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RANTES (CCL5) is a chemokine impli-
cated in many human diseases. We previ-
ously showed that the transcription fac-
tor Kruppel-like factor 13 (KLF13) controls
the late (3-5 days after activation) expres-
sion of RANTES in T lymphocytes and
that KLF13 itself is translationally regu-
lated through the 5�-untranslated region
of its mRNA. Here, we show that KLF13
levels are further regulated by ubiquitina-
tion and degradation. KLF13 protein is
undetectable in resting human T lympho-

cytes, but treatment with either proteo-
somal or lysosomal inhibitors increases
KLF13 protein levels. Glycogen synthase
kinase 3� (GSK3�)–mediated phosphory-
lation of KLF13 triggers the ubiquitination
of KLF13 by the E3 ligase Fbw7�, result-
ing in KLF13 protein degradation. Knock-
down of either Fbw7� or GSK3� by small
interfering RNA increases KLF13 expres-
sion in resting human T lymphocytes. In
contrast, in murine T lymphocytes, KLF13
protein is abundant because of the ab-

sence of Fbw7�. Treatment of unactivated
human lymphocytes with lysosomal in-
hibitors stabilizes KLF13 protein, result-
ing in an increase of RANTES mRNA and
protein. Taken together, these studies
found that tightly regulated control of
both synthesis and degradation allows
rapid changes in the level of KLF13 in
human T lymphocytes. (Blood. 2012;
120(8):1658-1667)

Introduction

RANTES (CCL5) was first identified as a gene expressed “late”
after T-cell activation,1 but soon it was recognized as a CC
chemokine, attracting T cells, dendritic cells, eosinophils, natural
killer (NK) cells, mast cells, and basophils to sites of inflammation
and infection. RANTES is highly expressed in patients with HIV
who do not progress to full-blown AIDS, and its receptor, CCR5, is
a coreceptor for HIV entry into T lymphocytes.2 Although RAN-
TES was originally thought to be a T cell–specific protein, it was
soon realized that RANTES is expressed rapidly after activation in
a variety of cell types, including platelets, macrophages, eosino-
phils, fibroblasts, and endothelial, epithelial, and endometrial
cells.3-7 Although expression in non-T cells occurs in minutes to
hours and only requires rel proteins p50 and p65 for induction,
regulation in T lymphocytes is complex and expression occurs
3-5 days after activation.8

The late expression of RANTES in T lymphocytes is transcrip-
tionally regulated by Kruppel-like factor 13 (KLF13). We identi-
fied KLF13 as RANTES factor of late activated T lymphocytes
1 (RFLAT-1) by expression cloning in a search for the transactiva-
tor regulating the “late” expression of RANTES in T lymphocytes.9

Our studies further found that KLF13 serves as a lynchpin,
recruiting a large trans-acting complex (enhancesome), including
the MAPK Nemo-like kinase, p300/CREB binding protein (CBP),
p300/CBP-associated factor, and the ATPase Brahma-related gene
1 to the RANTES promoter in T lymphocytes.10 Klf13�/� mice
show decreased RANTES expression in vivo as well as enlarged
thymi and spleens, resulting from decreased apoptosis of lympho-
cytes because of increased expression of Bcl-XL.11 Thus, KLF13 is

a positive regulator of RANTES expression in T cells and a
negative regulator of Bcl-XL, suggesting a dual role for KLF13 in
inflammation in both inducing leukocyte recruitment and dampen-
ing the immune response via apoptosis.

Although KLF13 protein is not expressed in T lymphocytes
until 3-5 days after activation, mimicking RANTES expression,
KLF13 mRNA is present at all time points, including in resting
T lymphocytes.12 We previously showed that KLF13 is translation-
ally regulated through its 5�-untranslated region (UTR) in a cell
type–specific manner in T lymphocytes.12 Overexpression of the
eukaryotic translation initiation factor 4E (eIF4E) increased KLF13
protein expression, whereas inhibition of Mnk1, which phosphory-
lates eIF4E, reduced KLF13 production, indicating cap-dependent
translational regulation. KLF13 translation is further regulated by
miR-125a, through its 3�-UTR in T lymphocytes.13 Additional
post-translational modifications that control KLF13 protein expres-
sion have not been reported.

A number of transcription factors involved in control of cell
growth are unstable proteins targeted for degradation by the
ubiquitin-proteasome system. The SKP1/CUL1/F-box (SCF) com-
plex is among the best-studied multiple subunit Really Interesting
New Gene (RING)–finger ligases that regulate cell cycle control
proteins in many types of cells. The ubiquitin ligase F-box and WD
repeat domain containing 7 (Fbw7) is a subunit of the SCF complex
that regulates the cell cycle in T lymphocytes by degrading cell
cycle regulators such as cyclin E and Notch.14 We show here that
KLF13 is ubiquitinated by Fbw7 and degraded in resting human
T lymphocytes. In addition to translational regulation in activated
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T lymphocytes, a ubiquitin-dependent degradation pathway provides
T lymphocytes an additional mechanism for precise and rapid control of
KLF13 expression in response to environmental stimuli. Because
KLF13 has dual roles as an activator and a repressor in immune
responses, steady state levels of KLF13 are closely regulated by several
mechanisms, including (1) cap-dependent translation, (2) microRNA,
and (3) ubiquitination-mediated degradation.

