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The Journal of Immunology

BPTF Is Essential for T Cell Homeostasis and Function

Bing Wu,*,†,1 Yunqi Wang,*,†,1 Chaojun Wang,*,†,‡ Gang Greg Wang,*,x Jie Wu,‡ and

Yisong Y. Wan*,†

Bromodomain PHD finger transcription factor (BPTF), a ubiquitously expressed ATP-dependent chromatin-remodeling factor, is

critical for epigenetically regulating DNA accessibility and gene expression. Although BPTF is important for the development of

thymocytes, its function in mature T cells remains largely unknown. By specifically deleting BPTF from late double-negative 3/

double-negative 4 stage of developing T cells, we found that BPTF was critical for the homeostasis of T cells via a cell-intrinsic

manner. In addition, BPTF was essential for the maintenance and function of regulatory T (Treg) cells. Treg cell–specific BPTF

deletion led to reduced Foxp3 expression, increased lymphocyte infiltration in the nonlymphoid organs, and a systemic autoim-

mune syndrome. These findings therefore reveal a vital role for BPTF in T and Treg cell function and immune homeostasis. The

Journal of Immunology, 2016, 197: 4325–4333.

I
n eukaryotes, genomic DNA is wound around histone com-
plexes to form nucleosomes (1–3). Nucleosomes further or-
ganized into more compact structures of chromatins and

chromosomes in the nucleus (4). The highly compact chromatin
structure makes the genetic loci inaccessible to factors controlling
gene expression and DNA replication. Therefore, remodeling
chromatin structure into an open configuration is a prerequisite for
gene transcription and DNA replication to allow regulatory factors
to access DNA (5, 6). Chromatin-remodeling complexes are
critical cellular factors reconfiguring chromatin structure to epi-
genetically regulate DNA accessibility and gene expression. The
central subunit of chromatin-remodeling complex is an ATPase
that hydrolyzes ATP to acquire the energy needed to loosen
condensed chromatin structure (7). Four families of ATPase-
dependent chromatin-remodeling complexes have been charac-
terized to date: switching defective/sucrose nonfermenting family,
imitation switching defective family, nucleosome remodeling and
deacetylation/Mi-2/chromodomain, helicase, DNA binding family,

and inositol requiring 80 family (7). These chromatin remodelers
control a myriad of biological processes, including cell growth,

proliferation, survival, differentiation, and function in a cell type–

specific manner (2, 8, 9). The deregulation of chromatin-remodeling

complexes often leads to debilitating and fatal diseases, including

developmental deformity, inflammatory disease (10), and cancer

(11). Therefore, to understand disease etiology and devise effective

therapies, it is important to reveal how chromatin-remodeling com-

plexes control the functions of a specific cell type. Although great

strides have been made to uncover their roles in tumor cells (12, 13),

much less is known about how the chromatin-remodeling complexes

control T cell functions.
T cells play pivotal roles in immunity by eliciting Ag-specific

response, establishing immunological memory, and directing dif-

ferent types of immunity, including cytotoxic, type 1, and type 2

responses (14–17). In addition, Foxp3-expressing regulatory T

(Treg) cells are essential for immune suppression and self-

tolerance. Defective T cell function often leads to increased sus-

ceptibility of infection and cancer development (18). Yet,

overexuberant T cell function contributes to autoimmune and in-

flammatory disease. Chromatin-remodeling complexes are re-

quired for thymic T cell development (19) by integrating signaling

from TCR and costimulatory molecules (20, 21). In particular,

Brg, the ATPase subunit of BAF complex, is critical for the de-

velopment of double-negative (DN) thymic T cells and Th1/Th2

cell differentiation (22–24). Nonetheless, Brg is largely dispens-

able for the homeostasis of mature T cell (19). These findings

suggest that chromatin-remodeling complexes, such as Brg con-

taining BAF complex, control T cell function in a cell-type–specific

manner. More importantly, it raises a question of whether the four

known chromatin-remodeling complexes can compensate for each

other and play redundant roles in mature T cells. To address this

question, we investigated whether and how bromodomain PHD

finger transcription factor (BPTF), an integral component of

nucleosome-remodeling factor (NURF) chromatin-remodeling

complex, is involved in mature T cell function.
BPTF is a 3046-aa protein containing histone or DNA-binding

motifs (25, 26). It is ubiquitously expressed and the largest

component of the NURF (27). BPTF binds to nucleosomes with

trimethylated lysine 4 on histone H3 and acetylated histone, where

NURF complexes remodel chromatin to regulate gene expression

in a locus-specific manner (26). BPTF, a central component of NURF
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complexes, is required for the development of the early embryo (28)
and thymocytes (27). Nevertheless, whether and how BPTF controls
mature T cell homeostasis and function remain unexplored.
In this study, by specifically deleting BPTF from late DN3/DN4

stage of developing T cells, we found that BPTF was vital for the
homeostasis of T cells. In addition, the thymic development of Treg
cells required BPTF. Further investigation revealed that BPTF was
essential for the function of mature Treg cells in the periphery.
Deletion of BPTF specifically in Foxp3-expressing Treg cells led to
defective suppressive function of Treg cells, unstable Foxp3 ex-
pression, and an inflammatory syndrome in mice. These findings
therefore highlighted an essential role for BPTF in T and Treg cell
function and immune homeostasis.

