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Abstract
Several histone deacetylases (HDACs) are involved in the regulation of forkhead box protein P3
(FOXP3) expression and function by affecting features of FOXP3 protein stability. FOXP3, a
forkhead family transcription factor specially expressed in regulatory T (Treg) cells, controls the
expression of many key immune-regulatory genes. Treg cells are a population of T lymphocytes
that have critical roles in the immune system homeostasis and tolerance to self and foreign
antigens, the body’s response to cancer and infectious agents. FOXP3 forms oligomeric
complexes with other proteins, the components of which are believed to be regulated dynamically.
In addition, HDAC activities influence FOXP3 interactions with other partners to form
transcriptional regulatory complexes. By understanding the details of the biochemical and
structural basis of the regulation of FOXP3 acetylation, therapeutic strategies for diseases related
to Treg cells may emerge.
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Regulatory T cells (Tregs) are a subpopulation of T lymphocytes with suppressive properties
for CD4+ effector T cells (Th), CD8+ cytotoxic T cells (Tc), antigen-presenting cells, natural
killer cells and B cells.1 The deficiency or dysfunction of Treg cells has been linked to
several autoimmune and inflammatory diseases including arthritis, irritable bowel syndrome,
atopic dermatitis, psoriasis and the deleterious graft-versus-host disease.2 There are two
categories of Treg cells: natural Treg cells that are derived in the thymus and emigrate into
the periphery, and adaptive Treg cells that are induced in the periphery by converting
CD4+CD25− T cells into CD4+CD25+ Treg cells.

Treg cells use the transcription factor forkhead box protein P3 (FOXP3)3 to mediate
suppressive activities. The expression of high levels of FOXP3 is necessary for the
suppressive function of Treg. Mutations of the FOXP3 gene lead to the X-linked
autoimmunity–allergic dysregulation syndrome4 in human and the lymphoproliferative
disease in the Scurfy mouse.5–7 The FOXP3 X-linked recessive mutation results in lethality
in hemizygous male mice soon after birth, and is characterized by excessive proliferation of
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the CD4+ T cells, extensive multi-organ infiltration by leukocytes and systemic elevation of
numerous cytokines.8

Histone deacetylases (HDACs) include four families of enzymes that were initially found to
remove the acetyl moiety from the e-amine of the lysine residue of histones, including:
H2A, H2B, H3 and H4.9 Class I HDAC (HDAC1, HDAC2, HDAC3 and HDAC8) and
Class IV (HDAC11) are mainly located in the nucleus and mostly form repression
complexes such as mSin3, NuRD10 and CoREST.11

Class II HDAC (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9 and HDAC10) shuttle
between the nucleus and the cytoplasm; and class III HDACs (SIRT1-7) are located in
various organelles. Class I, II and IV are classical HDACs that are Zn2+-dependent and
sensitive to the inhibitor trichostatin A (TSA), whereas class III HDACs are homologs to the
yeast sirtuins and can be selectively inhibited by nicotinamide.

Acetylation of histones is reciprocally regulated by another class of enzymes, namely
histone acetyltransferases (HATs). Histones are not the only substrates for HDAC and HAT.
Many other proteins,12 such as p5313 and c-Myc,14 have been identified to undergo
acetylation. One consequence of acetylation is that it affects protein stability by preventing
ubiquitination and subsequent proteasomal degradation. Acetylation may modulate DNA
binding of transcription factors, as well as protein–protein interactions.15 A growing body of
data has shown that FOXP3 is one of the targets for HDAC and HAT. We are concerned
with roles of HDAC in the regulation of protein stability and suppressive functions related to
Treg cells.

FOXP3 AS A UNIQUE TARGET OF HDACS
HDAC inhibitors (HDACi) are convenient reagents to clarify involvement of HDAC in the
transcription of genes and the regulation of protein posttranslational modifications. There
are caveats to the use of HDACi, as many of these inhibitors are not specific enough to
differentiate individual HDAC members, and what is observed can be either a direct or an
indirect outcome of the inhibition of multiple HDACs. Nevertheless, HDACi have been
used to study the involvement of HDAC in the development of Treg functions in several
animal models.

