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Abstract.  A human multi-protein complex (WINAC), composed of SWI/SNF components and DNA replication-related 
factors, that directly interacts with the vitamin D receptor (VDR) through the Williams syndrome transcription factor 
(WSTF), was identified with an ATP-dependent chromatin remodeling activity.  This novel ATP-dependent chromatin re-
modeling complex facilitates VDR-mediated transrepression as well as transactivation with its ATP-dependent chromatin 
remodeling activity and promoter targeting property for the activator to access to the DNA.  It also suggested that in this 
complex, WSTF serves as a signaling sensor to receive intra-cellular singalings to switch the activity of WINAC as well as 
WICH, another ATP-dependent chromatin remodeling complex containing hSNF2h.  By making WSTF-deficient mice, 
some of the heart defects as well as abnormal calcium metabolism observed in Williams syndrome are attributed to the ab-
normal chromatin remodeling activity caused by WSTF deficiency.  Thus, we would propose to designate Williams syn-
drome as an epigenome-regulator disease.
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Chromatin structure is intimately involved in 
the regulation of gene expression.  The dynamics of 
chromatin structure are tightly regulated through mul-
tiple mechanisms such as histone modification, chro-
matin remodeling, histone variant incorporation, and 
histone eviction.  Chromatin reorganization is per-
formed by several chromatin-modifying complexes to 
allow effector proteins (transcription factors) access to 
DNA [1, 2].  Two major classes of chromatin-modify-
ing complexes have been well characterized [3].  One 
class is a histone-modifying complex, and the other 
class is an ATP-dependent chromatin-remodeling com-
plex.  The latter complex uses ATP hydrolysis to rear-
range nucleosomal arrays in a non-covalent manner, 
thereby facilitating or preventing access of nuclear fac-
tors to nucleosomal DNA [2, 4].  Precise selection of 
catalytic ATPase subunits in combination with other 
components determines the role of these complexes in 
a spaciotemporal manner [3, 5].  Studies of genetically 

altered animals deficient in individual complex-compo-
nents suggest that each chromatin remodeling complex 
contributes to a specific cellular process.  However, lit-
tle is known about the regulatory mechanisms account-
ing for a complex’s specific physiological impact [3, 
6, 7].

Williams syndrome (WS) is a rare autosomal dom-
inant hereditary disorder with multiple symptoms, 
including typically congenital vascular lesion, elfin 
face, mental retardation, and growth deficiency [8].  
Transient appearance of infantile aberrant vitamin D 
metabolism and hypercalcemia in the WS patients was 
also documented [9, 10].  This syndrome is associ-
ated with genetic deletions at chromosome 7q 11.23, 
and several candidate genes in the deleted regions 
have been mapped from their mRNA expression levels 
[11].  One gene, the Williams syndrome transcription 
factor (WSTF), has been suspected to be a candidate 
responsible for the diverse WS disorders [8, 12] (Fig. 
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cess of nuclear rearrangement.  Two major classes of 
chromatin-modifying complexes that support nuclear 
events on chromosomes have been well characterized 
[17].  One class is a histone-modifying complex [18, 
19], and the other class is an ATP-dependent chroma-
tin-remodeling complex [1].  This complex uses ATP 
hydrolysis to rearrange nucleosomal arrays in a non-co-
valent manner to facilitate, or prevent, access of nuclear 
factors to nucleosomal DNA.  These ATP-dependent 
chromatin-remodeling complexes have been classi-
fied into five subfamilies, the SWI/SNF-type complex, 
the ISWI-type complex, INO80 complex, SWR1 com-
plex, and the NuRD-type complex.  Each complex con-
tains a major catalytic component that possesses DNA-
dependent ATPase activity, such as Brg-1/Brm (SWI/
SNF-type complex), or Snf2h (ISWI-type complex) 
[20, 21].  Selection of catalytic ATPase subunits, com-
bined with other complex components, defines the role 
of these complexes in various nuclear events includ-
ing transcription, DNA replication, or DNA repair 
[7].  Previous genetical analyses have shown that the 

1).  This possibility is raised by the fact that WSTF is 
highly homologous to hACF1 as one of the WAC fam-
ily proteins [13].  Also, hACF1 is a partner of hSNF2h 
(a Drosophila ISWI homologue) to form well-charac-
terized ISWI-based chromatin remodeling complexes 
[14] (Fig. 1: right bottom panel).

In the process of analyzing the transcriptional reg-
ulation mediated by Vitamin D receptor (VDR), we 
purified from MCF7 cells a novel human multiprotein 
complex named ‘WINAC’.  The analyses of WINAC 
represents not only a molecular mechanism how it reg-
ulates transcription mediated by some sequence-spe-
cific regulators with its chromatin remodeling activ-
ity, but also the relationship between the function of 
WINAC and Williams syndrome disorders [15, 16]. 

