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We have identified FoxP3 as a novel tumor suppressor for breast and prostate cancer recently(1-3). Several other genes,
such as Brcal/Brca2, TP53 and PTEN, have also been implicated in familial and sporadic cancer(4). However, the
genetic basis for a major portion of breast cancer, including familial and sporadic, is yet to be elucidated. Surprisingly, in
our analysis of the immune functions of mice heterozygous for the FoxP3 mutation, we observed a high rate of
spontaneous mammary cancer. The heterozygous female mice are also substantially more susceptible to carcinogen
DMBA. The involvement of FoxP3 is supported by several lines of evidence. First, the FoxP3 gene is expressed in breast
epithelial cells but down-regulated in the mammary cancer tissues. Second, transfection of FoxP3 cDNA into a variety of
breast cancer cells resulted in a substantial inhibition of their growth. Thirdly, FoxP3 inhibits the transcription of ErbB2,
the major oncogene for breast cancer, by repressing the ErbB2 promoter(3). Further studies demonstrate that the growth
inhibition is completely reversed by constitutive expression of the ErbB2 gene. Furthermore we also found FoxP3
down-regulate c-Myc in prostate cancer development(1). Nuclear factor of activated T cell( NFAT) was firstly identified
as a regulator of IL-2 transcription in activated T cells in response to TCR-mediated signals. Now there are at least five
members in NFAT family transcription factors being identified. All NFAT proteins have a highly conserved
DNA-binding domain which resembles to the DNA binding domain of REL-Family transcription factors to regulate
variety of gene transcriptions. Among them, NFAT1-4 is functionally response to signal from calcium channel. In T cells,
NFAT1 formed in a complex with FoxP3 and AP-1 to target the promoter region of regulated genes in Treg(5). Evidences
from many research groups suggest NFAT may involve cell cycle regulation and tumor development. NFAT4 is one of
members in NFAT family transcription factors and has been recently reported that mice with targeted mutation of NFAT4
developed spontaneous mammary cancer(6) , implying NFAT4 may function as a novel tumor suppressor gene in the
breast cancer development. Therefore, it will be very interesting to explore the possibility if NFAT4 plays an important
role as a partner with FoxP3 in repression of cell growth as we found FoxP3 functions as a tumor suppressor in breast
cancer in mice.

Therefore, we set up the first task as below:

Task 1: Test if NFAT4 is inactivated in mammary tumors in NFAT4+/- mice (month 1-12).

e We have obtained NFAT4/NFAT1 heterozygous mice from Harvard Medical School. We will breed these
mice to accumulate 30 WT female mice, 30 female NFAT4 heterozygous (+/-) mice and 30 NFAT4 (-/-)
mice and to record the tumor incidence. (month 1-9).

e When the mammary tumor is developed in female NFAT +/- mouse as reported, we will perform
pathology examination. (Month 4-12).

e Immunohistochemical analysis on tumor tissue will be performed using anti-NFAT4 antibody. Tumor
tissue RNA will be isolated and RT-PCR will be performed to examine the gene expression. (Month 4-12).

e We will treat the mice with carcinogen, 7,12-dimethylbenz [a] anthracene (DMBA), in conjunction with
progesterone to speed up breast tumor formation in wild type and NFAT4 deficient mice (Month 4-12).

A published report demonstrated that both NFAT4” and NFAT4"" mice developed mammary tumors at the age of
12-16 months, although the study involved too small numbers of mice to allow a comparison of the onset and incidence of
the mammary tumors. We will take three approaches to determine whether NFAT4 works as a cell intrinsic tumor
suppressor.

We have obtained the same BALB/c founder mice from Dr. Glimcher at Harvard Medical School (the same source
as the one that reported mammary tumor). Published studies demonstrated that 2/3 NFAT4” mice developed mammary
tumors at 12.5 months, while 2/4 of the NFAT4"" mice developed cancer in 16.5 months, which is notable as none of 10
WT littermates developed cancer in their study. Since this is a time-consuming experiment, we have treated the mice with
a carcinogen, 7,12-dimethylbenz [a] anthracene (DMBA), in conjunction with progesterone. In case of FoxP3 mutation,
some mammary tumor became palpable within 3 weeks after the 7 week-treatment. We expanded the study to include 20
mice for each group as well as 20 WT littermates. First, we compared the incidence and onset of mammary tumors in
NFAT4"* and ” mice. The development of palpable mammary tumors has been determined by physical examination
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and confirmed by histology. The mice were sacrificed

5
when the tumor reaches 5% body weight or when the mice

reach 2 years of age. At the end of one year, all mice were sacrificed and examined by histology for the existence of
hyperplasia or malignancies in mammary glands and metastasis into bone, lung, liver and lymph nodes Kaplan-Meier
survival analysis has been carried out to determine whether there is NFAT4 gene dose will affect the risk of mammary

tumors.

Here we showed tumor incidence results below from our animal model:

Figure 1. Tumor incidence in NFAT1 and NFAT4 mice
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The figure 1 showed that tumor incidence at earlier stage of stage happed induced by DMBA was significantly
higher in NFAT4 or NFAL mice than the wild type mice, suggesting NFAT4 or NFAT1 may function as tumor
suppressor. The survival curve in the figure 2 also show wild type mice survived longer than mutant mice which are
consistent with results from tumor incidence.

Second, we do pathological examination on the internal organs from studied mice to confirm the tumor formation and
tumor metastasis. We used the anti-NFAT4 antibody (NFATc3-F1, Santa Cruz Biotechnology), a monoclonal antibody
against the C-terminal peptide that cross-react with has been shown to work in the immunohistochemistry of paraffin
sections. The availability of the NFAF4-deficient tissue allows us to obtain an optimal condition under which the signal
can be completely removed in NFAT4-/- cells. A selective absence of the protein in the tumor cells is consistent with the
notion that NFAT4 is a tumor suppressor gene. A substantial reduction can be observed in the cancer samples, which
may explain e that the WT allele in the cancer cells was inactivated by epigenetic mechanisms.

NFAT4 (Wild type) NFTAA4 (Cancer)
Figure 3. NFAT4 expression in wild and cancer mice breast tissues.

In figure 4. NFAT4 expression in tumor was reduced significantly, suggesting NFAT4 may play a role in the
tutorigenesis.
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Fig. 4 NFATA4 expression in mammary tissues. Samples from normal and cancerous tissues of the scurfy FoxP3" mice were
cDNA from RT. Lanel, DNA molecular weight; lane 2, normal mammary glands; lane 3, mammary cancer samplel; lane
4, mammary cancer sample

Next We ask if NFAT4 a partner of FoxP3 in ErbB2/Her-2 promoter repression? So we set up the second task below:

Task 2: Determine whether NFAT4 associates with FoxP3 in vivo and in vitro (Month 1-6).
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e We will use co-transfection in vitro expression system to test if NFAT4 and FOXP3 forms a
complex and map the required regions for their association.(Month 1-2)

e Atmeantime, we also will examine if they associate each other under physiological condition such as in normal
breast epithelial cell lines.(Month 2-3)

e Inthe next phase, we will attempt to establish the interaction in living cells using bimolecular fluorescence
complementation (BiFC). Once the constructs are optimized, we will transfect the mammary tumor cell line
TSA in order to visualize the interaction in a model relevant to breast cancer.(Month 4-6)

To anwser if NFAT4 interacts with FoxP3, we co-expressed NFAT4 and FoxP3 in 293 cells and did
co-immunoprecipitation. The results showed that NFAT4 binds to FoxP3. As shown in Fig.4, when the 293T cells were
transfected with Myc-tagged FoxP3 and HA-tagged NFAT4, anti-HA precipitated b oth NFAT4 and FoxP3. The
specificity of the co-IP is confirmed as the WWRR mutation that inactivates the FoxP3-NFAT4 association, eliminated
the co-1P. Thus, at least in the 293T cell lysates, the two molecules bind each other. We mapped c-terminal part of NFAT4
is required for their interaction. At same time, we tested their interaction under physiological condition by isolating breast
epithelial cells from mice. We only saw very weak interacting bands from COIP due to antibody( results not showed here).

IP:-Myc:; 1B:-H.
=
2=
W -53-$
Myc-FoxP3S — -+ — -4
HA-MNFATA —+ -+ —+ —

I—A NI:ATAI-
in

PMyc—-Fox<xP3
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-1 =2 = =1

Fig. 5. FoxP3 interacts with NFAT4. Myc-FoxP3 and its mutant WWRR (T359W, N361W, E399R, E401R) were
co-transfected with HA-NFAT4 (aal-699) into HEK 293 cells. After 48 hours, transfected cells were lysed in lysis
buffer and precleared lysates were incubated with anti-Myc for one hour and then extended for an additional hour with
protein G beads. Immunoprecipitates were dissolved in SDS loading buffer for SDS PAGE gel to determine the NFAT4
protein associated with FoxP3 by anti-H A Western blot. The results showed NFAT4 was associated with wild type
FoxP3 but not binding defect mutant WWRR.

Next , we have set up a system to test the interaction in living cells using bimolecular fluorescence
complementation (BiFC) by collaborating with Dr. Tom Kerppola, an HHMI investigator and Professor of
Biochemistry at University of Michigan, who invented the BiFc method(9). In principle, BiFC is based on the notion
that fluorescent proteins can be divided into two non-fluorescent fragments, which can fold together to produce
fluorescence if brought to proximity by interacting molecules. Since its invention, this method has been successfully
used to visualize the molecular interaction in live cells. Furthermore, by using different fluorescent proteins, this method
can be expanded to visualize interaction of multiple proteins. For the purpose of this study, we will use fragments of
yellow fluorescent protein (YFP), truncated at residue 155, as it is has been shown to exhibit relatively high efficiency of
complementation and strict requirement for interaction of the fusion partners .

In order to test the interaction of FoxP3 and NFAT, we constructed YC-NFAT4 by linking YFP to C-terminus of

NFAT4 and VN-FOXP 3 by tagging FoxP3 at N-terminal fragment of VVenus GFP, respectively. When both VN-FoxP3
and YCNFATA4 co-expressed in 293 cells, a strong intensity of green fluorescence was observed, indicated FoxP3

7



8
strongly interacts with NFAT4 (Fig.6). We also tested the interaction between FoxP3 and other members such as
NFAT1, NFAT2 and NFAT3 in NFAT family, the signal conveyed by NFAT4 is strongest (data not shown). Similar GFP
signal were observed when we co-expressed both VN-FoxP3 and YCNFAT4 in breast cancer cell line TSA and
4T1(picture not showed here).

Fig 6. Interaction of FOXP3 and NFAT4 in 293 cells. 293 cells was transfected with VN-FOXP3 (FOXP3 tagged at
N-terminal fragment of Venus GFP) and YC-NFAT4 (NFAT4 tagged with C-terminal fragment of YFP). Images were
captured using fluorescent microscope 24 hrs post-transfection.

VN-FoxP3+

YC-NFAT4

VN-FoxP3 YC-NFAT4

To investigate if NFAT4 is a partner with FoxP3 functionally, we set up the below task to address:
Task 3: Establish the functional relevance of the interaction of NFAT4 and FoxP3 (Month 4-12)

e IsNFAT4 a partner in ErbB2/Her-2 promoter repression? By using Her-2 promoter luciferase assay system,
we can monitor Her2 transcription level. We co-express NFAT4 and Her2 luciferase reporter in the HEK 293
cells and some breast cancer lines such as MCF7, MCF10A etc. Then we can assess the effects of NFAT4 on
Her2 transcription through assaying luciferase activity. (month 4-6)

e Once we see the effects ofNFAT4 on Her2 reporter activity, we will determine whether NFAT4 interacts with
the ErbB2 promoter by using ChIP assay. Our research of the 2 Kb promoter region that is susceptible to
NFAT4 repression revealed two potential NFAT binding sites. Using immunohistochemistry and real time
PCR, Her2 expression level in normal epithelial and mammary cancer cells will be compared and evaluated.(
month 6-9)

e We also want to address if FoxP3- mediated repression of Her2 required endogenous NFAT4 protein. To test
this possibility, we will use siRNA to silence NFAT4 and other 4 NFAT family members one by one, or all
together, and evaluate whether FoxP3-mediated suppression is ablated. A careful titration of FoxP3 plasmids
will be carried out to reveal a possible synergic function between FoxP3 and endogenous NFAT. (Month

10-12)

To assess if NFAT4 regulate ErbB2, we use ErbB2 promoter luciferase reporter assay system to assay. We co-expressed
NFAT4 or Foxp3 and ErbB2 reporter in the 293 cells, then assay the luciferase activity. The results showed NFAT4 or Foxp3
reduced Her promoter luciferase activity, suggesting NFAT4 repressed Her2 promoter activity and negative regulated ErbB2.
In the figure 7 left panel, NFAT4 and FoxP3 showed comparable inhibition on ErbB2 promoter. In figure 7 right
panel, we show FoxP3 synergistically repress the ErbB2 promoter and CSA, a NFAT dephosphorylation inhibitor
partially reverse FoxP3 and NFAT repressive activity on ErbB2 promoter in a reporter assay. Our data suggest
FoxP3 and NFAT may functionally cooperate to repress ErbB2. Similar experiments have been conducted in the
other cell lines such as MCF7 and MCF10A cells, which showed similar trends of results(detailed data not

showed here).



Fig. 7. NFAT4 and FoxP3 repress the ErbB22 promoter with comparable efficiency. FoxP 3 and NFAT4 synergistically
repress ErbB22 promoter activity and their repressive function on ErbB22 promoter can be partially reversed by NFAT
inhibitor CSA(Right Panel).The results showed here were means and SD from three independent experiments. The
activity of the promoter luciferase construct is defined as 1.0.

Next, we determined whether NFAT4 interacts with the ErbB2 promoter. Our search of the 2 Kb promoter region that is
susceptible to NFAT4 repression revealed only two potential NFAT-binding sites(potential NFAT binding site GGAAA).
Remarkably, the two sites are adjacent to the multiple FoxP3 binding sites that we have identified.

FOXP3 NFAT4 NFAT4 ATG

4] F1o8o0- -514-
1131 [ 1073 508

Fig.8. Diagram of the HER-2 promoter. The functional FoxP3-binding site identified is marked in the pink box, while the
two poten tial NFAT binding sites across the 2.1 Kb region searched were highlighted in two blue boxes. The primers for
CHIP assay are indicated as brown bars underneath.

By using ChIP assay, we used the anti-NFAT4 antibody or control 1gG to
detect the amount of HER-2 promoter associated with the NFAT, using the total input
DNA as control to normalize the amplification efficiency of different primers. Our
preliminary data indicated that NFAT indeed bind to the promoter region of Her2. The
data showed in figure 8 demonstrated which NFAT sites are associated with the
NFAT4 protein at 1080-1073 and 515-508(Sample3 and 5 in Fig. 9)

Figure 9. Her promoter CHIP assay by NFAT4. Anti-NFAT4 was used for immuno-precipitation. 1gG was used as a
control .

To confirm the NFAT4 binding motif in ErbB2 promoter, we mutated the two binding motif(GGAAA to GCCAA),.
Then co-expressing NFAT4 and ErbB2 promoter luciferase reporter . Mutating the NFAT4 binding motif in ErbB2
promoter is no longer repressed by NFAT4, suggesting the repressing activity by NFAT4 is specific.
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Figure 10. NFAT4 Binding sites in ErB2 is required for its repressing activity.

The significance of NFAT-4 mediated repression has been assessed by comparing the ErbB2 levels in the normal and
malignant mammary epithelial cells from WT and NFAT-4 deficient mice. Using immunohistochemistry, we have
found that normal epithelial and mammary cancer cells in the WT mice have minimal levels of ErbB2. While the ErbB2
level is significantly higher in the NFAT4-deficient mammary epithelial cells, may suggest that NFAT4 deletion can
cause elevation of ErbB2 before cancer development. However, we have met some difficulty to knockdown all four
different isoforms of NFAT proteins. Since NFAT1, NFAT2, or NFAT3 may contribute to repressor activity of Foxp3 in
the tumor development, it is hard to conclude FoxP3 collaborated with endogenous NFAT4 for its repressor function.
(data not shown here)

Task 4: Determine whether NFAT4 is somatically mutated in human breast cancer (Month 1-12).

e Map NFAT4 mutations in human breast cancer cell lines. We have ten human breast cancer cell lines
including MCF-7, SKBr3, BT474, MDA-MB-231, ZR75-1, T47D, BT549, BT20, MDA-MB468, and
MDA-MB453, and several mouse breast cancer cell lines such as TSA, 4T1, etc. We also collected the
non-malignant breast epithelial cell line MCF-10A, human mammary epithelial cells (HMEC-1, Cat#
CC-2551) and mammary epithelial cell growth medium (MEGM Cat# CC-3051)(month1-4)

e Sequence the human NFAT4 gene from 65 cases of paired cancer and normal tissues of the same individual to
determine whether somatic mutation of NFAT4 may occur in the cancer cells.(Month 5-8)

e \We have a database of over 600 cases of human breast cancer samples, in which the HER-2 score and FoxP3
expression have been documented. We will use an anti-NFAT4 antibody to determine its expression among
these samples by dividing them into NFAT+FoxP3+, NFAT+FoxP3-, NFAT-FoxP3+, NFAT-FoxP3-.(month
9-12)

We have sequenced NFAT4 from 6 human cell lines including MCF7, SKBR3, BT474, MDA-MB-231, T47D,
MDA-MB468, and 293, and 2 mouse breast cancer cell lines such as TSA, 4T1.