In one disease model of induced colitis, disease severity was reduced when the mice were
treated with the HDACi TSA. TSA was found to boost the number of functional Treg cells
by increasing thymic production in normal animals, as well as converting CD4+CD25− cells
to CD4+FOXP3+ Tregs cells.16 In a collagen-induced arthritis model for rheumatoid
arthritis, treatment with the HDACi valproic acid increased both the number of
CD4+CD25+FOXP3+ Tregs in vivo and the suppressive activity of CD4+CD25+ Tregs.17 As
a result, disease incidence and severity was significantly reduced by valproic acid. To
answer how HDAC is involved, initial studies focused on the regulation of epigenetic status
of Foxp3 gene locus and thus, the gene expression. Recently, the focus has shifted to
understanding the direct interaction of HDAC with the FOXP3 protein and the acetylation
axis of posttranslational modification of FOXP3 that regulates the FOXP3 protein stability
and functions.

Regulation of FOXP3 expression by HDAC
Histone acetylation occurs on specific lysine residues and neutralizes the positive charge
required for histones to compact chromatin structure.18 With some important exceptions,
acetylated histones are generally associated with decondensation of DNA and activation of
gene transcription.19 As negative regulators of acetylation, HDACs are potent and able to

Zhang et al. Page 2

Immunol Cell Biol. Author manuscript; available in PMC 2013 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



repress expression of certain genes. HDACs, especially Class I members, can form
repression complexes that selectively bind to methylated cytosines in cytosine–phosphate
diester–guanine islands, which are frequently observed in the promoter regions of silenced
genes. For example, the methyl-cytosine–phosphate diester–guanine-binding domain protein
MBD1 forms a complex with HDAC3 before being recruited to its target promoters.20 Della
Ragione et al.21 reported that HDACi modulate 23 out of 588 genes studied in a human
colon cancer cell line. Many of these genes, such as tob-1, p21 and GATA-2, are involved in
the regulation of cell cycle or function as transcription factors.

Mantel et al.22 reported hyperacetylation of histone H4 in the promoter and the surrounding
chromatin of actively transcribed Foxp3 genes. Cavassani et al.23 demonstrated that
acetylation of histone H3 at the K9 site, but not the K12 site on histone H4, was associated
with increased FOXP3 expression. These studies suggest that higher HAT activity and
reduced HDAC activity is preferred for FOXP3 expression and Treg development. As
chromatin condensation is changed after histone acetylation, the Foxp3 promoter may
become accessible to certain transcription factors that thereafter regulate FOXP3 expression.
In human CD4+CD25− T cells, Fayyad-Kazan et al.24 showed that Ets-1 and Ets-2 bind to
Foxp3 promoter in the presence of HDACi and induce FOXP3 expression.

Tao et al.16 studied the effect of HDACi on the Foxp3 gene expression by analyzing both
non-Treg (CD4+CD25−) and Treg (CD4+CD25+) cells from mice treated with HDACi TSA
(1mg kg−1 per day; 7 days). TSA treatment significantly increased Foxp3 expression in Treg
cells, but not in non-Treg cells.16 Other genes upregulated by TSA included CTLA4, PD-1,
GITR and IL-10.

In normal mice, TSA increases the number of FOXP3+ Treg cells by increasing thymic
production, but in Treg-depleted hosts, TSA appears to promote the conversion of
CD4+CD25− cells to CD4+FOXP3+ Treg cells.16 When human CD4+CD25− T cells were
treated with HDACi MS-275 and SAHA, Foxp3 expression was induced.25 Increased Foxp3
expression was linked to Treg conversion promoted by the activity of splenic dendritic cells.
As a result of the increased Treg activity, mice display an increase in tumor growth
compared with sham-treated mice with a syngeneic tumor.23 HDACs can clearly affect
Foxp3 expression and have an important role in the development of both natural and
adaptive Treg cells.