Methods

T-cell isolation and culture

Human and mouse tissues and blood were obtained with protocols approved
by the National Institutes of Health/National Cancer Institute Institutional
Review Board and Animal Care and Use Committee. Human PBMCs were
prepared as described.12 PBMCs were cultured in RPMI 1640 supple-
mented with 10% FBS (Hyclone), 100 U/mL penicillin/streptomycin, 2mM
L-glutamine, and 10mM HEPES. T cells were enriched from PBMCs or
freshly isolated mouse splenocytes by negative selection with the use of a
T-cell enrichment kit (StemCell Technologies) according to the manufactur-
er’s directions. HEK293T cells were cultured in DMEM supplemented with
10% FBS and 100 U/mL penicillin/streptomycin. ED1 cells were kindly
provided by Dr Ethan Dmitrovsky (Geisel School of Medicine at Dart-
mouth University)15 and cultured in RPMI 1640 supplemented with 10%
FBS (Hyclone), 100 U/mL penicillin/streptomycin, 2mM L-glutamine, and
10mM HEPES. For inhibitor treatment, cells were incubated for 4 hours or
overnight in media containing MG-132 (EMD Millipore), lactacystin
(EMD Millipore), concanamycin A (CMA; Sigma-Aldrich), or glycogen
synthase kinase 3 (GSK3) inhibitors (XV, VIII; EMD Millipore). T cells
were activated with anti-CD3 plus anti-CD28 Ab for up to 7 days. The cells
were lysed in cell lysis buffer (100mM Tris-HCl, pH 8.0, 100mM NaCl,
5mM EDTA, 5% glycerol, 0.1% NP-40, 1mM DTT, 50mM NaF, and 1mM
Na3VO4) and subjected to Western blot analysis or immunoprecipitation.

Plasmids and transfection

cDNAs encoding KLF13 and T7-tagged and V5-tagged human KLF13
were subcloned into pcDNA3.1, and cDNAs encoding FLAG-tagged
human KLF13 variants [wild-type (WT), S107G, S111G, S119G, S123G,
S289G, S293G, S297G], FLAG-tagged Fbw7 variants (WT, �F, �F/
R505A) were subcloned into pCMVtag2b. cDNA encoding V5-tagged
mouse KLF13 was subcloned into pcDNA3.1. A plasmid encoding
HA-ubiquitin was kindly provided by Dr Stanley Lipkowitz (National
Cancer Institute, National Institutes of Health). Plasmids were transfected to
HEK293T cells or ED1 cells with the use of lipofectamin 2000 (Invitrogen)
according to the manufacturer’s directions.

Antibodies

Anti-KLF13 antibodies for immunoprecipitation were purified from rabbit
sera.9 Anti-KLF13 antibodies for immunoblotting were purchased from
Santa Cruz Biotechnology. Monoclonal antibodies against T7 and HA tags
and their HRP-conjugated antibodies were purchased from Roche Applied
Science. Monoclonal antibody against FLAG (M2) was purchased from
Sigma-Aldrich. Anti-V5 Ab and anti-GAPDH Ab were purchased from
Invitrogen and Millipore, respectively. Fluorescence-labeled anti-CD3 and
anti-CD56 Abs were purchased from BD Bioscience. FITC-conjugated
RANTES Ab and its IgG2B for isotype control were purchased from Caltag
Laboratories and used for intracellular staining. For immunoblotting, cells
were lysed in lysis buffer. After centrifugation, supernatant fluids were
subject to SDS-PAGE, and transferred to polyvinylidene difluoride mem-
branes. Protein bands were detected by ECL (GE Healthcare).

Immunoprecipitation

For coimmunoprecipitation, HEK293T cells were transfected with plas-
mids that expressed T7-tagged KLF13 or KLF13 and FLAG-tagged
Fbw7 (WT, �F, or �F/R505A). Twenty-four hours after transfection, cells

were lysed with lysis buffer; immunoprecipitated with anti-T7, anti-KLF13,
or anti-FLAG antibodies; and subjected to immunoblotting.

Ubiquitination assays

KLF13 ubiquitination in vivo was detected by transfecting HEK293T cells
with plasmids that expressed KLF13 and/or HA-ubiquitin with or without
plasmids that expressed FLAG-Fbw7. Cells were lysed and immunoprecipi-
tated with anti-KLF13 antibodies. Ubiquitination of KLF13 was analyzed
by Western blot analysis with the use of anti-HA antibodies. The in vitro
ubiquitnation assay was performed with 35S-labeled in vitro–translated
KLF13 (from wheat germ extract) as substrate. The reaction was performed
in a volume of 10 �L that contained ubiquitylation reaction buffer (50mM
Tris, pH 7.6, 5mM MgCl2, 1.0mM DTT), 2mM ATP, 1.5 ng/�L E1 (Boston
Biochem), 10 ng/�L Ubc3, 10 ng/�L Ubc5, 2.5 �g/�L ubiquitin (Sigma-
Aldrich), 1�M ubiquitin aldehyde, 0.15�M Okadaic Acid (Sigma-Aldrich),
100 ng of recombinant GSK3�, and SCF (Fbw7�) purified from
HEK293T cells. For ligase purification, FLAG-tagged Fbw7� (or an empty
vector) was cotransfected into HEK293T cells along with Myc-tagged
Skp1, Cul1, and Rbx1. Forty-eight hours after transfection, cells were
lysed, and FLAG-Fbw7� was immunoprecipitated with the use of anti-
FLAG M2 agarose beads. The beads were washed 4 times with lysis buffer,
twice in ubiquitylation reaction buffer, and added to the ubiquitylation
reactions. Reactions were incubated at 30°C, stopped by adding SDS
loading buffer at the indicated times, resolved by SDS-PAGE, and analyzed
by autoradiography.