Summaries of mutations in the NFAT4 genes in MCF7 and MDA-MBA468 cells are listed below:

MCF7:
845-C or 1737 Ato
A* 1524 AorG* G*
877-GtoT* 1529 AorC* 1811-12G*
1541 G or C*
1552 G or C*
1560 A or C*
1577 T or A*

10



11

MDA-MB468:
2139-40 C*

1308 A or G* 1625 AorT* 1818 Tor G* weak
1319 A or G* 1629 Ato G* 1824 Aor T*
1369 T or C* 1635 AorT* 1828 Ato G*
1393-1394 Aweak | 1640 Ato C* 1831 Tto G*
1428 T or C* 1665 AorG* 1843 AorT*
1430 G or C* 1688 Ato G* 1844 Aor T*

1692 AtoC* 1856 A or G*

1710 Aor G* 1863 Aor G*

In order to analyze mutations in human breast cancer samples, we have tried hard to get new patients cancer samples from
clinical lab through collaboration. However, so far we have not obtained enough patient samples to be able to carry out
this part of research.

Key Research Accomplishments

1. FoxP3 is an intrinsic tumor sup pressive gene

In our analysis of the immune functions of mice heterozygous for the FoxP3 mutation, we observed a high rate of
spontaneous mammary cancer. These data indicated that Foxp3 may play an important role as a tumor s uppressor gene
in breast cancer. In our study, we found the FoxP3 gene was expressed in breast epithelial cells but down-regulated in the
mammary cancer tissues. Meantime, over-expression of FoxP3 in a variety of breast cancer cells resulted in a substantial
inhibition of their growth. Furthermore, FoxP3 inhibited the transcription of ErbB2, the major oncogene for breast cancer,
by targeting and repressing the ErbB2 promoter. Our further analysis demonstrated that the growth inhibition was
completely reversed by constitutive expression of the ErbB2 gene.

2. NFAT is inactivated in mammary tumors in NFAT +/- mice

We have obtained NFAT4/NFAT1 heterozygous mice from Harvard Medical School. We bred these mice to
accumulate 30 WT female mice, 30 female NFAT4 heterozygous (+/-) mice and 30 NFAT4 (-/-) mice an d to record the
tumor incidence. The results showed that NFAT4 deficiency is associated with high rate of breast tumor formation in mice based
on their expression in the tumor at earlier stage.

3. NFAT associates with FoxP3 in vivo and in vitro . We use co-transfection in vitro expression system and found that
NFAT4 and FOXP3 formed a complex and have mapped the required regions for their association. The results showed
NFAT4 is a partner associated with FoxP3, implying their interaction is important for their functions in tumor repressing
activity .

4. Establishing the functional relevance of the interaction of NFAT and FoxP3. By using Her-2 promoter luciferase assay
system, NFAT4 was found to repress Her2 promoter activity as good as FoxP3. At same time, we found fNFAT4 and Foxp3

have the synergic relationship on repressing Her2 transcription activity, suggesting their role as tumor co-suppressor in breast
cancer development.

5. NFAT4 is somatically mutated in human breast cancer. To Map NFAT4 mutations in human breast cancer cell lines, we
have sequenced 6 human breast cancer cell lines including MCF-7, SKBr3, BT474, MDA-MB-231, T47D, and
MDA-MB468, and two mouse breast cancer cell lines such as TSA, 4T1. We have found many mutations in NFAT4 gene
in these cell lines. Some mutations of NFAT4 have been found in these cell lines indicating the possibility of their
contribution to tumorigenesis.

Reportable Outcomes:
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1, Lizhong Wang(Runhua Liu), Weiquan Li, Chong Chen, Hiroto Katoh, Guo-Yun Chen, Beth McNally, Lin Lin
Penghui Zhou, Tao Zuo, Kathleen A. Cooney, Yang Liu, Pan Zheng. Somatic Single Hits Inactivate the X-Linked
Tumor Suppressor FOXP3 in the Prostate. Cancer Cell. Vol 16, Issue 4, 6 October 2009, Pages 336-346.

2. Yan Liu, Yin Wang, Weiquan Li, Pan Zheng, Yang Liu. ATF2 and c-Jun-Mediated Induction of FoxP3 for
Experimental Therapy of Mammary Tumor in the Mouse, Cancer Research. 69(14)5954-5960. 2009

3. Abstracts: Weiquan Li, et. al. FoxP3 is an X-link tumor suppressor gene in breast cancer. Era of Hope, Department of
Defense, Breast cancer research Program Meeting, P66-12

4. Tao Zuo, Lizhong Wang, Carl Morrison, Xing Chang, Huim ing Zhang, Weiquan Li, Yan Liu, Yin Wang, Xingluo Liu,
Michael W.Y. Chan4, Jin-Qing Liu, Richard Love6, Chang-gong Liu, Virginia Godfrey, Rulong Shen, Tim H-M. Huang,
Tianyu Yang, Bae Keun Park8, Cun-Yu Wang, Pan Zheng and Yang Liu. FOXP3 Is an X- Linked Breast Cancer
Suppressor Gene and an Important Repressor of the HER-2/E rbB2 Oncogene. Cell. 2007 Jun 29;129(7):1275-86

5. Manuscript: Weiquan Li, et. al. FoxP3 functions as a novel breast cancer suppressor gene through cooperation with
NFAT .

6. Training: Two graduate students and one undergraduate
Conclusion:

Our project was built on our discovery that mice with one defective copy of the FoxP3 gene developed spontaneous
mammary tumor at a high rate. Meanwhile, another group of scientists found that a similar defect in the NFAT4 gene also
leads to breast cancer. The impacts of our findings can be discerned from three different perspectives. First, FoxP3 and
NFAT4 mutations resulting in breast tumor in the mouse model suggested that they are likely important breast cancer
suppressor genes. Since known tumor suppressor genes can only explain a small portion of the genetic changes
responsible for cancer, our work may substantially increase the understanding of the molecular pathobiology of breast
cancer. Secondly, our work helps establishing a mechanism for antagonism between tumor suppressor genes and
oncogenes at the transcriptional level. The demonstration that NFAT4 and FoxP3 suppressed ErbB2 expression also
revealed a major mystery in the field of breast cancer, namely, what is the genetic basis for oncogenic ErbB2-2/NEU
gene over-expression in human cancer patients? Understanding this issue may suggest a novel approach to regulate
HER-2 expression and therefore breast cancer progression, which may provide some guidance for breast cancer patients
treatment .

Since down-regulation of FoxP3 is observed breast cancer samples and similar down-regulation of NFAT4 was observed
in mouse breast cancer samples, our study may help design and develop anti-cancer therapy of large section of breast
cancer patients. FoxP3 is an X-link gene which is considerably more susceptible to genetic damages resulting in
X-chromosomal inactivation and loss of heterozygosity (LOH). Thus, reactivating the silenced FoxP3 by pharmacologic
drug may resume its suppressive function. Similarly, if NFAT4 is a required element for FoxP3 function, the drug
targeting NFAT4 will have relevant effects on the FoxP3 function. For instance, immunosuppressant cyclosporine A is a
known inhibitor of NFAT4. If our data is correct, one must monitor the risk of breast cancer for patients using this drug.
Another important issue is th at by showing the interaction of two tumor suppressors, drugs that may benefit patients with
FOXP3 mutant tumors may also benefit those with NFAT mutation.
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SUMMARY

Despite clear epidemiological and genetic evidence for X-linked prostate cancer risk, all prostate cancer
genes identified are autosomal. Here, we report somatic inactivating mutations and deletion of the X-linked
FOXP3 gene residing at Xp11.23 in human prostate cancer. Lineage-specific ablation of FoxP3 in the mouse
prostate epithelial cells leads to prostate hyperplasia and prostate intraepithelial neoplasia. In both normal
and malignant prostate tissues, FOXP3 is both necessary and sufficient to transcriptionally repress cMYC,
the most commonly overexpressed oncogene in prostate cancer as well as among the aggregates of other
cancers. FOXP3 is an X-linked prostate tumor suppressor in the male. Because the male has only one X chro-
mosome, our data represent a paradigm of “single genetic hit” inactivation-mediated carcinogenesis.

INTRODUCTION

Genetic lesions of several autosomal tumor suppressor genes,
including PTEN (Sansal and Sellers, 2004; Suzuki et al., 1998),
NKX3.1 (Emmert-Buck et al., 1995; Vocke et al., 1996), and
KLF6 (Bar-Shira et al., 2006; Narla et al., 2005; Narla et al.,
2001), have been implicated in the molecular pathogenesis of
prostate cancer. In addition, epidemiological studies have sug-
gested a role for X-linked genes that control the susceptibility
to prostate cancer (Monroe et al., 1995). Although two loci, one
in Xp11.22 (Gudmundsson et al., 2008) and one in Xg27-28 (Xu
et al., 1998), have been implicated, the genes in these regions
have not been identified. X-linked tumor suppressor genes are
of particular interest because the majority of X-linked genes
are dose compensated, making a single hit sufficient to inacti-
vate their functions (Spatz et al., 2004). Although we and others
have reported X-linked tumor suppressor genes, WTX17 (Rivera
et al., 2007) and FOXP3 (residing at Xp11.23) (Zuo et al,
2007b) in female cancer patients, none have been identified for
cancer in male patients.

In addition to inactivation of tumor suppressors, activation of
proto-oncogenes also play a critical role in carcinogenesis.
Among them, c-MYC (hereby called MYC) is known as one of
the most commonly overexpressed oncogenes. MYC overexpres-
sion occurs in more than 30% of all human cancer cases studied
(Grandori et al., 2000). However, the mechanism by which MYC
transcription is increased in the prostate cancer remains unclear.
In Burkitt’s lymphoma, the MYC locus is translocated into a consti-
tutively active Ig locus (Dalla-Favera et al., 1982; Taub et al., 1982),
which was found to lead to its transcriptional activation (Erikson
et al., 1983). In lung cancer, high levels of gene amplification of
the MYC locus have been documented (Wong et al., 1986),
although such amplification occurred considerably less frequently
than overexpression of MYC mRNA (Takahashi et al., 1989). Like-
wise, in breast and prostate cancer, upregulation of MYC mRNA
was substantially more frequent than ampilification of the MYC
gene (Bieche et al., 1999; Jenkins et al., 1997; Latil et al., 2000).
Because MYC has been shown to be a target of B-catenin activa-
tion (He etal., 1998; Sansom et al., 2007), an appealing hypothesis
is that MYC upregulation may be a manifestation of aberrant Wnt

SIGNIFICANCE

The study describes two significant advances. First, we demonstrate FOXP3 as an X-linked tumor suppressor gene in the
male in both human and mice. Because the male has only one X chromosome, our work represents a compelling exception
to the widely accepted “two hit” theory for inactivation of tumor suppressor genes. Second, our work demonstrates that
FOXP3 is a major transcriptional repressor of c-MYC oncogene in the prostate. FOXP3 inactivation is necessary and suffi-
cient for c-MYC overexpression, which is critical for molecular pathogenesis of prostate cancer.
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Figure 1. Downregulation of FOXP3 in Pros-
tate Cancer

(A and B) Loss of FOXP3 expression in prostate
cancer samples. Data show IHC data for FOXP3
expression in benign versus cancerous tissue in
either thawed frozen tissues after short-term
formalin fixation (A) or TMA samples after an
extended antigen retrieval (B), using monoclonal
anti-FOXP3 mAb (236A/E7, 1:100). Statistical
significance was analyzed by chi-square tests.
(C) Downregulation of FOXP3 transcripts in pri-
mary cancer tissue in comparison to normal pros-
tate tissue from the same patients (p value by a
Wilcoxon two-sample test). Data show real-time
PCR quantitation of microdissection samples
from 18 cases. The relative amounts are ex-
pressed as a percentage of GAPDH.

FOXP3

P =0.00007

signaling, which occurs frequently in a variety of cancers (Fearon
and Dang, 1999). However, a general significance of B-catenin-
mediated MYC upregulation remains to be demonstrated (Kolligs
et al., 1999; Bommer and Fearon, 2007). Therefore, for the ma-
jority of cancer types, the genetic change involved in the aberrant
MYC expression remained to be defined.

MYC overexpression in benign prostate hyperplasia and pros-
tate cancer was documented over 20 years ago (Fleming et al.,
1986). Ectopic expression of MYC causes hyperplasia of prostate
tissue (Thompson et al., 1989). Further studies demonstrated that
Myc and Ras in combination could induce prostate cancer in
mice (Lu et al., 1992). More recently, gene expression profiling
of a mouse prostate cancer model induced by Myc transgene
indicated similarity with human prostate cancer (Ellwood-Yen
et al., 2003). Consistent with a role for MYC in the pathogenesis
of prostate cancer, several whole genome scanning studies
have strongly implicated a region 260 kb telomeric to the MYC
gene in susceptibility to prostate cancer (Amundadottir et al.,
2006; Gudmundsson et al., 2007; Haiman et al., 2007a; Haiman
et al., 2007b; Witte, 2007; Yeager et al., 2007).

Here, we investigated whether the FOXP3 gene is frequently
inactivated in prostate cancer samples by deletion and somatic
mutation. Moreover, we determined the significance of such
inactivation by growth inhibition of normal and cancerous pros-
tate cell lines and by identification of FOXP3 targets. The impact
of prostate-specific ablation of the FoxP3 gene in the mouse
was also tested.

RESULTS

Somatic Inactivation of the FOXP3 Locus in Human
Prostate Cancer Samples

We first evaluated the expression of FOXP3 in both normal and
malignant prostate tissues by immunohistochemistry. Although

our previous studies have demonstrated
the expression of FoxP3 in the mouse
prostate using an affinity-purified anti-
FoxP3 peptide antibody (Chen et al.,
2008), the FOXP3 expression was not
reported in either normal or malignant
human prostate tissues by immunohisto-
chemistry (IHC), even though FOXP3 expression on infiltrating
regulatory T cells was clearly detectable (Fox et al., 2007; Ronca-
dor et al., 2005). As the master regulator of regulatory T cells,
FoxP3 is expressed there at levels comparable to those of
housekeeping genes, such as GAPDH and HPRT (Fontenot
etal., 2003; Hori et al., 2003). Because FoxP3 expression in pros-
tate tissue is approximately 100-fold lower than what was found
in regulatory T cells (Chen et al., 2008), we reasoned that the lack
of detectable FOXP3 in normal prostate tissue may be caused by
low sensitivity of staining and/or tissue processing conditions.
Therefore, we first fixed the frozen tissues in 10% formalin for
8-12 hr and screened a large panel of commercially available
anti-FOXP3 antibodies for their reactivity to endogenous
FOXP3 in epithelial tissues. A shown in Figure S1 (available
with this article online), anti-FOXP3 mAb stained prostate epithe-
lial uniformly. However, compared with infiltrating lymphocytes,
the level of FOXP3 is considerably lower (Figure S2).

As summarized in Table S1, four commercially available mAbs
gave uniform staining of FOXP3 in normal prostate epithelia. The
fact that multiple anti-FOXP3 mAbs reacted to FOXP3 demon-
strated that FOXP3 is expressed at significant levels in normal
prostate tissue. Among them, two (hFOXY and 236A/E7) were
also tested and found to react specifically with FOXP3 protein
in western blot of lysates made from immortalized mammary
epithelial cell line MCF-10A. The specificity of the reactivity to
human FOXP3 was further confirmed by comparing reactivity
of scrambled and FOXP3 ShRNA-transduced normal epithelial
cell line MCF10A by western blot and by IHC (Figure S3).

Using the uniform fixation and processing conditions, we eval-
uated the expression of FOXP3 in 85 cases of normal and 92
cases of cancer tissues. As shown in Figure 1A, immunohisto-
chemistry with anti-FOXP3 mAb detected nuclear FOXP3
staining in 100% of the normal prostate tissues tested. In con-
trast, only 31.5% of the prostate cancer samples show nuclear
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FOXP3 staining (p = 8.82 x 10~2"). Perhaps as a result of harsher
fixation conditions in preparing samples for tissue microarrays,
the FOXP3 protein was generally difficult to detect by IHC, unless
high concentrations of antibodies were used (data not shown).
Using an extended antigen retrieval (37°C overnight following
heating in microwave oven), we have obtained clear, albeit
somewhat weaker, staining from tissue microarray samples
using low concentrations of anti-FOXP3 mAb. However, 13%
of normal tissues were not stained, presumably because of
harsher fixation conditions. As shown in Figure 1B, a significant
reduction was observed among prostate cancer tissues. Fur-
thermore, when the samples with prostate epithelial neoplasia
(PIN) were compared with normal tissues, we observed a statis-
tically significant reduction of FOXP3 expression in PIN (Figures
S4A and S4B). Taken together, our data demonstrated that
FOXP3 downregulation is widespread in prostate cancer and
that such downregulation may have occurred at an early stage
of prostate cancer.

We then used microdissection to obtain benign prostate tissue
and cancer tissues from the same patients and compared the
FOXP3 mRNA levels. Because inflammatory T cells are a major
source of FOXP3 expression, we carefully avoided areas of
inflammation for dissection. After normalizing against the house-
keeping gene, 14 of 18 cases showed 2-10-fold reduction of
FOXP3 mRNA in comparison to the benign tissues (Figure 1C).
Six of the 18 samples contain clearly identifiable PIN lesions.
We therefore microdissected the PIN lesions and compared
the levels of FOXP3 mRNA transcript with normal and cancerous
tissues. As shown in Figure S4C, FOXP3 transcript is downregu-
lated in PIN lesion. Thus, reduced FOXP3 expression is wide-
spread among prostate cancer samples, perhaps starting at
early stage of carcinogenesis.

