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A

n essential feature of the cellular immune response is the
activation of T lymphocytes. T cells are activated by
triggering the TCR/CD3 complex by a specific Ag, in
collaboration with costimulatory and adhesion receptors. This is a
complex process that involves multiple enzymes, adapters, and
other transcriptional factors, which induces a cascade of metabolic
events resulting in the transcriptional activation of a large number
of different genes (1). Of these genes, the best characterized is the
IL-2 gene, whose induction is critical for T cell activation and
differentiation. The quantity of IL-2 produced is a major determinant of whether an effective response can be generated. Previous
studies have indicated that several transcriptional factors, including AP-1, NFAT, NF-B, and CD28RE/AP, are important positive
regulators of IL-2 gene expression (2). Also, a CACCC binding
site for specificity protein 1 and an early growth response gene-1
binding site have been recently identified immediately upstream of
the distal NFAT site (3). Because many of these transcriptional
factor binding sites vary from consensus sequences in other genes,
it appears that these differences may in part account for the T
cell-specific expression of IL-2.
Krüppel-like factor 2 (KLF23; previously termed LKLF) is a
member of the closely related family of the KLFs. KLF2 is highly
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expressed in fetal and adult lungs, heart, as well as several other
organs (4, 5). It is absolutely required for normal embryogenesis
and late stages of lung development (6 – 8). KLF2 homozygous
null mice die in utero due to severe hemorrhage resulting from
defects of the mature blood vessel wall (6). KLF2 does not seem
to be a regulator of the initiation of blood vessel morphogenesis;
however, it is active in the late stages of blood vessel wall assembly and stabilization (7). KLF2 also appears to play an important
role in endothelial cell activation (9, 10).
Additionally, KLF2 plays an important role in T cell function.
KLF2 is developmentally induced during the maturation of singlepositive CD4⫹ or CD8⫹ T cells and prevents mature circulating
cells from undergoing apoptosis (11, 12). Furthermore, it is required to maintain CD4⫹ or CD8⫹ single-positive T cells in their
quiescent state (13). Also, KLF2 inhibits Jurkat T leukemia cell
growth via direct up-regulation of the cyclin-dependent kinase inhibitor p21WAF1/CIP1 (14). Intriguingly, KLF2 is rapidly extinguished after T cell activation and is re-expressed in CD8⫹ memory T cells (11, 15), indicating that KLF2 might also play a crucial
role in regulating the activation of T cells and the survival of memory T cells. However, the exact biological role of KLF2 in T cell
activation is still unknown. In the studies presented in this paper,
we found that KLF2 transcription and protein expression are upregulated during the early stage of T cell activation. Moreover, the
expression of KLF2 significantly increases IL-2 production, up to
4-fold in activated T cells. Our studies also suggest that KLF2
maximally regulates IL-2 promoter activity directly via a CACCC
KLF2 binding site in the earlier stage of T cell activation. Our
findings indicate that KLF2 may be required to maximally prime T
cell activation as a novel immediate-early transcriptional factor.

Materials and Methods
Plasmid constructs
Full-length mouse KLF2 cDNA tagged at the C terminus with hemagglutinin (HA) was generated by PCR and inserted into BamHI/HindIII restriction sites of vector pBK-CMV (Stratagene) as previously described (14).
0022-1767/05/$02.00
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Ag presentation to T lymphocytes and subsequent activation are characterized by a cascade of signaling events, some of which
result in the transcriptional activation of a diverse set of genes. An important example is the induction of the IL-2 gene, which is
a critical event in the escalation of T cell activation. Previous studies have found that expression of Krüppel-like factor 2 (KLF2),
a zinc finger transcription factor, is extinguished after T cell activation. However, the biological role of KLF2 during T cell
activation is still unknown. In this study we found that KLF2 protein degradation is delayed, and KLF2 expression is up-regulated
during the early stage of T cell activation in primary T cells. Within a few hours, this process is reversed, and KLF2 expression
is turned off. Next, we found that the expression of KLF2 significantly increases IL-2 production 4-fold in activated T cells,
resulting from activation of the IL-2 promoter. By narrowing down the 2.0-kb IL-2 promoter region, we found that the KLF2
responsive element in the IL-2 promoter is a CACCC element, the KLF consensus binding motif. Moreover, KLF2 binds to this
promoter in vivo under different conditions. Our studies show that KLF2 regulates IL-2 promoter activity in the earliest stages
of T cell activation, indicating that KLF2 may act as a novel immediate-early transcriptional factor to maximally prime T cell
activation. The Journal of Immunology, 2005, 175: 3060 –3066.
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Subsequently, the insert including full-length, wild-type KLF2 (KLF2-wt)
with the HA tag was subcloned into the pTRE2hyg vector (BD Clontech)
to generate Tet/KLF2 as a response plasmid for doxycycline (Dox)
induction.