siRNA

Fbw7 isoform-specific small interfering RNAs (siRNAs), which were
previously described,14 and a universal negative control for siRNA were
obtained from Integrated DNA Technologies. GSK3�-depleting SMART-
pool siRNA oligonucleotides and nontargeting siRNA oligonucleotides
were purchased from Dharmacon. Freshly isolated human T cells were
transfected with siRNAs with the use of a 96-well shuttle Nucleofector
(Lonza) according to the manufacturer’s directions.

Real-time PCR

Total RNA was isolated from resting or anti-CD3/anti-CD28 antibody-
activated human T cells after 1, 2, 3, and 5 days with the RNeasy kit with
genomic DNA elimination step by DNase I treatment, according to the
manufacturer’s protocol (QIAGEN). Total RNA (1 �g) was used for
reverse transcription to cDNAs with the use of reverse transcriptase from
Promega. Real-time quantitative PCR was performed with SYBR Green
Supermix Kit (Applied Biosystems). Relative expression of KLF13 or
Fbw7 isoforms was normalized to �-glucuronidase or hypoxanthine-
guanine phospho ribosyltransferase (HPRT) expression. Primers were
designed as described10; hKLF13 (forward, 5�-GTTTACGGGAAATCTT-
CGCA-3�; reverse, 5�-GCGAACTTCTTGTTGCAGTC-3�), hFbw7 (forward,
5�-TGGGATATCAAAACAGGACAGTGT-3�; reverse, 5�-TAAACAGGT-
CACAGCACTCTGATG-3�), hFbw7� (forward, 5�-CGAACTCCAGTAGTAT-
TGTGGACCT-3�; reverse, 5�-TTCTTTTCATTTTTGTTGTTTTTGTATAGA-
3�), hFbw7� (forward, 5�-CAGCCGGACACACGGG-3�; reverse, 5�-GGT-
CCAACTTTCTTTTCATTTTGTAAA-3�), hFbw7� (forward, 5�-AAAAGT-
GCAAAAGAGCCTCTACCA-3�; reverse, 5�-TGGGCAATGATGCTAAT-
GCTAA-3�), �-glucuronidase (forward, 5�-CTCATTTGGAATTTTGC-
CGATT-3�; reverse, 5�-CCGAGTGAAGATCCCCTTTTTA-3�), hHPRT
(forward,5�-GACTTTGCTTTCCTTGGTCAGG-3�;reverse,5�-AGTCTGG-
CTTATATCCAACACTTCG-3�), mFbw7� (forward, 5�-CTCACCAGC-
TCTCCTCTCCATT-3�; reverse, 5�-GCTGAACATGGTACAAGGCCA-
3�), mFbw7� (forward, 5�-TTGTCAGAGACTGCCAAGCAG-3�; reverse,
5�-GACTTTGCATGGTTTCTTTCCC-3�), mFbw7� (forward, 5�-AAC-
CATGGCTTGGTTCCTGTTG-3�; reverse, 5�-CAGAACCATGGTCCAA-
CTTTC-3�), mHPRT (forward, 5�-GCCTAAGATGAGCGCAAGTTG-3�;
reverse, 5�-TACTAGGCAGATGGCCACAGG-3�), and hRANTES (for-
ward, 5�-AGTCGTCTTTGTCACCCGAAA-3�; reverse, 5�-AGCTCATCT-
CCAAAGAGTTGATG-TAC-3�).
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Immunohistochemistry

KLF13 immunohistochemistry was performed on 5-�m thick paraffin-
embedded sections with the use of goat anti-KLF13 antibody (Santa Cruz
Biotechnology). Antigen retrieval for deparaffinized tissue sections was
performed in citrate buffer for 20 minutes with a steamer. After blocking of
endogenous peroxidase, paraffin-embedded sections were submitted to
immunohistochemistry with the use of the Vectastain Elite ABC system
(Vector Laboratories).

In vitro kinase assay

GSK3� was purchased from New England Biolabs. The in vitro kinase
reaction was performed according to the manufacturer’s instructions.
Briefly, 10 �g of GST-KLF13 or GST control protein was incubated with
GSK3� in the presence of 5 �Ci [�-32P]ATP and 200�M cold ATP in the
kinase reaction buffer for 30 minutes. The reaction was stopped by the
addition of NuPAGE LDS sample buffer. The proteins were resolved by
SDS-PAGE, and phosphorylation was detected by autoradiography.