Despite many studies in this field, there is little consensus on which HDACs are specifically
involved in the expression of Foxp3. When Treg functions and interleukin (IL)-10
production was induced by the green tea polyphenol (−)-Epigallocatechin-3-Gallate
(EGCG), increased HDAC2 expression was noted in Treg cells from human subjects.26

Using quantitative PCR, Tao et al.16 surveyed HDAC expression in Treg and non-Treg cells,
and found similar expression for Class I HDACs and only subtle differences for Class II,
except that HDAC9 expression was higher in Treg. HDAC9 may have a complex role in the
upregulation of FOXP3 expression in Treg cells, as HDAC9 appears to physically interact
with FOXP3. In addition, HDAC9−/− cells demonstrate higher FOXP3 expression and Treg
activity.16 Recently, Treg cells in HDAC6−/− mice were found to express more FOXP3 than
wild-type mice.27 It is likely that multiple HDACs work together to regulate FOXP3
expression. Due to the broad involvement of HDACs in gene expression,21 HDACi are
unlikely to be used in a clinical setting as a specific regulator of FOXP3 expression.

Acetylation enhances the stability of FOXP3 proteins
Li et al.28 found that anti-FOXP3 antibody immunoprecipitates acetylated FOXP3 proteins
from nuclear extracts, suggesting that endogenous FOXP3 protein in primary human
CD4+CD25+ Treg cells is acetylated. Acetylation may regulate the function of certain
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protein by altering the protein stability. For some proteins, such as cyclin A, acetylation
leads to protein degradation.29 In some other proteins (e.g., p53), acetylation inhibits
ubiquitination and increases protein stability.30 Five lysine residues at the C-terminus of p53
are subjected to either acetylation or ubiquitination modification. Acetylation of the lysine
residue prevents p53 from being ubiquitinated on these sites. In addition, acetylation, as
demonstrated by the use of the K→Q mutant that mimics the effect of acetylation on lysine,
also appears to affect ubiquitination on other sites. Acetylation changes p53 conformation
and render those lysine residues inaccessible to ubiquitination.30

FOXP3 protein also becomes more stable when it is acetylated. van Loosdregt et al.31

reported that hyperacetylation of FOXP3 prevented polyubiquitination and subsequent
proteasomal degradation. Ectopically expressed HAT p300, as well as treatment of HDACi
(TSA and nicotinamide), led to higher FOXP3 protein levels. HDACi clearly prevented
FOXP3 degradation, which was examined with the help of cycloheximide to inhibit
synthesis of new proteins. Stable FOXP3 protein levels yield phenotypic change, both in
vitro and in vivo. Treatment of HDACi significantly increases the number and functions of
Treg cells in mouse splenocytes, human peripheral blood mononuclear cells and skin-
derived T cells.

However, the exact acetylation sites in FOXP3 that are involved in ubiquitination and
protein stability are still unknown. A FOXP3 mutant (K22XR) was used to obtain stable
ubiquitination-free FOXP3, but all 22 lysine sites were removed in this mutant.31 Although
the K22XR mutant is stable, it is unlikely that it will still have normal FOXP3 activity, as
acetylation also affects other FOXP3 functions. We have observed reduced FOXP3 activity
with the removal of even one potential acetylation site (data not shown). Our initial study
indicates that K250 and K252 in human FOXP3 protein are critically involved in the p300-
mediated acetylation and some aspects of protein stability,32 but may not be relevant to
other functionalities.