Cell line and stable cell transfection

Preparation of human PBL
PBL were isolated from human peripheral blood by density centrifugation and
depletion of adherent cells on plastic culture dishes (16). Cells were maintained
in RPMI 1640 medium containing 10% FCS and 2 mM glutamine at 37°C in
a 5% CO2 atmosphere. PBL were counted in a Neubauer chamber and seeded
at a cell density of 5 ⫻ 105 cells/ml into six-well plates. Cells were stimulated
with PHA (5 g/ml) at different time points (16).

RNA isolation and Northern blot analysis
RNA of human leukocytes and human heart were purchased from BD
Clontech. Total RNA of Jurkat T cells and SW480 colon cancer cells were
isolated with TRIzol reagent (Invitrogen Life Technologies) and subjected
to Northern blot analysis. Northern blot analysis was performed as described previously (17). Briefly, an aliquot of total RNA (5 g/lane) was
size fractionated by 1% agarose gel electrophoresis and transferred to a
nylon membrane. Blots were immobilized by UV cross-linking and hybridized to [␣-32P]dCTP-labeled cDNA probe from the 3⬘-untranslated region of human KLF2. The bands were detected using a Storm 860 phosphorimager (Molecular Dynamics). Human ␤-actin cDNA probe was used
as an internal control.

Western blot analysis
Cells were lysed in 50 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA,
10% glycerol, 1% Triton X-100, 100 mM sodium fluoride, 10 mM
Na4P2O7, 1 M PMSF, and 1 M Na3VO4 (all chemicals from SigmaAldrich).The protein concentration was determined with a commercially
available bicinchoninic acid kit (Pierce). Samples were fractionated by
SDS-PAGE and transferred to an Immobilon-P membrane (Millipore). After blocking, 0.5 g/ml rabbit polyclonal Ab raised against HA (Santa Cruz
Biotechnology) was incubated with the membrane. The secondary Ab,
horse HRP-conjugated goat anti-rabbit (Amersham Biosciences), was used
at a 1/10,000 dilution. Protein-Ab interaction was visualized by chemiluminescence detection using an ECL Western blotting system (Amersham
Biosciences).

[3H]thymidine incorporation
Proliferation was determined by estimating [3H]thymidine incorporation
into DNA. Jurkat clones (1 ⫻ 105) in 24-well dishes were incubated with
control medium or medium containing Dox for 48 h. Cells were pulsed
with 1 Ci/ml [3H]thymidine 6 h before harvest. Disintegrations per
minute were estimated by liquid scintillation counting.

ELISA
After J/KLF2-wt and Jurkat tet-on cells were treated with 1 g/ml Dox for
24 h, cells were synchronized overnight in the medium containing 0.5%
FBS. Cells were washed with RPMI 1640, adjusted to 2 ⫻ 106 cells/ml,
and stimulated with PHA (1 g/ml) and PMA (50 ng/ml) for 24 h in the
medium without Dox. Cells were removed by centrifugation, and the supernatants were assayed for the presence of IL-2 using a human IL-2
ELISA kit (Pierce) according to the manufacturer’s instructions.