Cell staining and flow cytometry

PBMCs from 4 donors were treated for 16 hours with or without CMA
(1 �g/mL) and stained for surface expression of FITC-CD3 and PE-CD56
(BD Bioscience). Cells were then permeabilized with BD Cytofix/
Cytoperm and stained with APC-VL1 (RANTES; eBioscience). Mean
fluorescence was analyzed with FlowJo Version 7.5.3 software (TreeStar).

Results

KLF13 expression is differentially regulated in mouse and
human T lymphocytes

To compare KLF13 expression in the human and mouse, immuno-
histochemistry was performed with mouse and human tissues as
well as specimens from Klf13�/� mice.11 KLF13 is highly ex-
pressed in normal mouse thymus and spleen (Figure 1A-B),
whereas KLF13 is minimally detected in human lymph node
(Figure 1C, left panel) but is highly expressed in tonsil (Figure 1C,
right panel). Western blot analysis confirmed that KLF13 protein is
highly expressed in both resting and activated mouse T lympho-
cytes (Figure 2A) but only in activated human T lymphocytes
(Figure 2B). KLF13 mRNA levels decreased to some extent after
activation of mouse T cells (Figure 2C) but remained constant in
human T cells (Figure 2D). We previously showed that this distinct
kinetic of human KLF13 expression is partially because of the
eIF4E-dependent translational regulation.12 To examine whether
proteasome-mediated protein degradation also is involved in
regulating levels of KLF13, mouse and human T cells were treated
with MG-132 or lactacystin. These inhibitors increased KLF13
protein in human T cells (Figure 2E) but did not affect KLF13
levels in murine T cells (Figure 2F).

Fbw7 catalyzes KLF13 ubiquitination

Sequence analysis showed that KLF13 contains 4 potential CDC4-
phosphodegron (CPD) candidates shared by several substrates of
the ubiquitin ligase Fbw7 (Figure 3A) but none of the known
motifs for the ubiquitin ligases Itch, Nedd4, Cbl-b, or �-TrCP. To
examine the possible interaction between KLF13 and Fbw7,
coimmunoprecipitation experiments were performed in
HEK293T cells. After transfecting HEK293T cells with plasmids
encoding T7-tagged KLF13 and FLAG-tagged Fbw7, anti-FLAG
Ab for Fbw7 or anti-T7 Ab for KLF13 was used for immunoprecipi-
tation. KLF13 is coimmunoprecipitated with anti-Flag Ab (Fbw7),

and Fbw7 coimmunoprecipitates with anti-T7 Ab (KLF13; Figure
3B), showing that KLF13 is associated with Fbw7 in transfected
HEK293T cells. To further delineate this association, Fbw7 mu-
tants were generated for coimmunoprecipitation experiments.
Mutant Fbw7�F prevents substrate degradation, increasing the
interaction between enzyme and substrate, whereas mutant Fbw7�F/
R505A prevents the enzyme-substrate interaction.16 As expected,
KLF13 is coimmunoprecipitated with Fbw7�F, but not with
Fbw7�F/R505A (Figure 3C), indicating that KLF13 interacts with
Fbw7 through its known substrate binding domain. Phosphoryla-
tion of serine or threonine residues in CPD domains is critical to the
interaction between Fbw7 and its substrates.17 There are 6 possible
phosphorylation sites in the 4 candidate CPD sites in KLF13
(Figure 3A). To identify the responsible CPD(s) in KLF13, we
individually mutated these 6 serine residues to glycine in KLF13
(S107G, S119G, S123G, S279G, S283G, and S287G) and per-
formed a coimmunoprecipitation assay in HEK293T cells. S119G
and S123G mutants fail to interact with Fbw7, whereas WT and the
remaining KLF13 mutants interact with Fbw7 (Figure 3D). This
finding indicates that the second CPD (residues 119-123, SPAWS)
is responsible for KLF13 interaction with Fbw7. There are 3 isoforms of
Fbw7 (�, �, and �) that result from alternative splicing.18 Fbw7�
and Fbw7� are mainly localized in the nucleus, whereas Fbw7� is
localized in the cytoplasm.19 To examine whether Fbw7 facilitates
ubiquitination of KLF13, an in vivo ubiquitination assay was
performed with HEK293T cells transfected with plasmids that

Figure 1. Immunohistochemistry of KLF13 in mouse and human tissues.
(A) Murine thymus. (B) Murine spleen. (C) Human lymph node (left panel) and tonsil
(right panel). Scale bar is 50 �m.
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express KLF13, FLAG-tagged Fbw7� or Fbw7�, and HA-tagged
ubiquitin. Poly-ubiquitination was observed in cells transfected
with plasmids that express KLF13 and ubiquitin. Moreover,
ubiquitination of KLF13 was enhanced when the cells were
cotransfected with Fbw7� but not with Fbw7� (Figure 3E),
indicating that KLF13 is a substrate of Fbw7 and its ubiquitination
depends on Fbw7� expression rather than on Fbw7� expression.

