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Abstract
FOXP3 is an X-linked tumor suppressor gene and amaster regulator in T regulatory cell function. This gene has

been found to be mutated frequently in breast and prostate cancers and to inhibit tumor cell growth, but its
functional significance in DNA repair has not been studied. We found that FOXP3 silencing stimulates
homologous recombination-mediated DNA repair and also repair of g-irradiation-induced DNA damage.
Expression profiling and chromatin-immunoprecipitation analyses revealed that FOXP3 regulated the
BRCA1-mediated DNA repair program. Among 48 FOXP3-regulated DNA repair genes, BRCA1 and 12 others
were direct targets of FOXP3 transcriptional control. Site-specific interaction of FOXP3with the BRCA1 promoter
repressed its transcription. Somatic FOXP3 mutants identified in breast cancer samples had reduced BRCA1
repressor activity, whereas FOXP3 silencing and knock-in of a prostate cancer-derived somatic FOXP3 mutant
increased the radioresistance of cancer cells. Together our findings provide a missing link between FOXP3
function and DNA repair programs. Cancer Res; 73(7); 2170–80. �2012 AACR.

Introduction
Radiation has been part of therapies for about 50% of cancer

patients (1, 2). Despite well shown clinical efficacy, many
cancers are resistant (2, 3). The mechanisms for cancer resis-
tance to irradiation remain poorly understood. Several
mechanisms have been proposed. First, irradiation may not
be effective against cancer stem cells that are in a dormant
state (4). This interpretation is supported by an enrichment of
CD133þ cancer stem cells in glioma lesion after radiotherapy
(5). Second, genetic alteration in cancer cells may make them
more resistant to irradiation. Tumor suppressors that are
involved in radiation-induced apoptosis and/or DNA repairs,
such asTP53,ATM,BRAC1,BRAC2, are often inactivated during
cancer development. Among them, targeted mutation of TP53
increase cellular resistance to irradiation (6). On the other
hand, BRCA1/2, whose germline mutations are responsible for
a major portion of hereditary breast and ovarian cancer (7, 8),

are directly involved in DNA repair (9–11). BRCA1 has been
shown to regulate tumor cell sensitivity to irradiation (11).
Therefore, the mutations that induce BRCA1 expression may
confer resistance to irradiation and chemically induced
DNA damage. However, because the regulation of BRCA1
expression is poorly understood, the relationship between
BRCA1 gene transcriptional regulation and DNA repair is
largely unexplored.

FOXP3 is the X-linked tumor suppressor for both breast and
prostate cancers (12–14). About 13% of prostate and breast
cancers deleted the FOXP3 locus, whereas 25–35% of cancer
samples have somatic FOXP3 mutations (12, 13). In addition,
high proportion of cancer samples, including breast, prostate,
melanoma, and pancreatic cancer cells express FOXP3 in the
cytoplasm (12, 15–18). The aberrant cytoplasmic FOXP3 likely
reflects functional inactivation of the protein as FOXP3 is a
transcription factor that normally resides in the nuclei (12).
FOXP3 inhibits tumor cell growth by induction of tumor
suppressors and repression of oncogenes (13, 19–21). Apart
from tumor cell growth inhibition, FOXP3 may regulate
response to therapy as it is induced by both stress-inducing
and DNA damaging drugs (22, 23). A search of FOXP3 targets
based on our recently reported databases (20, 24) reveal that
FOXP3 regulates a large number of genes associated with DNA
damage response, in particular those that are involved in
BRCA1-mediated DNA repair program and thus prompt us to
investigate the role for FOXP3 in BRCA1-mediated DNA repair
program.

Materials and Methods
Mice

Rag2�/�Foxp3þ/þ, Rag2�/�Foxp3þ/y, Rag2�/�Foxp3sf/sf, and
Rag2�/�Foxp3sf/y BALB/c mice have been previously described
(25). Four-month-old virgin mice were used to analyze the
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effect of FoxP3 mutation on Brca1 expression. All animal
experimental procedures have been approved by the Institu-
tional Animal Care and Use Committee of University of
Michigan.