Materials and Methods
Mice

Cd4Cre, FGC, FGC-tdtomato, Bptffl/fl, Rag12/2, and CD45.1 congenic
wild-type (WT) mice were on the C57BL/6 background. All mice were
housed and bred in specific pathogen-free conditions in the animal facility
at the University of North Carolina at Chapel Hill. All mouse experiments
were approved by Institutional Animal Care and Use Committee of the
University of North Carolina.

Mixed bone marrow chimeras

Bone marrow (BM) cells were isolated from the femur bones of sex- and
age-matched Cd4Cre;Bptffl/fl (CD45.2+) mice and WT (CD45.1.2+) mice or
FGC:Bptffl/wt (CD45.1.2) and FGC:Bptffl/fl (CD45.2.2). BM cells (53 106)
from each donor were mixed and transferred into irradiated Rag12/2 or
C57BL/6 recipient mice (CD45.1+). T cell populations of each donor were
detected in the recipients 10–12 wk after transfer.

Quantitative RT-PCR

Total RNAwas extracted from T cells with TRIzol reagent, according to the
manufacturer’s instructions (Invitrogen), and was reverse transcribed into
cDNA with Superscript III reverse transcriptase (Bio-Rad). Quantitative
RT-PCR was performed on QuantStudio 6 Flex Real-Time PCR System.
Primers are as follows: Bptf: forward, 59-GCAGCTTCAGGAGCCA-
TAGTAC-39 and reverse, 59-GGAGAACGAGGCCGATGTAC-39; Hprt:
forward, 59-GGGGGCTATAAGTTCTTTGC-39 and reverse, 59-TCCAA-
CACTTCGAGAGGTCC-39.

Cell proliferation and suppression assay

CD4+GFP+ Treg cells from FGC:Bptffl/wt and FGC:Bptffl/fl mice and
CD4+CD252CD45RBhigh responder T cells from WT (CD45.1) mice were
sorted on a FACSAria III (BD Biosciences) in the University of North
Carolina Flow Cytometry Core Facility. To assess the efficacy of Treg cell–
mediated immune suppression in vitro, 1 3 105 sorted responder T cells
were labeled with CFSE and mixed with different amounts of Treg cells
(as indicated). Cell mixtures were then stimulated with soluble CD3 Ab
(1 mg/ml) in the presence of 53 105 irradiated (3000 cGy) T cell–depleted
splenocytes as APC. The proliferation of responder cells was assessed at
72 h poststimulation on FACSCanto (BD Biosciences) in the Lineberger
Comprehensive Cancer Center Human Immunology Core.

Flow cytometry and cell sorting

Lymphocytes were isolated from the various organs of age- and sex-
matched mice of 8–16 wk of age. Fluorescence-conjugated anti-CD4
(GK1.5), anti-CD8 (53-6.7), anti-CD25 (PC61.5), anti-CD44 (IM7), anti-
CD69 (H1.2F3), anti-CD62L (MEL-14), anti–PD-1 (RMP1-30), anti-
CD45.1 (A20), anti-CD45.2 (104), anti–IFN-g (XMG1.2), anti–IL-4
(11B11) (eBioscience), anti–IL-17A (TC11-18H10.1) (BioLegend), and
CTLA4 (BNI3; BD Biosciences) were purchased. Surface and intracellular
staining were performed as manufacturer’s protocols. Stained cells were
analyzed on a LSRII (BD Biosciences) in the University of North Carolina
Flow Cytometry Core Facility or FACSCanto (BD Biosciences) in the
Lineberger Comprehensive Cancer Center Human Immunology Core.

Histology

Different tissues from four to five FGC:Bptffl/wt and FGC:Bptffl/fl mice at 5–
7 mo of age were harvested and immersed in 10% Shandon Formal Fixx
(Thermo Fisher) at room temperature for 2 d and then were paraffin

embedded. Histologic sections (5 mm) were stained with H&E and were
evaluated visually under microscopy.

Statistical analysis

Data from at least three sets of samples were used for statistical analysis.
Statistical significance was calculated by Student t test. A p value ,0.05
was considered to be statistically significant.

Results
T cell thymic development in Cd4Cre;Bptffl/fl mice

To study the function of BPTF during T cell development, we
crossed Cd4Cre mice (29) with Bptffl/fl mice (28) to gener-
ate Cd4Cre;Bptffl/fl mice. Bptf gene was found deleted in the
CD4+CD8+ double-positive thymocytes (Supplemental Fig. 1A).
The population of DN thymocytes was largely normal in Cd4Cre;
Bptffl/fl mice (Supplemental Fig. 1B). The numbers of thymocytes
were similar between WT and Cd4Cre;Bptffl/fl mice (Fig. 1A). The
number and distribution of CD4 single-positive (SP) and CD8SP
thymocytes were largely comparable between Cd4Cre;Bptffl/fl and
Cd4Cre;Bptffl/wt mice (Fig. 1A, 1B). In addition, the expression of
thymocyte maturation markers including CD44, CD69, and CD24
appeared normal in CD4SP and CD8SP thymocytes in the absence
of BPTF (Fig. 1C, 1D). Nonetheless, we noticed that Foxp3
expressing CD4SP natural Treg cells was significantly reduced in
the thymus of Cd4Cre;Bptffl/fl mice (Fig. 1E) with normal ex-
pression of CD25 and CD44 (Supplemental Fig. 1C). Therefore, in
Cd4Cre;Bptffl/fl mice, the T cell thymic development appeared
largely normal, whereas the Treg cell thymic generation was
defective.