Fbw7� regulates KLF13 ubiquitination in human T lymphocytes

The expression kinetics of the 3 isoforms of Fbw7 was examined
by RT-PCR in activated T cells. mRNA levels of Fbw7� and
Fbw7� were reduced at days 3 and 5 after T-cell activation (Figure
4A), consistent with higher KLF13 protein expression after T-cell
activation. To examine the direct effect of Fbw7 on KLF13 protein,
freshly isolated human T cells were transfected with siRNAs
specific for each of the 3 Fbw7 isoforms, and the whole-cell lysates
were then analyzed by immunoblotting. KLF13 was detected in

resting T cells transfected with siRNA specific for Fbw7� (al-
though very little), Fbw7�, or Fbw7 but not Fbw7� (Figure 4B).
The levels of knockdown achieved with different Fbw7 siRNA
oligonucleotides are shown in Figure 4C. The mRNA levels of
Fbw7 isoforms in both human and mouse T cells were determined
by RT-PCR. Fbw7� mRNA levels are similar in human and mouse
T cells when normalized with HPRT expression. In contrast,
Fbw7� and Fbw7� transcripts are hardly detectable in mouse
T lymphocytes but are present in human T cells (Figure 4D). The
relative expression level of Fbw7� mRNA was � 0.3% of that of
HPRT in mouse T cells but 	 7% of that of HPRT in human
T cells. These results indicate that KLF13 protein expression is
regulated by different mechanisms in human and mouse
T lymphocytes.

The differences in KLF13 levels in resting mouse and human
T lymphocytes could be a function of sequence or species differ-
ences. To establish which is responsible, we performed in vivo

Figure 2. Differential regulation of KLF13 protein in
human and mouse T lymphocytes. (A-B) Western blot
analysis of KLF13 expression in mouse (A) or human
(B) T cells activated with anti-CD3 and anti-CD28 Abs.
(C-D) RT-PCR of KLF13 mRNA levels in mouse (C) and
human (D) T cells activated with anti-CD3 and anti-CD28
Abs. (E-F) Western blot analysis of KLF13 expression in
human (E) or mouse (F) T cells treated with DMSO
(vehicle control), MG-132 (5 �g/mL) or lactacystin (10�M).
Relative intensity was determined by ImageJ Version
1.46 software (National Institutes of Health). Data are
representative of 3-7 similar experiments. IB indicates
immunoblot. Data are mean 
 SD.
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ubiquitination assays with the use of human HEK293T cells and
murine ED1 cells. Expression of Fbw7 isoforms in ED1 cells as
measured by RT-PCR is similar to that in murine T cells; Fbw7� is
highly expressed (relative level of mRNA � 203), whereas Fbw7�
is expressed at a much lower level (relative level of mRNA � 12)
and Fbw7� is undetectable (relative level of mRNA � 1). Human
HEK293T cells transfected with mouse or human KLF13 and
immunoprecipitated KLF13 was then probed for ubiquitin by
Western blot analysis (Figure 4E lanes 1,2). Both mouse and
human KLF13 were ubiquitinated in human cells. In contrast,
neither mouse nor human KLF13 was ubiquitinated after transfec-
tion into murine ED1 cells (Figure 4E lanes 3,7). Ubiquitination of
both human and mouse KLF13 was greatly increased in ED1 cells
cotransfected with Fbw7� (Figure 4E lanes 6,10), somewhat with
Fbw7� (Figure 4E lanes 5,9), and minimally with Fbw7�
(Figure 4E lanes 4,8). This is consistent with the observation
that Fbw7� can facilitate KLF13 ubiquitination in vivo and
in vitro (Figure 3) and that knockdown of Fbw7� affects KLF13
levels in resting human T lymphocytes more than that of Fbw7�
(Figure 4B). Thus, KLF13 protein expression is regulated by
Fbw7�-mediated ubiquitination and degradation in human, but not
murine, T lymphocytes.

Inhibition of KLF13 degradation induces RANTES expression
in resting T lymphocytes

Ubiquitination targets intracellular proteins for degradation in
proteasomes and lysosomes.20 To determine which of these compart-
ments degrades KLF13, resting T cells were treated for 4 hours
with increasing concentrations of the proteasome inhibitor MG-132
or with the lysosomal inhibitors chloroquine or CMA. Increasing
levels of KLF13 were detected with increased concentration of
either proteasome or lysosomal inhibitors (Figure 5A). However,
proteasomal or lysosomal inhibitors had only a minimal effect on
KLF protein levels in activated T cells (Figure 5B). GSK3� is often
the priming kinase for targets of Fbw7. Therefore, we asked
whether GSK3 kinase inhibitors can also stabilize KLF13 protein
in human T lymphocytes. KLF13 protein was stabilized to a similar
extent by MG132 or by GSK-3 or GSK-3� inhibitors. However, no
stabilization was observed with a p38 inhibitor (Figure 5C). These
findings suggest that GSK3� is involved in Fbw7-mediated
regulation of KLF13 expression. To further investigate this,
GSK3� was knocked down in resting human T cells with the use of
GSK3�-specific siRNA or a nontargeting control siRNA (Figure
5D). Western blot analysis confirmed the loss of GSK3� protein
and a corresponding increase in KLF13 protein. That GSK3� does