I.  WINAC is a Novel BAF-type ATP-
Dependent Chromatin Remodeling Complex 

Chromatin structure is reorganized through chroma-
tin remodeling and epigenetic modifications in the pro-

Fig. 1	 Clinical manifestations of Williams syndrome and the structural characteristics of WSTF 
	 (Left panel) Clinical manifestations of Williayms syndrome patients.  (Right panel) WSTF is one of the candicate genes 

responsible for the etiology of Wiliams syndrome symptoms.  (Right bottom panel) The characteristic domains contained in 
WSTF, such as Bromodomain, and PHD finger, can serve as a recognition motif for a certain chromatin structure 
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core-components of chromatin remodeling complexes 
are indispensable for embryonic development, while 
co-regulatory subunits appear to support the spatio-
temporal function of the complexes [3, 22].  BAF60c 
was recently identified as a heart-specific subunit of 
the SWI/SNF-type complex [6] and the exchange of 
BAF45/53 subunits is essential for neuronal differen-
tiation [23].  

WSTF, one of the characteristic component of 
WINAC among SWI/SNF type complexes, is involved 
in BAZ family [13] (Fig. 2).  Each member of this 
family is involved in distinct chromatin remodel-
ing complexes and has distinct roles.  WSTF contains 
a bromodomain and a PHD finger, which have been 
identified as a chromatin-recognition domain, but the 
function of this protein had been unknown.  Besides, 
there is another WSTF-containing compelx designated 
as WICH, which is known to work as an ISWI-type 
chromatin remodeling complex especially works at 
DNA replication [14].  

II.  WSTF is a Key Molecule for Transcriptional 
Repression as Well as Activation 

Transcriptional Regulation mediated by Nuclear 
Receptor 

Lipophilic ligands, such as fat-soluble vitamins A 
and D, as well as thyroid/steroid hormones, are thought 
to exert their physiological effects through transcrip-
tional control of target genes via cognate nuclear recep-
tors (NRs) [24].  NRs form a gene superfamily, and they 
act as ligand-inducible activators.  A number of co-reg-
ulator complexes that support ligand-dependent tran-
scription control have been identified, and these com-
plexes can be classified into three categories according 
to function [25].  The first co-regulator complex class 
regulates transcriptional control directly, through a 
physical interaction with general transcription factors 
and RNA polymerase II [26].  Members of the second 
co-regulator complex class modify histone tails cova-
lently, for example such as acetylation, and methy-
lation in promoter nucleosomal arrays [27, 28].  The 

Fig. 2	 The known ATP-dependent chromatin remodeling complexes 
	 (Left panel ) the identified WINAC components. (Right panel) WSTF is a component of SWI/SNF-type WINAC as well as 

ISWI-type WICH, which is composed of WSTF and hSNF2h (mammalian ISWI ).
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gene expression.  This occurs through the switching of 
co-regulator complexes from histone acetyltransferase 
(HAT) co-activator complexes to such co-repressors 
as histone deacetylase (HDAC), or DNA methylase, 
upon VDIR binding to 1αnVDRE [33].  However, the 
molecular basis of VDR targeting to 1αnVDRE in the 
chromatinized 1α(OH)ase gene promoter remained 
unclear. 

Role of WINAC in the transrepression 
We investigated the function of WSTF in terms of 

the association between WINAC and chromatin for 
ligand-induced transrepression by VDR.  Results of in 
vitro experiments using chromatin templates showed 
that the association of unliganded VDR with the pro-
moter required physical interactions between WSTF 
and both VDR and acetylated histones prior to VDR 
association with chromatin.  The acetylated histone-
interacting region of WSTF was mapped to the bro-
modomain, and a WSTF mutant lacking the bromodo-
main served as a dominant-negative mutant in terms of 
ligand-induced transrepression of the 1α(OH)ase gene.  
Thus, our findings indicate that WINAC associates 
with chromatin through a physical interaction between 

major function of the last class of complexes is chro-
matin remodeling, which involves the ATP-dependent 
dynamic remodeling of chromatin structure [4, 15].  

The recent findings have deciphered that the each 
complex works in a ‘hit and away’ manner and the 
cyclic recruitment of each complex is generally 
observed when ChIP analysis is applied (Fig. 3). 

Transactivation and transrepression mediated by VDR
Transcription control by NRs encompasses multi-

ple steps with the help of a large number of co-regulator 
complexes [25, 29].  ATP-dependent chromatin remod-
eling complexes are considered to support the promoter-
specific recruitment of other co-regulator complexes [4].  