BPTF is critical for T cell homeostasis in the periphery

We further investigated whether BPTF deletion affected the ho-
meostasis of mature T cells in the periphery. The percentages and
numbers of CD4+ and CD8+ T cells in the peripheral lymph nodes
(pLNs) and spleens of Cd4Cre;Bptffl/fl mice were found ∼6-fold
and 5-fold lower than those of Cd4Cre;Bptffl/wt mice, and B cell
number was increased by ∼20% (Fig. 2A, 2B, Supplemental Fig.
2A). In addition, CD4+ T cells from Cd4Cre;Bptffl/fl mice dis-
played an activated phenotype, showing an increased proportion
of CD44highCD62low effector T cells in the pLNs and spleens
(Fig. 2C). In agreement with this observation, a larger portion of
CD4+ T cells from Cd4Cre;Bptffl/fl mice produced IFN-g, but most
pronounced was the profound elevation of IL-17 compared with
their counterpart cells from Cd4Cre;Bptffl/wt mice (Fig. 2D). CD8+

T cells displayed activated phenotype (Fig. 2C) with highly ele-
vated IFN-g production in Cd4Cre;Bptffl/fl mice (Fig. 2D).
Treg cells are critical to suppress T cell activation in the pe-

ripheral. We found that the production of Treg cells was reduced in
the thymus of Cd4Cre;Bptffl/fl mice (Fig. 1D). However, the dis-
tribution of Treg cells appeared normal in the pLNs and spleen of
Cd4Cre;Bptffl/fl mice (Fig. 2E).
The T cell number in the periphery was greatly reduced, causing

a lymphopenic environment in the Cd4Cre;Bptffl/fl mice. Such an
environment may lead to aberrant T cell distributions (30). To
investigate whether the observed defect associated with BPTF
deletion is due to cell-intrinsic effects, we generated mixed BM
chimeras by reconstituting Rag12/2 mice with equal numbers of
BM cells isolated from Cd4Cre;Bptffl/fl mice (CD45.2+) and
Cd4Cre;Bptffl/wt mice (CD45.1+CD45.2+). Compared with coex-
isting Cd4Cre;Bptffl/wt T cells, the number of Cd4Cre;Bptffl/fl SP
thymocytes was decreased (Fig. 2F). Strikingly, BPTF deletion led
to a complete absence of CD4+ and CD8+ T cells in the periphery
(Fig. 2F). These findings suggest that, whereas BPTF contributes
to the thymocyte development, it is absolutely required for the

4326 BPTF CONTROLS T CELL HOMEOSTASIS
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FIGURE 1. T cell thymic development in Cd4Cre;Bptf fl/fl mice. (A) Cell numbers of total, CD4SP, and CD8SP cells in the thymus of Cd4Cre;Bptf fl/wt

and Cd4Cre;Bptf fl/fl mice. Means 6 SD of three mice are shown. (B) The distribution of various thymocyte populations in the thymus of Cd4Cre;Bptf fl/wt

and Cd4Cre;Bptf fl/fl mice was analyzed by flow cytometry. Results are representative of three experiments. (C) Flow cytometry of CD44 and CD69 ex-

pression on CD4SP and CD8SP thymocytes. Results are representative of three experiments. (D) The expression of CD24 and TCR-b on CD4SP and

CD8SP thymocytes detected by flow cytometry. Results are representative of three experiments. (E) Detection of Foxp3 expressing CD4SP thymocytes by

flow cytometry. Flow-cytometric results are representative of three experiments. Means 6 SD of results from three mice are shown. **p , 0.01. ns, not

significant.

The Journal of Immunology 4327
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FIGURE 2. BPTF is critical for T cell homeostasis in the periphery. (A) CD4+ and CD8+ T cell population in pLN and spleen of Cd4Cre;Bptf fl/wt and Cd4Cre;

Bptf fl/fl mice, assessed by flow cytometry. (B) The comparison of the numbers of CD4+ T and CD8+ T cells recovered from Cd4Cre;Bptf fl/wt and Cd4Cre;Bptf fl/fl

mice. Means 6 SD of indicated T cell populations in three mice are shown. (C) The expression of CD44 and CD62L on CD4+ and CD8+ T cells was assessed by

flow cytometry. Means 6 SD of indicated T cell populations in three mice are shown. (D) IFN-g and IL-17 cytokine production in CD4 and CD8 T cells was

assessed by flow cytometry at 4 h after stimulation with PMA/ionomycin in the presence of brefeldin A. Means6 SD of indicated T cell populations in three mice

are shown. (E) Foxp3 expressing CD4+ Treg cells in the pLN and spleen were detected by flow cytometry. Means6 SD of indicated T cell populations in three mice

are shown. (F) Mixed BM chimera were created by transferring equal numbers of BM cells from Cd4Cre;Bptf fl/wt (CD45.1.2+) and Cd4Cre;Bptf fl/fl (CD45.2.2+)

mice into sublethally irradiated Rag12/2mice. Ten to 12 wk after transfer, the distribution of cells with different genotypes in the recipient mice was determined by

flow cytometry. All the results of flow cytometry are representative of at least three experiments. *p , 0.05, **p , 0.01. ns, not significant.
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homeostasis of CD4+ and CD8+ T in the periphery. Indeed, further
analysis revealed that Bptf alleles were incompletely deleted and
substantial amounts of Bptf mRNAwere detected in the periphery
of CD4+ and CD8+ T cells isolated from Cd4Cre;Bptffl/fl mice
(Supplemental Fig. 2B and data not shown), suggesting escapee
T cells existed in the periphery of these mice.