Figure 3. Fbw7 interacts with KLF13 and catalyzes its
ubiquitination. (A) CPD candidate sequences in KLF13
are compared with CPD consensus sequences and CPD
sequences in cyclin E and Myc. (B) HEK293T cells were
transiently transfected with plasmids that express T7-
tagged KLF13 and/or FLAG-tagged Fbw7. Cell lysates
were immunoprecipitated (IP) with anti-T7 Ab or anti-
FLAG Ab and analyzed by Western blot analysis. Co-IP
bands are marked by arrows in lanes 4 and 9. (C) HEK293T
cells were transiently transfected with plasmids that
express T7-tagged KLF13 and/or WT and mutated forms
(�F and �F/R505A) of FLAG-tagged Fbw7. Whole-cell
extracts were IP and analyzed by immunoblot (IB).
(D) HEK293T cells were transiently transfected with plas-
mids expressing KLF13 (WT or S/G-mutated forms at
indicated amino acid residue) and FLAG-tagged Fbw7.
Whole-cell extracts were IP by anti-KLF13 Ab and ana-
lyzed by IB. (E) HEK293T cells were transiently trans-
fected with plasmids that express KLF13, FLAG-tagged
Fbw7 (� or �) and HA-tagged ubiquitin (Ub). Cell lysates
were IP with anti-KLF13 Ab for Western blot analysis with
anti-HA Ab. Whole-cell extracts were analyzed by West-
ern blot analysis with anti-FLAG Ab for Fbw7 or anti-
KLF13 Ab.
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in fact phosphorylate KLF13 was shown in an in vitro phosphoryla-
tion assay (Figure 5E). Recombinant GSK3� was able to phosphor-
ylate recombinant GST-KLF13 but not recombinant GST. Finally,
the role of Fbw7� and GSK3� in ubiquitination of KLF13 was
directly confirmed by an in vitro ubiquitination assay. Ubiquitina-
tion of KLF13 protein is directly catalyzed by Fbw7� and further
enhanced by GSK3�-mediated phosphorylation (Figure 5F).

To assess the functional consequence of increased KLF13,
PBMCs from 4 different donors were incubated for 16 hours with
CMA, and then RANTES mRNA and protein levels were mea-
sured. RANTES mRNA levels increased significantly in PBMCs
treated with CMA (Figure 6A). RANTES protein, measured by
intracellular staining and FACS, increased in T cells and NK
T cells treated with CMA (Figure 6B). In contrast, treatment with
CMA did not alter RANTES levels in NK cells, suggesting that
these cells use a different mechanism to regulate RANTES

expression. We were unable to directly assess the role of the
proteasome in RANTES expression because PBMCs cultured
overnight with MG-132 showed markedly reduced viability.

Discussion

We first described KLF13 as RFLAT-1.9 Although rel proteins
regulate RANTES expression in most cell types, the “late”
expression in T lymphocytes is regulated by a large transactivating
complex composed of MAPK Nemo-like kinase, p300/CBP, p300/
CBP-associated factor, and the ATPase Brahma-related gene 1,10 with
KLF13 serving as its lynchpin.21 KLF13 protein, like RANTES, is
not expressed in T cells until 3-5 days after activation. Intriguingly,
however, mRNA for KLF13 is expressed at the same level in both
resting and activated T cells. We previously showed that this

Figure 4. Fbw7� regulates KLF13 in human T cells.
(A) Total RNA was prepared from human T cells activated
with anti-CD3 plus anti-CD28 Abs for 0 (black bar),
1 (dark gray bar), 2 (medium gray bar), 3 (light gray bar),
or 5 (open bar) days. The mRNA level of each Fbw7
isoform was determined by RT-PCR and normalized to
the level in day 0 resting T cells. (B-C) Human T cells
were transfected with control siRNA or siRNA for each
isoform of Fbw7. After 24 hours, the cells were analyzed
by immunoblot assay with the use of anti-KLF13 Ab (B) or
by RT-PCR (C). (D) Relative expression levels of human
and mouse Fbw7 were determined by RT-PCR and
normalized to HPRT expression. (E) HEK293T cells
(lanes 1-2) were transiently transfected with human
KLF13 (lane 1) or mouse V5-tagged KLF13 (lane 2) and
HA-tagged ubiquitin (Ub). The cell lysates were immuno-
precipitated (IP) with anti-KLF13 Ab for Western blot
analysis with anti-HA Ab or anti-KLF13 Ab. ED1 cells
(lanes 3-10) were transiently transfected with plasmids
expressing human (lanes 3-6) or mouse V5-tagged KLF13
(lanes 7-10), Flag-tagged Fbw7� (lanes 4,8), Fbw7� (lanes
5,9), Fbw7� (lanes 6,10) and HA-tagged Ub (all lanes).
The cell lysates were IP with anti-V5 Ab for Western blot
analysis with anti-HA Ab or V5 Ab. Data are mean 
 SD.
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discrepancy between mRNA and protein expression is in part
because of translational regulation in a T cell–specific manner.12 In
this study we show that human KLF13 protein expression kinetic is
different from that of mouse and that degradation of KLF13 via
Fbw7-mediated ubiquitination plays a main role in human
T lymphocytes.