Expression of the 25(OH)D3 1α-hydroxylase 
[1α(OH)ase] gene, a key enzyme in vitamin D biosyn-
thesis, is negatively regulated by vitamin D [30, 31, 
32].  A bHLH-type activator, VDR-interacting repres-
sor (VDIR), has been identified as a DNA-bound tran-
scription factor the negative vitamin D response ele-
ment (1αnVDRE) in the human 1α(OH)ase gene 
promoter, thus activating transcription [33].  However, 
ligand-induced association between VDR and VDIR 
results in ligand-induced transrepression of 1α(OH)ase 

Fig. 3 	 Cyclic recruitment of the co-regulator complexes
	 Recently several types of chromatin remodeling complexes are known to be recruited in cyclically manner to the promoter regions 

in the process of ligand-dependent transcription mediated by nuclear receptors. WINAC takes part in this cyclic recruitment of 
co-regulator complexes in the VDR-mediated transcriptional process.
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ing to speculate that the significantly reduced WINAC 
levels in WS patients transiently cause impaired func-
tion in VDR and other unidentified factors, leading 
to the transient appearance of infantile aberrant vita-
min D metabolism and consequently, hypercalcemia 
[9, 10].  These results were further supported by the 
observation in WSTF-deficient mice.  Activated VDR 
by 1α, 25(OH)2D3  binding serves as a transcriptional 
repressor for 25(OH)1α-hydroxylase gene [1α(OH)
ase] [31], while acts as an activator for 25(OH)24-hy-
droxylase [24(OH)ase] [15, 31, 34].  Although the up-
regulated expression of 1α(OH)ase, was observed, no 
clear induction of 24(OH)ase, was seen in spite of the 
excess 1α,25(OH)2D3 observed in WSTF-/- embryos.  
Supporting these observations, serum calcium levels 
were elevated in the WSTF+/- pups.  

Taken together, Infantile hypercalcemia found in 
Williams syndrome patients thus appears attributed, 
at least in part, to malfunction of WSTF for a VDR-
mediated gene cascade [9, 15].  

Heart defect caused by the dysfunction of WINAC 
The physiological impacts of WSTF, including cal-

cium metabolism were addressed by gene disruption 

the WSTF bromodomain and acetylated histones, that 
appears to be indispensable for VDR/promoter associ-
ation for ligand-induced transrepression of 1α(OH)ase 
gene expression [34] (Fig. 4).

III. Williams Syndrome as a Chromatin 
Remodeling Disease

Abnormal Calcium metabolism
We found that the ligand-induced transactivation 

function of VDR is impaired in the skin fibroblast cells 
of the tested patients, in whom the regions covering 
the WSTF gene locus at the chromosome 7q 11.23 are 
heterozygously deleted.  Such impaired VDR function 
should not lead to severe defects in vitamin D actions in 
adults, since the adult VDR heterozygote mice (VDR+/-) 
and the heterozygous carrier patients of the hereditary 
vitamin D-dependent type II rickets caused by VDR 
inactivation exhibited no overt abnormality in calcium 
and vitamin D metabolism, though VDR is a major reg-
ulator in those metabolisms [30, 31].  However, dur-
ing growth, the mineral intakes must be greater than 
their excretions through the actions of calciotropic hor-
mones, including vitamin D.  Thus it had been tempt-

Fig. 4	 The contribution of WINAC in the ligand-dependent transrepression 
	 The role of WINAC in the lignad-dependent tranrepression is 1) Recognition of chromatin structure of the adjacent promoter 

regions and 2) promoter targeting of VDR to the negative VDRE.
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both WICH and WINAC were reported to affect DNA 
replication [14], no overt defects in the cell cycle or 
growth were found in WSTF-/- MEF cells, as was seen 
in Xenopus egg [36].  Thus, WSTF appears dispensable 
for DNA replication in developing mice.  Conversely, 
it is likely that WICH is indispensable for repair of 
DNA damage, since restored expression of WSTF, 
together with the WICH component Snf2h, amelio-
rated impaired survival after DNA damage in WSTF-/- 

MEF cells.  
In conclusion, the WSTF subunit appears to serve as 

a chromatin remodeler and is a component of two func-
tionally-distinct complexes [16] (Fig. 5). 

IV. WSTF Might Serve as a Signaling 
Sensor for Complex Switching 

Signal sensing of the chromatin remodeling complex
Intracellular signaling impacts gene regulation and 

thereby modulates cell proliferation, differentiation, 

in mice [30].  WSTF-deficient mice were born with 
Mendelian frequency but died within a few days.  
They had smaller body sizes but normal appearance.  
Histological analysis of embryos revealed severe 
heart defects in all WSTF-/- and ~10% of WSTF+/- E9.5 
embryos and neonates (P0), which are reminiscent of 
the cardiac defects observed in Williams syndrome 
patients.  Further analysis revealed that WSTF is a chro-
matin remodeler that is essential for physiological func-
tions of certain sequence-specific transcriptional regu-
lators which are essential for cardiac development.  As 
we found that WSTF works as a component of WINAC 
in the transcription process, the abnormal genre expres-
sion observed in WSTF-/- mice might presumably be 
caused by the dysfunction of WINAC (Fig. 5). 