Treg-specific deletion of BPTF leads to autoimmunity

We found the number of Foxp3-expressing thymic Treg cells was
reduced in Cd4Cre;Bptffl/fl mice (Fig. 1), suggesting that BPTF is
important for the thymic generation of Treg cells. This observation
promoted us to ponder whether BPTF plays a role in Treg cell
function in the periphery. The failure of generating BPTF-
deficient T cells in Cd4Cre;Bptffl/fl prevented us from analyzing
Treg cells in these mice. To address this question, we generated
Treg cell–specific BPTF-deficient mice by crossing Bptffl/fl mice
with Foxp3-EGFP-cre mice (31), hereafter referred to as FGC
mice. FGC mice bear a BAC transgene expressing enhanced GFP
and Cre recombinase under the control of Foxp3 promoter. In
FGC mice, enhanced GFP expression reliably marks Foxp3-
expressing Treg cells, and Cre-mediated gene deletion occurs
specifically in Foxp3-expressing Treg cells (Supplemental Fig.
3A). The distribution of T cells in the thymus, spleen, and pLN
appeared comparable between FGC:Bptffl/fl and FGC:Bptffl/wt

mice (Fig. 3A, Supplemental Fig. 3B). Nevertheless, peripheral
non-Treg CD4+ and CD8+ T cells displayed activated phenotype
(CD44highCD62low) (Supplemental Fig. 3C, 3D) with elevated
IFN-g production in the FGC:Bptffl/fl mice (Fig. 3B, 3C). Im-
portantly, we found that FGC:Bptffl/fl mice developed an autoim-
mune syndrome by 5–7 mo of age with lymphocytic infiltration
into nonlymphoid organs, including the lung and kidney (Fig. 3D).
The numbers of infiltrated T cells in the relative immune privilege
organs, including ovary, were also significantly increased in FGC:
Bptffl/fl mice (Fig. 3E) with elevated IFN-g production (Fig. 3F).
Therefore, Treg cell–specific BPTF deletion led to aberrant T cell
activation and autoimmune syndrome in mice.

BPTF is required for Treg cell homeostasis

The T cell activation and autoimmunity in FGC:Bptffl/fl mice
suggested a defect in Treg cell population in these mice. Indeed,
Foxp3-expressing (GFP+) Treg cell population was significantly
reduced in the spleen and pLNs of FGC:Bptffl/fl mice (Fig. 4A).
Foxp3+ T cells could convert to Foxp32 (exFoxp3) T cells (32).
To investigate whether Treg cells downregulate Foxp3 expression
in the absence of BPTF, we crossed FGC:Bptffl/fl mice with the
ROSA26-loxP-STOP-tdtomato reporter strain to obtain Foxp3
fate-mapping mice (referred as FGC:Bptffl/fl:tdtomato mice). We
found the percentages of exFoxp3 Treg cells increased in the pLN
and spleen of FGC:Bptffl/fl:tdtomato mice when compared with
those of FGC:Bptffl/wt:tdtomato mice (Fig. 4B, Supplemental Fig.
3E). It suggests BPTF is required to maintain Foxp3 expression.
Whereas BPTF-deficient Foxp3+ Treg cells in FGC:Bptffl/fl mice
expressed normal levels of PD-1, CTLA-4, and increased levels of
CD25 (Fig. 4C), they showed reduced suppressive activities (Fig.
4D). Taken together, Treg cell–specific BPTF deletion led to un-
stable Foxp3 expression and impaired suppressive function of
Treg cells.

The effect of BPTF deletion on Treg cells is cell intrinsic

To exclude the possibility that the effects of BPTF deletion in Treg
cells were due to the cell-extrinsic inflammatory environment
observed in FGC:Bptffl/fl mice, we generated mixed BM chimeras
by adoptive transfer of equal number of WT (CD45.1+CD45.2+)
and FGC:Bptffl/fl BM cells (CD45.2+) into lethally irradiated

C57BL/6 mice (CD45.1+). In the fully reconstituted mixed chi-
meras mice, the numbers of FGC:Bptffl/fl Treg cells were much
less than those of FGC:Bptffl/wt Treg cells in the peripheral and the
thymus of the chimeric mice (Fig. 5A, 5B). The non-Treg cells
were not apparently activated in the reconstituted chimeric mice
(Supplemental Fig. 4). In agreement with this finding, IFN-g
production by CD4+ and CD8+ T cells was normal in reconstituted
chimeric mice (Fig. 5C). These findings suggest that the activated
phenotype of non-Treg cells in the FGC:Bptffl/fl mice was due to a
defect in BPTF Treg cells, a phenotype that could be rescued by
the presence of WT Treg cells. By analyzing the phenotypes of
Treg cells in the reconstituted chimeric mice, we found that the
CTLA-4 and PD-1 expression was slightly lower in BPTF-
deficient Treg cells than in WT Treg cells (Fig. 5D). These re-
sults therefore demonstrated that BPTF controls Treg cell function
through a cell-intrinsic mechanism.