Cell culture
Breast cancer cell line MCF-7 and immortalized mammary

epithelial cell line MCF-10A, human sarcoma cell line U2OS,
human colon cancer cell line HCT116 and mouse mammary
tumor cell line 4T1 were purchased from the American Type
Culture Collection, none of the cells have been in tissue culture
for more than 6 month before use. Mouse mammary cell line
TSA has been described (26). A tet-off FOXP3 expression
system in the MCF-7 cells has been previously established
(13). Transfections were conducted using Lipofectamine 2000
(6 mL/106 cells). Cell banks were created after cells were
received. Early passages of cells were used for the study. No
reauthentification of cells has been done since receipt.

FOXP3 silencing
The human FOXP3 silencing vectors were previously

described (20). The mouse Foxp3 shRNA, Brca1 shRNA, and
control lentiviral vectors pLKO.1 were purchased from Open
Biosystems. The targeting sequences are listed in Supplemen-
tary Table S4.

Western blot analysis
The anti-FOXP3/Foxp3 (hFOXY, eBioscience, 1:100), anti-

Brca1/BRCA1 (Cell Signaling, 1:1,000) and anti-actin (Sigma,
1:3,000) were used as primary antibodies. Anti-rabbit or mouse
IgG horseradish peroxidase–linked secondary antibody at
1:3,000 to 1:5,000 dilutions (Cell Signaling) was used.

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was carried out

according to published procedure (20). In brief, the FOXP3-
transfected tet-off cells were sonicated and fixed with 1%
paraformaldehyde. The anti-FOXP3, and anti-IgG (Santa Cruz
Biotechnology) antibodies were used to pull down chromatin
associated with FOXP3. The amounts of the specific DNA
fragment were quantitated by real-time PCR and normalized
against the genomic DNA preparation from the same cells. The
same PCR primers were used to measure ChIP and input
genomic DNA. The ChIP real-time PCR primers are listed in
Supplementary Table S4.

Quantitative real-time PCR
Relative quantities ofmRNA expression were analyzed using

real-time PCR (ABI Prism 7500 Sequence Detection System,
Applied Biosystems). The SYBR (Applied Biosystems) green
fluorescence dye was used in this study. The primer sequences
are listed in Supplementary Table S4.

Tumorigenicity assay
TSA cells (106/mice) were injected intomammary fatpads of

syngeneic BALb/cmice. The tumor volumes defined as 0.75pr3,
where r is radius. The tumor diameters were derived from the
average of largest diameters in 2 dimensions.

Site-directed mutagenesis
All mutants were generated using mutgenesis kit from

Stratagene (Catalog #210518). The mutating sequence Brca1
promoter mutants were from GTCAACA to GTCGGCA. The
primers for site-directed mutagenesis of FOXP3 are listed in
Supplementary Table S4.

Immunohistochemistry
Immunohistochemistry was conducted by the avidin–biotin

complexmethod. Expression of FOXP3 in human breast cancer
or normal tissue samples was determined using immunohis-
tochemistry, as described (12). The rabbit anti-BRCA1 mono-
clonal antibody (Cell Signaling, 1:200), and as secondary anti-
bodies, biotin goat anti-mouse IgG were obtained from Santa
Cruz and used at 1:200. FOXP3 and BRCA1 staining of TMA
samples (US Biomax, Inc.) were scored double blind.

HR DNA repair assay
U2OSwith integrated DR-GFPwas used as the reporter cells.

The cells were infected shRNAi scramble and FOXP3 ShRNA.
Then the stable cloneswere treatedwithBRCA1 siRNA. 24 hour
after RNAi treatment, the cells were infected with an adeno-
virus encoding I-SceI endonuclease (1,000 MOI). At 48 hours
after infection, the GFPþ cells were quantified by flow
cytometry.

Comet assay
The experiment was conducted according to a published

procedure (27). In brief, U2OS cells were irradiated for 60 Gy
and cultured 0, 1, or 3 hours. The cells were harvested and
mixed in agarose gel and plated on a glass slide, and digested by
proteinase K overnight. The agarose gel slides were applied for
electrophoresis. The DNA was stained by PI. The distance of
nuclear DNAmovement, which is called DNAmomentum, was
used as indicator for DNA damage and repair.

Knockin of a somatic FOXP3 mutation into cancer cell
line

The somatic mutation in genomic DNA was generated by
site directed mutagenesis. The vector construction and
knockin by homologous recombination have been described
in detail (28). In brief, the targeting vector was constructed by
PCR with 203G>R mutated genomic DNA as the template for
the homologous left arm. Homologous recombination was
screened by genomic PCR with primers derived from the
neomycin resistance gene and the upstream region of the left
homologous arm. Two homologous recombination clones
were identified from two 96-well plates of G418 resistant single
clones. The neomycin resistance gene was excised by Cre
recombinase.