Dysfunction of WICH
Since WSTF is also a WICH component [14, 35], 

we suggest that certain phenotypes of WSTF-/- mice 
can be attributed to dysfunction of WICH.  Although 

Fig. 5	 Williams syndrome is a ‘Chromatin remodeling disease’ 
	 Some symptoms observed in Williams syndrome patients are attributed to the dysfunction of WINAC or WICH. Thus Williams 

syndrome is caused by the aberrant chromatin remodeling activity, at least in part. 
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Among them, we have described a novel epigenetic 
regulation by MAP-kinase (MAPK) cascades which 
modulate formation of an ATP-dependent chroma-
tin remodeling complex, WINAC.  WSTF was phos-
phorylated by the stimulation of MAPK cascades in 
vitro and in vivo.  S158 residue in the WAC domain, 
located close to the N-terminus of WSTF, was iden-
tified as a major phosphorylation target.  Using bio-
chemical analysis of a WSTF mutant (S158A) stably-
expressing cell line, the phosphorylation of this residue 
(S158) was found to be essential for maintaining the 
association between WSTF and core BAF complex-
components, thereby maintaining the ATPase activity 
of WINAC.  WINAC-dependent transcriptional regu-
lation of Vitamin D receptor (VDR) was consequently 
impaired by this WSTF mutation [43].  

Switching between WINAC and WICH
But the recovery from DNA damage mediated by 

WICH was not impaired.  Our results suggest that WSTF 
serves as a nuclear sensor of the extracellular signals to 
fine-tune the chromatin remodeling activity of WINAC, 
but not WICH.  In other words, WINAC mediates a pre-
viously unknown MAPK-dependent step in epigenetic 
regulation and this MAPK-dependent switching mech-
anism between the two functionally distinct WSTF-
containing complexes might underlie the diverse func-
tions of WSTF in various nuclear events [43] (Fig. 6). 

migration and apoptosis.  Though several steps of the 
gene regulation can be modulated by various signaling 
molecules, the main regulatory mode is through modi-
fications of transcription factors by their downstream 
effectors [37].  Several transcription factors including 
nuclear receptors have already been reported as modi-
fication targets [38, 39].  But a detailed understanding 
of the regulatory mechanisms controlling transcription 
together with the reorganization of chromatin structure 
is lacking. 

Chromatin remodeling complexes work at various 
situations to facilitate access of the biological effectors 
to the target regions of the genome through altering the 
adjacent chromatin status [40].  Considering the roles 
of the components specific for each chromatin remod-
eling complex [6, 23, 41, 42], we believe that WSTF, 
as a specific component of WINAC, works as a sensor 
of the various intracellular signalings for turning on its 
chromatin remodeling activity when required.  

MAPK-dependent regulation of WINAC function 
In our first screening, several inhibitors against vari-

ous intracellular signaling cascades affected the co-ac-
tivation function of WSTF.  Further mechanical analy-
sis seems essential to understand the biological impacts 
of WSTF as an epigenetic determinant under various    
extracellular stresses when distinct intracellular signal-
ing cascades are activated. 

Fig. 6	 WSTF possibly serves as a signaling sensor to switch two chromatin remodeling complexes, WINAC and WICH
	 Phosphorylation of WSTF by MAP-kinases is necessary for the full activity of WINAC, but dispensable for WICH activity, 

suggesting a role of MAP-kinases to fine-tune the two chromatin remodeling complexes to work properly at specific conditions.
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lead to the development of a gene therapy to improve 
the lethal symptoms of the disease. 
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V.  Perspectives 

Recently, it is reported that WSTF itself works as 
a histone kinase during the repairing process after 
DNA damage when forming WICH complex [44].  
Considering our data that WSTF is phosphorylated by 
MAP-kinases to switch the complex formation, it might 
be reasonable to speculate an unknown intra-cellular 
signalings can modulate the kinase activity of WSTF 
itself.  In this sense, further analysis of the WSTF func-
tion might be interesting with consideration of the 
impact of WSTF in the physiological conditions.  

As the WSTF-deficient mice die soon after birth, 
making spaciopemporally-specific WSTF-deficient 
mice should further contribute to the pathological anal-
ysis of Williams syndrome and this approach might 
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