Discussion
Treg cells play a critical role in immune homeostasis and self-
tolerance (33, 34). What factors control the development and
maintenance of Treg cells have been under intensive investi-
gation. The current study shows that BPTF, an ATP-dependent
chromatin-remodeling factor, was required for the development
and maintenance of Treg cells in the periphery. Lack of BPTF
in Treg cells perturbed the homeostasis and functions of Treg
cells and Foxp3 expression, ultimately leading to aberrant
immune activation and an autoimmune syndrome. Therefore,
BPTF is central for self-tolerance and immune homeosta-
sis by being required for stabilizing Treg function and Foxp3
expression.
Several studies suggested that BPTF is needed for the devel-

opment of mesoderm, endoderm in early stage of mouse embryo.
BPTF, like Brg-1, is required for the maturation of CD4/CD8
TCR-b+ thymocytes by using Lck-cre–mediated deletion dur-
ing DN stage of thymocyte development (27). These findings
demonstrate that both BPTF and Brg-1 have critical and nonre-
dundant function to control early thymocyte development. To
study whether these factors are important for T cell function
after DN stage, CD4-Cre–mediated deletion can be used. Pre-
vious study has revealed that Brg-1 was largely dispensable for
T cell function after DN stage (19), suggesting that chromatin
remodel complex controls T cell function in a cell-type–specific
manner. It is therefore an interesting question as to whether
BPTF is important for T cell function after DN stage. In the
current study, by deleting BPTF starting from the late DN3/DN4
stage using CD4-Cre, we found that BPTF, unlike Brg-1, was
important for late T cell development and essential for the pe-
ripheral maintenance of mature T cells. Therefore, BPTF and
Brg-1 control T cell function in a nonoverlapping, cell-type–
specific fashion. This notion is further supported by the finding
that, compared with Treg cell–specific Brg-1 deletion, BPTF
deletion in the Treg cells led to much more severe Treg func-
tional defect and autoimmune manifestation (19). In addition, we
found that BPTF was critical for the Treg cell development in the
thymus of Cd4Cre:Bptffl/fl mice. BPTF deletion post-Foxp3 ex-
pression led to unstable Foxp3 expression in FGC:Bptffl/fl mice
(Fig. 4B). These results indicate that BPTF could be critical for
the development of Treg cells in the thymus by the CD4-cre
deletion system and for the maintenance of Foxp3 expression
and Treg function in the periphery when specific deletion takes
place in Treg cells. These findings collectively argue that chromatin-
remodeling complexes function in a cell-type–specific manner. The
molecular and epigenetic mechanisms underlying such observations
therefore warrant future investigation.
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FIGURE 3. Treg-specific deletion of BPTF leads to autoimmunity. (A) CD4+ T and CD8+ T cells in pLN, spleen, and thymus of FGC:Bptf fl/wt mice were

detected by flow cytometry. Results are representative of at least three experiments. The cell numbers were also counted. Means 6 SD of three mice are

shown. (B and C) IFN-g–producing CD4 (B) and CD8 (C) T cells were detected by flow cytometry after being stimulated with PMA/ionomycin in the

presence of brefeldin A. Results are representative of three experiments. The percentages of IFN-g–producing CD4 T and CD8 T cells in FGC:Bptf fl/wt and

FGC:Bptf fl/fl mice were compared. Means 6 SD of three mice are shown. (D) Histological analysis of lymphocytic infiltration in the lung and kidney of

indicated mice by H&E staining. (E) Lymphocytes in the ovary of FGC:Bptf fl/wt and FGC:Bptf fl/fl mice were isolated, and CD4+ T and CD8+ T cells were

detected by flow cytometry. The numbers of infiltrated T cells were counted. Results are representative of at least three experiments. Means 6 SD of three

mice are shown. (F) IFN-g–producing CD4 and CD8 T cells in the ovary of FGC:Bptf fl/fl mice were detected by flow cytometry. Results are representative

of three experiments. Means 6 SD of three mice are shown. *p , 0.05, **p , 0.01. ns, not significant.
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Previous studies have shown that Treg cells may lose Foxp3
expression and turn into exFoxp3 cells (35–37). This can occur in in-
flammatory environment such as myelin oligodendrocyte glycoprotein–
induced experimental autoimmune encephalomyelitis, systemic lupus
erythematosus, or diabetes (38–40). In this study, we found that BPTF
is required for the stability of Foxp3 expression. BPTF deletion led to
increased portion of exFoxp3 T cells. Foxp3 expression is epigeneti-
cally regulated by both histone and DNA epigenetic modifications (41).
H3K4me3 has been associated with Foxp3 promoter and CNS(s) in
Treg cells (42). BPTF contains a bromodomain-proximal PHD finger
and is involved in the formation of protein complexes recognizing
H3K4me3 (25, 43). In light of the current finding that BPTF is im-
portant for Foxp3 expression and Treg cell function, it is reasonable to
believe that BPTF controls Treg cell function via an epigenetic
mechanism, a notion to be validated in the future.
Dysregulated function of chromatin-remodeling complexes

often leads to fatal diseases, including autoimmune and cancers

(44, 45). Interestingly, the defect of Treg cells in FGC:Bptffl/fl

mice contributed to aberrant T cell activation and autoimmu-
nity in adult mice. Although T cells in the periphery of
Cd4Cre:Bptffl/fl mice displayed an activated phenotype, it was
most likely due to a cell-extrinsic effect because substantial
BPTF expression was detected in recovered peripheral T cells
from Cd4Cre:Bptffl/fl mice. Because we could not obtain
BPTF-deficient mature T cells from Cd4Cre:Bptffl/fl mice, we
are not able to directly assess the function of BPTF-deficient
T cells. BPTF is required for MAPK and PI3K/AKT signaling
and the survival of lung cancer cells (9). BPTF is also im-
portant for cell proliferation through interaction with c-Myc in
fibroblasts and melanoma cells (46, 47). Because MAPK-,
PI3K/AKT-, and c-Myc–dependent pathways can regulate
T cell function (48–50), it is plausible that one or more of
these pathway(s) is perturbed in the absence of BPTF in
T cells.