Results
FOXP3 inhibits DNA repair in tumor cells

Todetermine if FOXP3 regulate DNA repair after irradiation,
we use the U2OS-DR-GFP reporter system in which expression
of GFP depends repair of double strand DNA breaks (DSB)
caused by ectopic expression of restriction enzyme I-Sce I. The
U2OS-DR-GFP cell line has an out-of-frame GFP reporter due
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to an engineered I-SceI recognition sites that can be corrected
by homologous recombination DNA repair (29). The efficiency
of repairing the DNA break was assessed by counting GFP
positive cells by flow cytometry (29). We use shRNA to knock-
down FOXP3 in the U2OS cells before infecting them with
adenovirus vector encoding I-SceI. Thus, the percentage of
GFPþ cells was used to measure the efficacy of DNA repair. A
representative FACS profile is presented in Fig. 1A and sum-
mary data are presented Fig. 1B. In comparison to cells
expressed scrambled ShRNA, FOXP3 silencing doubled the
efficiency of DNA repair. As cell cycle affects homologous
recombination, we compared cell cycle of WT and FOXP3
silencedU2OS cells. As shown in Supplementary Fig. S1, FOXP3
silencing had no effect on cell cycle. These data indicated an
important role for FOXP3 in DSB repair by homologous
recombination.

To extend the spectrum of FOXP3 impact, we used a comet
assay to evaluate the repair of irradiation-induced DSB.
Because damaged DNA forms a comet-like trail in agarose gel
electrophoresis, the lengths of DNA tail (called momentum)
could be used to assess the DSB repair. In comparison to
scrambled ShRNA-transfected cells, the FOXP3 shRNA trans-
fectants showed significantly reducedmomentum (Fig. 1C and
D). Therefore, FOXP3 represses DNA repair after irradiation
damage.

FOXP3 is a transcriptional repressor of BRCA1
To understand how FOXP3 regulates DNA repair, we

searched our previously reported expression profiles (20)
for the effect of FOXP3 on 248 genes associated with DNA
damage responses listed in the UniProt database. Surpris-
ingly, using P < 0.001 as statistical endpoint, 48 of the 252
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As theHRDNA repair corrects theGFPopen-reading frame, the repair efficiencywasmeasured byGFPþ cells recordedwith flow cytometry. B, top, summary
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genes are significantly affected after Tet-off induction of
FOXP3 (Fig. 2A and Supplementary Table S1). Pathway
analyses suggest that FOXP3 regulates multiple DNA repair
pathways, including mismatch repair, DNA double-strand

break repair and nucleotide excision repair pathways (Sup-
plementary Fig. S2). The most prominent signature, howev-
er, is found in the BRCA1-mediated DNA repair pathway
(Supplementary Fig. S3).

Figure 2. Regulation of DNA
damage response by FOXP3. A,
gene expression profile of DNA
repair-related genes. DNA repair-
related genes were selected by
UniProt database and their gene
expression levels are shown as a
heat map. Gene expression levels
without FOXP3 induction were
normalized to 1.0. Color scale is
indicated at the bottom of the figure.
Using P < 0.001 as statistical
endpoint, 48 of 247 DNA repair
genes are affected by FOXP3. See
Supplementary Table S1 and Fig. S1
for details. B, gene expressionprofile
of DNA repair-related genes among
direct targets of FOXP3 revealed by
ChIP-seq.Genenames are indicated
at the right side of the heat map. See
Supplementary Table S2 and Fig. S2
for details. C. FOXP3 binding site at
the BRCA1 promoter identified by a
FOXP3-ChIP-seq analysis. A single
peak is identified with 15 reads in
ChIP-seq. DNA sequence around
the FOXP3-binding site is shown in
bottom. "GTCAACA" marked as a
red box is a known forkhead binding
motif (FKH).
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By searching our recently reported FOXP3 chromatin immu-
noprecipitation deep sequencing data (24), we found that 13
significantly regulated genes are bound to FOXP3 (Fig. 2B).
These targets are involved in multiple DNA repair pathways
(Supplementary Fig. S2 and Table S3). These genes are con-
sidered direct target of FOXP3. Among them, 10 were signif-
icantly repressed, whereas 3were induced by FOXP3. One of the
directly repressed genes is BRCA1. As shown Fig. 2C, a single
peak of 15 reads was found in the BRCA1 promoter. An
authentic forkhead domain-binding motif was found in the
BRCA1 promoter.

