.

DUSP4 is dispensable for thymocyte development and thymic positive selection
Littermates from DUSP4+/− heterozygous intercross were analyzed by flow cytometry to
compare their T-cell development. The results showed that DUSP4−/− and WT littermates
had similar numbers of DN, DP, CD4SP, and CD8SP thymocytes, as well as intermediate
single-positive (ISP, CD4−CD8+TCRβIntermediate), DPL, DPI, and DPH cells (Fig. 2A). In
addition, no significant difference was found when lineage-negative DN thymocytes were
further divided based on their CD25 (IL-2Rα subunit) and CD44 expression (Fig. 2B top
and bottom panel; p>0.2 for all four subset). In periphery lymphoid organs, splenocytes (Fig.
2C) and lymph node cells (Fig. 2D) from DUSP4−/− and WT littermates have similar
number of CD4, CD8, and B cells, except for a marginal increase of CD4 T cells in
DUSP4−/− lymph node (Fig. 2D, right panel, p= 0.026). Further analysis of CD4 T cells
showed that in the lymph node this minor increase was equally distributed in various subsets
including follicular T helper cells (CD4+CXCR5+), regulatory T cells (CD4+CD25+), and
naïve T helper cells (CD4+CD62L+) (Fig. 2E, left panel) with no statistical significance. At
the mean time no difference was found in the spleen (Fig. 2E, right panel). Finally, to assess
thymocyte positive selection, thymocytes from WT or DUSP4−/− mice expressing MHC
class II-restricted DO11.10 αβ TCR transgene on positive-selecting H-2d background were
analyzed by flow cytometry (Fig. 2F, left panel). The results showed that both mice
contained ~23% of CD4 SP thymocytes (Fig. 2F, right panel), suggesting that positive
selection was not significantly altered by DUSP4 deficiency. From these results we conclude
that, despite being dynamically regulated in the thymus, DUSP4 is dispensable for T-cell
development and thymic positive selection.

DUSP4 deficiency does not impact MAP kinase and IKKβ phosphorylation in activated T
cells

DUSP4 has been shown to dephosphorylate and inactivate ERK and JNK but not p38 in
vitro [16]. To see if DUSP4 deficiency resulted in enhanced MAP kinase signaling in
activated T cells, DUSP4−/− and WT total T cells were purified from pooled splenocytes and
lymph node cells and stimulated with strepavidin-crosslinked anti-CD3. Western analysis
results showed that the phosphorylation of ERK2, JNK, p38 and IKKβ was not increased in
DUSP4−/− T cells (Fig. 3A, p>0.05 for all lanes). Purified total T cells were also stimulated
with plate-bound anti-CD3 and anti-CD28, and the phosphorylation of ERK was examined
by intracellular staining. The results showed no discernable difference between WT and
DUSP4−/− CD4 (Fig. 3B, left column) or CD8 (Fig. 3B, right column) T cells. Lastly,
purified T cells were also stimulated with PMA to bypass proximal TCR signaling, but again
no enhanced ERK, JNK, p38, or IKKβ phosphorylation in DUSP4−/− T cells was found
(Fig. 3C, p>0.05 for all lanes). Combined, these results suggest that DUSP4 deficiency does
not significantly impact MAP kinase and NF-κB regulation in activated T cells.

DUSP4−/− CD4 T cells are hyperproliferative
Regardless of the results for MAP kinase activation, purified total T cells from WT and
DUSP4−/− mice were loaded with CFSE and stimulated by plate-bound anti-CD3 and anti-
CD28 to test whether DUSP4 might regulate T-cell proliferation through MAP kinase-
independent pathways. Daily analyses of the stimulated cells by 7AAD and AnnexinV
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revealed no alteration in cell death (see Supporting Information S2). However, CFSE dye
dilution patterns reproducibly showed that DUSP4−/− CD4 T cells proliferated better than
WT cells at day 2 and 3 following stimulation (Fig. 4A, top row), while DUSP4−/− CD8 T
cells appeared to proliferate similarly as WT cells (Fig. 4A, bottom row). To further quantify
cell proliferation, division indexes were calculated from the CFSE profile for each data
point. The results showed that DUSP4−/− CD4 T cells proliferated nearly twice as well as
WT cells on day 2 (p=0.0046), with the difference decreased to ~40% by day 3 (p=0.0003),
while by day 4 both DUSP4−/− and WT CD4 cells were confluent (Table 1). The extent of
this CD4 T-cell hyperproliferation varied between groups but the difference was
reproducible, as indicated by the low p value. Similar quantification of CD8 T-cell
proliferation revealed no significant difference between WT and DUSP4−/− CD8 T cells
(Table 2, p>0.05 for all time points). These results thus indicate that DUSP4 deficiency
induces hyperproliferation in CD4 but not CD8 T cells.