FIGURE 4. BPTF is required for Treg cell homeostasis. (A) The Foxp3-expressing (GFP+) CD4 T cells were detected in FGC:Bptf fl/wt and FGC:Bptf fl/fl

mice by flow cytometry. The percentages and the numbers of GFP+ Treg cells were determined and compared. Means 6 SD of three mice are shown. (B)

The coexpression of GFP and dtomato in CD4 T cells isolated from FGC:Bptf fl/wt:dto and FGC:Bptf fl/fl:dto mice was assessed by flow cytometry. The

percentages of GFP2dtomato+ exFoxp3 Treg cells in CD4 T cells were determined and compared between FGC:Bptf fl/wt:dto and FGC:Bptf fl/fl:dto mice.

Means 6 SD of three mice are shown. (C) CD25, CTLA4, and PD-1 expression on the GFP+ Treg cells isolated from FGC:Bptf fl/wt and FGC:Bptf fl/fl mice

was detected and compared by flow cytometry. (D) GFP+ Treg cells sorted from FGC:Bptf fl/wt (WT) and FGC:Bptf fl/fl (BPTF-knockout) mice were mixed

with CFSE-labeled, CD4+CD252CD45RBhigh responder T cells (Tresp.) sorted fromWT C57BL/6 mice at indicated ratios. The proliferation of Tresp. cells

was determined by CFSE dilution assessed by flow cytometry 72 h after activation. Results are representative of two experiments. All the results of flow

cytometry are representative of at least three experiments, unless stated otherwise. *p , 0.05, **p , 0.01.
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Our study demonstrates a critical role for BPTF in the ho-
meostasis and function of T and Treg cells and for immune ho-
meostasis and self-tolerance. It highlights a central function for

chromatin-remodeling complexes in T cell function, under-
scoring a potential of treating immune diseases by targeting
chromatin-remodeling complexes in T cells.

FIGURE 5. The effect of BPTF deletion on Treg cells is cell intrinsic. Mixed BM chimera was created by transferring equal numbers of BM cells from FGC:Bptf fl/wt

mice (CD45.1+CD45.2+) and FGC:Bptf fl/fl mice (CD45.2+) mice into sublethally irradiated WT C57BL/6 mice (CD45.1+). (A and B) Foxp3+ (A) and GFP+ (B) Treg cells

from different donors were detected by flow cytometry. The percentages of Foxp3+ Treg cells in CD4 T cells of different origins in the recipient mice were determined.

Means6 SD of three mice are shown. (C) IFN-g– and IL-4–expressing CD4+ and CD8+ T cells were detected by flow cytometry. The percentages of IFN-g–expressing

CD4 and CD8 T cells were determined. Means6 SD of three mice are shown. (D) The expression of CD25, CTLA4, and PD-1 on Foxp3+ Treg cells of different origins

was assessed by flow cytometry and compared. All the flow cytometry results are representative of at three experiments. *p , 0.05, **p , 0.01. ns, not significant.

4332 BPTF CONTROLS T CELL HOMEOSTASIS

 by guest on February 20, 2018
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


Acknowledgments
We thank Dr. Zengli Guo and Dr. Song Zhang for their helpful discussion

and Dr. Nancy Fisher for critical reading.

Disclosures
The authors have no financial conflicts of interest.

References
1. Smeenk, G., and H. van Attikum. 2013. The chromatin response to DNA breaks:

leaving a mark on genome integrity. Annu. Rev. Biochem. 82: 55–80.
2. Venkatesh, S., and J. L. Workman. 2015. Histone exchange, chromatin structure

and the regulation of transcription. Nat. Rev. Mol. Cell Biol. 16: 178–189.
3. Bannister, A. J., and T. Kouzarides. 2011. Regulation of chromatin by histone

modifications. Cell Res. 21: 381–395.
4. Papamichos-Chronakis, M., and C. L. Peterson. 2013. Chromatin and the ge-

nome integrity network. Nat. Rev. Genet. 14: 62–75.
5. Ransom, M., B. K. Dennehey, and J. K. Tyler. 2010. Chaperoning histones

during DNA replication and repair. Cell 140: 183–195.
6. Chan, Y. A., P. Hieter, and P. C. Stirling. 2014. Mechanisms of genome insta-

bility induced by RNA-processing defects. Trends Genet. 30: 245–253.
7. Wang, G. G., C. D. Allis, and P. Chi. 2007. Chromatin remodeling and cancer,

Part II: ATP-dependent chromatin remodeling. Trends Mol. Med. 13: 373–380.
8. Mehrotra, A., G. Mehta, S. Aras, A. Trivedi, and I. L. de la Serna. 2014. SWI/

SNF chromatin remodeling enzymes in melanocyte differentiation and mela-
noma. Crit. Rev. Eukaryot. Gene Expr. 24: 151–161.