To determine whether endogenous Foxp3 regulates Brca1 in
murine mammary epithelial cells, we compared the Foxp3-

expressing mammary epithelial cells (25) from the Scurfy (sf)
mice, which have a spontaneous di-nucleotide insertion of
Foxp3 (30), with the age- and sex-matched WT mice for
expression of Brca1. As the null mutation caused lethal auto-
immune diseases in the immune competent mice (30),
we crossed the mutation into Rag2-deficient mice lacking T
and B cells. We isolated mammary epithelial cells (MEC) and
prostate epithelial cells (PEC) from Rag2�/�Foxp3þ/þ and
Rag2�/�Foxp3sf/sf mice and compared the levels of Brca1
transcripts by real-time PCR. As shown in Fig. 3A, Foxp3sf/sf

MEC showed a 4-fold increase of Brca1 mRNA. Foxp3 mRNA
was reduced in the Foxp3sf/sf MEC, presumably due to non-
sense-mediated mRNA decay (30). Likewise, Brca1mRNA was

B
rc

a
1

/G
A

P
D

H
 x

 1
0

0

B
rc

a
1

/G
A

P
D

H
 x

 1
0

0

Rag2-/-Foxp3sf/sfRag2-/-, Foxp3+/+

0

0.4

0.8

1.2

1 2

***

0

0.4

0.8

1.2

1 2

***

F
o

x
p

3
/G

A
P

D
H

 x
 1

0
0

Foxp3    +/y     sf/y      Foxp3 +/y    sf/y            

PEC PEC

0

0.01

0.02

0.03

0.04

1 2

***

0

0.04

0.08

0.12

1 2

F
o

x
p

3
/G

A
P

D
H

 x
 1

0
0 ***

Foxp3  +/+  sf/sf

MEC  

Foxp3 +/+ sf/sf

MEC 

D

0

0.02

0.04

0.06

0.08

0.1

1 2 3

B
R

C
A

1
/G

A
P

D
H

 x
 1

0
0

FOXP3shRNA   Sc R-1     R-2

0

0.02

0.04

0.06

0.08

1 2 3

F
O

X
P

3
/G

A
P

D
H

 x
 1

0
0

***

FOXP3shRNA Sc R-1    R-2

F

E

0

0.1

0.2

0.3

0.4

0.5

0.6

1 2

***

B
R

C
A

1/
G

A
P

D
H

x
 1

0
0G

F
O

X
P

3/
G

A
P

D
H

x
 1

0
0

0

10

20

30

40

1 2
Doxo – +

***
H

BRCA1

FOXP3

ACTIN

FOXP3sh   Sc R-1  R-2

ACTIN

BRCA1

FOXP3

Doxo +             –

Foxp3      +/+  sf/sf +/y        sf/y

Brca1

Foxp3

Actin

Mammary Prostate

Doxo – +

A B

***

C

Figure 3. Foxp3 repressedBrca1 expression inmammary and prostate epithelial cells in themice. A.mousemammary epithelial cells (MEC)were isolated from
Rag2�/�Foxp3þ/þ and Rag2�/�FoxP3sf/sf mammary glands. Brca1 (left) and Foxp3 (right) mRNA levels were determined by real-time RT-PCR. Data shown
were means � SD of mRNA, presented as %GAPDH and have been repeated 3 times. ���, P < 0.001. B, mouse prostate epithelial cells (PEC) were
isolated fromRag2�/�Foxp3þ/yandRag2�/�Foxp3sf/yprostates.Brca1 (left) andFoxp3 (right)mRNA levelsweredeterminedby real-timeRT-PCR.Data shown
were means � SD of mRNA, presented as % Gapdh. The results have been repeated 3 times. C, left, Brca1 and Foxp3 expression in MEC by
Western blot analysis, whereas the right shows those in PEC. D, Immunohistochemical analysis for Brca1protein in benign mammary tissue from
WT and Foxp3sf/sf mice. E–H, FOXP3 represses the BRCA1 gene in normal and malignant human mammary epithelial cells. E, silencing FOXP3 in MCF10A
cells upregulatesBRCA1mRNA level. The levels ofBRCA1mRNA (left) andFOXP3 (right) in 2 scrambled or 2FOXP3 siRNA transfected cells as determined by
real-time RT-PCR. Data shown are means � SD of 3 independent experiments. F, under the same conditions as in E, MCF10A cells were lysed for
Western blot analysis to detect BRCA1 and FOXP3 protein expression as indicated. G, reduction of BRCA1 mRNA by FOXP3 in MCF-7 Tet-off expression
system.MCF-7 cells with Tet-off expression of either GFP control or GFP in conjunction with FOXP3were cultured for 48 hours in the presence or absence of
doxycyclin. The BRCA1 mRNA was quantified by real-time PCR (left). Right, induction of FOXP3 mRNA is shown. Data shown are means � SD of
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also elevated in PEC (Fig. 3B). Consistent with changes in
mRNA levels, the Foxp3 mutation also increased the Brca1
protein in both MEC and PEC (Fig. 3C). Based on the immu-
nohistochemistry data, Brca1 protein elevation in Foxp3sf/sf