Other members of the KLF family, including KLF1, KLF2,
KLF4, KLF5, KLF6, and KLF10, are known to be ubiquitinated
and degraded by a proteasome-dependent pathway,22-27 indicating

that ubiquitination is a general mechanism for controlling expres-
sion of KLF proteins. Of special interest, KLF2 is ubiquitinated and
degraded on T-cell activation, the inverse expression profile
compared with KLF13. We have stressed the yin-yang relation of
KLF13 and KLF2 expression and function in T lymphocytes.28

Conkright et al first suggested that WW domain containing
E3 ubiquitin protein ligase 1 (WWP1), another ubiquitin ligase,
inhibited the transcriptional activity of KLF2 and that WWP1
targets KLF2 for ubiquitin-mediated proteasomal degradation.29

Figure 5. Inhibitors of lysosomal degradation and
GSK3� increase KLF13 expression in resting human
T cells. (A) Resting human T lymphocytes were treated
with MG-132 (2.5 or 5 �g/mL), chloroquine (CQ; 50nM or
100nM), or CMA (0.5 or 1 �g/mL) for 4 hours, and the cell
lysates were subjected to Western blot analysis.
(B) Human T lymphocytes activated by anti-CD3 and
CD28 Ab for 5 days were treated with MG-132 (5 �g/mL),
CQ (100nM), or CMA (1 �g/mL) for 4 hours, and the cell
lysates were subjected to Western blot analysis.
(C) Resting T lymphocytes were treated with MG-132
(1 �g/mL), GSK3 inhibitors (1nM for GSK3 and 0.2mM
for GSK3�), or p38 inhibitor (1 �g/mL) for 4 hours, and
the cell lysates were subjected to Western blot analysis.
(D) Resting human T cells were transfected with nontar-
geting control (NTC) or GSK3�-depleting siRNA. Cells
were harvested after 24 hours, and cell lysates were
assayed for GSK3� and KLF13 by Western blot analysis.
(E) Recombinant GSK3� was incubated with recombi-
nant GST or GST-KLF13 in the presence of [�-32P]ATP.
The protein kinase reaction products were resolved by
SDS-PAGE, and phosphorylation was detected by auto-
radiography. (F) 35S-in vitro–translated KLF13 was incu-
bated at 30°C in a ubiquitination reaction mix containing
SCF(Fbw7�) purified from HEK293T and/or recombinant
GSK3� as indicated. Reactions were stopped by adding
SDS loading buffer at the indicated times, resolved by
SDS-PAGE, and analyzed by autoradiography.
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Recently, KLF5 was shown to be a substrate of WWP1 and Fbw7
and that both ubiquitin ligases promote KLF5 ubiquitination and
degradation.23,30 KLF10 is also ubiquitinated by Itch in T cells and
regulates Foxp3 expression by a nonproteolytic pathway, implying
complex regulation of KLF family proteins by ubiquitination.26 In
contrast, the ubiquitin E3 ligases responsible for KLF1, KLF4, and
KLF6 ubiquitination have as yet not been identified. As shown
here, KLF13 is the sixth member of this family to be regulated by
E3 ligase and ubiquitin-mediated degradation. Of note, other
transcription factor families, including Smad, p53, RUNX and Jun,
undergo similar degradation.31-34

Fbw7 is the substrate recognition component of the SCF
complex that serves as an evolutionarily conserved ubiquitin ligase
known to be important in T-cell development.35 All Fbw7 sub-
strates contain a phosphodegron motif that is well conserved from
yeast to human.35 There are 4 potential phosphodegron motifs for
Fbw7 in KLF13. KLF13 binds to Fbw7 through its substrate
binding domain with the second CPD (residues 119-123, SPAWS)
and the ubiquitination of KLF13 is facilitated by Fbw7 both in vivo
and in vitro (Figure 3). Fbw7 is a known tumor suppressor that
degrades substrates such as cyclin, c-Myc, c-Jun, and Notch.14 Like
these other Fbw7 substrates, KLF13 may have a role in tumor
development because KLF13 negatively regulates Bcl-XL

expression.11

There are 3 isoforms of Fbw7, each with its own promoter and
with various alternative splicing of the first exon.36 The resulting

differences in the amino terminal protein sequence affect tissue
expression and intracellular localization of the isoforms.18,36 Thus,
Fbw7� and Fbw7� are localized to the nucleus, whereas the
� isoform is confined to the cytoplasm.19 KLF13 is localized to the
nucleus, implicating Fbw7� or Fbw7� in its ubiquitination. How-
ever, the � isoform much more efficiently catalyzes KLF13
ubiquitination than the � isoform in 293T cells. Although no Fbw7
isoform-specific antibodies are available, mRNA for the
� isoform decreases 3-5 days after T-cell activation, coinciding
with the increased expression of both KLF13 and RANTES. With
the use of Fbw7 siRNA, we observed that Fbw7� siRNA caused a
dramatic increase in KLF13 expression in resting T cells, whereas a
minor increase in KLF13 was detected with Fbw7� siRNA.
Furthermore, Fbw7� mRNA is barely detectable in mouse T cells
compared with in human T cells. Collectively, these results suggest
that Fbw7�-mediated ubiquitination negatively regulates KLF13
levels in resting human T cells.

Most Fbw7 substrates are phosphorylated by GSK3�. We show
here that both GSK3� inhibitors and GSK3�-depleting siRNA
stabilize KLF13 protein in resting T cells. Furthermore, GSK3�
can directly phosphoylate KLF13 and enhance the ubiquitination of
KLF13 in vitro. Because GSK3� activity is inhibited by the PI3
Kinase-AKT pathway on T-cell activation,37 we suggest that
priming of KLF13 protein by GSK3� is an additional mechanism
to decrease KLF13 expression in resting T lymphocytes.

