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Abstract

Forkhead Box P3 (FOXP3) is a member of the forkhead/winged helix family of the transcription factors and plays an
important role not only as a master gene in T-regulatory cells, but also as a tumor suppressor. In this study, we
identified lymphocyte-specific protein tyrosine kinase (LCK), which correlates with cancer malignancy, as a binding
partner of FOXP3. FOXP3 downregulated LCK-induced MMP9, SKP2, and VEGF-A expression. We observed that
LCK phosphorylated Tyr-342 of FOXP3 by immunoprecipitation and in vitro kinase assay, and the replacement of
Tyr-342 with phenylalanine (Y342F) abolished the ability to suppress MMP9 expression. Although FOXP3 decreased
the invasive ability induced by LCK in MCF-7 cells, Y342F mutation in FOXP3 diminished this suppressive effect.
Thus we demonstrate for the first time that LCK upregulates FOXP3 by tyrosine phosphorylation, resulting in
decreased MMP9, SKP2, and VEGF-A expression, and suppressed cellular invasion. We consider that further
clarification of transcriptional mechanism of FOXP3 may facilitate the development of novel therapeutic approaches
to suppress cancer malignancy.
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Introduction

Forkhead box transcriptional factor families are involved in
the network of post-translational modifications, including
phosphorylation and protein–protein interactions, which provide
an integrated cellular response to changes in the physiological
status [1–3]. Forkhead box P3 (FOXP3) is a forkhead/winged-
helix family member. FOXP3 was originally identified as the
causative gene for immune dysregulation, polyendocrinopathy,
and enteropathy with X-linked (IPEX) inheritance [4,5]; in
addition, it is the master gene for T-regulatory cells [6]. FOXP3
interacts with other transcription factors, including a nuclear
factor of activated T cells [7,8], a nuclear factor kappa-B (NF-
κB) [8], and an acute myeloid leukemia 1 [9], and blocks their
ability to induce endogenous target gene expression, such as
interleukin 2, interleukin 4, and interferon-gamma. Recent
reports reveal that FOXP3 expression appears widespread in
normal epithelia and aberrant in various solid tumors including
breast cancer [10], ovarian cancer [11], prostate cancer [12],
and pancreatic carcinoma [13] and cells lines of colon cancer
[14]. FOXP3 acts as a transcriptional repressor of oncogenes,

HER-2/ErbB2 [10] and S-phase kinase-associated protein 2
(SKP2) [15], and FOXP3-regulated microRNAs suppress
special AT-rich sequence-binding protein 1 [16], whereas
deletions of FOXP3 exons extinguish those suppressive
function in a breast cancer cell line [10]. Although tumor
suppression by FOXP3 has been investigated by many
researchers, regulatory proteins that functionally modify
FOXP3 are still unknown.

Lymphocyte-specific protein tyrosine kinase (LCK), a
member of the Src family of non-receptor protein tyrosine
kinases, is mostly expressed in T cells, normal breast tissue,
and breast cancer tissue and cell lines [17]. LCK is activated
under hypoxia/reoxygenation conditions by phosphorylation of
Tyr-394 [18–20]. In the human breast cancer cell line, MCF-7,
and in breast cancer samples, cross-talk between LCK and the
protein tyrosine kinase syk plays a role in upregulating
urokinase-type plasminogen activator (uPA) and matrix
metalloproteinase 9 (MMP9) expression, which are associated
with invasion and metastasis [21], via Sp1 transcription factor
(SP1) activation under the hypoxia/reoxygenation conditions
[22]. LCK also induces the nuclear translocation of NF-κB in
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MCF-7 cells, which also activates uPA expression following
hypoxia/reoxygenation [23]. These findings suggest the
involvement of LCK as a key regulator in breast cancer
malignancy and/or tumor metastasis.

It has been unclear whether FOXP3 is regulated by post-
translational modifications. Recently it has been reported that
cyclin-dependent kinase 2 phosphorylates FOXP3, and
negatively regulates stability and activity of FOXP3 [24].

In this report, we demonstrate that LCK phosphorylates
FOXP3 in MCF-7 cells, and MMP9 expression is regulated by
phosphorylation of Tyr-342 of FOXP3 by LCK.

Materials and Methods

Constructs
A cDNA encoding full-length human FOXP3 (amino acids 1–

431: Full) or a fragment with a truncated forkhead domain
(amino acids 1–332: ∆FKH) was inserted into a maltose-
binding protein (MBP) fusion vector pMAL-c2 (NEB) at the
BamHI and SalI sites, and into the GAL4 DNA binding domain
fusion vector pGBKT7 (Clontech) at the NdeI and BamHI sites.
A cDNA encoding FOXP3-Full or mutated FOXP3 (described
below in “Mutagenesis”) was inserted into the mammalian
expression vector p3×FLAG-CMV-14 (Sigma-Aldrich) at the
EcoRI and BamHI sites. A cDNA encoding full-length human
LCK or mutated LCK was inserted into pET-32a (Novagen) at
the BamHI and XhoI sites, and the mammalian expression
vector pcDNA4/myc-His (Invitrogen) at the EcoRI and XhoI
sites. Plasmids were transfected into MCF-7 cells using
Fugene® 6 Transfection Reagent (Roche).

Mutagenesis
FOXP3 Y191F, Y330F, Y342F, and Y364F and LCK Y505F

mutations were introduced using a Stratagene QuikChange
site-directed mutagenesis kit (Stratagene) with double stranded
oligonucleotides. Forward and reverse oligonucleotide primers
were 5′- ccagagctccttcccactgctgg-3′ and 5′-
ccagcagtgggaaggagctctgg-3′ for FOXP3 Y191F; 5′-
caacatggacttcttcaagttcc-3′ and 5′-ggaacttgaagaagtccatgttg-3′
for FOXP3 Y330F; 5′-ctttcaccttcgccacgctcatc-3′ and 5′-
gatgagcgtggcgaaggtgaaag-3′ for FOXP3 Y342F; 5′-
caatgagatcttccactggttcac-3′ and 5′-gtgaaccagtggaagatctcattg-3′
for FOXP3 Y364F; and 5′-GAGGGCCAGTTCCAGCCTCAG-3′
and 5′-CTGAGGCTGGAACTGGCCCTC-3′ for LCK Y505F.