mammary gland was limited to epithelial cells (Fig. 3D), which
selectively expressed Foxp3 (25).
To study the regulation of Brca1 expression by FOXP3 in

human cells, we tested the effect of FOXP3 silencing on
immortalized human epithelial cell line MCF10A. As shown
in Fig. 3E, FOXP3 shRNA silencing caused an approximately 10-
fold increase of BRCA1 transcript. A corresponding increase in
BRCA1 protein was observed inWestern blot analysis (Fig. 3F).
As a complementary approach, we used a Tet-off system to test
the effect of inducible expression of FOXP3 on BRCA1 tran-

scripts in human breast cancer cell line MCF-7. As shown
in Fig. 3G, the induction of FOXP3 in the MCF-7 breast cancer
cell line significantly inhibitedBRCA1 expression. The decrease
of BRCA1 protein was observed by Western blot analysis (Fig.
3H). Using a prostate cancer tissue microarray, we observed a
strong inverse correlation between nuclear FOXP3 and BRCA1
levels (Supplementary Table S3).

To validate the ChIP-seq data, we searched the 50 region of
the BRCA1 locus based on the FKH motifs 50 RYMAAYA or 30

YRKTTRT, R¼A, G; Y¼C, T;M¼A, C; K¼G, T) and identified
5 potential FOXP3-binding sites (Fig. 4A, top). We then used
real-time PCR to determine the amounts of specific DNA
sequence in chromatin immunoprecipitates of anti-FOXP3
mAb. The MCF-7 tumor cells with induced FOXP3 expression
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were used as source of chromatin. Of the 5 regions analyzed,
the motifs located at about 0.5 Kb 50 upstream of BRCA1 gene
showed a specific binding to FOXP3. This overlaps with the
sequence identified by ChIP-Seq (Fig. 2C) and thus confirmed
specificity of FOXP3 binding site. To identify a functional
element for FOXP3-mediated regulation of BRCA1, we gener-
ated luciferase reporters that covers all identified forkhead
binding motifs and tested the function of FOXP3. As shown
in Fig. 4B, FOXP3 significantly inhibited BRCA1 promoter
activity. To determine if the FKH (GTCAACA) at 0.5 Kb
upstream of Brca1 gene is responsible for functional FOXP3
binding, we mutated GTCAACA to GTCGGCA in BRCA1 pro-
moter and tested its response to FOXP3 gene expression. As
shown in Fig. 4C, the mutation abrogated FOXP3 repression of
BRCA1 promoter. Therefore, the FKH at 0.5 kb upstream of
BRCA1 TSS is the essential FOXP3 responsive element in the
BRCA1 promoter.

We have reported a large number of missense mutations in
breast and prostate cancer samples (12, 13). To assess the
effects of these mutations on BRCA1 transcription, we tested a
panel of 10 somatic mutants (Fig. 4D) for their repressor
activity. As shown in Fig. 4E, all 10 FOXP3 mutants have
significantly reduced repressor activity on the BRCA1 promot-
er. Thus, FOXP3 binding to a specific FKH site in the BRCA1
promoter mediates its repressor activity. The significance of
the repression is bolstered by the fact that most of the somatic
mutations inactivate the repressor activity.