We used fluorescence in situ hybridization (FISH) to determine
FOXP3 gene deletion in the prostate cancer tissue. As shown in
Figure 2 and Table S2, 23 (13.9%) of 165 samples tested showed
adeletion of the FOXP3 gene. Among them, 18 of the 23 cases had
a single copy of the X chromosome. However, 5 of the 23 cases
showed an increase in the number of X chromosomes. Interest-
ingly, in cells with X polysomy and FOXP3 deletion, the deletion
was complete in all X chromosomes. Thus, X chromosome dupli-
cations in cancer tissues likely occurred after deletion of FOXP3.
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Figure 2. Deletion of a FOXP3 Among Prostate
Cancer Samples

TMA and frozen samples were hybridized to the FOXP3
(red) or X chromosome probe (green). Of 165 cases with
informative FISH data, a total of 23 cases showed

FOXP3 deletion.
142/165 eeren
To determine whether FOXP3 was somati-
cally mutated in primary prostate cancer
samples, we isolated cancerous and normal
23/165 prostate tissues from the same patients and

compared the DNA from exons and some
exon-intron junctions. A summary of the data
is shown in Figure 3A and a representative chro-
matogram is shown in Figure 3B, with other
chromatograms provided in Figure S5. Our
sequencing analyses demonstrate single base-pair changes in
5 of 20 samples tested (Table S3). Among them, four were
missense mutations, whereas one caused a change in intron 6.
One of the missense mutation (K227R) was also reported in the
breast cancer (Zuo et al., 2007b). The tumors with the intron 6
mutation showed reduced expression of FOXP3 (Figure 3C).
Among the five samples that contain FOXP3 mutation in cancer
tissue, two contained identifiable PIN lesions. We therefore mi-
crodissected the PIN lesion to determine whether the same
mutation can be found. As shown in Figure S5, both samples
had the same mutations in PIN and cancerous tissues.

To substantiate tumor suppressor activity of FOXP3, we trans-
fected FOXP3 cDNA into prostate cancer cell lines PC3, LNCaP,
and Du145. Our data demonstrated strong growth inhibition by
FOXPS3 (Figures S6 and S7). Importantly, although vector-trans-
fected LNCaP responds to hormone 5a-dihydrotestosterone
(52-DHT), FOXP3 expression abrogated its stimulation by the
hormone (Figure S7). The growth inhibition by wild-type (WT)
FOXP3 provided an important functional test for the somatic
mutants uncovered from the clinical samples. As shown in
Figure 3D, only WT FOXP3, but none of the missense mutants,
abrogated growth of prostate cancer cell line Du145. Similar
data were obtained with another cell line PC3 (data not shown).
Therefore, the somatic mutations of the FOXP3 are functionally
inactivated.

FOXP3 is a transcriptional regulator that functions by interact-
ing with DNA in the nuclei (Zuo et al., 2007b). As the first step to
understand the mechanism by which the mutations in FOXP3
affect its function, we tagged the FOXP3 protein with the green
fluorescence protein (GFP) at the N terminus and visualized its
intracellular localization by confocal microscopy. As shown in
Figure 3E, three of four somatic mutants disrupted its transloca-
tion into nuclei. To substantiate these observations, we isolated
cytoplasm, nucleoplasm, and chromatin from PC3 transected
with vector control and from WT and somatic FOXP3 mutant
cDNA and determined distribution of FOXP3 by western blot.
As shown in Figure 3F, although WT FOXP3 and the V79A mutant
reside in both the nucleoplasm and the chromatin, the over-
whelming majority of the proteins encoded by other three
missense mutants are excluded from the nucleus. Because
these three mutations had a more severe impact on the growth
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inhibition by FOXP3, preventing nuclear localization of FOXP3
appears to be the major mechanism to inactivate the tumor
suppressor function. To confirm that disruption of nuclear local-
ization is sufficient to abrogate growth inhibition by FOXP3, we
used site-directed mutagenesis to inactivate the known nuclear
localization sequence of FOXP3. As shown in Figure S8, muta-
tion in nuclear localization sequence was sufficient to abrogate
growth inhibition by FOXP3.

Prostate-Specific Deletion of FoxP3 Caused
Precancerous Lesions

To test the cell-intrinsic effect of FoxP3 deletion, we crossed the
mice with a floxed FoxP3 locus (diagrammed in Figure 4A) (Fon-
tenot et al., 2005) to a transgenic line that expresses Cre gene
under the probasin promoter (PB-Cred) (Wu et al., 2001).
Previous studies have demonstrated that this promoter causes
prostate-specific deletion of Floxed genes starting in new-born

Mut79  Mut 196

—— - -
P -

Mutants
79 196

-‘

Lamin

Figure 3. Somatic Mutation of FOXP3 Gene
in Prostate Cancer Samples

DNA samples from cancerous and benign tissues
dissected from 20 cases of frozen prostate cancer
tissues were amplified by PCR and sequenced.
The somatic mutants were identified by com-
paring the DNA sequence of normal and can-
cerous tissues from the same patients.

(A) Diagram of the FOXP3 gene showing the posi-
tion of the somatic mutations identified.

(B) A representative chromatogram showing muta-
tion of FOXP3 in exon 3.

(C) Partial inactivation of the FOXP3 locus in pros-
tate cancer with an intronic mutation. Data shown
are means and SD of relative levels of FOXP3 tran-
scripts, with the levels of normal tissues defined as
1.0. This experiment has been repeated once.

(D) Missense mutations of the FOXP3 gene abro-
gated inhibition of the colony formation of the
prostate cancer cell line Du145 by FOXP3. Data
shown are means and SD of colony numbers in
10 cm dishes (n = 3). The expression of FOXP3 is
presented underneath the bar graph. This experi-
ment has been repeated at least 3 times.

(E) Impact of missense mutations on nuclear trans-
location of FOXP3. WT and mutant FOXP3 were
tagged with GFP at the N termini and transfected
into PC3 cell line. After drug selection to remove
untransfected cells, the cells were stained with
DAPI to visualize nuclei. Photos shown are merged
DAPI and GFP images captured by confocal
microscope.

(F) Cellular localization of WT and mutant FOXP3
as measured by western blot after cellular frac-
tionation. The cellular fractions were subject to
western blot analysis with anti-FOXP3 mAb
(Abcam, ab450) and marker proteins.

Mut 203 Mut 227

203 227 vV

mice (Wu et al., 2001). Using microdis-
sected tissue samples of 8-12-week-old
mice, we observed more than 80% dele-
tion of the FoxP3 locus among the micro-
dissected prostate epithelial tissue (Fig-
ure 4B). The FoxP3 mRNA was reduced
by more than 16 fold (Figure 4C). The
less profound reduction in DNA levels likely reflected the fact
that our microdissected samples also contained nonepithelial
cells that do not express FoxP3 (Chen et al., 2008). The reduction
of FoxP3 protein is confirmed by western blot using the lysates
of total prostate (Figure 4D) and immunohistochemistry staining
(Figure 4E). Consistent with the kinetics and levels of the
PB-Cre4 transgene expression (Wu et al., 2001), the deletion is
more complete in the ventral and lateral prostate lobes than in
the anterior and dorsal lobes.

We took several approaches to determine the effect of pros-
tate-specific deletion in the FoxP3 locus. First, we used mag-
netic resonance imaging (MRI) to monitor the prostate size in
the live mice. As shown in Figure 5A, 12-15-week-old mice
with prostate-specific deletion of the FoxP3 locus had signifi-
cant enlargement of the prostate. In comparison to WT, a
5-fold increase in the percentage of Ki67* proliferating epithelial
cells was observed in the mutant mice (Figure 5B). Histological

Cancer Cell 16, 336-346, October 6, 2009 ©2009 Elsevier Inc. 339



Cancer Cell

Somatic Inactivation of FOXP3 in Prostate Cancer

-1 12 3 4567 89 10 FoxP3

A

flox —» 4 flox i

Figure 4. Targeted Deletion of FoxP3 in the
Prostate

(A) Diagram of the floxed FoxP3 locus and the
position of the primers used to measured the ratio
of deleted versus undeleted alleles.

(B) Efficient deletion of the FoxP3 locus in the
PB4-Cre4*FoxP3"°/ (cKO) but not the PB-Cre4*
FoxP3* transgenic mice (p value by an indepen-
dent-samples t test). Data shown are means and
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examination of the prostate revealed signs of prostate hyper-
plasia as early as 14-16 weeks in five of six mutant mice. At
23-26 weeks old, 4 of 5 mutant mice, but none of the six age-
matched WT mice, exhibited extensive hyperplasia (Figure 5C
and Figure 6A). Early PIN was detectable at 23-26 weeks in
a small fraction of ventral and dorsal prostate lobes with
FoxP3 deletion, characterized by increased layers of epithelial
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(D) Reduction in FoxP3 expression, as determined
by western blot with anti-FoxP3 mAb (hFOXY).
Data shown are lysates of prostate tissues from
PB-Cre4*FoxP3*"¥ and PB-Cre4*FoxP3" mice.
(E) Reduction of FoxP3 expression as determined
by immunohistochemistry with a polyclonal rabbit
anti-mouse FoxP3 antibodies (Poly6238). Staining
of ventral prostate lobes is presented. Similar
reduction in FoxP3 expression was also observed
in lateral prostate. Significant, but less complete,
reduction in anterior and dorsal lobes was also
found. Data in (B-D) were obtained from tissues
of 8-12-week-old mice, whereas those in (E)
were obtained from 14-16-week-old mice.

cells and nuclear atypia (Figure 5C and data not shown). By
43-60 weeks, all cKO mice examined had hyperplasia. More-
over, all but 1 of 9 cKO mice exhibited early PIN, including
multiple layers of epithelial cells (Figures 6B and 6C). The epithe-
lial cells in this region had significantly enlarged nuclei, in
comparison to either the single-layered epithelial cells in the
same glandular structure (data not shown) or those in the control

Figure 5. Prostate-Specific Deletion of
FoxP3 in the Prostate Induces Precan-
cerous Lesions

(A) FoxP3 deletion caused enlargement of pros-
tates. The prostates of 12- to 15-week-old, age-
matched WT and condition KO (cKO) mice were
measured by magnetic resonance imaging (MRI)
(p value by an independent-samples t test). The
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phology and Ki67 staining are shown at the top,
and the percentage of Ki67* cells among the
epithelial cells are shown at the bottom. At least
five 40x fields for each mouse, at 14-16 weeks
of age, were counted.
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Figure 6. Histology Data of Hyperplasia and Early PIN

(A) Representative H&E staining of hyperplastic lesions in 24-week-old cKO
ventral prostate sections. A 26-week-old WT (PB-Cre4*FoxP3*") ventral pros-
tate image is shown for comparison.

(B) A representative early PIN lesion in ventral prostate of a 43-week-old cKO
mouse. The image of an age-matched (PB-Cre4*FoxP3*") ventral prostate
was included for comparison. Low (upper panels) and high (middle panels)
power images are presented. The sizes of nuclei were determined by Scion
Image software (Scion Corporation, Frederick, Maryland).

(C) A PIN lesion in ventral prostate of a 60-week-old cKO mouse, showing the
papillary and tufting. A high-power imagine showing enlarged nuclei and active
nucleoli is presented in the lower panel.

mice (Figure 6B, middle and lower panels). In most cases, the
epithelia formed both papillary and tufting (Figure 6C) patterns.
Under high power, the luminal epithelial cells in these areas ap-
peared transformed, as demonstrated by enlargement of nuclei
and more-active nucleoli (Figure 6C). In most mice, multiple
PINs were found in the anterior, ventral, and lateral prostate
lobes, although the lesions are all focal in nature. All WT pros-
tates have normal morphology through the course of the study.
Therefore, targeted mutation of the FoxP3 gene in prostate

tissue is sufficient to initiate the process of prostate cancer
development.

FOXP3 Is Necessary and Sufficient to Repress
Expression of MYC
MYC is overexpressed in 80% of the prostate cancer samples
starting as early as benign hyperplasia (Fleming et al., 1986).
However, the mechanism by which MYC transcription is
increased remains unclear. We tested whether MYC upregula-
tion correlates with downregulation of the FOXP3 transcripts.
We measured the levels of the mRNA transcripts from microdis-
sected cancerous and benign tissues from 18 patients by real-
time PCR. We normalized the transcript levels in cancer tissue
against the normal epithelia from the same patients in order to
avoid differential RNA degradation under different sample pro-
curement conditions. We observed an increased MYC expres-
sion in 15 of 18 cases. Importantly, a significant correlation
was observed between FOXP3 downregulation and MYC over-
expression among malignant tumor samples (Figure 7A). When
the levels of normal and cancer tissues were compared sepa-
rately, a negative correlation between FOXP3 and MYC levels
was found in cancer but not normal samples (Figure S9). To
test the relevance of this observation in human prostate cells,
we tested the effect of the FOXP3 shRNA on MYC expression
in early passage primary human prostate epithelial cells. Normal
prostate cell culture grew slowly and expressed low levels of
MYC. ShRNA silencing increased the growth rate of the culture
(Figure S10). As shown in Figure 7B, FOXP3 shRNA caused
amajor reduction in the expression of FOXP3 mRNA and protein.
Correspondingly, the levels of MYC transcripts and protein were
significantly elevated by FOXP3 shRNA. To test whether the
correlation could be causative and independent of cancer devel-
opment in vivo, we microdissected normal WT and FoxP3-
deleted prostate tissues and compared the Myc transcript levels.
As shown in Figure 7C, prostate deletion of the FOXP3 locus
caused a more than 4-fold increase in Myc mRNA. Moreover,
the increased transcript levels were also reflected in elevation
of the Myc protein in the nuclei (Figure 7D). These data demon-
strated that FoxP3 is a necessary repressor for the Myc locus.
To test whether ectopic expression of FOXP3 is sufficient to
repress MYC, we transfected two prostate cancer cell lines with
FOXP3. As shown in Figure 7E, FOXP3 transfection almost
completely abrogated the expression of MYC in both cell lines.
To determine whether the growth inhibition was mediated
by repression of MYC, we cotransfected FOXP3 with MYC cDNA
into Du145 cells. The cells were transfected with either pcDNAG-
blasticidin vector or MYC cDNA (comprising the entire coding
region but no untranslated regions) and either the pEF1-G418
vector or FOXP3 cDNA. As shown in Figure 7F, ectopic expression
of MYC overcame FOXP3-mediated tumor suppression. These
data demonstrated that MYC repression explains the growth inhi-
bition of FOXP3, at least for established prostate cancer cell line.

Molecular Mechanisms for FOXP3-Mediated MYC
Repression and for Somatic Inactivation of FOXP3
To understand the mechanism by which FOXP3 represses MYC,
we used ChlIP to identify the site of FOXP3 binding in the MYC
promoter. As shown in Figure 8A, quantitative PCR analysis indi-
cated that, despite the abundance of forkhead binding sites,
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At 1 week after infection, the levels of FOXP3 or
MYC mRNA were quantitated by real-time PCR.
The levels were normalized against GAPDH, and
those in the control group were defined as 1.0.
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% g and were repeated two times. The lower panel

g shows the levels of FOXP3 and MYC proteins as
revealed by western blot.

(C) Targeted deletion of the FoxP3 locus caused

i elevation of the Myc transcripts in mouse prostate

tissue (p value by a Mann-Whitney U test). The
RNA isolated from microdissected prostate
epithelia, from 8- to 12-week-old mice, was quan-
titated by real-time PCR. Data shown are relative
levels of Myc mRNA, expressed as a percentage
of Hprt mRNA.

(D) Immunohistochemistry analysis of Myc expression in PB-Cre4* and cKO prostate. Data shown are images from dorsal lobes. A comparable elevation was

observed in all four lobes.

(E) Ectopic expression of FOXP3 into prostate cancer cell lines repressed MYC expression. PC3 and Du145 cell lines were transfected with V5-tagged FOXP3.
After removal of uninfected cells by drug selection, the total cell lysates were analyzed for expression of FOXP3-V5, MYC, and B-actin as loading control.

(F) Transfection with MYC cDNA prevents FOXP3-mediated growth inhibition. In addition to either control or FOXP3 cDNA, the tumor cell lines were infected with
either control vector or MYC plasmid. A representative photograph of cell growth after crystal violet staining is shown on the left; representative data from one of
four experiments using the Du145 cell line are presented in the right. Data shown are means and SD of colony numbers in 6 cm dishes (n = 3). The levels of FOXP3
and MYC proteins are shown underneath the bar graph. Similar rescue was also found when the PC3 cell line was used (data not shown).

a strong binding of FOXP3 centered around —0.2 kb 5’ of the first
transcription-starting site (TSS-P1). To test the significance of
this site for the repression, we performed a deletional analysis
to map the region that conveys susceptibility to FOXP3 repres-
sion. As shown in Figure 8B, little repression by FOXP3 can be
observed when the reporter was truncated before the forkead
binding site at the —0.2 kb region (F1-F2). Strong inhibition
was observed when the binding motif was included (F3-F5).
Additional sequences did not increase the efficiency of repres-
sion. Sequence alignment revealed a conserved forkhead-
binding site surrounding the promoter region with the highest
ChlIP signal (Figure 8C). When the site was either deleted or
mutated, the repression was completely abrogated (Figure 8C).
These data demonstrated that FOXP3 represses MYC promoter
activity by interacting with the forkhead motif at the —0.2 kb 5’ of
the MYC TSS.