Involvement of HDACs in FOXP3 ensembles
FOXP3 functions as a transcriptional factor to regulate the expression of target genes,
mostly as a repressor for some genes, but also as enhancer for others. Stable expression of
FOXP3 is sufficient to control Treg cell development.33,34 In non-Treg cells, induced
expression of FOXP3 can also convert the cell to a Treg phenotype. For example, ectopic
expression of FOXP3 in non-Treg leads to repression of the IL-2 and interferon γ (IFNγ)
genes, gain of suppressor function and induction of genes such as CD25, GITR and
CTLA-4.35 Furthermore, FOXP3 binding to promoter/regulatory elements correlates with
histone deacetylation in repressed genes (IL-2 and IFNγ), but with acetylation in induced
genes (GITR, CD25 and CTLA-4).35 FOXP3 also associates with a number of other
transcription factors including nuclear factor-κB,36 nuclear factor of activated T cells
(NFAT),37 AML1/Runx-138 and retinoic-acid-related orphan receptor α (RORα)39 to
function as a negative regulator of gene transcription. So far, three HDAC proteins have
been reported to associate with FOXP3: HDAC7, HDAC9 and Sirt1.

Histone deacetylase 7—Li et al.28 reported that FOXP3 recruits HAT TIP60 (Tat-
interactive protein, 60 kDa) and class II deacetylases, HDAC7 and HDAC9. In later work,
HDAC1 was also detected in the same large transcriptional complex. The N-terminal
proline-rich domain (amino acids 106–190) of FOXP3, which is critical for transcriptional
repression, appears to be involved in the interaction with HDAC7 and TIP60. HDAC7 is by
itself able to interact with TIP60 and enhance its co-repressor function.40 Maximal
inhibition of IL-2 production by FOXP3 was observed when both TIP60 and HDAC7 were
expressed,28 indicating that all three proteins (FOXP3, HDAC7 and TIP60) are needed for
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the FOXP3 ensemble. Association between FOXP3 and HDAC7 under physiological
conditions can also be detected using nuclear extracts from primary CD4+CD25+ Treg cells,
and interaction with HDAC7 is not dependent on FOXP3’s capability to form dimers.28

HDAC7 is related to HDAC4 and HDAC5 in Class II sub-family. It has the nuclear
localization signal in the N-terminus and the catalytic domain (Figure 1) in the C-terminal
half of the protein. Like HDAC4 and HDAC5, HDAC7 has binding domains for C-terminal-
binding protein (CtBP), myocyte enhancer factor 2 (MEF2) and 14-3-3 in the N-terminus.41

As a DNA-binding transcription factor, MEF2 has an essential role in muscle differentiation.
By binding to MEF2, HDAC7 represses the function of MEF2 and blocks muscle cell
differentiation.42 Splicing forms of HDAC7 are also involved in the differentiation of
embryonic stem cells into smooth muscle cells.43

HDAC7 is not primarily an element of the SMRT/N-CoR repressor. However, Class I
members such as HDAC3 are required to associate with HDAC4, HDAC5 or HDAC7, to
establish a functional SMRT/N-CoR complex, indicating an adaptor role for HDAC7 to link
DNA-binding recruiters and repressor HDACs.44 HDAC7 is also able to interact with co-
repressors BCoR (Bcl-6-interacting co-repressor) and BcoR-L1.45

HDAC7 has a nuclear export sequence at the C-terminus. The same sequence has also been
identified in HDAC4 and HDAC5. McKinsey et al.46 have shown that in HDAC5, the
nuclear export sequence is activated once the chaperone protein 14-3-3 is attached.
Phosphorylated HDAC5 is then exported from the nucleus to the cytoplasm. Ca2+/
calmodulin-dependent protein kinase (CaMK) I appears to be important for the
phosphorylation of the 14-3-3 docking site, as an HDAC7 mutant that lacks the putative
CaMK I sites (S178A/S344A/S479A) loses the capability to bind to 14-3-3 and localizes
exclusively in the nucleus.47 However, the regulation of HDAC7 phosphorylation is even
more complex. Ectopically expressed CaMK I selectively phosphorylates S178 and only has
modest effects on S344 and S479. Studies with phospho-specific HDAC7 antibody indicate
that HDAC7 with S344 or S479 phosphorylation is retained in the nucleus, whereas S178-
phosphorylated species reside in both the nucleus and the cytoplasm.48 Studies by Gao et
al.48 also reveal that CRM1 can provide an alternative nuclear exporting pathway for
HDAC7, as overexpression of CRM1 rescues the nuclear export of the HDAC7 S178A/
S344A/S479A mutant.