Generation of promoter constructs and site-directed mutagenesis
A 2-kb fragment of IL-2 enhancer/promoter sequence, provided by Dr. V.
Boussiotis (Harvard Medical School, Boston, MA) (18), was cloned into
the pT81-Luc reporter vector. The ⫺585 IL-2 promoter construct, was
inserted into the SalI/BglII site of pT81-luc. The empty vector of pT81-luc,
NFAT, and NF-B luciferase reporter constructs were gifts from Dr. D.
McKean (Mayo Clinic, Rochester, NY) (19, 20). 4xAP-1 and CD28RE/AP
luciferase reporters were provided by Dr. X.-F. Wang (Duke University
Medical Center, Durham, NC) (21) and Dr. A. Weiss (University of California, San Francisco, CA) (22), respectively. Three additional IL-2 luciferase deletion mutants (pIL2–310, pIL2–290, and pIL2–206) were created to narrow down the potential KLF2-responsive sites. PCR was used to
amply these deletion mutants and to introduce a KpnI restriction site at the
5⬘ end, starting from IL-2 promoter region sites ⫺310, ⫺290, and ⫺206,
respectively, and the BglII restriction site at the 3⬘ end, ending in the IL-2
transcriptional start codon (forward, 5⬘-CGAGGTACCTTTGTGTCTC
CACCC, 5⬘-CGAGGTACCGAGGAAAATTTGTTTC, and 5⬘-CGGGGT
ACCATCCATTCAGTCAGTG; reverse, 5⬘-GATAGATCTAGGC
AGCTCTTCAGC). The pIL2–310 plasmid was used as a template for
generation of the distal CACCC mutation. This CACCC binding site was
mutated using the QuikChange mutagenesis kit according to the manufacturer’s recommendations (Stratagene). This mutation changed the wt sequence 5⬘-TTTGTGTCTCCACCCCAAAGAGGAAA-3⬘ to 5⬘-TTTGT
GTCTCCAGTGCAAA GAGGAAA-3⬘. The underlined sequences mean
the mutated sequences.

Promoter-reporter assays
For transient transfection in suspension cells, Jurkat clones were washed
with cold RPMI 1640 medium, resuspended in 250 l of fresh medium at
2 ⫻ 107/ml, and electroporated at room temperature with 40 g of plasmid
DNA using a Gene Pulser (Bio-Rad) with settings of 240 V and 950 F.
The cells were then resuspended in fresh medium and maintained for 1 h
at 37°C. Dox was added to induce KLF2 expression. Cell lysates were
prepared 48 h later, and luciferase activity was measured using a luciferase
assay kit (Promega) and a Monolight 3010 luminometer (BD Pharmingen).
␤-Galactosidase activity was measured with a commercially available kit
(Promega). The promoter activity of each construct was expressed as the
ratio of luciferase/␤-galactoside activity. All transfections were performed
in triplicate in three independent experiments.

Chromatin immunoprecipitation (ChIP) assays)
J/KLF2 cells were treated with Dox and without Dox, respectively, for 48 h
and stimulated with or without PHA and PMA. Native protein-DNA complex were cross-linked by 1% formaldehyde for 10 min. The ChIP assays
were performed by modification of a previously reported procedure (23).
Briefly, equal aliquots of isolated chromatin DNA were subjected to immunoprecipitation with a rabbit anti-HA Ab or rabbit IgG control. The
DNA fragments associated with specific immunoprecipitates or with the
control IgG were purified and used as templates for the radioactive PCR to
amplify the IL-2 promoter sequences containing the CACCC/KLF2 binding site. The primers used were 5⬘-GTCCACCACAATATGCTATTCAC
and 3⬘-CCACACTTAGGTGATAGCTC. In addition, an IL-2 promoter region that is 1.6 kb upstream from the CACCC/KLF2 binding site was used
as a negative control to confirm the KLF2 binding specificity. The primers
used are as follows: 5⬘-CATTCCTGCCTATGCACCCTC and 3⬘-CTGGT
GAT GGTGATTGCTG.