Cell culture
Human breast cancer cell line MCF-7 was obtained from the

human health science research resources bank (Japan), and
was maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FCS, 100 units/mL penicillin,
and 0.1 mg/mL streptomycin in a humidified atmosphere
containing 5% CO2 and 95% air at 37 °C. For LCK inhibition
assay, cells were pretreated with LCK inhibitor, PP2 (10 μM)
(Sigma-Aldrich) or emodin (20 μM) (Sigma-Aldrich).

Generation of an anti-pTyr-342–FOXP3 antibody
The phospho-Tyr-342-specific antiserum was raised against

a chemically synthesized phosphopeptide C+(PEG Spacer)
+RPPFTpYATLIR (Scrum Inc.). Antiserum from a rabbit
immunized with the phosphopeptide was further affinity-purified
using phosphopeptide-conjugated sepharose. Subsequently, to
remove antibodies that recognize the unphosphorylated
peptide, the affinity-purified anti-pTyr-342-FOXP3 antibody was
passed through a column conjugated with unphosphorylated
peptide C+(PEG Spacer)+RPPFTYATLIR. The purified
antibody strongly reacted with the phosphopeptide, but not with
the unphosphorylated peptide (data not shown).

Yeast two-hybrid assay
FOXP3 ∆FKH was used to screen a human thymus cDNA

library in the yeast two-hybrid assay using the MatchmakerTM

two-hybrid system 3 (Clontech laboratories, Inc.) according to
the manufacturer’s instructions. About 9.6 × 105 transformants
were screened, and library plasmids from 140 positive clones
were analyzed using DNA sequencing. β-galactosidase activity
was measured using liquid and filter assays.

Immunoprecipitation and immunoblot analysis
Cell lysates were prepared in a lysis buffer (1% NP-40, 0.5

mM EDTA, 1:1000 diluted Protease Inhibitor Cocktail Set III
(Calbiochem)/PBS or 20 mM Tris pH 7.5, 150 mM NaCl, 1%
NP-40, 1 mM Na3VO4, 20 mM NaF, 1:1000 diluted Protease
Inhibitor Cocktail Set III). Soluble proteins were subjected to
immunoprecipitation with anti-Myc (MBL) or anti-FLAG (Sigma-
Aldrich) antibodies. An aliquot of the total lysate was included
as a control. Immunoblot analysis was performed using the
anti-Myc, anti-FLAG, anti-pTyr, PY-20 (Sigma) and
4G10(Millipore), or anti-pTyr-342-FOXP3 antibodies. The
antigen–antibody complexes were visualized using Western
Lightning® Plus-ECL (Perkin-Elmer).

MBP pull-down assay
MBP alone and MBP fusion proteins were expressed and

purified using Amylose Resin (NEB) according to the
manufacturer’s instructions. His-LCK was expressed and
purified using chelating sepharose fast flow (GE Healthcare)
according to the manufacturer’s instructions. After binding of
MBP, MBP-FOXP3 ∆FKH, or MBP-FOXP3-Full to the amylose
resin, His-LCK was incubated with 50 μL of the beads in a
buffer (20 mM HEPES pH 7.4, 0.5% NP-40, 100 mM NaCl) for
2 h at 4 °C. After washing, proteins were eluted with 10 mM
maltose and analyzed by immunoblotting using an anti-His-Tag
(27EB) antibody (cell signaling) or an anti-MBP antibody
(NEB).

Confocal microscopy
Cells plated on gelatin-coated coverslips were transfected

with p3×FLAG-CMV-14-FOXP3 and pcDNA4/myc-His-LCK. At
48 h post-transfection, cells were fixed in 4%
paraformaldehyde for 15 min, and permeabilized with 0.1%
Triton X-100/PBS for 10 min. After treatment for blocking by
10% FCS/PBS for 30 min, cells were incubated with goat anti-
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FOXP3 (abcam) and mouse anti-LCK (Sigma) antibodies in
10% FCS/PBS overnight at 4 °C. Subsequently, cells were
incubated with Alexa Fluor 546 donkey anti-goat IgG
(Invitrogen) and Alexa Fluor 488 goat anti-mouse IgG
(Invitrogen) in10% FCS in PBS for 2 h at 4 °C. Laser scanning
confocal imaging system (Fluoview FV500, OLYMPUS) was
used to visualize the sub-cellular localization of FOXP3 and
LCK.

Gene expression analyses
Levels of MMP9, glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), SKP2, vascular endothelial growth
factor A (VEGF-A), and 18S ribosomal RNA (18S rRNA)
expression were quantified using real-time polymerase chain
reaction (PCR). Total RNA was isolated from the cells
transfected with several plasmids using RNeasy® Mini Kit
(Qiagen), which were treated with RNase-free DNase (Qiagen)
according to the manufacturer’s instructions. Total RNA was
then reverse-transcribed into cDNA using PrimeScriptTM 1st

strand cDNA Synthesis Kit (Takara) according to the
manufacturer’s instructions. cDNAs were mixed with a
QuantiTectTM SYBR Green PCR Master Mix (Qiagen) and the
following primers. Forward and reverse oligonucleotide primers
were 5′-GGGCTTAGATCATTCCTCAGTGCC-3′ and 5′-
GAAGATGTTCACGTTGCAGGCATC-3′ for MMP9 [25]; and 5′-
CGGGAAGCTTGTCATCAATGG-3′ and 5′-
GGCAGTGATGGCATGGACTG-3′ for GAPDH. Real-time PCR
was performed using CHROMO 4TM Continuous Fluorescence
Detector (Bio-Rad). PCR conditions for MMP9 were 20 sec at
95 °C, 30 sec at 64 °C and 30 sec at 72 °C with 45 cycles, and
for GAPDH were 20 sec at 95 °C, 30 sec at 55 °C and 30 sec
at 72 °C with 35 cycles. PCR was performed with Taqman®
Gene Expression Master Mix and Applied Biosystems primers
(7500 Fast Real-Time PCR System: Applied Biosystems) for
SKP2 (catalog no. Hs01021864_m1), VEGF-A
(Hs00900055_m1), and 18S rRNA (Hs99999901_s1)
according to the manufacturer’s instructions.