Histone deacetylase 9—HDAC9 can also complex with FOXP3 in T cells, but only in
the absence of T-cell stimulation.28 T cell receptor (TCR), plus CD28 stimulation,
sufficiently disrupts the association between HDAC9 and FOXP3. However, in the presence
of HDACi TSA, FOXP3 and HDAC9 form much more stable complex even in the presence
of T-cell stimulation.28

HDAC9 is a unique Class II member as it carries the catalytic domain at the N-terminus, just
like Class I HDACs. HDAC9 has several isoforms.49 One splice form, termed HDAC9c,
lacks the catalytic domain, but is able to recruit HDAC3 as a catalytic domain to function.
Harrison et al.50 reported that protein kinase C-related kinase 2 strongly phosphorylated
S253 within the nuclear localization signal of HDAC9. An HDAC9 splice variant, MEF2
interacting transcription repressor (MITR), which lacks nuclear export sequence, is thus
primarily localized to the nuclei. Upon phosphorylation of two 14-3-3-binding sites (Ser218
and Ser448) by CaMK I,51 MITR changed from discrete nuclear structures to diffusely
distributed staining within the nucleus. A MITR mutant S253D, which has Ser253
substituted by aspartic acid (to mimic phosphorylation), was still localized to discrete foci in
the nucleus. However, in the presence of activated CaMK I, MITR (S253D) dramatically
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migrated to the cytoplasm.50 This CaMK I-mediated redistribution was not observed with
the MITR S253A mutant, or with MITR (S253D/S448A) that lacks a 14-3-3-binding site.

HDAC9 appears to be a negative regulator of FOXP3 and Treg functions. Higher local
expression of HDAC9 is found in mice with colitis, and HDAC9−/− mice are resistant to the
development of colitis.52 HDAC9 levels in Treg cells may be influenced by Hsp70, which
was also found to interact with FOXP3.52,53 In comparison with wild-type mice, HDAC9−/−

mice have more FOXP3+CD4+ T cells, but not CD4+CD25+ T cells in the spleen.16 In
addition, Treg cells from HDAC9−/− are much more active. Nevertheless, HDAC9
expression is increased in Treg cells and TCR activation further increases HDAC9
expression.16 It is likely that HDAC9 interacts and represses FOXP3 function, but after TCR
activation, the HDAC9 disassociates and releases FOXP3, resulting in higher Treg activity.

Sirt1—van loosdregt et al.31 noted a higher level of FOXP3 when both TSA and
nicotinamide were used. Nicotinamide targets class III HDACs (i.e., Sirt deacetylases). Sirt1
of this class interacts with FOXP3, when both proteins were overexpressed in 293T cells.31

Sirt1 is known to be negatively associated with T-cell activation. It has been shown that loss
of Sirt1 function results in abnormally increased T-cell activation and a breakdown of CD4+

T-cell tolerance, whereas upregulation of Sirt1 expression leads to T-cell anergy.54

Experimental allergic encephalomyelitis, as well as spontaneous autoimmunity, has been
noted in Sirt1-deficient mice. Zhang et al.54 then demonstrated that the role of Sirt1 in T-cell
activation is related to the acetylation and inactivation of AP-1. Currently, it is uncertain
whether the effect of Sirt1 on AP-1 is cell type-specific and whether Sirt1 can also interact
with endogenous FOXP3 in Treg cells.

CURRENT STRUCTURAL BASIS OF FOXP3 ENSEMBLE
Although previous biochemical studies by our laboratory have suggested that the zinc finger
leucine zipper region of FOXP3 is necessary and sufficient to mediate both homo-
association and hetero-association with FOXP1,55–57 it is not clear how hetero- and homo-
dimers are formed and how posttranslational modifications such acetylation affect the
ensemble.