Results
Jurkat Th cells as a study model of KLF2
The Jurkat CD4⫹ T cell line has been widely used in the studies of
T cell activation and IL-2 production. Because it has been shown
previously that KLF2 protein is not produced in Jurkat T cells (13),
and that mRNA levels of KLF2 were not expressed in Jurkat cells
(14), we chose this cell line as a model to study the role of KLF2
during T cell activation. Initially, we confirmed that the expression
level of mRNA of KLF2 was very low in Jurkat cells compared
with normal human leukocytes, human heart tissue, and SW 480
human colon cancer cells (Fig. 1A). Thus, Jurkat cells are an excellent model to study the biological significance of KLF2 in lymphocytes by ectopic re-expression of this transcription factor. To
study the role of re-expression of KLF2 in human T cells, we used
a Dox-inducible system in Jurkat T cells (13, 14). As shown in Fig.
1B, before Dox treatment, KLF2 expression was undetectable in
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The human Jurkat tet-on CD4⫹ T cell line (BD Clontech) was maintained
in RPMI 1640 medium supplemented with 10% Tet System Approved FBS
(BD Clontech), 100 g/ml G418, 100 U/ml penicillin, 100 g/ml streptomycin, and 100 g/ml gentamicin. The transfection of 30 g of Tet/
KLF2-wt plasmid was conducted by electroporation of 2 ⫻ 107 cells with
settings at 950 F and 240 V, respectively. Stably transfected cells were
selected by growth in 200 g/ml hygromycin (BD Clontech) and 200
g/ml G418 (Invitrogen Life Technologies). Clones from single cells were
generated by limited dilution. Protein expression was induced by resuspending cells at a density of 105/ml in complete medium with Dox
(1 g/ml; Sigma-Aldrich), a derivative of tetracycline. Dox-containing medium was replaced daily during all experiments to maintain protein expression. The stable clones were individually screened for high Dox inducibility by Western blotting and named J/KLF2. Jurkat T cells (ATCC
TIB-152; American Type Culture Collection) were cultured in RPMI 1640
supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml
streptomycin.
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the KLF2-transfected clone (J/KLF2) and control Jurkat cells. In
contrast, after the addition of Dox, KLF2 was expressed at high
levels only in J/KLF2.
Loss of KLF2 is delayed during the early stage of T cell
activation and accelerated during the late stage of T cell
activation
It has been reported that both KLF2 mRNA and protein levels are
rapidly extinguished after T cell activation (11, 15). However, the
exact time course of KLF2 degradation has not been studied. We
studied the KLF2 expression pattern in normal PBL (16). As
shown in Fig. 2, A and B, KLF2 expression was up-regulated as
early as 30 min to 1 h after activation at the transcription and
translation levels, respectively. These data demonstrated that the
initial activation enhances KLF2 expression before promoting a
decrease. In the J/KLF2 clone, we initially induced KLF2 expression by removing Dox after 24 h and then stimulated T cells with
PHA and PMA, which are known to efficiently activate T cells
through TCR and protein kinase C pathways (16, 24, 25). As
shown in Fig. 2C, in the absence of PHA/PMA stimulation, induced KLF2 began to be lost by 4 h, a process continued over the
next 48 h. If KLF2 is negatively regulated during T cell activation,
as suggested in previous reports (11, 15), loss of KLF2 after treatment with PHA/PMA should be faster than that in cells not treated
with PHA/PMA. However, with stimulation by PHA/PMA, high
expression of KLF2 was sustained until 8 h and then rapidly extinguished to a very low level (Fig. 2D). This time course and
expression pattern are consistent with primary PBLC activation,
suggesting that KLF2 may have some biological role in the early
stage of T cell activation.
KLF2 inhibits DNA synthesis in activated T cells
We previously have shown that KLF2 inhibited new DNA synthesis in Jurkat cells (14), suggesting that KLF2 has an antiproliferative effect. Therefore, it was important to test whether KLF2
still has an antiproliferative role in activated T cells. Cellular proliferation was measured by [3H]thymidine incorporation in J/control and J/KLF2 cells. As shown in Fig. 3, Dox itself does not
affect thymidine incorporation in J/control cells after treatment
with PHA/PMA similar to that in cells not treated with PHA/PMA.
However, KLF2 induced by Dox still inhibited new DNA synthe-

FIGURE 2. KLF2 expression levels are up-regulated during the early
stage of T cell activation. KLF2 expression patterns were examined in
human normal PBL cells upon activation (A, Northern blot; B, Western
blot). J/KLF2 cells were incubated in the medium containing Dox (1 g/
ml) for 24 h; cells were washed with RMPI 1640 and cultured without
PHA/PMA (C) or PHA/PMA (D) for various times. Cellular extracts (50
g) were fractioned by SDS gel. Equal loading of cellular extracts was
confirmed by equivalent amounts of a high molecular size band on the
same blot.