Gelatin zymography experiments
Zymography analysis was performed [26], media was

replaced 48 h post-transfection and cells were cultured further
for 48 h. The conditioned media were collected, and separated
using 8% SDS-PAGE gel electrophoresis containing 0.1%
gelatin. The gel was incubated in a zymogram renaturing buffer
(2.5% Triton X-100) for 30 min at room temperature. The buffer
was replaced with the zymogram developing buffer (50 mM
Tris pH 7.6, 200 mM NaCl, 5 mM CaCl2, 0.02% Brij 35) and
equilibrated for 30 min at room temperature. Subsequently, the
media was replaced with fresh zymogram developing buffer,
and incubated overnight at 37 °C. The gel was stained with
0.5% Coomassie brilliant blue R-250. Cell lysates were
immunoblotted with an anti-actin antibody (Thermo Fisher
Scientific). Each expression level was calculated using ImageJ
(http://rsbweb.nih.gov/ij/), and MMP9 expression was
normalized with actin levels.

In vitro kinase assay
Five μg of recombinant MBP, MBP-FOXP3-Full, or MBP-

FOXP3 Y342A, and His-LCK proteins were incubated in 30 μl
kinase assay buffer (20 mM HEPES pH 7.4, 100 mM NaCl,
0.1% NP-40, 10% glycerol, 5 mM MgCl2, 5 mM MnCl2, 150 mM
NaF, 1:1000 diluted Protease Inhibitor Cocktail Set III, and 3
μM ATP), and then supplemented with 370 kBq γ-32P-ATP (GE
Healthcare). After 20 min incubation at 30 °C, the resulting
mixture was subjected to SDS-PAGE and 32P incorporation
was measured using FLA-9000 (Fujifilm).

Cell invasion assay
The invasion assay was performed using 24-well BD Biocoat

Matrigel invasion chamber with 8-μm polycarbonated filters
(Becton Dickinson) [27]. Forty thousand cells, suspended in
DMEM containing 5% FCS, were added to the upper chamber,
and DMEM containing 20% FCS was placed in the lower
compartment of the chamber. Cells were incubated for 26 h at
37 °C in a humidified incubator with 5% CO2. Non-migratory
cells on the upper surface of the filter were removed by wiping
with a cotton swab. Invasive cells that penetrated through the
pores and migrated to the underside of the membrane were
stained and counted under the light microscope. The invasion
rate was calculated as the percentage of cells that invaded the
matrigel compared with the cells that invaded the control insert.

Sequence and statistical analysis
Multiple sequence alignment of FOXP3 protein was

performed with the ClustalW software (http://www.genome.jp/
tools/clustalw/). Repeated measurements analysis of variance
(ANOVA) with Tukey-Kramer post hoc comparisons were
performed for multiple comparisons.

Results

FOXP3 binds to LCK
FOXP3 has C2H2 zinc finger and forkhead domains (Figure

1A). To identify FOXP3-interacting proteins, a yeast two-hybrid
screening of a human thymus cDNA library was performed
using a forkhead domain-truncated form of FOXP3, FOXP3
∆FKH, as bait. One of the positive clones encoded the tyrosine
kinase domain of human LCK (Table 1). To investigate whether
FOXP3 could directly bind to LCK, a pull-down assay using
recombinant MBP-FOXP3-Full or MBP-FOXP3 ΔFKH and His-
LCK proteins was performed. As shown in Figure 1B, FOXP3
directly binds to LCK in vitro; the occurring interaction between
FOXP3 ΔFKH and LCK reduced compared with FOXP3-Full
and LCK.

FOXP3 is reported to be a mammary tumor suppressor [10]
and LCK is expressed in breast cancer tissues and cell lines
[17]. We confirmed endogenous FOXP3 expression and LCK
expression (Figure 1C) using RT-PCR. MCF-7 cells expressed
FOXP3 variants lacking exon 3, 3-4, 3 and 8, or 3-4 and 8
(data not shown).

To confirm the interaction between FOXP3 and LCK in
MCF-7 cells, co-immunoprecipitation assays and the
immunocytochemical analysis of FOXP3 and LCK were
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Figure 1.  Identification of LCK as a binding protein of FOXP3.  (A) Schematic representation of the domain architecture of
FOXP3. ZF and FKH are C2H2 zinc finger and forkhead domains, respectively. Tyrosine residues of FOXP3 (Tyr-191, 330, 342, and
364) are represented by black triangles. (B) MBP pull-down assay. Recombinant His-tagged LCK bound to MBP-FOXP3 is depicted
in the top panel. MBP and MBP-FOXP3 are depicted in the bottom panel. (C) Endogenous LCK expression in MCF-7 cells. The
cDNA fragment of LCK from MCF-7 cells was amplified using PCR with primers covering from exon 6 to exon 10. Complete and
exon 9-deleted amplicons in the left lane are represented by an arrowhead and an asterisk, respectively. The PCR product
generated with total RNA from MCF-7 cells is shown in the right lane. (D) Co-immunoprecipitation of FOXP3 and LCK expressed in
MCF-7 cells. Cell lysates were immunoprecipitated with an anti-Myc antibody and immunoblotted with anti-Myc (top) and anti-FLAG
(bottom) antibodies. Cell lysates were immunoblotted with an anti-FLAG antibody (middle). Co-immunoprecipitated FOXP3 is
depicted in the left lane of the bottom panel. (E) Co-localization of FOXP3 and LCK in MCF-7 cells. LCK partially co-localizes with
FOXP3 in the nucleus (merge). Right panel shows the enlarged nucleus.
doi: 10.1371/journal.pone.0077099.g001
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performed. FOXP3 interacted with LCK in MCF-7 cells (Figure
1D); moreover, FOXP3 was predominantly localized to the
nucleus, and LCK was localized both to the cell membrane and
the nucleus (Figure 1E). In addition, LCK was found to be
partially co-localized with FOXP3 in MCF-7 nucleus.