To test whether somatic mutations of FOXP3 affect MYC
repression, we transfected WT and mutant FOXP3 cDNA into
the Du145 prostate cancer cell line in conjunction with the
MYC promoter. Despite similar levels of FOXP3 protein, somatic
mutations substantially reduced MYC repression (Figure 8D).
Because three of the four mutants failed to localize into the nuclei
(Figures 8E and 8F), we tested the remaining mutant for its ability
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to bind to the MYC promoter. As shown in Figure 8E, the V79A
mutation significantly reduced the binding of FOXP3 to the
MYC promoter. Taken together, the data presented in this
section demonstrate that FOXP3 represses MYC expression
by binding the forkhead-binding motif in the promoter. Somatic
mutations uncovered in human prostate cancer abrogated the
MYC repression by either preventing FOXP3’s nuclear localiza-
tion or its binding to a cis-element in the MYC promoter.

DISCUSSION

Molecular pathogenesis of prostate cancer development
includes both upregulation of oncogenes, such as MYC, and
inactivation of tumor suppressor genes, such as autosomal
genes PTEN and NKX3.1. Although X-linked genes have been
implicated by genetic epidemiology and linkage analysis, no
X-linked tumor suppressors have been identified for prostate
cancer. Our study described herein fills a major gap by identifying
the FOXP3 gene as an X-linked tumor suppressor gene in males.

FOXP3 Is a Tumor Suppressor in Prostate Cancer
We and Rivera et al. have recently reported the involvement of
X-linked tumor suppressor genesin female cancer patients, where
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the suppressor genes are functionally silenced by a programmed
epigenetic event that occurred in all cells (X-inactivation) and
another lesion such as gene deletion and/or mutation (Rivera
et al., 2007; Zuo et al., 2007b). Here, we describe evidence
that, in the male, the FOXP3 locus is silenced by deletion and
somatic mutation.

Immunohistochemical analysis demonstrated that the nuclear
FOXP3 protein is absent in 68.5% of prostate cancer cases
tested. Thus, in addition to deletion and mutation identified
herein, additional mechanisms, such as epigenetic silencing or
mutations outside the areas analyzed, may also contribute to
lack of FOXP3 expression. In contrast, 100% of benign prostate
samples exhibited clear epithelial expression of nuclear FOXP3.

The overwhelming difference strongly suggests a relationship
between FOXP3 downregulation and cancer development.
This hypothesis has been confirmed by the impact of prostate-
specific deletion of the FoxP3 locus. These data, together with
strong growth inhibition and MYC repression by FOXP3, demon-
strate that the FoxP3 gene plays a critical role in suppressing
pathological transformation of the prostate. However, it should
be pointed out that, similar to other tumor suppressors, including
Trp53 (Chen et al., 2005), NKX3.1 (Abdulkadir et al., 2002; Kim
et al., 2002), and Pten (Chen et al., 2005), we have not observed
a full spectrum of prostate cancer during 60 weeks of observa-
tion. Because FoxP3 regulates Myc and because the effect of
transgenic Myc expression can be either hyperplasia (Zhang
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et al., 2000) or carcinoma with gene profiles similar to human
prostate cancer (Ellwood-Yen et al., 2003), it is unclear whether
extended observation time or additional factors are needed to
achieve the full spectrum of prostate cancer. The lack of full
carcinogenesis over the observation period makes our model
valuable for dissecting the contribution of other factors, such
as inflammation and aging, in the pathogenesis of prostate
cancer. Nevertheless, the development of prostate hyperplasia
and intraepithelial neoplasia, a widely accepted precancerious
lesion (Tomlins et al., 2006), demonstrates clearly that inactiva-
tion of FOXP3 in prostate cancer patients contributes to prostate
cancer development. It is of interest to note that statistically
significant downregulation of FOXP3 occurred in the PIN lesion
of human samples. Moreover, somatic mutations of FOXP3
were found in both PIN and cancerous lesions. Because deletion
of FoxP3 in the mouse caused early PIN but no cancerous
lesions so far, it is likely that FOXP3 inactivation is an early event
in prostate carcinogenesis. Inactivation of FOXP3 will likely work
in concert with additional genetic hits to cause prostate cancer.

FOXP3 exhibits strong growth inhibition of prostate cancer cell
lines, which is attenuated by somatic mutations in prostate can-
cer samples. Therefore, our genetic studies in mice and humans
demonstrated a critical role for FOXP3 as a tumor suppressor
gene for prostate cancer. The presence of a X-linked tumor
suppressor gene as demonstrated in this study revealed a major
exception for the generally accepted two-hit theory of tumor
suppressor genes in cancer development (Knudson, 1971).

Because the FOXP3 resides near a region of a putative pros-
tate cancer susceptibility locus (Gudmundsson et al., 2008),
an interesting issue is whether identification of FOXP3 may
help to explain reported X-linked genetic susceptibility to pros-
tate cancer (Monroe et al., 1995). In our analysis of more than
100 probands with familiar prostate cancer, we have so far iden-
tified no germline mutation in the coding region of FOXP3 (data
not shown). Given the early onset of lethal autoimmune diseases
associated with inactivating mutation of FOXP3 (Bennett et al.,
2001; Chatila et al., 2000; Wildin et al., 2001), it is unlikely that in-
activating germline mutation of the FOXP3 gene can be found in
prostate cancer patients. Additional analyses are needed to
determine whether the FOXP3 polymorphisms affect suscepti-
bility to prostate cancer.

FOXP3 as a Transcriptional Repressor of Oncogene
mMyYyc

MYC is arguably the most upregulated oncogene in human
cancer, because overexpression has been observed in as
many as 30% of all human cancer cases. Our results show
frequent overexpression of MYC mRNA in prostate cancers, in
comparison to adjacent normal epithelia. Although it is clear
that a mutation of the APC gene resulted in upregulation of
MYC and although MYC is essential for the development of colon
cancer associated with APC mutation (He et al., 1998; Sansom
et al., 2007), APC mutation is rare in prostate cancers thus
cannot explain a MYC overexpression in prostate cancer. Like-
wise, although MYC overexpression has been observed in all
stages of prostate cancer, a low level of gene amplification is
observed only in late stages of prostate cancer (Jenkins et al.,
1997; Latil et al., 2000). A similar disparity can be observed in
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other tumor types, including breast and lung cancer (Takahashi
et al., 1989; Bieche et al., 1999).

Our data presented here provide strong evidence that FOXP3-
mediated repression of MYC is necessary to control MYC levels
in normal prostate epithelial cells and explains much of the wide-
spread overexpression of MYC in prostate cancer. Because
transgenic expression of Myc resulted in the development of
prostate cancer with genetic profiles similar to those in human
prostate cancer (Ellwood-Yen et al., 2003), disruption of the
MYC regulator FOXP3, as documented here, likely plays a criti-
cal role for molecular pathogenesis of human prostate cancer.
Nevertheless, using expression array analysis, we have uncov-
ered a large array of genes that are either up- or downregulated
by ectopic expression of FOXP3. Notably, the genes involved in
cancer are the most affected group (Figure S11). Therefore,
much like what was observed in breast cancer, FOXP3 will likely
suppress development of prostate cancer by targeting multiple
genes, including both tumor suppressor and oncogenes (Liu
et al., 2009; Zuo et al., 2007a; Zuo et al., 2007b).

EXPERIMENTAL PROCEDURES

Prostate Cancer Samples

Three sources of prostate tissue samples were used for this study. Frozen
tissues were obtained from the Prostate Cancer Tissue Bank of Ohio State
University with no patient identification information. Tissue microarray
samples came from the University of Michigan, Biomax (US Biomax, Inc.,
Rockville, MD), and Target Biotech (Target Biotech, Inc., Thurmont, MD). All
human studies have been approved by the institutional review board of Ohio
State University and University of Michigan.

Experimental Animals

Transgenic mice PB-Cre4 expressing the Cre cDNA under the control of the
probasin promoter have been described elsewhere (Wu et al., 2001) and were
obtained from the National Cancer Institute Mouse Model Deposit. Mice with
Floxed FoxP3 locus (Fontenot et al., 2005) were provided by Dr. Alexander Ru-
densky. Male PB-Cre4*'~ mice were crossed to female FoxP3"°% or FoxP3-
flox/+ mice. The male F1 mice of given genotypes were used in the study. The
pathological evaluation was performed according the Bar Harbor meeting
guideline (Shappell et al., 2004). All animal studies have been approved by
the University of Michigan Animal User and Carer Committee.

Cell Cultures and Antibodies

Human prostate epithelial cells (HPECs) were purchased from Lonza Group
Ltd. (Switzerland) and cultured with medium from the same vendor. Early
passage HPECs were infected with retrovirus expressing either control shRNA
or FOXP3 shRNA vector. Two FOXP3 short hairpin RNA (shRNA) constructs
are FOXP3-993-shRNA and FOXP3-1355-shRNA (GenBank accession
number NM_014009). Oligonucleotides encoding small interfering RNA
(siRNA) directed against FOXP3 are 5'-GCTTCATCTGTGGCATCATCC-3' for
FOXP3-993-shRNA (993-1013 nucleotides from TSS) and 5-GAGTCTGC
ACAAGTGCTTTGT-3' for FOXP3-1355-shRNA (1355-1375 from TSS). The
selected shRNA oligonucleotides were cloned into pSIREN-RetroQ vectors
(Clontech, Mountain View, CA) to generate siRNA according to manufacturer’s
protocol. Prostate cancer cell lines Du145 and PC3 were obtained from the
American Type Culture Collection (ATCC, Rockville, MD). Antibodies specific
for the following targets were used for the study: cMyc (Santa Cruz Biotech-
nology, Santa Cruz, CA; catalog number sc-40), FOXP3 (Abcam, ab20034
for IHC and ab450 for western blot, Cambridge, MA), hFOXY (eBioscience,
catalog number 14-5779-82 for western blot in HPEC), anti-V5 (Invitrogen,
SKU number R960-25), Ki67 (Dako Cytomation, code number M7249, Carpen-
teria, CA), B-actin (Sigma, catalog number A5441, St. Louis, MO), and anti-IgG
(Santa Cruz Biotechnology, Santa Cruz, CA).
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Immunohistochemistry

Because FOXP3 is expressed at lower levels in epithelial cells than in the regu-
latory T cells, the conditions typically used for detecting Treg cells in tumor
samples do not give reproducible staining in the epithelial cells. To facilitate
replication of the current studies, we have screened commercially available
anti-FOXP3 antibodies and established staining conditions that give strong
staining of FOXP3 in human and mouse epithelial cells.

The normal and cancer prostate frozen samples were partially thawed at
room temperature and then immersed in 10% formalin for 8-12 hr and
embedded in paraffin. Antigens were retrieved by microwave in 1x target
retrieval buffer (Dako) for 12 min. For TMA samples, antigens were retrieved
at 37°C overnight after the microwave antigen retrieval treatment. ABC detec-
tion system was used for immunostaining according to the manufacturer’s
protocol (Vectastain Elite ABC, Burlingame, CA). The incubation time for
primary antibody FOXP3 (Abcam 236A/E7, 1:100), FoxP3 (BioLegend
Poly6238, 1:100), c-Myc (Santa Cruz Biotechnology 9E10, 1:200), c-Myc (Ab-
cam ab39688, 1:100), and Ki67 (Dako TEC-3, 1:100) was overnight at 4°C.
After incubation with primary antibody, staining was followed by ABC detec-
tion system using biotinylated anti-mouse/rabbit/rat IgG. AEC was used as
chromogen. The slides were counterstained with hematoxylin and mounted
in xylene mounting medium for examination.

Statistical Analysis

The distribution of samples for each group was evaluated using a one-sample
Kolmogorov-Smirnov test. In the samples with normal distributions, we
compared the means of the dependent variable using a paired-samples
t test and means of the independent variable using an independent-samples
t test between two groups. In the samples with nonnormal distribution, we
compared the means of the independent variable between two groups using
a Mann-Whitney U test. Chi-square test was used to compare the relationship
between the expression of FOXP3 and MYC among patients. The relationship
between the levels of gene expression was estimated using a linear regression
model. All data were entered into an access database and analyzed using the
Excel 2000 and SPSS (version 10.0; SPSS, Inc.) software.

ACCESSION NUMBERS

The raw data for Figure S11 have been submitted to ArrayExpress under
accession number E-MTAB-108.

SUPPLEMENTAL DATA

Supplemental data include four tables, 11 figures, and Supplemental Experi-
mental Procedures and can be found with this article online at http://www.
cell.com/cancer-cell/supplemental/S1535-6108(09)00263-3.
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Abstract

FOXP3 is inactivated in breast cancer cells by a number of
mechanisms, including somatic mutations, deletion, and
epigenetic silencing. Because the mutation and deletion are
usually heterozygous in the cancer samples, it is of interest
to determine whether the gene can be induced for the
purpose of cancer therapy. Here, we report that anisomycin,
a potent activator of activating transcription factor (ATF) 2,
and c-Jun-NH,-kinase, induces expression of FoxP3 in both
normal and malignant mammary epithelial cells. The
induction is mediated by ATF2 and c-Jun. Targeted mutation
of ATF2 abrogates both constitutive and inducible expression
of FoxP3 in normal epithelial cells. Both ATF2 and c-Jun
interact with a novel enhancer in the intron 1 of the FoxP3
locus. Moreover, shRNA silencing of ATF2 and FoxP3 reveals
an important role of ATF2-FoxP3 pathway in the anisomycin-
induced apoptosis of breast cancer cells. A low dose of
anisomycin was also remarkably effective in treating estab-
lished mammary tumor in the mice. Our data showed that
FoxP3 can be reactivated for cancer therapy. [Cancer Res
2009;69(14):5954-60]

Introduction

The overwhelming majority of tumor suppressor genes are
autosomal, and their inactivations involve two genetic events (1-4).
The best defined two hits of the tumor suppressors in cancer cells
are usually irreversible, such as deletion or mutations (3, 4). More
recently, however, it has become increasingly clear that epigenetic
inactivation of tumor suppressors plays a critical role in
inactivating tumor suppressor genes (5). On the other hand, due
to X-inactivation, the X-linked tumor suppressor genes are
operatively hemizygous, and can be inactivated by a single hit
(6). This notion has been substantiated by the recent identification
of two tumor suppressor genes, FoxP3 for breast cancer (7) and
WTX for Wilms' tumor (8). Because the majority of mutations and/
or deletions associated with X-linked tumor suppressor genes are
heterozygous (7, 8), most cancer cells have a wild-type (WT) allele
that has not been irreversibly inactivated (7).

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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An important aspect of tumor therapy is how to restore the
function of tumor suppressors. For those with two irreversible
genetic changes, such as p53, this has been technically
challenging, although a pharmaceutical restoration of mutant
protein function has been reported (9). Because X-linked tumor
suppressor genes are operationally hemizygous, only one allele is
subject to genetic selection in cancer cells. The other allele is
therefore genetically intact and can potentially be induced to
suppress tumor growth. Based on this concept, we searched for a
biochemical pathway that can be activated to induce FOXP3
expression in breast cancer cells. Here, we report that anisomycin,
which is commonly used to induce stress responses of cells,
induces expression of FOXP3 in breast cancer cell lines. Our
biochemical and genetic analyses revealed that activating
transcription factor (ATF)2, which was recently shown to be a
tumor suppressor gene in the mouse (10), is essential for the
induction of FoxP3 and FoxP3-mediated apoptosis. Moreover,
ATF-2 forms heterodimer with c-Jun to activate transcription of
FoxP3. These data show a novel function of ATF2 in the
expression of FoxP3 in the epithelial cells and suggest a novel
approach for the therapy of breast cancer.

Materials and Methods

Antibodies and reagents. Anti-ATF-2 (20F1), phospho-ATF2-(Thr71),
and activated caspase-3 were purchased from Cell Signaling, Inc. Other
vendors are as follows: anti-Foxp3 (eBioscience; #14-5779-82); and anti-3-
actin (I-19), c-Jun (NX), and phosphor-c-Jun (KM-1; Santa Cruz
Biotechnology, Inc.). Chemicals SP600125, SB203580, and PD98059 were
purchased from CalBiochem, Inc., whereas anisomycin was purchased
from Sigma, Inc.

Experimental animals. Mice heterozygous for A#2 null mutation
(Agf2"™ 16" | A12+12982 /SvPas; ref. 11) were revived from the frozen embryo
bank in The Jackson Laboratory. Heterozygous mice were crossed to
produce A#f2"* and Atf2™/" littermates. BALB/c mice were purchased from
Charles River through a National Cancer Institute Subcontract. All studies
involving animal has been approved by University Committee on Use and
Care of Animals at University of Michigan.

Preparation of mammary epithelial cell culture. Mouse mammary fat
pads were removed from 6- to 8-wk-old virgin female mice and minced
into small pieces. After collagenase digestion at 37°C in a shaking incubator
in DMEM supplemented with 5% FCS, cells were sieved through a 70-um
cell strainer (BD Falcon) to obtain a single-cell suspension. The cells
were cultured in DMEM supplemented with 10% fetal bovine serum and
10 ng/mL epithelial growth factor. At day 3 of culture, fibroblast cells
were removed by a short digestion with 0.05% trypsin-EDTA as less
adherent cells.