Hyperproliferation of DUSP4−/− CD4 T cells is correlated with enhanced IL-2/IL-2R
expression

One possible explanation why enhanced proliferation is observed only in DUSP4−/− CD4
but not CD8 T cells is that DUSP4 may not be abundantly expressed in WT CD8 T cells, so
that DUSP4 deficiency may have minimal impact on CD8 T-cell proliferation. However,
semi-quantitative RT-PCR results showed that in WT CD8 T cells DUSP4 was expressed
equally as, if not slightly higher than, that of WT CD4 T cells (Fig. 4B). In addition,
DUSP1, DUSP2, and DUSP5 were also similarly expressed in WT CD4 and CD8 T cells
(Fig. 4B). The mechanism responsible for the absence of hyperproliferation in DUSP4−/−

CD8 T cells is currently unclear.

Since the early phase of T-cell proliferation is thought to be regulated by IL-2/IL-2R
signaling from CD4 T cells [3, 24], we measured the amount of IL-2 in culture supernatant
from stimulated T cells. As a control we also measured the concentration of IFN-γ, which
was mostly produced by activated CD8 T cells as indicated by our intracellular stainings
(data not shown). Day 1 ELISA results showed a ~115% increase of IL-2 from DUSP4−/−

sample when compared with WT control, with the difference decreased to ~65% by day 2
and the amount of IL-2 gradually plateaued by day 3 and day 4 (Fig. 4C, left panel). In
contrast the secretion of IFN-γ was only slightly increased in DUSP4−/− culture on day
1(Fig. 4C, right panel). Furthermore, the induction of CD25/IL-2Rα, the high-affinity
subunit of IL-2 receptor, was also significantly enhanced in activated DUSP4−/− CD4 T cells
on day 1 (p=0.0028, Table 3), but not in CD8 T cells (p>0.05, Table 4). It is worth noting
that the kinetics of enhanced CD25 and IL-2 expression precedes the increased proliferation
of DUSP4−/− CD4 T cells (Table 3, Fig. 4C, and Table 1). These results thus indicate that
enhanced IL-2/IL-2R signaling may be responsible for the hyperproliferation in DUSP4−/−

CD4 T cells.

In addition to being induced in early T-cell proliferation, CD25 is also considered as a
marker for regulatory T cells. To test whether the increase of CD25 expression in DUSP4−/−

cells resulted from enhanced regulatory T-cell development, we performed similar T-cell
proliferation assay using WT or DUSP4−/− T cells expressing the FOXP3-GFP reporter
knock-in gene. The results showed that, in both WT and DUSP4−/−T samples, the majority
(>90%) of CD25+ cells did not express FOXP3 (see Supporting Information S4), suggesting
that CD25 served as a marker for activation but not regulatory T cell differentiation in these
cells. Aslight increase in CD25+GFP+ cell percentage and IL-10 production hinted a role of
DUSP4 in regulatory T-cell differentiation (see Supporting Information S4). However,
under regulatory T-cell-polarizing condition, WT and DUSP4−/− T cell induced similar
FOXP3-GFP expression (see Supporting Information S4). Suppression assays using purified
wt or DUSP4−/− FOXP3-GFP+ regulatory T cells also did not reveal any functional
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difference (see Supporting Information S4). These results, together with a report showing
that IL-10 may also be produced by activated Th1 and Th2 cells [25], thus suggest that the
enhanced CD25 expression and IL-10 secretion in DUSP4−/− T cells likely reflect enhanced
proliferation but not altered regulatory T-cell differentiation or function.