FOXP3 regulates human MMP9 expression
As LCK upregulates MMP9 expression in MCF-7 cells [22],

we examined the effect of FOXP3 on MMP9 expression in
MCF-7 cells (Figure 2). Real-time RT-PCR analysis showed
that mRNA levels of MMP9 were 10-fold higher in LCK-
transfected cells than in control cells 48 h post-transfection
(Figure 2A). In contrast, the cells co-transfected with FOXP3
and LCK had significantly decreased MMP9 expression
compared with LCK-transfected cells. To examine the MMP 9
expression levels, conditioned media were subjected to a
gelatin zymography assay (Figure 2B). In addition, LCK
upregulated MMP9 expression at the protein level, while
FOXP3 impaired LCK-induced MMP9 expression.

FOXP3 is phosphorylated by LCK
As LCK is a tyrosine kinase, the phosphorylation of FOXP3

was investigated by Western blotting using the anti-pTyr
antibodies, PY-20 and 4G10. We found that tyrosine
phosphorylation level of FOXP3 increased in cells that co-
expressed FOXP3 and LCK compared with cells that
expressed only FOXP3 (Figure 3A). Treatment with PP2 or
emodin, potent LCK inhibitors, blocked the LCK-mediated
phosphorylation of FOXP3 (Figure 3B). These results indicate
that FOXP3 is phosphorylated specifically in a LCK-dependent
manner.

Subsequently, to examine whether FOXP3 is directly
phosphorylated by LCK, an in vitro kinase assay was
performed with recombinant MBP-FOXP3 and His-LCK
proteins (Figure 3C). In addition to autophosphorylation of LCK,
phosphorylation of FOXP3 was observed in the mixture
containing His-LCK with MBP-FOXP3. These results revealed
that FOXP3 is directly phosphorylated by LCK in vitro.

Tyr-342 phosphorylation of FOXP3 suppresses
invasion of MCF-7 cells

Figure 4 depicts multiple sequence alignment of FOXP3
amino acid sequences from several species. FOXP3

Table 1. Yeast two-hybrid assay.

   

DNA binding fusion  
Transcriptional activation
fusion  Units of β-galactosidase

FOXP3ΔFKH clone (LCK) 3.08
FOXP3ΔFKH Non-reactive clone 0.34
Positive control 10.0
Negative control 0.53

One of the positive clones resulting from screening with Foxp3 ∆FKH (1-332 amino
acids) as a bait was identified as encoding a portion of LCK.
doi: 10.1371/journal.pone.0077099.t001

Figure 2.  Regulation of human MMP9 expression by
FOXP3.  (A) Real-time PCR analysis of MMP9 in MCF-7 cells.
MMP9 gene expression was determined using real-time PCR
and normalized with GAPDH expression. (B) Zymography
analysis. A gel image of MMP9 expression level (top). Each
lane depicts independent samples from control, FOXP3, LCK,
and FOXP3 and LCK-transfected cells, respectively. MMP9
expression was normalized with actin expression (bottom). The
data represents the mean ± S.E. of three independent
experiments. The asterisks indicate statistically significant
differences (p < 0.05, Tukey-Kramer test).
doi: 10.1371/journal.pone.0077099.g002
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possesses four tyrosine residues, Tyr-191, 330, 342, and 364.
Biological significance of each tyrosine residue of FOXP3 was
investigated using FOXP3 mutants, in which each tyrosine of

FOXP3 was substituted with phenylalanine, with LCK
constitutive active mutant (Y505F) [28]. Western blotting using
a PY-20 antibody revealed that phosphorylation of FOXP3

Figure 3.  FOXP3 phosphorylation by LCK.  (A) Phosphorylation of FOXP3 in MCF-7 cells. FOXP3 was immunoprecipitated with
an anti-FLAG antibody and immunoblotted with an anti-PY-20 antibody (top). The antibodies were stripped and FOXP3-FLAG was
detected using an anti-FLAG antibody (bottom). FOXP3 co-expressed with LCK was potently phosphorylated (arrow) compared with
only FOXP3. (B) Decreased phosphorylation of FOXP3 by LCK inhibitors, PP2 (left) and emodin (right). Phosphorylated (top) and
total (bottom) immunoprecipitated FOXP3 were detected using the indicated antibodies. Both PP2 and emodin inhibited the
phosphorylation of FOXP3. (C) In vitro kinase assay. The recombinant proteins were incubated and separated using SDS-PAGE,
and then autoradiographed (left). Right panel indicates each recombinant protein stained with CBB. Phosphorylated MBP-FOXP3
(arrow) was detected in the lane containing MBP-FOXP3 and LCK (an arrowhead).
doi: 10.1371/journal.pone.0077099.g003
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Y330F and Y342F mutants was significantly decreased
compared with wild-type FOXP3, suggesting that Tyr-330 and
Tyr-342 of FOXP3 are phosphorylation targets of LCK (Figure
5A). Next, MMP9 expression in these mutants was analyzed.
FOXP3 Y330F mutant suppressed MMP9 expression as well
as FOXP3 WT (Figure 5B); however, the FOXP3 Y342F
mutant lost its capability to suppress MMP9 expression (Figure
5B, C). These results demonstrated that FOXP3 suppresses
MMP9 expression through the phosphorylation of Tyr-342 by
LCK. Therefore, we focused on Tyr-342 residue in further
experiments. An in vitro kinase assay using recombinant MBP-
FOXP3 Y342A and His-LCK proteins showed that
phosphorylation of MBP-FOXP3 Y342A protein significantly
decreased compared with that of MBP-FOXP3 WT (Figure 5D).
Moreover, whether Tyr-342 of FOXP3 was the specific
phosphorylation site of LCK was investigated by generating a
phospho-Tyr-342-specific (anti-pTyr-342-FOXP3) antibody.
Western blotting using the anti-pTyr-342-FOXP3 antibody
revealed that phosphorylation at Tyr-342 increased in cells that
co-expressed FOXP3 and LCK, but not in cells that only
expressed FOXP3 (Figure 5E), indicating that LCK specifically
phosphorylates Tyr-342 of FOXP3.