FOXP3 regulates BRCA1-dependent DNA repair
Using the DR-GFP U2OS cells, we tested if BRCA1 repression

is the underlying cause for FOXP3-mediated repression of HR
DNA repair. As shown in Fig. 5A and B, BRCA1 knockdown

reduced the DNA repair efficiency whereas FOXP3 knockdown
increased it. Importantly, the impact of FOXP3 silencing is
significantly abrogated by BRCA1 silencing. Therefore, the
FOXP3 repression of HR repair depends on its regulation of
BRCA1.

Our data in Fig. 1 show that FOXP3 silencing increased repair
of DNA damage induced by g-irradiation in U2OS cell line. To
determine if FOXP3-BRCA1 interaction explains the role for
FOXP3 in DNA repair after irradiation, we evaluate the impact
of FOXP3 silencing on DNA repair when BRCA1 expression is
silenced by siRNA. FOXP3 and BRCA1 were efficiently silenced
using ShRNA and siRNA respectively (Fig. 5A). As shown in Fig.
1B, the increase of HR in U2OS cells is significantly blunted by
BRCA1 silencing. Remarkably, despite lack of significant effect
of BRCA1 silencing alone in DNA momentum over a 3-hour
period, BRAC1 silencing significantly blunted the impact of
FOXP3 silencing at 1 hour, and essentially ablated the impact
by 3 hours (Fig. 5C). Therefore, to a large extent, FOXP3
regulates repair of irradiation-induced DNA damage via a
BRCA1-dependent mechanism.

FOXP3 regulates cancer cell resistance to g-irradiation
through BRCA1

We transduced the TSA cells with scramble, Foxp3 shRNA,
Foxp3 shRNA/Brca1 shRNA, and Brca1 shRNA. After confirm-
ing the efficacy of the silencing vectors (Fig. 6A), the 4 cell lines
were exposed to given doses of g-irradiation. The tumor cell
survival was determined using colony formation assay. As
shown in Fig. 6B, whereas Foxp3 silencing had no effect in
the number of colonies from nonirradiated TSA cells, it
increased the number of TSA colonies at all doses of irradia-
tions tested. To determine whether Foxp3-Brca1 interaction
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affects tumorigenity of the irradiated TSA cells, we injected the
4 tumor lines with or without 15 Gy irradiation into mammary
fat-pad of syngeneic mice andmonitored tumor growth. Foxp3
silencing somewhat increased the growth rate of tumors
originated from nonirradiated tumor cells. This impact is
abrogated by Brca1 silencing (Fig. 6C). A very striking impact
of Foxp3 silencingwas observedwhen TSA cells were subjected
to 15G irradiation. As shown in Fig. 6D, whereas the irradiation
eliminated tumorigenicity of the scrambled shRNA transduced
TSA, mice that received irradiated Foxp3-silenced TSA devel-
oped tumors, albeit at a slower pace than those that received
nonirradiated tumor cells. Again, the impact of Foxp3 silencing
was abrogated by concurrent Brca1 silencing. The dramatic
effect shows that Foxp3-Brca1 interaction is a major determi-
nant of cancer cell resistancy to irradiation.
Given the high rates of the somatic FOXP3mutations in both

breast and prostate cancer samples, it is of interest whether
these mutations would increase cancer cell resistance to
irradiation. Because somatic mutation is best mimicked by
homologous recombination, we test the impact of somatic
mutation in HCT116 as the method of gene knockin was
established for this line (28). As diagramed in Fig. 7A and B
we took an adenovirus-associated virus-based approach to
knock in a mutant allele uncovered from prostate cancer cell
sample into the HCT116 cells. As HCT116 has a single X-
chromosome, only 1 allele of FOXP3 is present. As shown in Fig.
7C, mutation of FOXP3 resulted in significant increase of

BRCA1 mRNA. The WT and 2 independent mutant HCT116
cell clones were given 5 Gy, 10 Gy, or 15 Gy or irradiation and
the survival of HCT116 cells were determined by colony
formation assay. As shown in Fig. 7D, knockin ofmutant alleles
increased the% survival by 2–4-folds across the irradiation
doses. Thus, a somatic mutation uncovered from cancer
samples increased cancer cell resistance to irradiation.