IL-2 and CD25 normally induce reciprocal transcriptional activation through positive
feedback regulation, in which IL-2 induces CD25 expression and the formation of high
affinity IL-2Rαβγ complex by CD25 helps to amplify IL-2 production [2]. To test whether
CD25 or IL-2 served as the proximal target of DUSP4-mediated regulation in activated CD4
T cells, we performed mixed T-cell proliferation assay, in which WT and DUSP4−/− T cells
that could be distinguished by the lineage marker Ly9.1 were mixed at 1:1 ratio and
stimulated in the same well (Fig. 4D). The flow cytometry results showed that the ratio of
DUSP4−/− versus WT CD8 cells did not change significantly (Fig. 4E, right panel),
recapitulating the previous CFSE analyses. More importantly, the ratio of DUSP4−/− versus
WT CD4 T cells increased gradually on day 2 and day3 (Fig. 4E, left panel, p<0.05),
suggesting that cell-intrinsic mechanisms, such as the enhanced CD25 expression, may be
the dominant factors responsible for the hyperproliferation of DUSP4−/− CD4 T cells.

DUSP4−/− CD4 T-cell hyperproliferation may be induced by enhanced CD25 expression
through increased STAT5 phosphorylation

To further study how DUSP4 ablation altered CD25 induction and IL-2 signaling in
activated T cells, WT and DUSP4−/− T cells were stimulated in the presence of neutralizing
anti-IL-2 antibody or exogenous IL-2. The resulted CD25+ percentages and division indices
were normalized to untreated samples to reveal the effects of the treatment. While anti-IL-2
antibody clearly decreased the percentage of CD25+ cells and blocked proliferation in the
WT samples as indicated by the smaller-than-one ratio, DUSP4−/− CD4 T cells were more
resistant to IL-2 neutralization (Fig. 5A, p<0.1 or 0.05 for all data points in the left panel;
p>0.1 in the right panel). Meanwhile the addition of low-dose IL-2 also appeared to be
slightly more effective in enhancing CD25 expression and proliferation in DUSP4−/− CD4 T
cells than in WT cells, particularly in early time points (Fig. 5A, right panel, p>0.1).
Combined with the mixed proliferation results, these data suggest that DUSP4 ablation
decreases the threshold of IL-2 signaling, possibly through enhancing CD25 expression. Of
the transcription factors reported to regulate CD25 induction, STAT5 is unique for the CD25
locus but is not involved in regulating IL-2 expression [2]. To test if STAT5 is regulated by
DUSP4, WT or DUSP4−/− T cells were activated to induce CD25 expression, rested, and
then treated with IL-2 to induce STAT5 phosphorylation. Intracellular staining results
showed that DUSP4−/− CD4 T cells exhibited stronger STAT5 phosphorylation at various
doses of IL-2 (Fig. 5B), but had relatively normal kinetics of p-STAT5 induction and
recession (Fig. 5C). When overexpressed in HEK 293T cells, DUSP4 could reduce IFN-β-
induced STAT5 phosphorylation (Fig. 5D). Furthermore, DUSP4 could be co-precipitated
with endogenous STAT5 in WT thymocytes, with their interaction enhanced by PMA/
ionomycin stimulation (Fig. 5E). Lastly, reciprocal co-precipitation of DUSP4 and STAT5
could also be observed in 293T cell over-expressing STAT5 and phosphatase-dead DUSP4
(DUSP4-PD), with IFN-β treatment increasing the efficiency of co-precipitation (Fig. 5F).
As a control, ERK could also be co-precipitated with DUSP4 (Fig. 5F). Combined, these
results suggest that STAT5 phosphorylation is modulated by DUSP4 and implicate this
function to be responsible for DUSP4-mediated regulation of IL-2 signaling in activated T
cells.
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Antigen-stimulated DUSP4−/− T cells are also hyperproliferative but induce normal Th1/
Th2 hapten responses

To test whether cognate antigen stimulation could also induce hyperproliferation of
DUSP4−/− T cells, draining lymph node cells from OVA/CFA-immunized DUSP4−/− and
WT mice were re-stimulated with titrating amount of OVA. Tritiated thymidine
incorporation results showed a ~2–3 fold increase in the proliferation of DUSP4−/− T cells
relative to WT cells at all OVA concentration (Fig. 6A, p<0.01), similar to the results from
anti-CD3+anti-CD28- (Table 1) or ConA- (data not shown) stimulated T cells. OVA-
activated DUSP4−/− T cells also showed enhanced IL-10 and, to a lesser extent, IL-2 or IFN-
γ production than WT cells, while IL-4 production was undetectable (Fig. 6B). To see
whether DUSP4 deficiency altered Th1 and Th2 T-cell functions in vivo, WT or DUSP4−/−