sis to ⬃70% in J/KLF2 after treatment with PHA/PMA, suggesting
that KLF2 also inhibits cell proliferation during activation.
KLF2 transcriptional activity is up-regulated during the very
early stage of T cell activation, and KLF2 regulates IL-2
secretion in activated Jurkat Th cells
Because it is known that protein expression of KLF2 is sustained
during the early stage of activation, we also studied the transcriptional activity of the KLF2 promoter. Transient transfection of
KLF2 promoter luciferase reporter constructs indicated that KLF2
transcription is up-regulated as early as 15 min after T cell activation, reaching a maximum at 30 min of T cell activation, then
quickly decreasing to levels even lower than those before activation (Fig. 4A). We also used a peroxisomal proliferator-activated
receptor ␥ (PPAR␥) promoter as a control. As shown in Fig. 4A,
PPAR␥ transcriptional activity was not increased during T cell
activation, emphasizing the specificity of the KLF2 response.
These data reveal that the KLF2 promoter is activated at a very
early stage of T cell activation and are consistent with the KLF2
protein degradation seen after T cell activation. Therefore, KLF2
may act as an immediate-early transcriptional factor in T cell
activation.
Jurkat Th cells have been widely used as a model for the regulation of T cell activation, especially for IL-2 gene regulation, an
important event in T cell activation and differentiation. Consistent
with several reports, in the absence of PHA/PMA, control Jurkat T
cells and J/KLF2 cells did not produce measurable amounts of
IL-2. After stimulation, IL-2 secretion in both control and J/KLF2
cells significantly increased to a similar extent. However, cells
with Dox-induced KLF2 expression produced much more IL-2, up
to 4-fold more compared with that in Dox-treated control cells
(Fig. 4B). These data reveal that KLF2 is a novel regulator of IL-2
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FIGURE 1. A, Expression of KLF2 mRNA in Jurkat Th cells and control tissues. Five micrograms of total RNA per sample was subjected to
Northern blot analysis. The blot represents RNA hybridized to a radiolabeled cDNA probe from the 3⬘-untranslated region of human KLF2. In the
bottom blot, equal loading was confirmed by reprobing with ␤-actin. B,
Expression of KLF2 in Jurkat T cells with the use of a Dox-inducible
system. Immunoblot analysis of KLF2 expression with anti-HA Ab in the
25 g of cellular extracts of Jurkat clones 24 h after treatment with Doxfree control medium (⫺) or medium containing Dox (⫹).
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FIGURE 3. KLF2 inhibits DNA synthesis of activated Jurkat T cells.
Jurkat control (J/control) and Jurkat/KLF2 (J/KLF2) clones were incubated
in medium with or without Dox treatment. PHA (1 g/ml) and PMA (5
ng/ml) were added to medium to stimulate T cells for 24 h. Each group was
studied in triplicate (three wells). [3H]thymidine incorporation was assessed for the last 6 h of a 48-h total culture period.

KLF2 maximally regulates IL-2 promoter activity at an early
stage of T cell activation
To study the mechanism of KLF2 in the regulation of the IL-2
synthesis, we determined whether the IL-2 promoter responded to
KLF2 in transient transfection assays. Consistent with previous
ELISA results, there is no IL-2 promoter activity in unstimulated
T cells. After the addition of PHA/PMA, IL-2 expression was increased, and the presence of KLF2 increased IL-2 expression by
⬃5-fold, suggesting that the up-regulation of IL-2 promoter activity by KLF2 contributed to the enhancement of IL-2 secretion (Fig.
5A). As is shown in Fig. 5B, 2 h after T cell activation, KLF2
maximally enhanced the induction of IL-2 promoter activity, suggesting that KLF2 may enhance IL-2 production by responding to
an immediate-early signal transduction pathway.
KLF2 does not affect NF-B, NFAT, AP-1, or CD28RE/AP-1
signal transduction pathways
Several transcriptional factors, including NF-B, NFAT, AP-1,
and CD28RE/AP-1, are known to be important positive regulators
of activation-specific T cell gene expression such as IL-2. We hypothesized that KLF2 might also regulate classical signal transduction pathways. However, transient transfection assays revealed
that KLF2 did not significantly alter the promoter reporter activities of these factors (Fig. 6A). This indicates that KLF2 must regulate IL-2 production by an uncharacterized pathway, rather than
one of the common pathways.
A KLF2-responsive element is located in a CACCC site of the
IL-2 promoter
Because several suspected transduction pathways were not involved in the KLF2 enhancement of IL-2 production, we searched
for the KLF2-responsive element by narrowing down the 2.0-kb
IL-2 promoter. As shown in Fig. 6C, even after 1.5 kb of IL-2
promoter was removed, KLF2 was still able to enhance the activity
of an IL-2–585 promoter. Similar high induction was also observed in a shorter IL-2–310 construct, suggesting that the KLF2-