Measurement of FOXP3 transcripts. Total cDNA were prepared
from breast cancer cell lines or epithelial cultures. The levels of FOXP3
mRNA were measured by reverse transcription-PCR (RT-PCR) under
two conditions. Full-length encoding regions were analyzed by agarose
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Figure 1. Anisomycin rapidly induces FoxP3 expression in mouse and human
breast cancer cell lines. A, induction of FoxP3 transcripts by anisomycin

(0.1 pg/mL). Top, kinetics of FoxP3 induction in mouse mammary tumor cell line
TSA, as measured by RT-PCR for cDNA covering the entire coding region.
Bottom, the induction of FoxP3 in TSA by real-time PCR. Columns, means of
three independent experiments; bars, SD. The transcript level of 0 h is artificially
defined as 1.0. B, induction of FoxP3 by anisomycin (0.01, 0.05, 0.1, 0.25,
0.5, 1.0 ng/mL), but not by PMA (0.01, 0.1, 0.5, 1.0, 2.5 pg/mL), in mouse
mammary tumor cell line 4T1 or human breast cancer cell line MCF7 by RT-
PCR, using primers spanning from start coden to stop coden. C, anisomycin
induces FoxP3 protein, as revealed by Western blot. The specificity of analysis
and dependence of FoxP3 transcript is confirmed by FoxP3 shRNA. All data are
representative of at least three independent experiments.

gel electrophoresis, whereas shorter transcripts were quantitated
using real-time PCR. All primers for PCR were listed in Supplementary
Table S1.

ShRNA lentiviral vector. The lentivirus-based shRNA expressing
vectors were created by introducing the murine U6 RNA polymerase III
promoter and a murine phosphoglycerate kinase promoter (pGK)-driven
enhanced green fluorescent protein expression cassette into a vector of
pLenti6/V5-D-TOPO back bone without cytomegalovirus promoter. Hairpin
shRNA sequence of FoxP3, JNK1, JNK2, and Atf2 (FoxP3: 5-aagccatggcaa-
tagttectt-3; FOXP3: 5'-gcagcggacactcaatgag-3; JNKI12: 5'-agaaggtagga-
cattcett-3 and 5-aagcctagtaatatagtagt-3'; Atf2: 5'-ctictgttgtagaaacaac-3 and
5'-agcacgtaatgacagtgtca-3') were cloned into the lentiviral shRNA expressing
vectors by restriction sites of Apal and EcoRI.

Electrophoresis mobility shift assay. Anisomycin were added to
4T1 cells in conjunction with either vehicle control or kinase inhibitor
SP600125 at a dose of 2 pg/mL for 2 h before cells lysed. The nuclear
extracts were mixed with either WT or mutant probes in the presence of
either control anti-c-Jun (Santa Cruz; sc-45X) or anti-ATF2 (Cell Signaling,
#9226) antibodies, as indicated and analyzed by electrophoresis, as
described (12).

Western blot. Protein samples for Western blot were prepared by lysing
cultured cells in SDS sample buffer, resolved on 10% SDS-PAGE, and

electroblotted onto nitrocellulose membranes. Membranes with transferred
proteins were incubated with primary antibody followed by incubation with
horseradish peroxidase conjugated to the secondary antibody. Chemilumi-
nescence reaction using the enhanced chemiluminescence kit (Amersham
Biosciences) was detected by film.

Chromatin immunoprecipitation (ChIP) was carried out according to a
published procedure (13). Briefly, the vehicle or 2-h anisomycin-treated
4T1 cells were sonicated and fixed with 1% paraformaldehyde. The
anti-phospho-c-Jun or anti-phosphor-ATF2 antibodies or control rabbit
IgG were used to pull down chromatin associated with these proteins. The
amounts of the specific DNA fragments were quantitated by real-time PCR
and normalized against the genomic DNA preparation from the same cells.

Immunoflurensence staining. TSA cells were treated or left untreated
with vehicle DMSO or 50 ng/mL of anisomycin for 24 h. After that, the cells
were fixed by methanol, permeabilized with 0.3% Triton-X100, and stained
with rabbit antibody against cleaved Caspase 3 (Cell signaling, #9661s)
overnight. The stained cells were then visualized with Cy3-conjugated anti-
rabbit IgG (Jackson ImmunoResearch Laboratory).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell
viability assay has been described in details (14).

DNA contents Anisomycin-treated or control cells were stained by
Propidium Iodide using “PI/RNase Staining Buffer” from BD Biosciences
according to the manufacturer’s manual.

Results

Induction of FoxP3 by anisomycin. We have recently shown
that the expression of FoxP3 c¢DNA leads to rapid cell death of
breast cancer cell lines (7, 15). These results raised the possibility
that the induction of FoxP3 may represent a novel therapeutic
approach for the treatment of breast cancer. When we screened for
drugs that induce FoxP3 expression in mammary tumor cell lines,
we observed a rapid induction of FoxP3 mRNA by anisomycin. As
shown in Fig. 14, significant levels of the FoxP3 transcripts were
induced in a mouse mammary tumor cell line, TSA, as early as 4
hours after anisomycin treatment. Similar effects were observed in
another mouse mammary tumor cell line 4T1 and human breast
cancer cell line MCF-7 (Fig. 1B), which we showed to harbor
the WT FOXP3 gene (7). In contrast, treatment of phorbol 12-
myristate 13-acetate (PMA) did not result in any induction of
FoxP3 (Fig. 1B). Because higher doses of anisomycin can inhibit
translation, we tested induction of the FoxP3 protein by Western
blot. As shown in Fig. 1C, low doses of anisomycin induced high
levels of FoxP3 protein, which indicated that activation of FoxP3
locus can be achieved at doses that did not prevent translation
of the FoxP3 protein. Importantly, the induction of FoxP3 protein
can be prevented by FoxP3 shRNA. These data not only proved
the specificity of Western blot but also confirmed that the
accumulation of FoxP3 protein depends on induction of FoxP3
mRNA.

Involvement of ATF2, c-Jun-NH,-kinase in FoxP3 induction.
As a first step to identify the mechanism by which anisomycin
induced FoxP3, we treated mammary tumor cell line with
anisomycin in conjunction with inhibitors of overlapping specific-
ity, including ATF-2/c-Jun-NH,-kinase (JNK) inhibitor SP10096
(SP), p38a inhibitor SB203580 (SB), and p41/42 MAP kinase
inhibitor PD9786 (PD). As shown in Fig. 24, SP completely
prevented the induction of FoxP3. On the other hand, SB and PD
had little effect. These data raised the possibility that ATF-2 and
JNK pathways may be involved in the induction of FoxP3 by
anisomycin.

To test this hypothesis, we generated lentiviral vectors
expressing shRNA for /NK1/2 or ATF2. The efficacy of shRNA

www.aacrjournals.org

5955

Cancer Res 2009; 69: (14). July 15, 2009



Cancer Research

silencing and the effect of the silencing on anisomycin-mediated
induction of FoxP3 is shown in Fig. 2B. These data showed that
silencing either JNK or ATF2 resulted in abrogation of the
induction of the FoxP3 transcripts and protein by anisomycin.
These data provide important genetic evidence for the
involvement of JNK and ATF2 in anisomycin-induced FoxP3
expression.

Interestingly, a recent study showed that mice with heterozygous
deletion of the ATF2 gene developed spontaneous mammary
tumors (10). Because FoxP3 heterozygous mutants have the
same phenotype, it is intriguing that ATF2 may be responsible

for constitutive and/or inducible expressions of FoxP3 in
mammary epithelial cells. To address this issue, we obtained
ATF2”~ mice from the frozen embryo bank of The Jackson
Laboratory. The ATF2”* and the ATF2~~ mice were obtained
by F1 cross. A previous report indicated that the only a small
fraction of the ATF2™/~ mice survive to adulthood (11). We
obtained two ATF2™/~ females, from which we obtained two
independent primary mammary epithelial cell cultures (Fig. 2D).
The epithelial origin of the cultures was shown by the expression of
CK19. Because T cells are the major source of FoxP3 transcripts
in vivo, we also confirmed that the primary culture has no T-cell
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Figure 2 A critical role of ATF2 and JNK1/2 in FoxP3 induction by anisomycin. A, inhibitor of JNK and ATF-2 prevented induction of FoxP3. 4T1 cells were stimulated
with anisomycin (0.1 pg/mL) in presence or absence of inhibitors (2 pg/mL) for ATF-2 and JNK SP, SB, and PD. The induction of FoxP3 was measured by RT-PCR
16 h after induction. B, effect of shRNA silencing of ATF2 and JNK1/2 on anisomycin-induced FoxP3 expression. Top, efficacy of shRNA using lentiviral vector
control or that with given shRNA, as measured by Western blot. Levels of p-actin are used as loading controls. Middle, RT-PCR results as determined

by electrophoresis. Two independent shRNA (called 1 and 2) were used. 4T1 cells treated with either vehicle control (—) or 0.1 pg/mL of anisomycin for 16 h.
Bottom, real-time PCR results. The FoxP3 mRNA levels were determined by RT-PCR as detailed in Fig. 1 legends. C, shRNA for ATF2 prevented induction of FoxP3
protein, as measured by Western blot. D, targeted mutation of ATF2 abrogated both constitutive and inducible expression of the FoxP3 gene in mouse mammary
epithelial culture. Top and middle left, morphology of epithelial culture. Note higher cellular density of the ATF2~"~ epithelial culture. Top right, the primary cell
culture expressed epithelial cell marker (CK19) and had no T-cell contamlnatlon as judged by the lack of CD3 transcript. RT, reverse transcriptase. Middle right,

constitutive and inducible expression of FoxP3 in ATF2** but not ATF2~/~

cultures. Bottom, real-time PCR quantitation of FoxP3 induction. Columns, means of three
independent experiments; bars, SD. All data have been repeated at least thrice.
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Figure 3.

Identification of cis-elements that interact with ATF2/c-Jun heterodimer. A to C, ChIP scanning of potential c-Jun and ATF2 binding sites. The 4T1 cells

were treated with either vehicle control or anisomycin for 2 h. The chromatin was cross-linked with paraformadehyde and precipitated with either control IgG,
anti—phospho-ATF2, or anti—-phospho-c-Jun. The amounts of DNA were quantified by PCR. A, quantitative analysis of the ATF2 and c-Jun binding sites in the FoxP3
locus. Top, the genomic structure of the 5’ of the FoxP3 locus. The DNA quantitation was shown in the bar graph (bottom). Data shown are means of triplicate
samples and have been repeated thrice. B, PCR amplification of FoxP3 sequences P2 and P10 in ChIPs from anisomycin-treated and untreated cells. Note that
although the binding of P10 to ATF2 and c-Jun are inducible, that of P2 was largely unaffected by anisomycin. C, the ATF2 and cJun bound to the AP1 site in P10. The
sequence of WT probe (P10) is agatggacgtcacctaccacatcacgg (bold letters for core AP1 sequence), that for P10-Mt1 is agatggacgtctgcgeccacatcacgg (bold letters
indicate mutations), whereas that for P10-Mt2 is agatggacgtcgacgcccacatcacgg. The data have been repeated thrice.

contamination by the lack of CD3 transcripts (Fig. 2D). WT
epithelial cultures expressed significant amounts of Foxp3
transcripts, which were further induced by the treatment of
anisomycin. ATF2~'~ cells had no detectable FoxP3 transcripts
and did not express FoxP3 after stimulation by anisomycin.
These data revealed an essential role for ATF2 in both
constitutive and inducible expressions of FoxP3 in normal
epithelial cells. On the other hand, the thymocytes from the
ATF2~/~ mice had normal number of CD4*FoxP3* T cells (data
not shown). Therefore, the function of ATF2 in FoxP3 expression
seems to be epithelia specific.

Identification of the FoxP3 enhancer associated with ATF2
and c-Jun. To study the mechanism of ATF2/JNK-mediated
induction of FoxP3, we carried out ChIP to identify an
anisomycin-inducible binding site of the FoxP3 locus. To identify
specific ATF2 binding sites, we treated the 4T1 cell line with or
without anisomycin and carried out ChIP with either control IgG
or anti—p-ATF2 antibodies. Because JNK regulate transcription by
phosphorylation of c-Jun (16), we used anti-phospho-c-Jun
antibodies in the ChIP. To identify the FoxP3 sequence associated

with p-ATF2 and p-c-Jun, we first analyzed the 5" sequence of the
FoxP3 gene and identified 14 potential AP1 and cAMP-responsive
element binding protein sites. PCR primers were designed across
the 10.4 kb regions, and the amounts of each PCR product were
normalized against that amplified from the input DNA. The
quantitative real-time PCR results were shown in Fig. 34, whereas
the PCR products from two major peaks were shown in Fig. 3B.
These data reveal two potential sites for ATF2/cJun interaction.
The first is hereby called P2, which is 4.8 kb 5 of exon 1. The
second and the stronger binding site P10 is 4.2 kb 3’ of exon 1.
Importantly, whereas the P2 ATF2/cJun association is not
inducible by anisomycin, the P10 binding is enhanced by >2-
fold by anisomycin. Moreover, comparison of mouse and human
FoxP3 sequence revealed that the P10, but not the P2 site, is
highly conserved (Supplementary Fig. S1). Therefore, we focused
on the potential significance of P10 as the site for p-ATF2 and p-
cJun interaction.

Sequencing comparison identified a typical AP1 site within
the P10 (Supplementary Fig. S1). To directly show interactions of
ATF2 and c-Jun to the FoxP3 promoter, we radiolabeled an
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oligonucleotide probe containing conserved AP1 site as well as two
control oligos with mutations in the AP1 site and tested their
binding to nuclear extracts. As shown in Fig. 3C, the nuclear
extracts from anisomycin-treated, but not those from the
untreated, 4T1 cells showed strong interaction with the WT P10
probe. The specificity was confirmed as mutations in the AP1 site
significantly reduced the binding. Furthermore, the involvement of
ATF2 and c-Jun was shown as their specific antibodies abolished
the binding of nuclear extracts to WT probe. Thus, both ChIP and
electrophoresis mobility-shift assay identify a specific activator
protein (AP1) site with 4.2 kb 3’ of the TSS, which binds to both
p-ATF2 and p-cJun by anisomycin-inducible fashion.

To test whether the P10 sequence was a functional FoxP3
enhancer, we generated a series of constructs consisting of the
basal promoter and putative enhancer elements. As shown in
Supplementary Fig. S2, a 265 bp sequence 5's of TSS of the FoxP3
locus plus 50 bp down-stream of TSS is sufficient to convey a
significant basal promoter activity. This fragment is therefore
chosen to measure the enhancer activity. As shown in Fig. 4,
addition of three copies of P2 fragment increased the promoter
activity by ~ 2-fold, which suggests that P2 is at best a weak
enhancer. Inclusion of three copies of P10 sequences, however,
increased the Foxp3 promoter activity by 10-fold. Surprisingly, this
seems unidirectional as the inversion of the P10 fragment
eliminated its enhancer activity. Moreover, the involvement of
AP1 site in P10 was confirmed as a mutation of the API site
significantly reduced the enhance activity. Moreover, addition of P2
to P10 failed to further enhance the promoter activity. Taken
together, our data showed that anisomycin induced ATF2/c-Jun
interaction with a specific enhancer within the intron 1 of the
FoxP3 gene.

A critical role for ATF2-FoxP3 pathway in anisomycin-
induced apoptosis and the therapy of breast cancer. Our recent

studies have shown that the induced expression of FoxP3 caused
apoptosis of breast cancer cell lines (7, 11, 15). To determine
whether anisomycin treatment caused apoptosis of breast cancer
cells, we measured the cytotoxic effect of anisomycin on several of
breast cancer cell lines, by MTT assay. As shown in Fig. 54, both
mouse (TSA) and human breast cancer cell lines (BT474, MCF-7)
were highly susceptible to anisomycin, with an IC5, between 50 and
100 ng/mL. The reduced viability is due to apoptosis as revealed by
the increased expression of active caspase 3 in TSA cells (Fig. 5B,
top) with less than 2C DNA contents (Fig. 5B, bottom). Given the
critical role for ATF2 in FoxP3 induction, we tested the
contribution of ATF2 to anisomycin-induced cell death by
comparing the dose response to anisomycin in cells transfected
with either vector alone or those with A7F2 shRNA. As shown in
Fig. 5C and D, ATF2 and FoxP3 shRNAs increased resistance to
anisomycin by nearly 3-fold. These data show a critical role for the
ATF2-FoxP3 pathway in anisomycin-induced cell death of breast
cancer cells.

To test whether induction of FoxP3 by ATF2-FoxP3 pathway can
be explored for breast cancer therapy, we injected the TSA cell line
into the mammary pad. Seventeen days later, when the cancer cells
established locally, the mice were treated with either vehicle
control or anisomycin. As shown in Fig. 6, the growth of the TSA
tumor cells in syngeneic mammary pad is abrogated by
anisomycin. These data show the potential of ATF2-FoxP3 pathway
in the therapeutic development for breast cancer.