mice were immunized and boosted with NP-KLH/CFA (Th1 adjuvant) or NP-KLH/alum
(Th2 adjuvant) emulsion. ELISA measurements of serum NP-specific antibodies showed
that, in WT and DUSP4−/− mice, similar primary and memory IgM, IgG2a/IgG3 (Th1
cytokine-biased) and IgG1/IgG2b (Th2 cytokine-biased) responses were induced by either
immunization (Fig. 6C). The few data points reaching statistical significance are not
substantiated by results from preceding or following time points, and likely represent
experimental variation. These results are somewhat different from a previous report where
decreased Th1 response was observed in DUSP4−/− mice following L mexicana
immunization [21], although the difference in immunization protocol may contribute to this
discrepancy. Regardless, our results suggested that, while DUPS4 is required for normal T-
cell proliferation following antigen stimulation, it may not be essential for regulating hapten-
specific antibody production.

Discussion
Our present data show that DUSP4 deficiency enhances IL-2 signaling and proliferation in
activated CD4 T cells. While DUSP family proteins are thought to mediate negative-
feedback regulation of MAP kinase pathways through transcriptional induction by MAP
kinases followed by dephosphorylation and inactivation of MAP kinases [12], our STAT5
phosphorylation kinetics and STAT5/DUSP4 co-precipitation results suggested that DUSP4,
and perhaps other DUSPs, may also be involved in setting the threshold for cytokine-
activated genetic programs by constitutively dephosphorylating downstream transcription
factors. This potential regulatory effect of DUSPs on cytokine signaling may also help to
explain contradictory effects of DUSP4-deficiency on cytokine production [20, 21], which
often cannot be rationalized by alterations in MAP kinase activation.

Several transcription factors are mapped to the CD25 promoter region to regulate its
transcription, including NF-AT, NF-κB, AP-1, and CREB, which are shared between IL-2
and CD25 promoters, and others like GATA-1, Elf-1, SMAD3, and STAT5 that are unique
to the CD25 locus [2]. Interestingly, the activity of GATA-1, Elf-1, SMAD3, and STAT5
are all regulated by serine/threonine or tyrosine phosphorylation [26–28], with SHP-1,
SHP-2, PTP1B, and DUSP3/VHR all implicated in the regulation of STAT5 [29–32].
Furthermore, existing reports show that DUSP1 and DUSP22 dephosphorylate STAT1 and
STAT3, respectively [33–34]. As a nuclear DUSP that is capable of dephosphorylating both
serine/threonine and tyrosine residues, DUSP4 is certainly fit as a candidate regulator for
GATA-1, Elf-1, and SMAD3. We are currently testing these possibilities, as well as using
substrate-trap mutant of DUSP4 and proteomic analysis to systematically search for other
transcription factors that may be regulated by DUSP4.

IL-2/IL-2R signaling promotes the proliferation of both CD4 and CD8 T cells. It is therefore
intriguing that the enhanced proliferation is only observed in DUSP4−/− CD4 but not CD8 T
cells. In this regard, CD8 T cells are reported to induce stronger S6K phosphorylation than
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CD4 T cells following IL-2 stimulation [35]. This implies that CD8 T cells may require a
lower IL-2/IL-2R signaling threshold to induce proliferation, a possibility that is partly
reflected on the faster proliferation kinetics of CD8 T cells as shown in our CFSE results.
The lowered signaling threshold may thus nullify the effect of DUSP4 deficiency in
increasing the effectiveness of IL-2/IL-2R signal in CD8 T cells. In parallel, The CD4-
specific hyperproliferation may also result from the predominant production of IL-2 in
activated CD4 T cells and the subsequent autocrine effect [3, 24]. The relative contribution
of these two mechanisms remains to be determined.