Because LCK enhances uPA and MMP9 　 expression
resulting in cancer invasion and metastasis [22,23], the effect
of FOXP3 WT and Y342F mutation on LCK-induced invasion
was investigated. LCK Y505F-expressing cells had a 5-fold
higher invasive ability than control cells, and co-expression of
FOXP3 WT and LCK Y505F suppressed LCK Y505F-induced
invasive activity (Figure 5F). Replacement of FOXP3 WT by
FOXP3 Y342F partially restored the invasive behavior.
Therefore, FOXP3 suppresses LCK-induced MMP-9
expression and the invasive ability through phosphorylation at
Tyr-342 of FOXP3.

Tyr-342 phosphorylation of FOXP3 downregulates
expression of LCK-induced genes

To examine whether FOXP3 suppresses other genes
through phosphorylation, real-time PCR was performed for
SKP2 and VEGF-A levels involved in cancer malignancy.
Expression of these genes slightly increased in LCK Y505F-
transfected MCF-7 (LCK Y505F) cells, and their upregulation
was suppressed in FOXP3 WT and LCK Y505F cells, but not in
FOXP3 Y342F and LCK Y505F cells (Figure 6A, B). In
summary, our data indicated that Tyr-342F phosphorylation of
FOXP3 is involved in the inhibitory regulation of cancer
malignancy by SKP2, VEGF-A, and MMP9 expression.

Discussion

In this report LCK was identified as a binding protein of
FOXP3 using a yeast two-hybrid assay, a pull-down assay,
immunoprecipitation, and confocal microscopy in MCF-7 cells.
Zuo et al. have demonstrated that MCF-7 cells express exon
3-4 lacking isoform of FOXP3 [10]. We also confirmed that
MCF-7 cells expressed four FOXP3 isoforms lacking exon 3,
3-4, 3 and 8, and 3-4 and 8 (data not shown), supporting the
idea that FOXP3 acts as a tumor suppressor. LCK is
expressed not only in T cells but also in normal breast tissues

and breast tumor samples. Endogenous LCK expression was
observed using RT-PCR (Figure 1C), and LCK localized at the
cell membrane and in the nucleus in MCF-7 cells (Figure 1E).
Chakraborty et al. demonstrated LCK expression in the nucleus
of MCF-7 cells as well as in normal and tumor breast tissues
[22]. It was observed that LCK co-localized with FOXP3 in the
nucleus (Figure 1E), suggesting that LCK could affect the
transcriptional function of FOXP3. First, it was revealed that
FOXP3 suppressed LCK-induced MMP9 expression in MCF-7
cells. Furthermore, it was found that FOXP3 decreased the
invasive ability of MCF-7 cells, thereby potentially decreasing
cancer malignancy. Our results clearly explain the function of
FOXP3 as a tumor suppressor [10,11,15,16]. In fact,
widespread deletions and somatic mutations of FOXP3 were
observed in breast cancer tissue [10]. As described above,
FOXP3 lacks some exons in MCF-7 cells; thereby these
variants could lose the ability to suppress gene expression
involved in cancer malignancy.

To unravel the functional significance of the protein–protein
interaction between FOXP3 and LCK, immunoprecipitation, in
vitro kinase assays, and mutational analyses were performed.
We observed that LCK phosphorylates Tyr-330 and Tyr-342 of
FOXP3. Moreover, we revealed that Tyr-342 phosphorylation
plays an important role in downregulating the MMP9, SKP2,
which is essential for progression into mitosis in cell cycles [29]
and suppressed by FOXP3 [15], and VEGF-A expression,
which regulates tumor angiogenesis, and is upregulated by
LCK [22], and the suppression of the invasive ability is
enhanced by LCK. Tyr-342 of FOXP3 is encoded by exon 10.
Therefore, the deletion mutants of FOXP3 lacking exon 3, and
exon 3 and 8 expressed in MCF-7 cells might undergo Tyr-342
phosphorylation by LCK. However, these variants could not
adopt a functional folding and thereby lack the tumor repressor
activity. In this study, we revealed the phosphorylation of
FOXP3 by LCK and the functional significance of this post-
translational modification. We observed that FOXP3 Y342F
mutant bound to LCK as well as FOXP3 WT (Figure S1),
however, abolished its transcriptional repression activity. To
elucidate the molecular mechanisms of transcriptional
repression activity of FOXP3 by Tyr-342 phosphorylation, the
precise structural analysis at atom level will be needed.

To our knowledge, this is the first report demonstrating post-
translational modification of FOXP3 through tyrosine
phosphorylation involved in the transcriptional repression
activity. LCK induces MMP9 expression mediated by NF-κB
and SP1 transcription factors [22]. Furthermore, we found that
the suppression of SKP2 and VEGF-A expression, which are
NF-κB target genes, was also associated with phosphorylation
of Tyr-342 of FOXP3. Our observations and previous reports
imply that gene suppression by Tyr-342 phosphorylation of
FOXP3 may affect the function of NF-κB. Therefore, it was
assumed that FOXP3 Y342F mutant could not bind to NF-κB
thereby resulting in sustained NF-κB activation; however, the
FOXP3 Y342F mutant bound to NF-κB as well as FOXP3 WT
(Figure S2). Molecular mechanisms underlying transcriptional
repression by FOXP3 might be regulated through multiple
protein–protein interactions that include other proteins and/or
additional post-translational modifications. Although our
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findings begin to clarify the inhibitory mechanisms of LCK-
induced tumor related genes in MCF-7, detailed mechanisms
remain to be elucidated in future studies. Anticancer drugs
targeting Src family kinases have been developed. The present
study reveals phosphorylation of FOXP3 by LCK, a Src family

kinase that modulates tumor progression. Further clarification
of FOXP3-functions may facilitate the development of novel
therapeutic approaches targeting LCK-FOXP3 pathway to
suppress cancer malignancy for personalized and selective
targeted medicine.