Discussion

FOXP3 is an X-linked gene that is subject to X-inactivation
(7, 17). Our inquiry into the high incidence of spontaneous
mammary tumors in mice heterozygous for the Scurfy mutation led
to the identification of it as the first X-linked tumor suppressor for
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Figure 4. Enhancer activity of the ATF2/cJun binding sites in transcription of FoxP3. Quantitative analysis of enhancer activity. Left, configurations of the constructs
used, including the basal promoter regions used (PF4); right, fluorescence intensity as measured by flow cytometry. The promoter activities were normalized

by the following formula: (GFP fluorescence sample/GFP fluorescence control)/(renila luciferase activity sample/renila luciferase control). The promoter-less GFP
construct is used as control. Columns, means of triplicates, repeated thrice; bars, SD.
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Figure 5. ATF2-FoxP3 pathway induces apoptosis of breast cancer cells. A, growth inhibition of mouse and human breast cancer cell lines by anisomycin, as
determined by MTT assay. Mouse cell line (10%well; TSA) or human breast cancer cell lines TB474 or MCF7 were cultured in the presence of given concentration of
anisomycin for 48 h. The amounts of viable cells were determined by MTT assay, with viability of the untreated cells defined as 100%. Points, means of triplicate
samples, repeated thrice; bars, SD. B, anisomycin induction of apoptosis in TSA cell line at 24 h after treatment. Top, staining of activated caspase 3; bottom, DNA
contents. The % of gated cells was apoptotic based on their sub-2C DNA contents. Data shown have been repeated thrice. C, requirements

for ATF2 in growth inhibition of TSA by anisomycin. D, requirement for FoxP3 in growth inhibition TSA (left) and MCF-7 cells (right) by anisomycin. The indicated cell
lines were transduced with lentiviral vector encoding either scrambled shRNA of shRNA specific for ATF2 or FoxP3. The transfected cells were enriched by
short-term treatment of blastcidin at a dose of 6.5 pg/mL and subject to treatment of different doses of anisomycin. The viability was measured by MTT assay. Points,

means of triplicates, repeated thrice; bars, SD.

breast cancer in mouse and in woman (7). FOXP3 acts as a
transcriptional repressor of oncogenes such as ErbB2 and SKP2
(7, 15). Moreover, ectopic expression of FOXP3 cause an apoptosis
of breast cancer cells (7). These data showed that the induction of
FOXP3 in the tumor cells may prove valuable for the treatment of
breast cancer.

Because the one WT allele was not irreversibly inactivated in the
overwhelming majority of breast cancer samples analyzed (7), it is
theoretically possible to reactivate the expression of FOXP3 locus
for the treatment of breast cancer. The data presented herein
showed such reactivation by anisomycin.

We observed that anisomycin, a drug commonly used to activate
MAP kinases, rapidly induced FOXP3 expression in multiple breast
cancer cell lines tested. Using shRNA specific for /uk and Atf2, we
showed that the /nk and A#f2 genes are required for the induction
of FoxP3 expression. Moreover, biochemical analysis allowed us to
identify critical cis-element involved in the induction of FoxP3 and
that this cis-element interacts with c-Jun and ATF2 to cause the
activation of the FoxP3 gene. It is worth considering whether the
effect of anisomycin can be related to reactivation of X-inactivated
FoxP3, given recent reports of chromatin modification-dependence
of c-Jun-induced transcriptions (18, 19).

Using mammary epithelial culture isolated from WT and
ATF2™'~ mice, we showed that the targeted mutation of Aff2 not
only reduced the basal levels of FoxP3 transcripts in the mammary
epithelial cells, but also eliminated its induction by anisomycin.
Therefore, ATF2 plays an essential role in both constitutive and
inducible expression of FoxP3. It is of great interest to note that
mice heterozygous for Af#f2-null allele spontaneously developed
mammary tumors (10). The similarity in tumor onset suggests that
the lack of FoxP3 expression may be an underlying cause for the
spontaneous mammary tumors, although the Atj2*/ ~ mice
available to us is in 129/SV background, which is not suitable to
address this issue.

FOXP3 is expressed in both T cells and epithelial cells (7, 20, 21).
Because the majority of the A#2~'~ mice die shortly after
birth (11), a systemic analysis of the effect on expression of
FOXP3 in the T-cell lineage remained to be determined. However,
our preliminary analysis suggested that A#f2 is not essential for
FOXP3 expression in the thymocytes (data not shown). Therefore,
ATF2 may play different roles in different lineages. Consistent with
this notion, both cis-element and the trans-activating factors
identified here differ from what were reported in FoxP3 induction
in T cells (22-25).
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Figure 6. Anisomycin conferred significant therapeutic effect for established
mammary tumor in mice. TSA cells (5 x 10°) were injected into mammary fat
pads of syngeneic BALb/c mice. After 17 d of injection, the mice with palpable
tumors were randomly grouped and treated with anisomycin or vehicle control
i.p., every 2 d for 8 times, at a dose of 0.5 mg per mouse. The dose used did not
give obvious side effects and was ~ 1/20 of LD50 in the mice. The tumor
diameters were derived from the average of largest diameters in two dimensions.
The tumor volumes defined as 0.75xr°, where r is radius. A, the growth kinetics
is shown; B, photographs of tumors before, and at the end of treatments were
shown at the bottom. Similar therapeutic effects have been observed in three
independent experiments.

Finally, an important but unresolved issue is how to reactivate
tumor suppressor function in the tumor cells. Classic tumor
suppressors are inactivated by two irreversible hits (2). Therefore,
despite an elegant recent approach (9), restoring the function of
classic tumor suppressors remains a major challenge for cancer
therapy. On the other hand, recent data from our group and that of
another indicated that X-linked tumor suppressor genes are subject
to X-inactivation (7, 8). Because X-inactivated genes are not subject
to selection during tumor growth and because deletion and
mutation found in the majority of the cases are heterozygous (7, 8),
it may be possible to reactivate FOXP3 for the treatment of breast
cancer. In this regard, we have shown that anisomycin cause
apoptosis in an ATF2- and FOXP3-dependent manner. Moreover,
the doses used here do not interfere with protein translation and
cause no obvious side effect, yet the drug causes dramatic
inhibition of growth of established mammary tumors in syngeneic
hosts. Although more work is needed to evaluate the potential for
anisomycin for breast cancer treatment, our data suggest that one
may be able to reactivate X-linked tumor suppressor genes for
cancer treatment.
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SUMMARY

The X-linked Foxp3is amember of the forkhead/
winged helix transcription factor family. Germ-
line mutations cause lethal autoimmune dis-
eases in males. Serendipitously, we observed
that female mice heterozygous for the “scurfin”
mutation of the Foxp3 gene (Foxp3"*) devel-
oped cancer at a high rate. The majority of the
cancers were mammary carcinomas in which
the wild-type Foxp3 allele was inactivated and
HER-2/ErbB2 was overexpressed. Foxp3 bound
and repressed the HER-2/ErbB2 promoter. Dele-
tion, functionally significant somatic mutations,
and downregulation of the FOXP3 gene were
commonly found in human breast cancer sam-
ples and correlated significantly with HER-2/
ErbB2 overexpression, regardless of the status
of HER-2 amplification. Our data demonstrate
that FOXP3 is an X-linked breast cancer sup-
pressor gene and an important regulator of the
HER-2/ErbB2 oncogene.

INTRODUCTION

Identification of BRCA1 and BRCA2 marks a key advance
in understanding the genetic defects responsible for
breast cancer (Miki et al., 1994; Wooster et al., 1995). Sev-
eral other genes, such as TP53, PIK3CA, and PTEN, have
also been implicated in familial and sporadic cancers
(Samuels et al., 2004; Wooster and Weber, 2003). How-

ever, the genetic defects for breast cancer have yet to be
fully elucidated. There is an important distinction between
autosomal and X-linked genes, as many genes in the latter
category are subject to X inactivation, making it easier
to fulfill Knudson’s two-hit theory (Knudson, 1971). As
such, X-linked tumor suppressor genes can potentially
be more important, as LOH or mutation of a single allele
can in effect functionally silence the gene (Spatz et al.,
2004). However, essentially all tumor suppressor genes
are autosomal (Spatz et al., 2004), although tantalizing
evidence concerning abnormalities in the X chromosome,
including LOH, skewed inactivation, and selective loss,
has been reported in breast cancer samples (Kristiansen
et al.,, 2005; Piao and Malkhosyan, 2002; Richardson
et al., 2006; Roncuzzi et al., 2002).

HER-2/Neu/ErbB2 is one of the first oncogenes to be
identified (Schechter et al., 1984) and has been demon-
strated to be expressed in a large proportion of cancer
cells (Garcia de Palazzo et al., 1993). The level of HER-2/
NEU is an important prognostic marker (Slamon et al.,
1987). Anti-HER-2/NEU antibody Herceptin has emerged
as an important therapeutic for patients with overex-
pressed HER-2/NEU on cancer tissues (Slamon et al.,
2001). Given the clinical and therapeutic significance of
Her-2/Neu/ErbB2 overexpression, it is important to iden-
tify the molecular mechanisms responsible for the overex-
pression. A well-established mechanism responsible for
HER-2 overexpression in human cancer is gene amplifica-
tion (Slamon et al., 1987). However, it is unclear whether
gene amplification alone is sufficient to cause HER-2 over-
expression. Moreover, a significant proportion of human
cancers with moderate overexpression of HER-2 does
not show gene amplification (Bofin et al., 2004; Jimenez
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Figure 1. Increased Susceptibility to
Breast Cancer in Mice Heterozygous for
Foxp3°*

(A) Representative breast cancers developed in
female Foxp3*"*OtcP"* mice. The top panel
shows the gross anatomy, while the lower panel
shows the histology of local and metastatic
lesions of a breast cancer. (B) Cancer-free
survival analysis of Foxp3°"*, Foxp3%"*Otc"*,
Otc*P™*, and WT littermates. Mice were sacri-
ficed when moribund to identify the tissue
origins of cancers. Foxp3°”* versus WT, p <
0.0001; Foxp3®"* versus Otc*"*, p = 0.0003;
Foxp3*"* versus Foxp3*"+Otc*"*, p = 0.9526;
Foxp3*"+Otc®"* versus WT, p = 0.0001; Foxp3"+
Otc™* versus OtcSP”*, p = 0.0001; Otc"+

3 versus WT, p = 0.4164.
(C) As in (B), except that only incidences of

mammary tumors were included. Foxp3%"*
versus WT, p = 0.00015; Foxp3*"*Otc*"*
versus WT, p = 0.00011.

(D) Increased susceptibility of Foxp3*”* mice to
carcinogen DMBA and progesterone. The dia-
gram on top depicts experimental protocol,
while survival analysis is shown in the bottom
panel. Foxp3*”* versus WT, p < 0.0001;
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et al., 2000; Todorovic-Rakovic et al., 2005). It is therefore
of great interest to identify regulators for HER-2 expres-
sion in breast cancer. In this context, Xing et al. (2000)
reported that DNA-binding protein PEA3 specifically
targets a DNA sequence on the HER-2/neu promoter
and downregulates the promoter activity. It is less clear,
however, whether genetic lesions of PEA3 can cause
HER-2 overexpression.

Foxp3 was identified during position cloning of Scurfin,
a gene responsible for X-linked autoimmune diseases in
mice and humans (immune dysregulation, polyendopathy,
enterophathy, X-linked, IPEX) (Bennett et al., 2001; Brun-
kow et al., 2001; Chatila et al., 2000; Wildin et al., 2001).
Serendipitously, we observed a high rate of spontaneous
mammary cancer. Our systemic analyses reported herein
demonstrate that the Foxp3 gene is a mammary tumor
suppressor in mice and humans. Moreover, Foxp3
represses the transcription of the HER-2/ErbB2 gene via
interaction with forkhead DNA-binding motifs in the
ErbB2 promoter.

RESULTS

Spontaneous and Carcinogen-Induced Mammary
Cancer in Foxp3°”* Female Mice

The mutant BALB/c mice we used for the initial study
carried mutations in two closely linked X chromosome
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Time after treatment (Weeks)

Foxp3*"*Otc*™* versus Otc®"*, p = 0.0005;
Otc*P™* versus WT, p = 0.8157. In (B) and (C),
those mice that were observed for only part of
the duration were incorporated as censored
samples and were marked with a cross in the
Kaplan-Meier survival curves. The p values in
(B) and (C) were derived from log-rank tests.

genes, Foxp3" and Otc*P". During the course of the study,
a spontaneous segregation of Otc**" allowed us to obtain
a BALB/c Otc®P"* strain. Meanwhile, we obtained an inde-
pendent line of Scurfy mice that had never been crossed to
the Spf mutant mice and we backcrossed the Scurfy
mutant allele (Foxp35') for more than 12 generations into
the BALB/c background (Chang et al., 2005). Female
mice with only one copy of the Foxp3 gene survived to
adulthood and appeared normal within the first year of
life (Godfrey et al., 1991) with normal T cell function
(Fontenot et al., 2003, 2005; Godfrey et al., 1994). Our
extended observations of the retired breeders for up to
two years revealed that close to 90% of the Foxp3s"*
Otc*”* and Foxp3*”* mice spontaneously developed
malignant tumors. Cancer incidences in the littermate con-
trols and a line of congenic mice with a mutation in Otc but
not Foxp3 were comparable with each other (Figures 1A
and 1B). About 60% of the tumors were mammary carcino-
mas (Figures 1A and 1C), although other tumors, such as
lymphoma, hepatoma, and sarcoma were observed. His-
tological analyses revealed lung metastasis (Figure 1A;
lower panels, based on expression of ER and/or PR, data
not shown) in about 40% of the mice with mammary can-
cer. More than a third of the tumor-bearing mice had mul-
tiple lesions in the mammary glands. Most, although not all,
mammary carcinomas expressed the estrogen receptor
(ER*, 14/18) and progesterone receptor (PR*, 12/18).
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Figure 2. Inactivation of the WT Foxp3
Allele in Mammary Cancer Cells

(A) Defective Foxp3 expression in breast can-
cer. RNA extracted from the cells isolated by
laser-capture microdissection was subjected
to quantitative real-time RT-PCR using primers
specific for Foxp3, Hprt, and CK19. In the left
panel, fluorescence intensity (ARn) was plotted
versus cycle number. Mean and standard devi-
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In order to focus on mammary cancer, we treated the
mice with a carcinogen, 7,12-dimethylbenz [a] anthracene
(DMBA), in conjunction with progesterone. Mice heterozy-
gous for Foxp3®", but not those heterozygous for Otc,
showed substantially increased susceptibility to mammary
cancer, as revealed by earlier onset and increased inci-
dence (Figure 1D) and multiplicity (data not shown) of the
breast tumors. These data demonstrate that a mutation
of Foxp3, but not Otc, results in a major increase in suscep-
tibility to mammary carcinoma.

Foxp3 Expression in Normal and Cancerous
Mammary Tissues
Since expression of Foxp3 has not been reported in
mammary tissue, we isolated normal and cancerous cells
by laser-capture microdissection (Figure S1A) and com-
pared expression of Foxp3 and Otc by real-time RT-PCR
and histochemistry. The complete absence of the cd3
transcripts (Figure S1B) indicated that the microdissected
samples were devoid of T cells, the main cell types known
to express Foxp3 (Fontenot et al., 2005). A representative
profile and summarized data of Foxp3 expression in
Foxp3"+OtcP"* mice and age-matched wild-type (WT)
control mice are shown in Figure 2A. Foxp3 mRNA was
detected in normal mammary epithelium from both the
WT and Foxp3*"+*Otc”* mice, but not in mammary
cancer cells from the same Foxp3”*Otc*"* mice. Immu-
nohistochemical staining (Figure 2B) confirmed the loss of
expression of Foxp3 in the mammary carcinoma gener-
ated from the Foxp3”+Otc*"* mice.

Foxp3 is an X-linked gene that is subject to X-chromo-
somal inactivation (Fontenot et al., 2005). We carried out

ﬁz;:';.i"’o"@. are presented in the right panel (p < 0.0001,
one-way ANOVA test when either internal stan-
dard was used).
(B) Immunohistochemical staining of normal
mammary glands and adenocarcinomas from
a Foxp3*"*Otc”* mouse using rabbit anti-
FOXP3 polyclonal antibody and normal rabbit
IgG as the control.
(C) Specific silencing of the WT allele in breast
cancer cells. Foxp3 transcripts were amplified
from microdissected breast cancers or normal
breast epithelium by two rounds of anchored
PCR and were cloned into the TOPO vector
and sequenced. The number of clones with

OwT allele
B Foxp3 allele

Norm sequences of WT or mutant alleles in the breast

cancer and normal epithelium is presented. A
total of 20 clones were sequenced from each
group. Data shown are from pooled samples
that lack CD3 transcripts. n.d., not detectable.

an anchored RT-PCR and cloned the low levels of Foxp3
mRNA in the breast tissues. We sequenced the cDNA
clones from pooled samples after ruling out potential
T cell contamination (based on a lack of T cell specific
cd3 transcripts; Figure S1B). As shown in Figure 2C,
100% of the Foxp3 transcripts in the cancerous tissues
were from the mutant alleles, which indicate that the
wild-type allele was silenced in the tumor cells. In contrast,
the transcripts from the mutant allele constituted 15% of
the transcripts in the normal mammary samples from the
same mice. Thus, the expression pattern of Foxp3 fulfills
another criterion for a tumor suppressor gene.

FOXP3 Is a Repressor of ErbB2 Transcription

Our characterization of the mammary tumors in the mutant
mice revealed widespread upregulation of ErbB2, in con-
trast to those rare tumors from WT mice, as shown in
Figure 3A and Table S1. Using real-time RT-PCR, 8- to
12-fold more ErbB2 mRNA was found in the cancer cells
than in normal epithelium (Figure 3A). There was also
more ErbB2 mRNA in the Foxp3s7+°"* epithelium than
in that of the WT female mice (Figure 3A), which indicates
a potential gene dosage effect of Foxp3 on the regulation
of ErbB2 expression in vivo. Transfection of the TSA cell
line with Foxp3 cDNA repressed ErbB2 levels on the
TSA cell line (Figure 3B).