We initially expected DUSP4−/− T cells to exhibit enhanced ERK or JNK phosphorylation
because DUSP4 has been shown to dephosphorylate ERK and JNK in vitro [16], although
two recent findings implicate contradictory results [19, 21]. However, our western and flow
cytometry analyses of DUSP4−/− T cells showed no clear enhancement in MAP kinase
phosphorylation. We believe that this may result from the redundancy of other DUSPs in
regulating MAP kinase activities [11, 20]. The same redundancy may also operate to induce
the grossly normal thymocyte development in DUSP4−/− mice, as DUSP5 and DUSP6 have
both been demonstrated to regulate thymocyte differentiation [36, 37]. These possibilities
may be further explored by breeding DUSP4−/− mice with other DUSP-deficient mice such
as the DUSP1, -2, and -10 knockout mice [9–11].

Materials and methods
Mice

DUSP4 gene trap mouse embryonic stem cell clone XG164 was originally deposited by
Baygenomics to Mutant Mouse Regional Resource Centers in the International Gene Trap
Consortium database. Blastocyst injection and chimeric mouse generation were performed
by the Transgenic Mouse Models Core of the National Research Program for Genome
Medicine. Germline-transmitted DUSP4+/− mice on a mixed C57BL/6 : 129 background
were intercrossed for experiments, as well as backcrossed to C57BL/6 for five more
generations. DO11.10 αβ TCR transgenic and FOXP3-GFP mice has been described [38–
39]. All experiments except for the analyses of DO11.10αβ TCR transgenic mice, which
were analyzed on a mixed Balb/c : C57BL/6 : 129 background, were initially performed on
F1 DUSP4−/− mice but repeated in F5 DUSP4−/− mice. Mice were housed under specific
pathogen-free condition at the Laboratory Animal Center of the National Health Research
Institutes (NHRI). The use of mice followed guidelines set forth by the NHRI’s Institutional
Animal Care and Use Committee.

PCR, RT-PCR, northern analysis, and qPCR
Oligonucleotides for PCR, RT-PCR, qPCR, and northern probe generation are listed (see
Supporting Information S7). All PCR conditions are available upon request. PCR and RT-
PCR were performed with Phire Hot Start polymerase (Fynnzymes). RNA for northern, RT-
PCR, and qPCR was extracted with TRIzol (Invitrogen). cDNA synthesis and northern
analysis were performed as described previously [40]. Isotope signals were recorded on
Storage Phosphor Screens (GE Healthcare) and read on Typhoon Trio with ImageQuant TL
software (GE Healthcare). qPCR was performed with FastStart Universal Probe Master Rox
(Roche Applied Science) on Realplex4 with Mastercycler ep realplex software (Eppendorf).

Statistical analyses
In all assays data were plotted as mean ± SEM or scattered with mean, with the p values
calculated with unpaired or paired two-tailed Student’s t test. p values smaller than 0.05
were marked (**) or indicated.
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Abbreviation