Figure 4.  Alignment of amino acid sequence of FOXP3.  ClustalW was used for the multiple alignment of amino acid sequence
of FOXP3 from Homo sapiens, Macaca fascicularis, Felis catus, Equus caballus, Bos taurus, Mus musculus, Rattus norvegicus,
Xenopus tropicalis, and Danio rerio. Black, red, and blue areas indicate identical, high, and low homologous amino acid residues,
respectively. The tyrosine residues are represented by residue numbers.
doi: 10.1371/journal.pone.0077099.g004
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Figure 5.  Correlation of phosphorylation at Tyr-342 of FOXP3 with transcriptional regulation.  (A) Comparison of the
phosphorylation levels of FOXP3 mutants. The level of phosphorylated (top) and total (middle) FOXP3 immunoprecipitated and
constitutively-active mutant of LCK (LCK CA) in cell lysates (bottom) was detected using Western blotting. Phosphorylation of
Y330F and Y342F mutants of FOXP3 was greatly decreased compared with FOXP3 WT. (B) Comparison of MMP9 expression
regulated by FOXP3 mutant. MMP9 expression was analyzed using a zymography assay (top). FOXP3, LCK CA, and actin
expression was determined using Western blotting (middle). MMP9 expression level was normalized with actin (bottom). FOXP3
Y342F mutant was unable to suppress MMP9 unlike FOXP3 WT and Y330F mutant. The data represents the mean ± S.E. of three
independent experiments. The asterisks indicate statistically significant differences (p < 0.01, Fisher's LSD test). (C) Real-time PCR
analysis of MMP9 in FOXP3 Y342F expressing cells. MMP9 expression in FOXP3 Y342F cells was significantly increased
compared with FOXP3 WT cells. The data represents the mean ± S.E. of three independent experiments. The asterisks indicate
statistically significant differences (p < 0.01, Tukey-Kramer test). (D) In vitro kinase assay. Analysis of phosphorylation of MBP-
FOXP3 and MBP-FOXP3 Y342A (arrow) by LCK. Phosphorylation of MBP-FOXP3 (Y342A) was remarkably decreased compared
with that of MBP-FOXP3 (WT). (E) Western blotting analysis using an anti-pTyr-342-specific antibody. FOXP3 and FOXP3 Y342F
were immunoblotted with the anti-pTyr342 antibody. The antibody detected phosphorylation of FOXP3 only when LCK was co-
transfected. (F) Levels of invasive cells. The cell number that invaded matrigel was normalized with cell counts that invaded the
control insert. FOXP3 Y342F cells showed higher invasive rates than FOXP3 WT cells. The data represents the mean ± S.E. of six
independent experiments. The asterisks indicate statistically significant difference (p < 0.01, Tukey-Kramer test).
doi: 10.1371/journal.pone.0077099.g005
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Supporting Information

Figure S1.  Co-immunoprecipitation of FOXP3 Y342F and
LCK Y505F. Cell lysates were immunoprecipitated with an anti-
Myc antibody, and cell lysates and immunoprecipitants were
immunoblotted with anti-Myc and anti-FLAG antibodies. Co-
immunoprecipitated FOXP3 Y342F was detectable.
(TIF)

Figure S2.  Co-immunoprecipitation of FOXP3 derivatives
and NF-κB. Cell lysates were immunoprecipitated with an anti-
NF-κB antibody, and cell lysates and immunoprecipitants were
immunoblotted with anti-NF-κB and anti-FLAG antibodies. Co-

immunoprecipitated FOXP3 WT, Y330F, and Y342F were
detectable.
(TIF)

Acknowledgements

We thank Steven F. Ziegler (Immunology, Benaroya Research
Institute, Seattle) for generous provision of FOXP3 construct,
and also A. Koide, M. Nozaki, M. Nishihara, and F. Nishiumi
(Department of Developmental Medicine, Research Institute,
Osaka Medical Center for Maternal and Child Health, Japan),
and S. Takashima and Y. Asano (Departments of
Cardiovascular Medicine and Molecular Cardiology, Osaka

Figure 6.  Real-time PCR analyses for SKP2 and VEGF-A.  (A) Real-time PCR analyses of SKP2 expression and (B) VEGF-A
expression. Gene expression was normalized with 18S rRNA gene expression. FOXP3 WT suppressed the genes upregulated by
LCK, while FOXP3 Y342F lost that capability. The data represents the mean ± S.E. of six independent experiments (*p < 0.05, *p <
0.01; Tukey-Kramer test). The data represents the mean ± S.E. of three independent experiments. The asterisks indicate
statistically significant difference (p < 0.01, Tukey-Kramer test).
doi: 10.1371/journal.pone.0077099.g006

Regulation of FOXP3 by tTyrosine Phosphorylation

PLOS ONE | www.plosone.org 10 October 2013 | Volume 8 | Issue 10 | e77099



University Graduate School of Medicine, Japan) for technical
supports and helpful discussions.

Author Contributions

Conceived and designed the experiments: KN IY. Performed
the experiments: KN AM. Analyzed the data: KN AM IY.

Contributed reagents/materials/analysis tools: N-SK. Wrote the
manuscript: KN IY.

References

1. Lalmansingh AS, Karmakar S, Jin Y, Nagaich AK (2012) Multiple
modes of chromatin remodeling by Forkhead box proteins. Biochim
Biophys Acta 1819: 707-715. doi:10.1016/j.bbagrm.2012.02.018.
PubMed: 22406422.