Analysis of the 5’ sequence of the ErbB2 gene revealed
multiple binding motifs for the forkhead domain (Fig-
ure 3C). To test whether Foxp3 interacts with the ErbB2
promoter, we used anti-V5 antibody to precipitate son-
icated chromatin from the TSA cells transfected with the
Foxp3-V5 cDNA and used real-time PCR to quantitate
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deviation (SD) of triplicates. This experiment
has been repeated twice with similar results.

(D) Foxp3-mediated repression of the ErbB2
promotor requires forkhead-binding motifs as

evaluated by dual-luciferase reporter assay.
The promoter regions differed in the number of forkhead-binding motifs, as illustrated in the diagram on the left. Three different cell lines were
transfected with either vector control or Foxp3 (1 pg/well) in conjunction with the luciferase reporter driven by different 5’ promoter regions of the
ErbB2 gene (0.6 pg/well). pRL-TK was used as internal control. The luciferase activity from the cells transfected with the pGL2-basic vector was
arbitrarily defined as 1.0. Data shown are means and SD of triplicates and have been repeated at least three times.
(E) Site-directed mutagenesis of one of two conserved regions with multiple forkhead-binding motifs in the ErbB2/HER-2 promoter prevented repres-
sion of the ErbB2 promoter by Foxp3. The two binding sites, as illustrated in Figure S2, were deleted individually (deleted DNA sequence, Mut A:
AAATCTGGGATCATTTA; Mut B: TTTGAATTTCAGATAAA). Mutations of either site prevented FOXP3-mediated suppression. The promoter activity
was measured and normalized as detailed in (D), except that the amount of promoter DNA was 0.4 ng/sample. The promoter activities of the vector
groups were artificially defined as 1.0. Data shown are means and SD of triplicates. This experiment has been repeated twice with similar results.
(F) Foxp3-mediated binding to specific cis elements in the ErbB2 promoter. Nuclear extracts from the Foxp3-V5- (F-NE) or vector-transfected control
(C-NE) TSA cells were preincubated with 32P-labeled WT (*W) or mutant probes (*M) in the presence of an unlabeled WT (W) or mutant probe (M). The
mixtures were analyzed by PAGE. NS, nonspecific; FP, free probe. The specific Foxp3-shifted band is marked by an arrow. Data shown have been
repeated three times.
(G) Mutation of forkhead binding motifs (Mut 4) abrogated FOXP3-mediated repression, but not basal promoter activity. This is as in (E), except that WT,
Mut B, and Mut 4 (mutations that inactivate the Foxp3 binding as detailed in [F]) of the ErbB2 promoters were used. This experiment has been repeated
twice with similar results. The differences were compared by student t tests with p value provided. Data shown are means and SD of triplicates.

the amounts of the specific ErbB2 promoter region precip-
itated by the anti-V5 antibodies in comparison to those
that bound to mouse IgG control. As shown in
Figure 3C, the anti-V5 antibodies pulled down significantly
higher amounts of ErbB2 promoter DNA than the 1gG
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control, with the highest signal around 1.6 kb 5’ of the tran-
scription starting site.

To test whether the binding correlated with the suppres-
sion by Foxp3, we produced luciferase reporter using the
1.8, 1.2, and 0.8 Kb upstream of the ErbB2 TSS and tested



Primary Immortalized Malignant

Figure 4. Characterization of FOXP3

1.29
1.20

M oD @

xpression

@
o

067

Relative FOXP3

o o 0 oo
o N r o o
o
©

SKBr3

BT474 MDA-
10A  (ER) (HER-2") (HER-2M)MB-231 (ER’)
(ERY)

AE38 AE3

HMEC-1 HMEC-2 MCF- MCF7 ZR75-1  T47D

(ER")

BT549
(ER)

[«]
2
@

FU/AE3 FLAAE3  AE3 AE34  AE3 AEB AE3/A34  AE3

1000.0

104.47
100.0

1042
- 638

o
o

3.00

0.76

Relative HER2 expression
b
2
E
~
2
2

o

HMEC-1 HMEC-2

MCF MCF-7  SKBr3 BT474 MDA-
10A MB231

ZR75-1 T47D BTS49

the ability of Foxp3 to repress ErbB2 promoter activity. In
three separate cell lines, we observed that the region with
the strongest ChIP signal was required for optimal-
repression by Foxp3 (Figure 3D). Furthermore, we deleted
two potential Foxp3 binding sites based on intensity of
ChlP signal, abundance of consensus binding sites, and
conservation between mouse and human (Figure S2) by
site-directed mutagenesis and measured the effect on
Foxp3-mediated repression. As shown in Figure 3E,
deletion of either binding site substantially increased the
ErbB2 promoter activity in the presence of Foxp3 and
thus alleviated Foxp3-mediated repression.

Since the region deleted in Mut B is 100% conserved
between mouse and man and since this deletion
completely wiped out repression, we used an electropho-
retic mobility shift assay (EMSA) to determine whether the
forkhead DNA-binding motifs in region B bound to Foxp3.
As shown in Figure 3F, the nuclear extracts from the
Foxp3-expressing cells specifically retarded migration of
the WT but not mutant 32P-labeled probes compared
with control cells. While mutant cold probes did not affect
Foxp3-binding activities, WT cold probes significantly
diminished them, establishing that the binding of these
complexes is specific to forkhead DNA-binding motifs.
We therefore carried out site-directed mutagenesis to
replace the 12 nucleotides (Mut C) within the ErbB2
promoter and compared the promoter activity and
Foxp3-repression by luciferase assays. While the
wild-type promoter was repressed by Foxp3, no
repression by Foxp3 was observed when the mutant
promoter was used. Moreover, in contrast to the
deletional Mut B, the mutations had no impact on
the basal activity of the ErbB2 promoter (Figure 3G).
Taken together, our new data make a compelling
case that Foxp3 represses the ErbB2 promoter via
specific forkhead-binding motifs.

AE3/AE34

Transcripts in Primary, Immortalized,
and Malignant Mammary Epithelial Cells
Relative levels and isoforms of FOXP3 (the
upper panel) and HER-2 (the lower panel)
mRNA. After normalizing against endogenous
GAPDH, the amounts of transcripts were com-
pared to those found in HMEC-1, which was
arbitrarily defined as 1.0. Data shown are
means and SD of triplicates. This experiment
has been repeated twice with similar results.
The reported ER status and the isoforms of
the FOXP3 transcripts detected are indicated.
To characterize the isoforms, FOXP3 mRNA
was amplified by two rounds of anchored
PCR using primers annealing to exons 1 and
12. The bulk PCR products were sequenced
2.16 only if one species was found in agarose
electrophoresis. When more than one species
was observed, the PCR products were cloned
and multiple clones were sequenced until all
of the species observed in the agarose gel
were identified.
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FOXP3 Defects in Human Breast Cancer

We analyzed the levels and isoforms of the FOXP3 tran-
scripts in a panel of normal human mammary epithelial
cells (HMEC), an immortalized but nonmalignant cell line
(MCF-10A), and ten malignant breast cancer cell lines dif-
fering in ER/PR and HER-2 status. Early passage of HMEC
with no methylation in the CpG island of the P16 promoter
(Figure S3) was used to avoid effects associated with P16
inactivation in postsenescence HMEC cultures (Romanov
et al,, 2001). As shown in Figure 4A, similar levels of
FOXP3 transcripts were observed in two independent iso-
lates of HMEC and in the immortalized cell line MCF-10A.
Each of the ten tumor cell lines had a different degree of
reduction in FOXP3 mRNA levels in comparison to
HMEC and MCF-10A. Among them, two were completely
devoid of FOXP3 mRNA, while the others had a 1.5- to 20-
fold reduction. We then used anchored primers spanning
exons 1-12 to amplify the FOXP3 transcripts, and then we
sequenced the PCR products. As shown in Figure 4, none
of the tumor cell lines expressed full-length FOXP3 tran-
scripts. The HMEC expressed the same two isoforms as
observed in the T cells, while MCF-10A expressed the
exon 3-lacking isoforms. The same isoform was also
found in four tumor cell lines at much lower levels. In addi-
tion, three tumor cell lines expressed an isoform lacking
both exons 3 and 4. The alternative splicing resulted in
a frameshift beginning at codon 70 and an early termina-
tion at codon 172. Furthermore, two tumor cell lines
expressed a FOXP3 isoform lacking exons 3 and/or 8.
Exon 8 encodes the leucine-zipper domain that is fre-
quently mutated in IPEX patients (Ziegler, 2006). Thus,
FOXP3 is abnormal in breast cancer cell lines. Consistent
with a role for FOXP3 in repressing HER-2 expression, the
majority of the breast cancer cell lines had higher levels of
HER-2 in comparison to normal HMEC (Figure 4, lower
panel). However, additional changes are also likely
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A Figure 5. FOXP3 Defects in Human
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(D) FOXP3 mutations reduced its repressor activity for the HER-2 promoter in the SKBr-3 cell line. The left panel shows expression of mutant
cDNA. The middle panel shows luciferase activity, while the right panel shows the levels of HER-2 transcripts. The difference between WT and
318 P > L and that between WT and 204C > R205E > K are highly significant (p < 0.01). Data shown are means and SD of triplicates and
representative of at least two to three independent experiments.

(E) A breast cancer sample with a somatic mutation in intron 6 (case 23) had an inactivated FOXP3 locus. Normal mammary epithelial (N) and
tumor (T) cells were isolated by LCM. The FOXP3 transcripts were determined either by PCR using primers spanning exons 5-8 to detect alter-
natively spliced products or by real-time PCR using primers spanning exons 10-12. The upper and middle panels show photographs of PCR prod-
ucts of FOXP3 or GAPDH loci, while the right panel shows the relative level of FOXP3 transcripts as determined by real-time PCR. Neither assay
detected any FOXP3 transcripts in the tumor of case no. 23. Substantial amounts of FOXP3 transcripts were detected in normal samples and
tumors in case no. 22 (with a synonymous mutation in exon 7), which was artificially defined as 1.0. Data shown are means and SD of triplicates.
This experiment has been repeated twice with similar results.

12 34

required for HER-2 overexpression, as three cell lines did the epithelial cells, only about 20% of the cancerous
not overexpress HER-2 even though the FOXP3 tran- tissue showed nuclear staining. Second, we used fluores-
scripts were greatly reduced. cence in situ hybridization (FISH) to determine whether the

We took three approaches to determine whether the FOXP3 gene was deleted in the breast cancer samples.
findings in the mutant mice and human breast cancer The minimal common region of deletion was identified
cell lines are relevant to the pathogenesis of human breast using flanking p-telomeric and centromeric clones. Out
cancer. First, we used immunohistochemistry to deter- of 223 informative samples, we observed 28 cases
mine expression of FOXP3 in normal versus cancerous (12.6%) with deletions in any of the three loci. Interest-
tissue. As shown in Figure 5A, while about 80% of the ingly, deletion of the FOXP3 locus was found in all of the
normal breast samples expressed FOXP3 in the nuclei of 28 cases (Figure 5B and Table S2). These data suggest
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that FOXP3 is likely within the minimal region of deletion in
the Xp11 region studied. Although all deletions were het-
erozygous, the FOXP3 protein was undetectable in 26
out of 28 cases. Thus, it appears that for the majority of
the breast cancer samples, LOH alone was sufficient to in-
activate the locus, perhaps due to X-chromosomal inac-
tivation. The two cases with both deletion and FOXP3
expression had X polysomy with three and four X chromo-
somes, respectively (Table S2). Thirdly, we isolated DNA
from matched normal and cancerous tissues (50 cases
with formalin-fixed samples and 15 cases of frozen sam-
ples) from patients with invasive ductal carcinoma and
amplified all 11 coding exons and intron-exon boundary
regions by PCR. Two independent PCR products were
sequenced in order to confirm the mutations. Unless the
bulk sequencing data were unambiguous (Figures S4A
and S4C), the PCR products were cloned, and five to
ten independent clones from each reaction were se-
quenced (Figure S4B). Among the formalin fixed samples,
we only used the cases in which the normal tissue sam-
ples gave unambiguous sequencing data that matched
the wild-type FOXP3 sequence. When the cancerous tis-
sues were compared with normal tissues from the same
patient, 36% (18 out of 50 formalin-fixed samples and
5 out of 15 frozen samples) showed somatic mutations
(Table S3). Loss of the wild-type allele was found in
6 out of 23 cases (38%) of cancer samples with somatic
FOXP3 mutations (see Figure S4C for an example). The
other cases had heterozygous mutations (Figure S4A).
Eighteen mutations resulted in the replacement of amino
acids. Most are likely to be critical for FOXP3 function,
as judged from the pattern of mutation in IPEX patients
(Ziegler, 2006) or in the conserved zinc finger domain
that has so far not been implicated (Figure 5C).

Although most samples had a single mutation of the
FOXP3 gene, we did observe two cases with multiple mu-
tations. In the first sample (Figure S4B; case 3 in Table S3),
the two mutations occurred in consecutive codons, result-
ing in two nonconservative replacements of amino acid
residues. Clonal analysis revealed that both mutations oc-
curred in the same clone (Figure S4B). In the second sam-
ple (Table S3; case 16), three mutations occurred in intron
11. Since this case lacked a WT allele (Figure S4D), it is
likely that all of the mutations occurred in the same allele.
The possibility of a mismatch in the cancer and normal
samples was ruled out by comparing the normal and can-
cer samples for polymorphism of two unrelated genes
(data not shown).

To directly test whether FOXP3 mutations affect the
repressor activity for the HER-2 gene, we chose two repre-
sentative somatic FOXP3 mutants isolated in the cancer
cells and tested their repressor activity for the HER-2
promoter. One mutation (338P > L) resided in the signature
forkhead domain, which is often mutated in the IPEX pa-
tient, while the other double mutation (204C > R205E > K)
was from the zinc finger domain that has not been
implicated in IPEX patients. As shown in Figure 5E, both
mutations significantly reduced the repressor activity of

FOXP3. The reduced repression of the HER-2 promoter
correlates with a significantly reduced inhibition of HER-2
mRNA (Figure 5D).

Four cases had mutations in introns that may potentially
affect RNA splicing. We used laser-guided microdissec-
tion to isolate normal and cancerous epithelial cells from
one case with a mutation in intron 6 (case 23; Table S3).
RNA was isolated and tested for the potential effects of
the mutation on RNA splicing (using primers on exons 5
and 8) and total FOXP3 transcript, as quantitated by
real-time PCR using primers spanning exons 10-12. Tis-
sues from another patient with a mutation in exon 7
were used as control. As show in Figure 5E’s left panel,
primers spanning exons 5 and 8 failed to detect FOXP3
mRNA from the cancerous tissue of case no. 23. Further-
more, primers spanning exons 10-12 also failed to detect
any FOXP3 transcripts. Substantial levels were detected
in the normal epithelial cells of the same patients as well
as in normal and cancerous tissues from case no. 22.
Since the wild-type allele had been lost in the cancer cells
of case no. 23, it is likely that the mutation in intron 6 in-
activated FOXP3. With an intron of 944 nucleotides,
a mutation that prevented splicing of intron 6 would cause
premature-termination codon-mediated RNA decay,
which is operative in the FOXP3 gene (Chatila et al.,
2000).

FOXP3 Defects and HER-2 Overexpression

To demonstrate a role for FOXP3 defect in HER-2 over-
expression, we first silenced the FOXP3 gene in early
passage of primary HMEC (Supplemental Fig. S3) using
a lentiviral vector expressing FOXP3 siRNA. As shown in
Figure 6A, the FOXP3 siRNA reduced FOXP3 expression
by more than 100-fold while increasing HER-2 mRNA by
7-fold. A corresponding increase in cell surface HER-2
was also observed (Figure 6B). These results implicate
FOXP3 as a repressor of HER-2 in human breast epithelial
cells.

Second, since a major mechanism for HER-2 upregula-
tion in breast cancer is gene amplification (Kallioniemi
et al., 1992), an intriguing issue is whether FOXP3 is capa-
ble of repressing HER-2 in cancer cells with an amplified
HER-2 gene. We produced a Tet-off line of BT474, a breast
cancer cell line known to have HER-2 gene amplification
(Kallioniemi et al., 1992), and transiently transfected it
with a pBI-EGFP-FOXP3- vector. After drug selection,
the cells were cultured either in the presence or absence
of doxycycline. While the cells cultured with doxycycline
did not express FOXP3 (data not shown), removal of doxy-
cycline resulted in induction of FOXP3 in a significant frac-
tion of the cancer cells, which allowed us to compare
HER-2 levels in the FOXP3* and FOXP3~ cells in the
same culture by flow cytometry. As shown in Figure 6C,
FOXP3™ cells had about a 5- to 10-fold higher level of
the HER-2 protein on the cell surface in comparison to
the FOXP3* cells.

Thirdly, we compared the expression of FOXP3 with
HER-2 expression in breast cancer tissues. As shown in
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Figure 6. FOXP3 Is an Important HER-2 Repressor

(A) Silencing of FOXP3 resulted in the upregulation of HER-2 in primary human mammary epithelial cells (HMEC). Early passage of HMEC were trans-
duced with lentiviral vector for either control sequence or FOXP3 siRNA. The untransfected cells were removed by selection with blasticidin. At 1 week
after transduction, the levels of the FOXP3 and HER-2 transcripts were quantitated by real-time PCR. Data shown are mean and standard error of the
mean of relative levels of transcripts (with that in the vector-transduced cells defined as 1.0) and represent those of three independent experiments.
(B) Flow cytometry data showing the effect of FOXP3 silencing on HMEC surface HER-2 levels. HER-2-negative MDA-MB468, HER-2'° MCF-7 and
HER-2" SKBr3 cell lines were included for comparison.