FIGURE 4. A, KLF2 transcription is up-regulated during the very early
stage of T cell activation. Wild-type Jurkat T cells were transfected with a
minimal KLF2 promoter luciferase reporter plasmid, a PPAR␥ promoter
(⫺213 to start codon) luciferase reporter, and ␤-galactosidase as an internal
control for 40 h. Cells were then stimulated by PHA/PMA for 15 min, 30
min, 1 h, 2 h, and 4 h. Each group was studied in triplicate (three wells).
The fold induction of KLF2 promoter activity was measured by correction
of relative luciferase activity of KLF2 promoter over empty vector. B,
KLF2 regulates IL-2 production in PHA/PMA-activated T cells. J/control
and J/KLF2 cells were incubated in medium with or without Dox treatment
for 24 h. PHA (1 g/ml) and PMA (5 ng/ml) were added to medium to
stimulate T cell activation after the first 24 h of Dox treatment. Each group
was studied in triplicate (three wells). After 48 h, supernatants were collected for ELISA. Every sample was assayed in triplicate.

responsive element is located in the well-characterized 300-bp region of the IL-2 promoter as shown in Fig. 6D. This region
contains several classic transduction pathway-responsive elements
that were excluded by the data in Fig. 6A, such as NF-B, NFAT,
AP-1, and CD28RE/AP. Through sequential deletion of the IL-2
promoter fragments, such as IL-2–206 and IL-2–290, we found
that deletion of the ⫺310 to ⫺290 region completely abrogated the
induction of IL-2 by KLF2 (Fig. 6C). This indicates that the KLF2responsive element may be located in this region. In this 20-bp
region, we found a KLF binding site candidate sequence, CACCC,
previously reported as a specificity protein 1/early growth response
gene-1 binding site. To test whether this CACCC sequence in the
20-bp region of IL-2 promoter is important for KLF2 regulation,
we mutated this sequence to CATGT. This mutant luciferase reporter vector was designated IL-2–310mt, as shown in Fig. 6B.
Subsequent transient transfection showed that this IL-2–310mt
failed to respond to KLF2 induction. This confirmed that this
CACCC site is the KLF2-responsive element.
KLF2 binds to the CACCC/KLF2 binding site in the IL-2
promoter in vivo
With regard to the mechanism of KLF2 on regulation of this
CACCC/KLF2-responsive element, there are two possibilities: either KLF2 directly transactivates IL-2 promoter activity, or KLF2

Downloaded from http://www.jimmunol.org/ by guest on September 22, 2021

production. Because KLF2 is mainly expressed in resting T lymphocytes that do not synthesize IL-2, and IL-2 is not expressed in
unactivated J/KLF2 cells producing KLF2, we propose that KLF2
is not sufficient for IL-2 expression, but is involved in the regulation of IL-2 production shortly after cellular activation. This may
explain the increased KLF2 expression immediately after
activation.

3064

may indirectly regulate IL-2 expression through other signal transduction pathways. To verify whether KLF2 binds to this CACCC/
KLF2-responsive element, ChIP assays were performed. As shown
in Fig. 6E, I, Dox-induced KLF2 does not bind to the CACCC/
KLF2 site in nonactivated cells. However, Dox-induced HAtagged KLF2 binds to the IL-2 promoter upon activation (Fig. 6E,
III), indicating that KLF2 directly regulates IL-2 expression. To
determine whether the binding shown in Fig. 6E, III, is simply due
to nonspecific binding of overexpressed KLF2, we performed a
ChIP assay using a IL-2 promoter region that is 1.6 kb upstream
from the CACCC/KLF2 binding site to constitute a negative control. As shown in Fig. 6E, IV, Dox-induced KLF2 does not bind to
the negative control region upon activation, indicating that KLF2
specifically binds to this CACCC/KLF2 site.