9. Dai, M., J. J. Lu, W. Guo, W. Yu, Q. Wang, R. Tang, Z. Tang, Y. Xiao, Z. Li,
W. Sun, et al. 2015. BPTF promotes tumor growth and predicts poor prognosis in
lung adenocarcinomas. Oncotarget 6: 33878–33892.

10. Rajendrasozhan, S., H. Yao, and I. Rahman. 2009. Current perspectives on role
of chromatin modifications and deacetylases in lung inflammation in COPD.
COPD 6: 291–297.

11. Hohmann, A. F., and C. R. Vakoc. 2014. A rationale to target the SWI/SNF
complex for cancer therapy. Trends Genet. 30: 356–363.

12. Mayes, K., Z. Qiu, A. Alhazmi, and J. W. Landry. 2014. ATP-dependent chro-
matin remodeling complexes as novel targets for cancer therapy. Adv. Cancer
Res. 121: 183–233.

13. Biegel, J. A., T. M. Busse, and B. E. Weissman. 2014. SWI/SNF chromatin
remodeling complexes and cancer. Am. J. Med. Genet. C. Semin. Med. Genet.
166C: 350–366.

14. Bevan, M. J. 2004. Helping the CD8(+) T-cell response. Nat. Rev. Immunol. 4:
595–602.

15. Gajewski, T. F., H. Schreiber, and Y. X. Fu. 2013. Innate and adaptive immune
cells in the tumor microenvironment. Nat. Immunol. 14: 1014–1022.

16. Kaech, S. M., E. J. Wherry, and R. Ahmed. 2002. Effector and memory T-cell
differentiation: implications for vaccine development. Nat. Rev. Immunol. 2:
251–262.

17. Callard, R. E. 2007. Decision-making by the immune response. Immunol. Cell
Biol. 85: 300–305.

18. Beyer, M., and J. L. Schultze. 2006. Regulatory T cells in cancer. Blood 108:
804–811.

19. Chaiyachati, B. H., A. Jani, Y. Wan, H. Huang, R. Flavell, and T. Chi. 2013.
BRG1-mediated immune tolerance: facilitation of Treg activation and partial
independence of chromatin remodelling. EMBO J. 32: 395–408.

20. Thomas, R. M., L. Gao, and A. D. Wells. 2005. Signals from CD28 induce stable
epigenetic modification of the IL-2 promoter. J. Immunol. 174: 4639–4646.

21. Chi, T. H., M. Wan, P. P. Lee, K. Akashi, D. Metzger, P. Chambon, C. B. Wilson,
and G. R. Crabtree. 2003. Sequential roles of Brg, the ATPase subunit of BAF
chromatin remodeling complexes, in thymocyte development. Immunity 19:
169–182.

22. Chi, T. H., M. Wan, K. Zhao, I. Taniuchi, L. Chen, D. R. Littman, and
G. R. Crabtree. 2002. Reciprocal regulation of CD4/CD8 expression by SWI/
SNF-like BAF complexes. Nature 418: 195–199.

23. Jani, A., M. Wan, J. Zhang, K. Cui, J. Wu, P. Preston-Hurlburt, R. Khatri,
K. Zhao, and T. Chi. 2008. A novel genetic strategy reveals unexpected roles of
the Swi-Snf-like chromatin-remodeling BAF complex in thymocyte develop-
ment. J. Exp. Med. 205: 2813–2825.

24. Wurster, A. L., and M. J. Pazin. 2008. BRG1-mediated chromatin remodeling
regulates differentiation and gene expression of T helper cells. Mol. Cell. Biol.
28: 7274–7285.

25. Li, H., S. Ilin, W. Wang, E. M. Duncan, J. Wysocka, C. D. Allis, and D. J. Patel.
2006. Molecular basis for site-specific read-out of histone H3K4me3 by the
BPTF PHD finger of NURF. Nature 442: 91–95.

26. Ruthenburg, A. J., H. Li, T. A. Milne, S. Dewell, R. K. McGinty, M. Yuen,
B. Ueberheide, Y. Dou, T. W. Muir, D. J. Patel, and C. D. Allis. 2011. Recog-
nition of a mononucleosomal histone modification pattern by BPTF via multi-
valent interactions. Cell 145: 692–706.

27. Landry, J. W., S. Banerjee, B. Taylor, P. D. Aplan, A. Singer, and C. Wu. 2011.
Chromatin remodeling complex NURF regulates thymocyte maturation. Genes
Dev. 25: 275–286.

28. Landry, J., A. A. Sharov, Y. Piao, L. V. Sharova, H. Xiao, E. Southon, J. Matta,
L. Tessarollo, Y. E. Zhang, M. S. Ko, et al. 2008. Essential role of chromatin
remodeling protein Bptf in early mouse embryos and embryonic stem cells.
PLoS Genet. 4: e1000241.

29. Lee, P. P., D. R. Fitzpatrick, C. Beard, H. K. Jessup, S. Lehar, K. W. Makar,
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Fig. S1. A. The mRNA expression of BPTF in different populations of WT (open bars) 
and Cd4Cre;Bptffl/fl (solid bars) mice was monitored by qRT-PCR. Means ± SD of 
triplicates done in one experiments representative of three are shown. B. Flow cytometry 
to detect the expression of CD25 and CD44 on DN thymocytes. C. CD44 and CD25 
expression on Foxp3+ cells from the thymus of Cd4Cre;Bptffl/wt and Cd4Cre;Bptffl/fl mice 
was detected and compared by flow cytometry. *p<0.05, **p< 0.01. Data are 
representative of three independent experiments.  