Discussion
Taken together, the data presented in this manuscript

revealed that FOXP3 is a major regulator for cellular response
to double-stranded DNA break. This function is mediated
through transcriptional repression of BRCA1. Using the DR-
GFP transfected U2OS cells, we were able to show that FOXP3
inhibits the HR DNA repair. However, because BRCA1 has also
been implicated in nonhomologous end-joint DNA repair (31–
33), the FOXP3-regulated repair of g-irradiation-induced DNA
damage may involve both nonhomologous end joint and HR
repairs.

Given the relevance of g-irradiation in cancer therapy, we
have focused on both DNA repair and cancer cell survival after
g-irradiation. Our data show that FOXP3 is upregulated after
g-irradiation, which is consistent with FOXP30s role in cellular
response to irradiation. Although we have not investigated the
mechanismof the induction, our recent studies implicated that
FOXP3 transcription is upregulated by an ATF-2/JNK depen-
dent mechanism (23). Given the recent report that g- and UV-
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irradiation induces ATF2 transcription (34, 35), it is worth
exploring whether induction of ATF2may contribute to induc-
tion of FOXP3. In addition, FOXP3 is also regulated by NFkB
(36), which in turn have been shown to be upregulated by
irradiation (37).

Our data also show that g-irradiation upregulates BRCA1
transcripts. Given the role for FOXP3 in repressing BRCA1
expression, the paralleled upregulation of both genes is some-
what unexpected. Nevertheless, FOXP3 must have restrained
irradiation-induced BRCA1 expression as shRNA silencing of
FOXP3 result in even more BRCA1 induction.

Using both tumorigenicity and colony-forming assays, we
show that defective FOXP3 expression leads to increased
radioresistance of cancer cells. Given thewidespread abnormal
FOXP3 expression in cancers, including from breast, prostate
and pancreatic cancers andmelanoma (12, 15–18), it is of great
interest to determine whether FOXP3 defects contribute to
cancer radioresistance. We used homologous recombination
to knockin amissense FOXP3mutant fromprostate cancer and
showed the impact of FOXP3mutation in cancer resistance to
irradiation. The clear increase in cancer cell resistance to
irradiation raised the possibility that cancer lesion associated
with FOXP3mutationsmay require higher doses of irradiation.
The fact that 8 of 9 missense mutant tested have significantly
reduced repressor activity for BRCA1 promoter is consistent
with this view.

It is worth pointing out that although we have focused on
FOXP3-BRCA1 interaction in radioresistance, our systemic

approach based on gene expressing profiling and ChIP-seq
showed that FOXP3 can regulate DNA repair through a mul-
titude of mechanisms. As shown in Supplementary Table S2,
among 12 other direct FOXP3 targets that are implicated in
DNA damage response, FOXP3 repressed 9 genes that are
involved either in commonsteps ofDNA repair (RBM14; ref. 38),
or pathway specific for homologous recombination repair
(RAD54B, NFKBIL2; refs. 39, 40), nucleotide excision repair
(CHAF1A, POLD1, POLD3, and DDB; refs. 41–43) and base
excision repair (LIG1, FEN1; refs. 44, 45). In contrast, the 3
genes that are upregulated by FOXP3 (JMY, PAXIP/TPIP, and
RRM2B; refs. 46–48) are involved in P53 checkpoint of DNA
damage responses. Therefore, in addition to previous
described function of FOXP3 in growth inhibition, FOXP3 may
suppress tumor cells both by preventing repair of DNA damage
and promote apoptosis associated with DNA damage.

Apart from the direct targets, FOXP3 also indirectly regu-
lates expression of a large number of genes involved in DNA
repair. It is of particularly interest that by repressing key
regulators of BRCA1 DNA repair pathway, such as BRCA2 and
BARD, FOXP3 has exerted themost profound effect on BRCA1-
mediaed DNA repair (P < 10�34). Much like the direct targets,
the indirect FOXP3 targets broadly affect mismatch DNA
repair, nucleotide excision repair, HR andNHEJ repair. Because
many chemotherapeutics exert their effects through tumor cell
DNA damage, it is likely that FOXP3, which is also induced by
chemotherapeutic drugs and stress (22, 23), may emerge as a
key regulator for cancer response to chemotherapeutics. In
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support of this concept, a significant correlation between
FOXP3 expression (judged by both nuclear and cytoplasmic
staining) and better survival of anthracyclines-treated primary
breast cancer patients was recently reported (49).
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