Discussion
These findings show for the first time that IL-2 is a target of KLF2
and, in the process, underlies the importance of KLF2 regulation to
T cell activation. This study provides a novel and clear mechanism
by which KLF2 regulates IL-2 expression and indicates that KLF2
may act as a novel, immediate-early transcriptional factor to maximally prime T cell activation.
Our data also provide a level of comparison between KLF2
expression levels in different human tissues. KLF2 is expressed at
high levels in the lung, vasculature, and lymphoid tissues during
mouse development. Also, high levels of KLF2 expression in
mouse CD4⫹, CD8⫹ single-positive thymocytes and splenocytes
was demonstrated by Northern blot analysis (4, 8, 11). In addition,
human KLF2 expression is detected in lung, heart, and skeletal
muscle (5). It is interesting to note that KLF2 is expressed in similar tissues in human and mouse; however, the relative abundance

of expression between the two species differs. Although lung is the
predominant site of KLF2 expression in mouse, its relative expression level is higher in human heart than in human lung. Our results
for the first time show that human KLF2 is expressed at even
higher levels in leukocytes than in any other tissues, which may
account for the specific biological role of KLF2 related to the
hemopoietic/immune system.
KLF2 is required to program and maintain the quiescent phenotype in mature, single-positive T cells (11, 13). Also, KLF2
mRNA and protein levels are extinguished after treatment with
anti-CD3 (11). Because, as noted in previous reports, this treatment could lead to induction of anergy rather than full activation
of T cells (15, 26, 27), it raises the issue of whether KLF2 is really
involved in human T cell activation, and whether it plays a positive
or a negative regulatory role in this process. In this context, we
addressed these questions. 1) Is KLF2 expression extinguished in
fully activated CD4⫹ T cells? 2) What biological role does KLF2
have during early T cell activation? 3) What are the target genes of
KLF2 during early T cell activation?
Although KLF2 protein levels of CD8⫹ T cells decreased 24 h
after activation (15), it is still necessary to understand whether
similar processes and outcomes occur in CD4⫹ T cells, which are
also a major source of critical cytokines such as IL-2. KLF2 expression patterns in primary human PBL show that KLF2 is not
only extinguished upon activation, but, more intriguingly, KLF2 is
up-regulated during the early stage of cell activation. These findings are also confirmed by our studies of both KLF2 promoter
activity and protein degradation, followed by full T cell activation,
in Jurkat CD4⫹ T cells. These data revealed that KLF2 has a novel
biological role in typical T cell activation.
The mechanism of KLF2 degradation after T cell activation is
currently under investigation. Previous work indicates KLF2 degradation is mediated by a protein kinase C-dependent pathway
(11), and that degradation is preceded by alteration in the electrophoretic mobility of the protein, suggesting that phosphorylation or
ubiquitination might regulate the stability of KLF2 in T cells upon
activation. Additionally, we have shown that WW domain-containing protein 1, an E3-ubiquitin ligase, interacts with KLF2 in
vivo and mediates both polyubiquitination and proteasomal degradation of KLF2 (28). A similar mechanism is likely to degrade
KLF2 in this system.
Interestingly, we found that KLF2 enhanced IL-2 secretion ⬎4fold in activated T cells. IL-2 is an essential factor required for the
progression of newly activated T cells, and the quantity of IL-2
produced is a major determinant of whether an effective response
can be generated. Moreover, inadequate IL-2 synthesis can lead to
T cell death or induction of a state of unresponsiveness known as
clonal anergy. The IL-2 gene is not actively transcribed in resting
T cells or in Jurkat T cells, and the transcription of IL-2 can be
detected as early as 40 min after activation of Jurkat T cells, leading to peak levels of mRNA at ⬃6 h, suggesting that T cell activation-related immediate-early transcriptional factors are involved
in transactivation of the IL-2 gene (29 –31). The NFAT complex,
an early regulator of T cell activation, has been shown to appear
10 –25 min before activation of the IL-2 gene (32). The increase in
KLF2 expression after T cell activation also fits this pattern.
Our data show that transactivation of the KLF2 promoter is
increased as early as 15 min after T cell activation, and KLF2
protein degradation is delayed until 8 h after T cell activation,
suggesting that KLF2 is a novel, immediate-early transcriptional
factor in T cell activation. In addition, KLF2 regulates IL-2 secretion as a positive transcriptional factor. The maximal up-regulation
of the IL-2 promoter appears ⬃2 h after T cell activation, also
indicating that KLF2 acts as an early transcriptional factor in the
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FIGURE 5. KLF2 up-regulates IL-2 promoter activity in activated T
cells (A) and has a maximal regulation at the early stage of T cell activation
(B). Transfection of 20 mg/ml IL-2 promoter (2.0 kb) enhancer/promoter
luciferase reporter plasmid and 2 mg/ml ␤-galactosidase internal control
was conducted by electroporation. Every sample was assayed in triplicate.
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modulation of IL-2. Previous studies have shown that KLF2, a
target gene of platelet-derived growth factor, is induced as early as
30 min after activation with a peak 1 h after treatment with platelet-derived growth factor-BB and then is rapidly extinguished (33).
Moreover, in human cells, KLF2 is also induced 5-fold, with a
peak at ⬃4 h, by laminar shear stress (10). Therefore, in agreement
with the findings in other cell types, we propose that KLF2 is an
immediate-early responsive transcription factor.
Our studies provide insight into the transcriptional basis for the
ability of KLF2 to induce IL-2 expression. Previous studies indicated that ⬃300 bp of the IL-2 promoter are sufficient to confer
cell-specific inducible expression to reporter gene constructs (34).
This is consistent with our findings of the responsive element of
KLF2 in this region. Within these 300 bp, several classic transcriptional factor-binding sites have been identified as positive regulatory elements in T cells, including proximal and distal NFAT,
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FIGURE 6. KLF2 directly regulates IL-2 promoter activities via a
CACCC KLF binding site. A, KLF2
does not affect NF-B, NFAT, AP-1,
or CD28RE/AP-1 signal transduction pathways. NF-B, NFAT, AP-1,
and CD28RE/AP luciferase constructs were transiently transfected in
J/KLF2 cells. Cells were activated by
PHA/PMA without or with Dox
treatment. Lysates were collected to
measure the relative luciferase activities. B, PCR fragments of the IL-2
promoter region (relative to the transcriptional start site) were subcloned
into pGL-3 luciferase reporter construct. C, A functional KLF2-inducible element was localized in the 5⬘flanking CACCC site of the IL-2
promoter. Each plasmid along with
the ␤-galactosidase internal control
vector was transfected into J/KLF2
cells, and transiently transfected cells
were stimulated by PHA/PMA without or with Dox. The fold relative luciferase activity is the proportion of
Dox treatment to no Dox treatment.
D, IL-2 promoter sequence located
between ⫺310 and 0 bp. The
CACCC KLF binding site, NFAT,
NF-B, AP-1, and OCT sites are indicated by underlining and are shown
below the sequence. The TATA box
is also indicated by underlining. E,
ChIP assays indicate KLF2 binding
to the IL-2 promoter. ChIP assays
were conducted as described in Materials and Methods using extracts
from J/KLF2 under different conditions. I, Dox treatment in nonactivated cells; II, without treatment of
Dox in the presence of activation; III,
Dox treatment in the presence of activation; IV, Dox treatment in the
presence of activation and using a
negative control primer set that is 1.6
kb away from the CACCC/KLF2
site.