Mouse KLF13 is 	 89% homologous with human KLF13 and
contains the critical phosphodegron motif [residues 125-129
(SPAWS) corresponding to residues 119-123 of human KLF13]. As
expected, both human and mouse KLF13 were ubiquitinated in
human HEK293 T cells. The requirement for Fbw7� in KLF13
ubiquitination is further confirmed by the in vivo ubiquitination
assay in the ED1 cell line. When human and mouse KLF13 were
transfected into mouse ED1 cells that lack Fbw7�, neither was
ubiquitinated. Ubiquitination was restored in ED1 cells when either
mouse or human KLF13 was cotransfected with Fbw7�, clearly
showing that KLF13 protein ubiquitination and degradation depend
on Fbw7�. We also observed that Fbw7� and Fbw7� promoted
some ubiquitination of KLF13 in these transfected cells, but we
believe these results are from overexpression becauseFbw7� is
expressed in the cytosol and should not have access to KLF13,
which is found exclusively in the nucleus. Fbw7� has previously
been reported to affect 2 other substrates: Cyclin E is first modified
by Fbw7� and then sequentially ubiquitinated by Fbw7�,38 and
c-Myc expression is regulated by Fbw7� in nucleoli.39 Although it
is possible that, like cyclin E, KLF13 ubiquitination requires both
the � and � isoforms of Fbw7, the extremely high levels of Fbw7�
make the � isoform the limiting factor in the system. The
expression level of Fbw7� is much lower than Fbw7� in human
T lymphocytes and is not detectable in murine T cells. Fbw7�
mRNA is expressed at much higher levels than either Fbw7� or
Fbw7� in most if not all human cell lines and primary cells.36 It has
been shown that Fbw7� mRNA is present in all tissues, whereas
Fbw7� mRNA is detected only in brain and testis, and Fbw7�
mRNA is found only in heart and skeletal muscles in the mouse.40

KLF13 was stabilized by proteasome or lysosomal inhibitors in
resting T cells but not in activated T cells, which suggests that
KLF13 expression is more strongly regulated by protein degrada-
tion in resting T cells. Stabilization of KLF13 by lysosomal
inhibitors in resting human T cells increases both mRNA and
protein level of RANTES, which underscores the critical role of
KLF13 in regulating RANTES expression.

Figure 6. Elevated KLF13 expression correlates with increased RANTES
expression in resting T lymphocytes. (A) PBMCs from 4 donors were treated for
16 hours with (gray) or without (black) CMA (1 �g/mL), and RANTES mRNA levels
were determined by real-time quantitative PCR. (B) PBMCs from 4 donors were
treated with CMA for 16 hours, and RANTES expression was determined by
intracellular staining and flow cytometry. Mean fluorescence is expressed relative to
expression in cells cultured in medium alone (black bar). RANTES expression in
CD56� NK cells (hatched bars), CD56�CD3� NK T cells (gray bars), and CD3�

T cells (open bars) is shown. Data are mean 
 SD.
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Two recent reports highlight the in vivo significance of regula-
tion of KLF13. Zhao et al reported that miR-125a is reduced in
patients with systemic lupus erythematosus (SLE).13 KLF13 is a
predicted target for miR-125a, and KLF13 expression is increased
in patients with SLE, consistent with the decrease in miR-125a.
The investigators overexpressed miR-125a and found a significant
decrease in both KLF13 and RANTES expression. Remarkably,
introduction of miR-125a into T cells from patients with SLE
alleviated the elevated RANTES levels. These findings suggest that
KLF13 regulates RANTES expression in vivo in a human disease.
RANTES is an important chemokine involved in chemoattraction
of T cells, eosinophils, and basophils and is HIV-suppressive
because CCR5, one of its receptors, is a coreceptor for HIV entry
into T cells.2-6 It is an important pharmaceutical target with several
inhibitory drugs under investigation.41 Most recently, Ooi et al
showed that KLF13 also controls hematopoietic stem cell survival
and can promote lymphoid fate decisions regulated by
miRNA-125b.42

We propose a schematic view of the complicated regulation of
KLF13 and RANTES expression in T lymphocytes (Figure 7).
RANTES expression in T lymphocytes is controlled by a complex
mechanism in which KLF13 is a key. Translational regulation
occurs at the 5�-UTR of KLF13 mRNA and is controlled by the
translation initiation complex and, in particular, both the amount
and phosphorylation of eIF4E. Of note, eIF4E levels are also
increased after T-cell activation.12 The 3�-UTR of KLF13 mRNA is
also translationally regulated by miRNA 125a.13 Our work here
shows that protein degradation because of ubiquitination also

contributes to the expression patterns of KLF13 in T cells. In the
resting state, KLF13 expression is suppressed by GSK3� and
Fbw7-mediated ubiquitination-dependent protein degradation. Af-
ter T-cell activation both Fbw7� expression is reduced and GSK3�
activity is inhibited, resulting in an increase in KLF13 expression
and in turn RANTES levels. Our findings provide another piece in
the biologic puzzle of the “late” expression of RANTES in
T lymphocytes and may prove to be of clinical relevance if this
pathway can be specifically targeted.
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