Fig. S2 

CD4	 CD8	
0	

1	

2	

3	

4	

5	

6	

B
P

TF
 m

R
N

A 
(r

el
at

iv
e 

am
ou

nt
s)

	 Cd4Cre;Bptffl/wt	
Cd4Cre;Bptffl/fl 	

Fig. S2. A, TCRβ and B220 expression in the peripheral lymphocytes was detected and B 
cell number was counted and calculated. Means ± SD of three sets of mice are shown. B. 
The BPTF mRNA levels in the peripheral T cells of Cd4Cre;Bptffl/wt (open bars) and 
Cd4Cre;Bptffl/fl (solid bars) mice was monitored by qRT-PCR. Means ± SD of triplicates 
done in one experiments representative of three are shown. 

Spl pLN 
0 

5 

10 

15 

20 

25 Cd4cre;Bptffl/wt 

Cd4cre;Bptffl/fl 

# 
of

 B
22

0+
 c

el
ls

 (1
06

) 

TCRβ	

B
22

0	
46.5 1.65 

39.5 

65.4 1.98 

10.7 
28.6 1.73 

65.5 

Spl 

72.6 1.48 

13 

pLN 

Cd4cre;Bptffl/wt Cd4cre;Bptffl/fl 
A 

B 



B A 

39.4� 3.56�

7.54�

34.2� 3.28�

8.63�

DN in thymus�

C
D

25
�

CD44 �

FGC: 
Bptffl/fl	

FGC: 
Bptffl/wt �

spleen	 pLN	
0	

20	

40	

60	

 	
 	  	
 	

*	

*	

FGC:Bptffl/fl �
FGC:Bptffl/wt �

C
D

44
hi
C

D
62

Ll
o   

(%
 o

f C
D

4 
T)

	

C 

Fig. S3 

Fig. S3. A. Treg cells from the periphery of FGC;BPTFfl/fl mice were isolated. WT Treg cells were 
included as a control. The multiplex genomic DNA PCR assay was used to detect WT ( 250 bp), 
floxed (325 bp) and deleted (525 bp) Bptf alleles. The results are representative of three 
independent experiments. B. Flow-cytometry to detect the expression of CD44 and CD25 on DN 
thymocytes of FGC:Bptffl/wt and FGC:Bptffl/fl mice. C and D, the expression of CD44 and CD62L 
on CD4+ T (B) and CD8+ T cells (C) in the pLN and spleen from FGC:Bptffl/wt and FGC:Bptffl/fl 
mice assessed by flow cytometry. E. Treg cells from FGCre;BPTFfl/wt:dto and FGCre;BPTFfl/fl:dto 
mice were isolated and Foxp3 and dtomato co-staining was monitored in the spleen and pLN by 
flow-cytometry. Flow-cytometry results are representative of three independent experiments. In 
the bar graphs, means ± SD of three experiments are shown. *p < 0.05 by t-test.  

66.1� 5.02�

9.39�

39.9� 3.87�

16.2�

74.3� 5.73�

12.1�

30.3� 8.93�

32.7�
CD44 �

spleen� LN �
CD4 T�

C
D

62
L� FGC: 

Bptffl/fl	

FGC: 
Bptffl/wt	

63 � 24.6�

5.04�

18.4� 17 �

31.4�

25.8� 10.5�

19.5�

46.1� 28.5�

9.54�

CD44 �

spleen� LN �

C
D

62
L�

CD8 T�

FGC:Bptffl/fl �
FGC:Bptffl/wt �

spleen	 pLN	
0	

10	

20	

30	

40	

 	
 	  	
 	

*	

C
D

44
hi
C

D
62

Ll
o   

(%
 o

f C
D

8 
T)

	

FGC: 
Bptffl/fl	

FGC: 
Bptffl/wt	

D 

spleen pLN 
0 

2 

4 

6 

FGC:Bptffl/wt-dto 
FGC:Bptffl/fl-dto 

* 

* 

%
 o

f e
x-

Tr
eg

 c
el

ls
 

spleen 

FGC: 
Bptffl/fl 
-dto 

FGC: 
Bptffl/wt 

-dto 

pLN 

dtomato	

Fo
xP

3	

Deleted allele 

floxed allele 
WT allele 

E 

1.2	 12.7	

0.8	

1.6	 7.79	

4.2	

0.8	 13	

0.52	

1.6	 9.07	

1.6	



pLN �

C
D

62
L�

CD44 �

Spl �

CD45.2+ 

FGC:Bptffl/fl �

CD4 T�
CD45.1+CD45.2+ 

FGC:Bptffl/wt �

CD8 T�

Spl �

pLN �

CD44 �

C
D

62
L�

Fig. S4  

Fig. S4. Mixed bone marrow chimera was created by transferring equal numbers of bone 
marrow cells from Cd4Cre;Bptffl/wt mice (CD45.1+CD45.2+) and FGC:Bptffl/fl mice (CD45.2+) 
mice into lethally irradiated WT C57BL/6 mice (CD45.1+). Expression of CD44 and CD62L 
on different donor cells from the lymph nodes and spleens was assessed by flow-
cytometry. Data are representative of three independent experiments. 
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