AP-1, NF-B, and CD28RE/AP. However, our results exclude the
role of KLF2 on these transcription factor-binding sites, indicating
that KLF2 must have a unique regulation pathway. We found that
a CACCC/KLF2 binding site occurred immediately upstream of
the distal NFAT site in the KLF2-responsive motif is crucial for
the inductive effects of KLF2 as shown by site mutagenesis. Coupled with ChIP assays, our data indicate that KLF2 binds to the
IL-2 promoter upon T cell activation, indicating that KLF2 directly
regulates IL-2 expression.
We have already shown that KLF2 inhibits new DNA synthesis
in activated Jurkat cells. Additionally, KLF2 increases IL-2 expression. Similar results were shown with FK506-binding proteinassociated protein FAP48, which not only inhibits Jurkat T cell
proliferation, but also increases IL-2 synthesis in PHA/PMA-activated Jurkat T cells (35). KLF2 appears to act similarly to FK506binding protein in T cell activation.
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In conclusion, our findings suggest that KLF2 is a novel early
responsive transcriptional factor in T cell activation and enhances
the secretion of IL-2 in activated T cells. Furthermore, these studies emphasize the importance of KLF2 in the activation of T lymphocytes. Such activation is critical in the mammalian immune
response to pathogens and tumor cells as well as important effectors of allergies, transplant rejection, and autoimmunity.
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