2. Benayoun BA, Caburet S, Veitia RA (2011) Forkhead transcription
factors: key players in health and disease. Trends Genet 27: 224-232.
doi:10.1016/j.tig.2011.03.003. PubMed: 21507500.

3. Hannenhalli S, Kaestner KH (2009) The evolution of Fox genes and
their role in development and disease. Nat Rev Genet 10: 233-240. doi:
10.1038/ni0309-233. PubMed: 19274050.

4. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL et al. (2001)
X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy
syndrome is the human equivalent of mouse scurfy. Nat Genet 27:
18-20. doi:10.1038/83707. PubMed: 11137992.

5. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ et al.
(2001) The immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet
27: 20-21. doi:10.1038/83713. PubMed: 11137993.

6. Hori S, Nomura T, Sakaguchi S (2003) Control of regulatory T cell
development by the transcription factor Foxp3. Science 299:
1057-1061. doi:10.1126/science.1079490. PubMed: 12522256.

7. Schubert LA, Jeffery E, Zhang Y, Ramsdell F, Ziegler SF (2001) Scurfin
(FOXP3) acts as a repressor of transcription and regulates T cell
activation. J Biol Chem 276: 37672-37679. doi:10.1074/
jbc.M104521200. PubMed: 11483607.

8. Bettelli E, Dastrange M, Oukka M (2005) Foxp3 interacts with nuclear
factor of activated T cells and NF-κB to repress cytokine gene
expression and effector functions of T helper cells. Proc Natl Acad Sci
U S A 102: 5138-5143. doi:10.1073/pnas.0501675102. PubMed:
15790681.

9. Ono M, Yaguchi H, Ohkura N, Kitabayashi I, Nagamura Y et al. (2007)
Foxp3 controls regulatory T-cell function by interacting with AML1/
Runx1. Nature 446: 685-689. doi:10.1038/nature05673. PubMed:
17377532.

10. Zuo T, Wang L, Morrison C, Chang X, Zhang H et al. (2007) FOXP3 is
an X-linked breast cancer suppressor gene and an important repressor
of the HER-2/ErbB2 oncogene. Cell 129: 1275-1286. doi:10.1016/j.cell.
2007.04.034. PubMed: 17570480.

11. Zhang HY, Sun H (2010) Up-regulation of Foxp3 inhibits cell
proliferation, migration and invasion in epithelial ovarian cancer. Cancer
Lett 287: 91-97. doi:10.1016/j.canlet.2009.06.001. PubMed: 19628330.

12. Wang L, Liu R, Li W, Chen C, Katoh H et al. (2009) Somatic single hits
inactivate the X-linked tumor suppressor FOXP3 in the prostate.
Cancer Cell 16: 336-346. doi:10.1016/j.ccr.2009.08.016. PubMed:
19800578.

13. Hinz S, Pagerols-Raluy L, Oberg HH, Ammerpohl O, Grüssel S et al.
(2007) Foxp3 expression in pancreatic carcinoma cells as a novel
mechanism of immune evasion in cancer. Cancer Res 67: 8344-8350.
doi:10.1158/0008-5472.CAN-06-3304. PubMed: 17804750.

14. Karanikas V, Speletas M, Zamanakou M, Kalala F, Loules G et al.
(2008) Foxp3 expression in human cancer cells. J Transl Med 6: 19.
doi:10.1186/1479-5876-6-19. PubMed: 18430198.

15. Zuo T, Liu R, Zhang H, Chang X, Liu Y et al. (2007) FOXP3 is a novel
transcriptional repressor for the breast cancer oncogene SKP2. J Clin
Invest 117: 3765-3773. PubMed: 18008005.

16. McInnes N, Sadlon TJ, Brown CY, Pederson S, Beyer M et al. (2012)
FOXP3 and FOXP3-regulated microRNAs suppress SATB1 in breast
cancer cells. Oncogene 31: 1045-1054. doi:10.1038/onc.2011.293.
PubMed: 21743493.

17. Köster A, Landgraf S, Leipold A, Sachse R, Gebhart E et al. (1991)
Expression of oncogenes in human breast cancer specimens.
Anticancer Res 11: 193-201. PubMed: 2018353.

18. Nakamura K, Hori T, Sato N, Sugie K, Kawakami T et al. (1993) Redox
regulation of a src family protein tyrosine kinase p56lck in T cells.
Oncogene 8: 3133-3139. PubMed: 8414515.

19. Hardwick JS, Sefton BM (1995) Activation of the Lck tyrosine protein
kinase by hydrogen peroxide requires the phosphorylation of Tyr-394.
Proc Natl Acad Sci U S A 92: 4527-4531. doi:10.1073/pnas.
92.10.4527. PubMed: 7538674.

20. Yurchak LK, Hardwick JS, Amrein K, Pierno K, Sefton BM (1996)
Stimulation of phosphorylation of Tyr394 by hydrogen peroxide
reactivates biologically inactive, non-membrane-bound forms of Lck. J
Biol Chem 271: 12549-12554. doi:10.1074/jbc.271.21.12549. PubMed:
8647864.

21. Björklund M, Koivunen E (2005) Gelatinase-mediated migration and
invasion of cancer cells. Biochim Biophys Acta 1755: 37-69. PubMed:
15907591.

22. Chakraborty G, Rangaswami H, Jain S, Kundu GC (2006) Hypoxia
regulates cross-talk between Syk and Lck leading to breast cancer
progression and angiogenesis. J Biol Chem 281: 11322-11331. doi:
10.1074/jbc.M512546200. PubMed: 16474166.

23. Mahabeleshwar GH, Kundu GC (2003) Tyrosine kinase p56lck regulates
cell motility and nuclear factor κB-mediated secretion of urokinase type
plasminogen activator through tyrosine phosphorylation of IκBα
following hypoxia/reoxygenation. J Biol Chem 278: 52598-52612. doi:
10.1074/jbc.M308941200. PubMed: 14534291.