CD4SP CD4 single-positive

CD8SP CD8 single-positive

DN double-negative

DP double-positive

DPH DP:TCRβHigh

DPI DP:TCRβIntermediate

DPL DP:TCRβLow

DUSP dual-specificity phosphatase

ISP intermediate single positive

KBM kinase-binding motif

KLH keyhole limpet hemocyanin

NHRI National Health Research Institutes

NP nitrophenyl

p- phosphorylated-

qPCR quantitative PCR
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Figure 1.
Generation and validation of DUSP4−/− mice. (A) Schematic of thymocyte sorting for qPCR
analysis. Total thymocytes were stained for CD4, CD8, and TCRβ followed by sorting for
DN, CD4SP, and CD8SP cells. DP thymocytes were sorted separately based on their TCRβ
expression levels. (B) cDNA was synthesized from sorted WT thymocytes in (A) for
DUSP4 qPCR. The relative level of DUSP4 mRNA compensated by β-actin result was
normalized to the level in DN thymocytes. (C) Schematic of the DUSP4 allele, gene trap
vector, and locations of oligonucleotides. E1~E4, exon1~exon4. EN2, engrailed-2 intron.
Filled rectangle, EN2 splice acceptor. β-geo, fusion gene of β-galactosidase and neomycin
phosphotransferase. Arrows, oligonucleotides. ATG, start codon. STOP, stop codon. The
schematic is drawn approximately to scale. (D) Expected PCR product sizes and
representative PCR results of DUSP4 genotyping. The oligonucleotides used for PCR are
indicated as in (C). PCR products corresponding to the DUSP4− or WT allele are also
indicated. Blank, no DNA control. (E) Total thymocyte RNA was extracted from WT or
DUSP4−/−thymocytes and used in cDNA synthesis and DUSP4 RT-PCR. Shown are RT-
PCR results from 4-fold serial dilutions of cDNA. Control β-actin RT-PCR is also shown.
Blank, no cDNA. (F) Total thymus or spleen RNA was extracted from WT (+/+) and
DUSP4−/− (−/−) mice for northern analysis with a DUSP4-specific probe. The blot was then
stripped and reprobed with a β-actin probe as RNA loading control. (G) Total thymocytes
from WT or DUSP4−/− mice were activated with PMA and ionomycin (P+I) for the
indicated time, followed by western analysis for DUSP4 protein. β-tubulin level as protein
loading control is shown. Representative results from two independent experiments are
shown (panel B, E, F and G).
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Figure 2.
DUSP4−/− mice exhibit normal T-cell development and normal number of peripheral
lymphocytes. (A), (C), and (D) Single cell suspension of thymus, spleen, and lymph node
from 4 to 6 wk old WT and DUSP4−/− littermates (n=4~6) was stained and analyzed by flow
cytometry. Total organ cell numbers are shown (left panel), as are the percentages of
individual cell subsets (right panel). (B) Lineage-negative (Lin−, negative for CD3ε, CD4,
CD8, B220, CD11b, CD11c, and Gr-1) cells from total thymocytes were gated for their
relative expression of CD25 and CD44 (top panel). Percentages of individual DN subsets
(DN1-DN4) in Lin− thymocytes are shown (bottom panel, n=6). See Supporting Information
S1 for gating logics in (A) and (B). (E) CD4+ lymph node cells (left panel) or splenocytes
(right panel) from (D) and (C) were further gated for their expression of CXCR5, CD25, and
CD62-L. Percentages of the respective subsets in total lymph node cells or splenocytes are
shown (n=5~6). (F) WT or DUSP4−/− thymocytes expressing the DO11.10 αβ TCR
transgene on H-2d/d background were stained for CD4 and CD8. Shown are representive
CD4-CD8 profiles (left panel) and percentages of CD4SP thymocytes (right panel; n=6~7).
p > 0.05 for all panels unless specified.
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Figure 3.
DUSP4 deficiency does not impact MAP kinase or IKKβ phosphorylation in activated T
cells. (A) MACS-purified total T cells from pooled spleen and lymph node cells were
stimulated with 2 μg/ml of anti-CD3/strepavidin mixture (anti-CD3) for the indicated time
followed by western analyses. Top panel, representative western analyses results. One
unrelated lane was cropped out as indicated by the dotted line without further modification
of the image on either side. DUSP4 probing result is not shown because the level of DUSP4
protein in WT T cells was under the detection level in the specified condition. Bottom panel,
densitometry quantification of p-ERK2, p-JNK, and p-p38 signals normalized to total ERK
is shown as percent of WT signals at 5 min post stimulation (n=3~4). (B) Purified T cells as
in (A) were stimulated with 5ug/ml plate-bound anti-CD3 and anti-CD28 for the indicated
time, followed by CD4, CD8, and intracellular p-ERK staining. (C) Purified T cells were
stimulated with 50 ng/ml PMA for the indicated time and analyzed by western. Top panel,
representative western analyses results. Bottom panel, densitometry quantification as in (A)
is shown as percent of WT signals at 15 min post stimulation (n=3~4). Representative