We have recently solved the crystal structure of mouse FOXP3 oligomerization domain
containing the zinc finger and leucine zipper motifs (G196-K276). As anticipated, the
leucine zipper (D224-K262) region, but not the zinc finger motif (V197-L223), is directly
involved in dimerization via an anti-parallel coiled-coil structure. K251, a lysine residue that
was found acetylated in mass spectrometric studies, appears to mediate dimerization by
promoting the inter-molecule hydrogen bond between E248 and Q234 (Song et al.,
submitted). In the human sequence, the corresponding site is K252. Substitution of K252
with glutamine (K252Q) mimics the effect of acetylation on this residue and reduces human
FOXP3 homodimer and FOXP3-FOXP1 heterodimer formation. However, the K252Q
mutation does not obliterate dimer formation, suggesting that acetylation at this site is able
to modulate the suppressive behavior of Treg cells. Our structural study established a
mechanistic model of the coiled-coil motif as a regulatory unit for the FOXP3 complex
ensemble. These data also identify the complexity of acetylation and its ability to regulate
the structural conformation and assembly of the FOXP3 complex. As acetylation has been
shown to interfere with FOXP3 ubiquitination and degradation, it is possible that FOXP3
undergoes deacetylation at K252 to become active for a short term and then proceed to
degradation as a way to prevent the Treg cells from being overactive.

The FOXP3 ensemble attaches to DNA through the forkhead domain of the FOXP3 protein.
When three lysine residues in this forkhead region, K383, K393 and K415, were replaced by
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histidine residues and the FOXP3 mutants were introduced into CD4+CD25− cells, the Treg-
like suppressive ability of transduced cells is greatly enhanced.16 This contrived study
suggests that acetylation might be involved in the attachment of FOXP3 ensemble to target
DNA, as these lysines are potential acetylation sites. It has yet to be determined whether
acetylation in fact occurs on these sites in vivo and which HDAC/HAT is involved in the
maintenance of acetylation on these sites.

Acetylation as a mechanism in the regulation of FOXP3 ensemble in response to
extracellular stimuli

Recent studies suggest that the FOXP3 ensemble is dynamically regulated.2 Nuclear
transport of FOXP3 relies on three distinct domains, which can form complexes with other
proteins containing nuclear localization signal.58 Activation stimuli induce the translocation
of FOXP3 from a primarily cytoplasmic/perinuclear residence to a dense nuclear subcellular
localization, where FOXP3 and the ensemble can bind to the regulatory elements of target
genes such as cytokine (e.g., IL-2 and IFNγ). Transforming growth factor-β, which is
known to induce murine FOXP3(+) Treg cells, also increases FOXP3 binding to chromatin
in human T-cell line SZ-4.59

Acetylation has an important role in the binding of FOXP3 ensemble to chromatin, as the
HDACi sodium butyrate also increases FOXP3 binding to chromatin in cells. There may be
more binding sites after chromatin decondensation that are associated with acetylated
histones. However, sodium butyrate also inhibits effects of transforming growth factor-β and
IL-6 on FOXP3 binding to chromatin, indicating a more complicated regulation of the
FOXP3 ensembles that might be related to the acetylation status of certain components of
the ensemble.59 It is argued that binding of FOXP3 ensembles to repressed and inducible
genes should be studied separately.

In addition to the histone axis of acetylation that affects the chromatin binding of FOXP3
ensemble, acetylation may directly affect FOXP3 or other proteins in the ensemble and
change the activity of FOXP3. We have shown that the acetylation of K252 in FOXP3 can
lead to formation of less FOXP3–FOXP3 homodimers and FOXP3–FOXP1 heterodimers
(Song, et al., submitted). We have also shown that FOXP3–HDAC9 association is
interrupted by T-cell receptor stimulation.28 These studies highlight the dynamic nature of
the FOXP3 ensemble in terms of its components and location due to the changing cellular
stimuli. A more extensive study of each component in response to stimulus signals is
currently under way to dissect the complex regulation of FOXP3 functions.