(C) In the Tet-off inducible FOXP3-expressing BT474, FOXP3 repressed HER-2. BT474 cells were first transfected with pTet-Off vector. The trans-
fectants were selected by both blasticidin and G418 in doxycycline-containing medium. The drug-resistant cells were cultured in the absence of
doxycycline for 5 days to induce FOXP3. The cells were stained for FOXP3 and HER-2 proteins by flow cytometry. Data shown are histograms
depicting HER-2 levels among the gated FOXP3" and FOXP3~ cells based on reactivity to the anti-Foxp3 antibody and are representative of those
from two independent experiments.

(D) Inverse correlation between FOXP3 expression (the top panel) and that of the HER-2 (middle panel) among the human breast cancer samples.
Tissue microassay samples were stained with either anti-FOXP3 antibodies or anti-HER-2 antibodies and were scored by two different pathologists
in a double-blind fashion. FOXP3 staining was scored by nuclear staining with affinity-purified anti-FOXP3 antibodies. A summary of 517 FOXP3* and
145 FOXP3~ samples is shown in the bottom panel.

(E) Inverse correlations between FOXP3 expression and HER-2 scores in cells with or without HER-2 amplification. The HER-2 gene-copy number
was determined by FISH, while nuclear expression of FOXP3 was determined by immunohistochemistry. Data shown are mean and SD of HER-2
scores of 425 cases of breast cancers grouped by HER-2 copy number. P values were generated by the Mann-Whitney test.

Figure 6D, downregulation of FOXP3 was strongly associ- amounts of cell surface HER-2 expression. As shown in

ated with the overexpression of HER-2, which supports
a role for FOXP3 inactivation in HER-2 overexpression in
breast cancer. Nevertheless, since many of the FOXP3™
cells remained HER-27, it is likely that disregulation
of FOXP3 is insufficient for HER-2 upregulation. On the
other hand, since only 3 of 82 FOXP3" cancer cells ex-
pressed high levels of HER-2, FOXP3 inactivation is
likely important for HER-2 upregulation under most
circumstances.

Fourth, we divided breast cancer samples based on
their HER-2 gene copy numbers and compared the
FOXP3* and FOXP3~ cancer samples for the relative
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Figure 6E, in each of the gene-dose categories, FOXP3*
samples had reduced HER-2 scores in comparison to
the FOXP3~ samples. These results strongly suggest
a critical role for FOXP3 in repressing HER-2 expression
even in the cases of HER-2 gene amplification.

Fifth, of the 223 informative samples among the 238 that
we screened for Xp11.2 deletions, those with deletions
encompassing the FOXP3 locus had significantly higher
HER-2 scores compared to those without deletions
(p = 0.03) (Table S4). Likewise, we compared the relative
HER-2 scores among the 50 samples in which we had
sequenced all FOXP3 exons. As shown in Table S5, the
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Figure 7. Foxp3 Inhibits the Growth and Tumorigenicity of Multiple Breast Cancer Cell Lines

(A) Breast cancer cell lines MCF-7, SKBr3, and TSA were transfected with equal concentrations of vector alone (Vector), Foxp3, or Otc cDNA. After
3 weeks of G-418 selection, the drug-resistant clones were visualized by crystal violet dye.

(B) Summary of the colony numbers in three independent experiments as described in (A). Data shown are means and SD.

(C) Somatic mutations identified from breast cancer samples attenuated the growth suppression of the FOXP3. This is as in (A) and (B), except that two
somatic mutants were compared with WT FOXP3 cDNA using the two human breast cancer cell lines. Data shown are means and SD of triplicates and
are representative of two independent experiments. Expression of WT and mutant proteins at 1 week after transfection is presented in the insert.
(D and E) Ectopic expression of the ErbB2 but not the c-Myc cDNA abrogated Foxp3-mediated repression. TSA cells were transfected with either
pcDNAG-blasticidin vector or ErbB2 cDNA and selected with blasticidin for 2 weeks. Pools of blasticidin-resistant cells were supertransfected
with the pEF1-G418 vector or Foxp3 cDNA. The cells were then plated and selected with blasticidin and G418 for 3 weeks. The viable colonies
were visualized after staining with the crystal violet dye. Shown in (D) are photographs of a representative plate showing abrogation of Foxp3-medi-
ated suppression by ErbB2. Shown in (E) are the mean and SD of the colony numbers. This experiment has been repeated twice with essentially iden-
tical results.

(F) Expression of Foxp3 reduced growth rate of tumors. Syngeneic BALB/c mice were injected with 5 x 10%/mouse Foxp3 or vector-transfected TSA
cells in the flank, and the sizes of the local tumor mass were measured using a caliper. Data shown are means and SD and have been repeated once.
(G) The survival of tumor-bearing mice was monitored over a 7-week period (p = 0.0015, log-rank test). As in (F), except that 10° tumor cells/mouse
were injected, and the mice were euthanized when they became moribund.

a drastic reduction in both the size and the number of
the drug-resistant colonies. No effect was observed
when the Otc cDNA was used (Figures 7A and 7B).

To test whether the somatic mutations uncovered from

mutations in the FOXP3 gene correlated with higher levels
of HER-2 (p = 0.0083).

Foxp3/FOXP3 Inhibits Tumorigenicity of Breast

Cancer Cells

To test whether the Foxp3 gene can suppress the growth
of breast cancer cells, we transfected the empty vector or
the vectors carrying either Foxp3 (mouse or human origin)
or Otc cDNA into three breast cancer cell lines, including
mouse mammary tumor cell line TSA or human breast
cancer cell lines MCF7 (ER*HER-2'°%, no HER-2 amplifi-
cation) and SKBr3 (ER"HER-2"9" with HER-2 amplifica-
tion). The untransfected cells were removed by a selec-
tion with G418. While the vector-transfected cells grew
rapidly, the Foxp3-transfected cell lines seldom grew
into large colonies. The Foxp3-transfected culture had

cancerous tissues ablated their growth inhibition, we
transfected WT and two mutant Foxp3 cDNA into SKBr3
and MCF7 cell lines. As shown in Figure 7C, in both cell
lines, the mutants had a greatly reduced ability to sup-
press tumor growth.

To test whether repression of ErbB2 explains the tumor
suppressor activity of the Foxp3 gene in the ErbB2* can-
cer cell line, we transfected TSA cells with mouse CMV
promoter-driven ErbB2 cDNA cloned into the pcDNA6
vector and evaluated their susceptibility to Foxp3-medi-
ated growth suppression. In this setting, the expression
of ErbB2 was resistant to Foxp3-mediated repression
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(data not shown). If repression of endogenous ErbB2 is
critical for Foxp3-mediated tumor suppression, ectopic
expression of ErbB2 should alleviate the growth inhibition
by Foxp3. As shown in Figures 7D and 7E, while the
pcDNAGB-vector-transfected TSA cells remained suscepti-
ble to Foxp3-mediated repression, the ErbB2-transfected
TSA cells were completely resistant. In contrast, transfec-
tion of c-Myc barely alleviated the growth inhibition by
FOXPS3 (Figure 7E). These results suggest that Foxp3 sup-
presses TSA growth by repressing transcription of ErbB2.

We transfected TSA cells with either empty vector or
V5-tagged Foxp3 cDNA. The stable transfectant cell lines
were selected by G-418. The vector and Foxp3-V5-trans-
fected cell lines were injected into syngeneic BALB/c
mice, which were then observed for tumor growth and
mouse survival. As shown in Figure 7F, Foxp3-transfec-
tants showed reduced growth in vivo. The mice that
received TSA-vector cells became moribund earlier with
higher incidence, while about 50% of the mice that
received the Foxp3-V5-transfected cells survived more
than 7 weeks (Figure 7G). Similarly, Foxp3-transfected
4T1, a mouse mammary cancer cell line with ErbB2 over-
expression, also showed reduced tumorigenicity in vivo
(data not shown).

DISCUSSION

Foxp3 Is an X-Linked Mammary Tumor
Suppressor Gene
Serendipitously, we observed that mice heterozygous for
the Foxp3 mutation spontaneously developed mammary
cancer at a high rate. Since two independently maintained
lines sharing the Foxp3 mutation have a comparably
higher incidence of mammary cancer, the Foxp3 mutation
is likely responsible for the increased rate of breast can-
cer. Unlike essentially all cancer suppressor genes identi-
fied to date, Foxp3 is X-linked and inactive in cells in which
the WT allele was silenced by X inactivation. This is indeed
the case, as the low levels of Foxp3 transcripts in the can-
cer cells were derived exclusively from the mutant alleles.
Our analysis of human breast cancer samples provides
strong support for an important role for the FOXP3 gene in
the development of breast cancer. First, we searched
X-chromosomal deletion using three markers encom-
passing more than 10 MB of Xp11 and found that
FOXP3 is likely the minimal region of deletion. Second,
we revealed a high proportion of somatic mutations in
the FOXP3 gene (23 of 65 cases over about 2000 bp
exon and intron sequence scanned). The significance of
our finding can be discerned indirectly based on the fact
that the mutations tended to cluster around important do-
mains, such as the forkhead and the zinc finger domains.
In addition, most of the mutations resulted in the noncon-
servative replacement of amino acids, and cancers with
mutations identified had higher levels of HER-2 than those
without mutations. The rate of missense to synonymous
mutation was 18/3, which greatly exceeds what would
be predicted if the mutations were not relevant to tumor
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development. More importantly, we demonstrated that
two tested mutations in the FKH and zing finger domains
inactivated the repressor activity and tumor growth inhibi-
tion and that cancer tissues bearing an intronic mutation
had an inactive FOXP3 locus. Moreover, mutations and
deletions of the FOXP3 locus corresponded to increased
HER-2 levels. Third, we have documented extensive down-
regulation of FOXP3 among more than 600 cases of
breast cancer tissues.

Foxp3 Is a Major Transcriptional

Repressor for ErbB2

The molecular lesions leading to HER-2 overexpression
remain poorly understood. Here we showed that the
Foxp3 mutation resulted in overexpression of ErbB2, the
murine homolog of HER-2. In addition, transfection of
Foxp3 repressed ErbB2 transcription. More importantly,
chromatin immunoprecipitation and EMSA analyses
revealed that Foxp3 binds specifically to its consensus
sequence in the 5 of the ErbB2 gene. Since specific
mutations in the promoter abrogate its susceptibility to
repression by Foxp3, such binding is likely responsible
for it.

Importantly, we have demonstrated that for TSA cell
line, which has ErbB2 overexpression, repressing the
ErbB2 locus is responsible for Foxp3’s tumor suppressor
activity. The requirement for continuous expression of
ErbB2 is best explained by the concept of oncogene
addiction (Weinstein, 2002). However, FOXP3 can also
suppress the growth of tumor cell lines that do not grossly
overexpress HER-2/ErbB2, such as MCF-7. In an effort to
identify other potential FOXP3 targets, we have produced
a FOXP3-Tet-off MCF-7 cell line that expresses FOXP3
upon removal of tetracycline (Figure S5A). Using the
most current version of Entrez gene-based CDFs for
a more accurate GeneChip analysis (Dai et al., 2005), we
uncovered widespread changes in the expression of
genes that are involved in several pathways critical for
cancer cell growth (Figure S5B). Interestingly, ten genes
involved in ErbB2 signaling pathway were repressed by
FOXP3 (Figure S5C). Thus, multiple oncogenes can
potentially be upregulated by FOXP3 inactivation. Taken
together, we have demonstrated that FOXPS3 is the first
X-linked breast cancer suppressor that represses the
HER-2/ErbB2 oncogene. Given the significant role of
HER-2 in the pathogenesis of human breast cancer and
the widespread defects of the FOXP3 locus, it is likely
that FOXP3 is an important suppressor for human breast
cancer.

EXPERIMENTAL PROCEDURES

Quantitative Real-Time PCR

Relative quantities of MRNA expression were analyzed using real-time
PCR (Applied Biosystems ABI Prism 7700 Sequence Detection Sys-
tem, Applied Biosystems). The SYBR (Qiagen) green fluorescence
dye was used in this study. The primer sequences (5'-3') are listed in
Table S6.



Chromatin Immunoprecipitation

Chromatin Immunoprecipitation was carried out according to pub-
lished procedure (Im et al., 2004). Briefly, the Foxp3-V5-transfected
TSA cells were sonicated and fixed with 1% paraformaldehyde. The
anti-V5 antibodies or control mouse IgG were used to pull down chro-
matin associated with Foxp3-V5. The amounts of the specific DNA
fragment were quantitated by real-time PCR and normalized against
the genomic DNA preparation from the same cells.

FOXP3-Silencing Lentiviral Vector

The lentivirus-based siRNA expressing vectors were created by
introducing the murine U6 RNA polymerase Il promoter and a murine
phosphoglycerate kinase promoter (pGK)-driven EGFP expression
cassette into a vector of pLenti6/V5-D-TOPO backbone without
CMV promoter. A hairpin siRNA sequence of FOXP3 (target sequence
at the region of 1256-1274 nucleotides; 5'-GCAGCGGACACTCAAT
GAG-3') was cloned into the lentiviral siRNA expressing vectors by
restriction sites of Apal and EcoRl.

Immunohistochemistry and Fluorescence

In Situ Hybridization (FISH)

HER-2 expression was performed using Pathway HER-2 (Clone CB11)
(Ventana Medical Systems, Inc., Tucson, AZ) on the BenchMark XT
automated system per the manufacturer’s recommended protocol.
The HER-2 levels were scored by commonly used criteria (Yaziji
et al., 2004).

FISH for FOXP3 deletion was done using BAC clone RP11-344014
(ntLocus X: 48,817,975-48,968,223), which was verified by PCR to
contain the FOXP3 gene. The minimal common region of deletion
was done using flanking p-telomeric and centromeric clones, RP11-
573N21 (ntLocus X: 43,910,391-44,078,600) and RP11-353K22 (ntLo-
cus X: 54,416,890-54,545,788), respectively.

EMSA

Nuclear extracts were prepared as described previously (Wang et al.,
1999). The sequence for the WT probe (W) was AGTTCAATTTG
AATTTCAGATAAACG. Mutant probe (M) (AGTTCAGCGCGAGCGC
CAGAGCGCCG) with mutations of all three potential forkhead binding
sites was used as specificity control.

Supplemental Data

Supplemental Data include six tables, five figures, Supplemental
Experimental Procedures, and Supplemental References and can be
found with this article online at http://www.cell.com/cgi/content/full/
129/7/1275/DC1/.
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FoxP3 is among the newest members of the forkhead winged helix family. It was
identified during position cloning of Scurfin, a gene responsible for X-linked autoimmune
diseases in mice and humans (Immune dysregulation, polyendopathy, enterophathy, X-linked).
The mutation in mice and those in some human IPEX patients are analogous as they cause
frameshift and early termination of translation. Further studies indicated that the gene is
responsible for the development of Treg, which explains, at least in part, the autoimmune
phenotype of diseases.

In our analysis of the immune functions of mice heterozygous for the FoxP3 mutation,
we observed a high rate of spontaneous mammary cancer. The heterozygous female mice are
also substantially more susceptible to carcinogen DMBA. These data indicated that Foxp3
may play an important role as a tumor suppressor gene in breast cancer.

Meanwhile, a recent study indicated that mice with a targeted mutation of NFAT4 also
developed spontaneous mammary cancers. Since NFAT is an essential partner of FoxP3 in
immune regulation, it is of great interest to determine whether a similar interaction is responsible
for the observed tumor suppressive activity of FoxP3. So far, what role that FoxP3 and NFAT
may play in breast cancer development has not been reported. NFAT family members may be the
key partners in the tumor suppressive function of FoxP3 in breast cancer development. Therefore,
deciphering the mechanism of how FoxP3 and NFAT function in tumor formation will help
understand the cause of the pathogenesis and prevent or treat breast cancer.

In our study, we found the FoxP3 gene was expressed in breast epithelial cells
but down-regulated in the mammary cancer tissues. Meantime, over-expression of
FoxP3 in a variety of breast cancer cells resulted in a substantial inhibition of their
growth. Furthermore, FoxP3 inhibited the transcription of ErbB2, the major oncogene
for breast cancer, by targeting and repressing the ErbB2 promoter. Our further analysis
demonstrated that the growth inhibition was completely reversed by constitutive
expression of the ErbB2 gene. The significance of the genetic defects in human breast
cancer has been demonstrated in multiple lines of evidence, including: deletion (12.8%
of 232 samples tested); somatic mutation (35% of 65 cases sequenced); and lack of
expression (80% of more than 600 cases tested). Our data revealed that FoxP3 is an
important breast cancer suppressor gene in mice and humans.

Our analysis of NFAT4 function also provided evidences supporting its role as a
tumor suppressor. Our data showed that NFAT4 repressed Erb2 transcription by
measuring ErbB2 reporter activity, suggesting NFAT4 may serve as a repressor for
ErbB2/Her-2 promoter. NFAT4 was found in a complex with FoxP3, indicating they
may functionally play important roles together. Our further analysis also found decrease
of NFAT4 expression in some of mice breast cancer samples. In summary, our data
suggest FoxP3 and NFAT are important breast cancer suppressor genes in the mouse.
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