results from three (panel B) or four (panel A and C) independent experiments are shown. p >
0.05 for all panels.
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Figure 4.
DUSP4 deficiency induces CD4 T cells hyperproliferative by enhancing IL-2 signaling. (A)
Purified total T cells as in Fig. 3A were loaded with CFSE and stimulated with 0.5, 1.6 or 5
μg/ml plate-bound anti-CD3 and anti-CD28. At each day cells were stained for CD4, CD8,
CD25, 7AAD and AnnexinV, followed by analysis of CFSE histogram on gated live
CD4+CD25+ (top row) or CD8+CD25+ (bottom row) T cells. See Supporting Information S3
for gating logics. (B) DUSP RT-PCRs were performed as in Fig. 1E with cDNA from
MACS-sorted WT CD4 or CD8 T cells. Shown are RT-PCR results from 4-fold serial
dilutions of cDNA. Control β-actin RT-PCR is also shown. Blank, no cDNA. (C) Culture
supernatant from Fig. 4A was harvested daily and frozen at −80°C for simultaneous IL-2
(n=7, left panel) and IFN-γ (n=6, right panel) ELISA on all samples. (D) Schematic of the
mixed T-cell proliferation assay. (E) Purified WT and DUSP4−/− T cells as in Fig. 3A were
mixed at 1:1 ratio and stimulated in the same well with 0.5 or 1.6 μg/ml plate-bound anti-
CD3 and anti-CD28, followed daily by staining with Ly9.1, CD4, and CD8. The ratios of
Ly9.1+ DUSP4−/− T cells divided by Ly9.1− WT T cells are shown for CD4-gated (top) or
CD8-gated (bottom) T cells (n=4). Representative results from two (panel B and E) or three
(panel A and C) independent experiments are shown. p > 0.05 for all panels unless specified.
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Figure 5.
DUSP4 ablation decreases IL-2 signaling threshold through sustained STAT5
phosphorylation. (A) WT or DUSP4−/− T cells were stimulated and analyzed as in Fig. 4A
without additional treatment, or in the presence of neutralizing anti-IL-2 antibody or
exogenous IL-2. Representative CD25 (day 1) or CFSE (day 2) flow cytometry results on
gated CD4+ cells are shown (top row). Also shown are daily CD25+ percentage and the
division index of viable CD4 T cells of treated samples normalized to untreated samples
(bottom row, n=7). ** p<0.05. See Supporting Information S5 and S6 for raw data. (B-C)
Purified T cells were stimulated as in Fig 4Afor 44 hrs, rested for 4 hrs, and treated with
various doses of IL-2 for 15 min (B) or 3 ng/ml IL-2 for different time (C), followed by flow
cytometry analyses of CD4, CD25, and p-STAT5 (Y694) (left panels). Mean fluorescence
level of p-STAT5 in CD4+CD25+ cells was normalized to that of CD4 to compensate for
staining variation, with the results shown as fold-induction to untreated samples (n=4) (right
panels). (D) 293T HEK cells were transiently transfected with the indicated vectors.
Twenty-four hr later, cells were treated with 10 ng/ml human IFN-β (hIFN-β) for 15 min or
left untreated prior to western analyses for STAT5 Y694 phosphorylation (pSTAT5).
STAT5, DUSP4, and β-tubulin loading control are also shown. (E) Total lysates from WT
thymocytes treated or untreated with 50 ng/ml PMA and 500 ng/ml ionomycin (P+I) for two
hours were immuoprecipitated with anti-STAT5 antibody. The precipitated proteins (IP-
STAT5), together with aliquots of the original total lysate (total lysate) were analyzed by
western analyses for DUSP4 and STAT5. Due to the amount of lysate loaded, DUSP4 was
not detectable in lane 3 and 4. MM, molecular-weight marker. (F). 293T HEK cells were
transfected and stimulated with 10 ng/ml human interferon-β (hIFN-β) for 1 hour as
indicated. Cell lysates were analyzed by western blotting directly (total lysates) or following
immunoprecipitation with anti-Flag (left panel) or anti-Myc (right panel) antibody. Perv., 25
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μM pervanadate. Representative results from two (panel D and E) or three (panel A–C, and
F) independent experiments are shown. p>0.05 unless specified.
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Figure 6.
DUSP4−/− mice recapitulate T-cell hyperproliferation but have normal antibody production
following immunization. (A) Mice were immunized with OVA/CFA, and the draining
popliteal lymph node cells re-stimulated with titrating amount of OVA as described in the
Method section for 3H thymidine incorporation (n=3 each). p < 0.01 for all data points. (B).
Cells from (A) were stimulated with 0, 1, or 10μg/ml OVA. Supernatant was collected on
day 3 for ELISA measurement of cytokine production (n=3 each). (C) Mice were
immunized with NP-KLH/CFA or NP-KLH/alum emulsification i.p., followed by serum
collection at 0, 7, 14, or 21 d later, antigen boost at day 31, and additional serum collection
at day 38 and 45. NP-specific antibodies for the indicated immunoglobulin isotypes were
measured by ELISA. Representative results from two (panel B and C) or three (panel A)
independent experiments are shown. **, p<0.05.
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