HAT FOR FOXP3
The action of HAT enzymes on protein substrates is opposite to that of HDAC. The current
knowledge of HAT proteins that are involved in the regulation of FOXP3 is reviewed
elsewhere.32 There is evidence that TIP60 (Figure 2) interacts with FOXP3. In human
CD4+CD25+ Treg cells, endogenous TIP60 co-localizes with FOXP3 in the nucleus. In
293T cells co-transfected with HA–FOXP3 and FLAG–TIP60, FOXP3 can be co-
immunoprecipitated with TIP60.28 The N-terminal proline-rich region of FOXP3 was
identified to be responsible for binding to TIP60. TIP60 appears to be responsible for
FOXP3 acetylation and subsequent changes of function. Overexpression of TIP60 leads to
increase of acetylated FOXP3 proteins in the 293T cells. In addition, FOXP3-mediated
transcriptional repression can be enhanced by the overexpression of wild-type TIP60, but
not the HAT activity-deficient TIP60 mutant, and dramatically reduced by the knockdown
of endogenous TIP60 with shRNA.28
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It is clear that other HATs are also involved in the acetylation of FOXP3. van Loosdregt et
al.31 and our laboratory demonstrated that p300 (Figure 3) is capable to bind and acetylate
FOXP3 when both molecules are overexpressed in HEK 293 cells. The p300 appears to
stabilize FOXP3 protein levels by preventing ubiquitination. In addition, we have also found
that p300/CBP-associated factor (pCAF) also acetylates FOXP3 on sites distinct from those
of p300 (Xiao and Greene; unpublished). Studies are underway to investigate the exact role
of p300 and other additional HATs in the regulation of FOXP3 function.

CONCLUSION
Acetylation has evolved to be a critical factor in the regulation of functions of Treg cells by
manipulating the expression of the Foxp3 gene and the activity of the FOXP3 protein.
However, an orchestra of multiple HDACs and HATs might be required for the regulation of
FOXP3 expression. There is a lack of evidence to which HDAC is particularly involved in
the regulation of FOXP3 at the transcriptional level. The current focus of research in our
laboratory is to develop small molecular therapies targeting distinct HDACs and HATs, in
particular by manipulating their stability, complex assembly, or functions, to modify Treg
cell activity. Our rational design approach is facilitated by the knowledge of solved crystal
structures of HDACs and HATs (Figures 1–3). A clear understanding of the involvement of
HDACs in the FOXP3 complex assembly will lead to insights to develop new strategies to
modulate Treg functions for human disease.
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Figure 1.
Structure of the HDAC7 catalytic domain. The crystal structure of the HDAC catalytic
domain solved by Schuetz et al.60 (PDB code: 3c0y) is shown as a structural cartoon.
Different secondary structures (alpha helix, beta strand and loop) are colored teal, magentas
and salmon, respectively. The two coordinated zinc ions are colored grey.
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Figure 2.
Structure of the TIP60 acetyltransferase domain. The crystal structure of human TIP60
isoform 3 (PDB code: 2ou2) in a complex with acetyl coenzyme A is shown as a structural
cartoon (Wu et al., to be published). Different secondary structures (alpha helix, beta strand
and loop) are colored teal, magentas and salmon, respectively. Acetyl coenzyme A is shown
as sticks and colored by atomic type (carbon: yellow; nitrogen: blue; oxygen: red;
phosphorus: orange).
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Figure 3.
Structure of p300 HAT domain. Crystal structure of p300 HAT domain (PDB code: 3biy)
was solved in complex with a bisubstrate inhibitor, Lys-CoA.61 Two HAT subdomains,
amino acids 1287–1522 and amino acids 1569–1666, were co-purified and used for
crystallization. The structure is showed as cartoon and colored by secondary structure (alpha
helix: teal, beta strand: magentas; loop: salmon). The inhibitor in the structure is presented
as sticks and colored by atomic type (carbon: yellow; nitrogen: blue; oxygen: red;
phosphorus: orange).
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