24. Morawski PA, Mehra P, Chen C, Bhatti TR, Wells AD (2013) Foxp3
stability is regulated by cyclin-dependent kinase 2. J Biol Chem. Epub
ahead of print.

25. Iwata M, Pillai M, Ramakrishnan A, Hackman RC, Joachim Deeg H et
al. (2007) Reduced expression of inducible gelatinase B/matrix
metalloproteinase-9 in monocytes from patients with myelodysplastic
syndrome: Correlation of inducible levels with the percentage of
cytogenetically marked cells and with marrow cellularity. Blood 109:
85-92. doi:10.1182/blood-2006-05-020289. PubMed: 16954500.

26. Kleiner DE, Stetler-Stevenson WG (1994) Quantitative zymography:
detection of picogram quantities of gelatinases. Anal Biochem 218:
325-329. doi:10.1006/abio.1994.1186. PubMed: 8074288.

27. Albini A, Iwamoto Y, Kleinman HK, Martin GR, Aaronson SA et al.
(1987) A rapid in vitro assay for quantitating the invasive potential of
tumor cells. Cancer Res 47: 3239-3245. PubMed: 2438036.

28. Seavitt JR, White LS, Murphy KM, Loh DY, Perlmutter RM et al. (1999)
Expression of the p56lck Y505F mutation in CD45-deficient mice
rescues thymocyte development. Mol Cell Biol 19: 4200-4208.
PubMed: 10330160.

29. Nakayama K, Nagahama H, Minamishima YA, Miyake S, Ishida N et al.
(2004) Skp2-mediated degradation of p27 regulates progression into
mitosis. Dev Cell 6: 661-672. doi:10.1016/S1534-5807(04)00131-5.
PubMed: 15130491.

Regulation of FOXP3 by tTyrosine Phosphorylation

PLOS ONE | www.plosone.org 11 October 2013 | Volume 8 | Issue 10 | e77099

http://dx.doi.org/10.1016/j.bbagrm.2012.02.018
http://www.ncbi.nlm.nih.gov/pubmed/22406422
http://dx.doi.org/10.1016/j.tig.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21507500
http://dx.doi.org/10.1038/ni0309-233
http://www.ncbi.nlm.nih.gov/pubmed/19274050
http://dx.doi.org/10.1038/83707
http://www.ncbi.nlm.nih.gov/pubmed/11137992
http://dx.doi.org/10.1038/83713
http://www.ncbi.nlm.nih.gov/pubmed/11137993
http://dx.doi.org/10.1126/science.1079490
http://www.ncbi.nlm.nih.gov/pubmed/12522256
http://dx.doi.org/10.1074/jbc.M104521200
http://dx.doi.org/10.1074/jbc.M104521200
http://www.ncbi.nlm.nih.gov/pubmed/11483607
http://dx.doi.org/10.1073/pnas.0501675102
http://www.ncbi.nlm.nih.gov/pubmed/15790681
http://dx.doi.org/10.1038/nature05673
http://www.ncbi.nlm.nih.gov/pubmed/17377532
http://dx.doi.org/10.1016/j.cell.2007.04.034
http://dx.doi.org/10.1016/j.cell.2007.04.034
http://www.ncbi.nlm.nih.gov/pubmed/17570480
http://dx.doi.org/10.1016/j.canlet.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19628330
http://dx.doi.org/10.1016/j.ccr.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19800578
http://dx.doi.org/10.1158/0008-5472.CAN-06-3304
http://www.ncbi.nlm.nih.gov/pubmed/17804750
http://dx.doi.org/10.1186/1479-5876-6-19
http://www.ncbi.nlm.nih.gov/pubmed/18430198
http://www.ncbi.nlm.nih.gov/pubmed/18008005
http://dx.doi.org/10.1038/onc.2011.293
http://www.ncbi.nlm.nih.gov/pubmed/21743493
http://www.ncbi.nlm.nih.gov/pubmed/2018353
http://www.ncbi.nlm.nih.gov/pubmed/8414515
http://dx.doi.org/10.1073/pnas.92.10.4527
http://dx.doi.org/10.1073/pnas.92.10.4527
http://www.ncbi.nlm.nih.gov/pubmed/7538674
http://dx.doi.org/10.1074/jbc.271.21.12549
http://www.ncbi.nlm.nih.gov/pubmed/8647864
http://www.ncbi.nlm.nih.gov/pubmed/15907591
http://dx.doi.org/10.1074/jbc.M512546200
http://www.ncbi.nlm.nih.gov/pubmed/16474166
http://dx.doi.org/10.1074/jbc.M308941200
http://www.ncbi.nlm.nih.gov/pubmed/14534291
http://dx.doi.org/10.1182/blood-2006-05-020289
http://www.ncbi.nlm.nih.gov/pubmed/16954500
http://dx.doi.org/10.1006/abio.1994.1186
http://www.ncbi.nlm.nih.gov/pubmed/8074288
http://www.ncbi.nlm.nih.gov/pubmed/2438036
http://www.ncbi.nlm.nih.gov/pubmed/10330160
http://dx.doi.org/10.1016/S1534-5807(04)00131-5
http://www.ncbi.nlm.nih.gov/pubmed/15130491

	Phosphorylation of FOXP3 by LCK Downregulates MMP9 Expression and Represses Cell Invasion
	Introduction
	Materials and Methods
	Constructs
	Mutagenesis
	Cell culture
	Generation of an anti-pTyr-342–FOXP3 antibody
	Yeast two-hybrid assay
	Immunoprecipitation and immunoblot analysis
	MBP pull-down assay
	Confocal microscopy
	Gene expression analyses
	Gelatin zymography experiments
	In vitro kinase assay
	Cell invasion assay
	Sequence and statistical analysis

	Results
	FOXP3 binds to LCK
	FOXP3 regulates human MMP9 expression
	FOXP3 is phosphorylated by LCK
	Tyr-342 phosphorylation of FOXP3 suppresses invasion of MCF-7 cells
	Tyr-342 phosphorylation of FOXP3 downregulates expression of LCK-induced genes

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


