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Heat Shock Transcription Factor (Hsf)-4b Recruits Brg1
During the G1 Phase of the Cell Cycle and Regulates
the Expression of Heat Shock Proteins
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Abstract Human brahma-related gene 1(Brg1) is a subunit of the switching/sucrose non-fermenting (SWI/SNF)
chromatin-remodeling complex and regulates transcription during cell growth and differentiation and has been found to
be mutated in many types of human cancers. Mammalian heat shock factor 1 (Hsf1), which binds conserved sequences on
the promoter of the hsp70 gene when cells are exposed to various stress stimuli, utilizes Brg1–SWI/SNF complexes and
stimulates transcription in vitro at the level of initiation and elongation. In contrast to the stress-inducibility of Hsf1, in vitro
transcribed/translated Hsf4b binds to the heat shock element (HSE) constitutively and loses its ability to bind HSEs
following stress. The regulation of Hsf4b transcriptional activity in vivo remains unclear. Here, we present evidence that
Hsf4b recruits Brg1 complexes to the promoters of heat shock proteins (HSPs) under physiological growth conditions.
Furthermore, in an asynchronous cell population, the association of Hsf4b with Brg1 complexes is regulated in response to
activation/inactivation of the extracellular signal regulated protein kinase 1/2 (ERK1/2) signaling pathway. Since Brg1 is
also the target of mitogen-activated protein (MAP) kinases and other protein kinases and it is hyperphosphorylated and
inactivated during the G2/M phase of the cell cycle, we tested whether the association of Hsf4b with Brg1 complexes is
altered during the cell cycle. The results indicate that association of Hsf4b with Brg1 complexes is undetectable during G2/
M; however, an Hsf4b interaction with Brg1 complexes is evident at 1–3 h after progression of cells into G1, where
chromatin structure is presumed to be more accessible to transcriptional regulatory proteins. At this time, Hsf4b exhibits
increased DNA-binding activity and is detectable on promoters of multiple Hsps. To determine the unique role of Hsf4b in
stimulating the expression of Hsps during the cell cycle, experiments were conducted with mouse embryo fibroblasts
(MEFs) deficient in individual Hsfs. The results indicate that in the absence of Hsf1 and Hsf2, Hsf4b expression in cells
leads to increased ability of Hsf4b to bind HSE during G1, leading to enhanced synthesis of inducible Hsp70. J. Cell.
Biochem. 98: 1528–1542, 2006. � 2006 Wiley-Liss, Inc.
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The heat shock transcription factor (Hsf)
family regulates gene expression via binding
to conserved sequences present in the promo-
ters of heat shock genes. The function of
mammalian Hsfs are unique since Hsf1 is
transcriptionally active when cells are exposed
to stresses such as heat shock, heavy metals, or
hypoxia [Kingston et al., 1987; Wu, 1995;
Morimoto, 1998]. Hsf2 is active during sperma-
togenesis and in the developing central nervous
system [Rallu et al., 1997; Kallio et al., 2002;
McMillan et al., 2002; Wang et al., 2003, 2004].
Hsf2 protein is in low abundance in cells but
accumulates following treatment of cells with
inhibitors of the ubiquitin proteosome pathway.
These results suggest an inter-relationship
between Hsf2 activity and alterations in the
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ubiquitin proteosome pathway [Mathew et al.,
1998]. Hsf2 has also been found to be sumoy-
lated, and thismodification leads to increases in
its DNA-binding activity [Goodson et al., 2001].
Recent studies indicate that Hsf4 expression
and transcriptional activity can be initially
detected during the development of the lens
and in the lens fiber cells between postnatal (P)
days P1–P5 and its activity continues through-
out adult life [Fujimoto et al., 2004; Min et al.,
2004; Somasundaram and Bhat, 2004]. Consis-
tent with Hsf4 activity in the developing
mammalian lens, targeted disruption of the
hsf4 gene in mice leads to the degeneration of
the lens and formation of cataracts early during
postnatal development [Fujimoto et al., 2004;
Min et al., 2004]. Interestingly, missense muta-
tions in the DNA-binding domain of the hsf4
gene have been detected in humans with
Marner and Lamellar cataracts [Bu et al.,
2002]. In addition, a splice mutation in intron
12 of the human hsf4 gene, which is associated
with autosomal recessive congenital cataracts,
has also been reported [Smaoui et al., 2004].
These results indicate a critical role for Hsf4
during lens fiber cell differentiation. Although
the function of the hsf4 gene is becoming clear,
the mode of Hsf4 transcriptional regulation
remains unclear. Human cell lines expressing
exogenous Hsf4a (the transcriptional repressor
isoform) exhibit lower levels of basal and
inducible expression of heat shock protein
90 (Hsp90), Hsp70, and Hsp25 [Nakai et al.,
1997; Zhang et al., 2001]. Hsf4a interacts with
the basal transcription factor TFIIF in an
in vitro reconstitution system, suggesting a
potentialmechanism for transcriptional repres-
sion induced by this factor [Frejtag et al., 2001].
In contrast, the Hsf4b isoform is a relatively
weak transcriptional activator, and Hsf4b can
substitute for survival defects of yeast cells that
lack endogenous Hsf [Tanabe et al., 1999]. We
have recently found that Hsf4b is phosphory-
lated by the mitogen-activated protein (MAP)
kinases, extracellular signal regulated protein
kinase 1/2 (ERK1/2), c-Jun-N-terminal kinase
(JNK1), and p38 in vitro. Hsf4b phosphoryla-
tion by ERK1/2 coincides with its accumulation
in cells and increases its ability to bind heat
shock element (HSE) [Hu and Mivechi, 2006].
The human mating type switching/sucrose

non-fermenting (SWI/SNF) chromatin remodel-
ing complexes play an important role in con-
trolling gene expression during cell growth,

differentiation, and maintenance of genetic
stability [Dunaief et al., 1994; Randazzo et al.,
1994; Phelan et al., 1999; Muchardt and Yaniv,
2001]. Mammalian SWI/SNF consists of a 1.5–
2 mDa complexes containing at least 11 sub-
units and either Brg1 or Brm ATPase subunits
[Wang et al., 1996]. Brg1 or Brm complexes use
the energy of ATP hydrolysis to remodel
nucleosomes to alter transcription. A number
of transcriptional activators or repressors have
been identified that recruit Brg1 or Brm and
other associated factors to remodel nucleosome
and stimulate or repress transcription [Murphy
et al., 1999; Strobeck et al., 2000, 2001]. Brg1
appears to be hyperphosphorylated and is
excluded from the condensed chromatin while
cells are in mitosis [Reyes et al., 1997; Sif et al.,
1998]. Using several protein kinase inhibitors
or activators, it has been postulated that Brg1
could be phosphorylated by several distinct
protein kinases during mitosis [Reyes et al.,
1997]. In vitro, Brg1 can be inactivated follow-
ing phosphorylation by ERK1/2 and reactivated
after treatment with general protein phospha-
tase inhibitors [Sif et al., 1998]. Brg1 exhibits
reduction in phosphorylation as cells enter G1.
This reduction in phosphorylation has been
associated with Brg1’s increased ability to
stimulate chromatin remodeling activity [Sif
et al., 1998]. Among the Hsfs, Hsf1 has been
shown to associate with Brg1 in a sub-stoichio-
metric manner [Sullivan et al., 2001]. Hsf1
also associates with complexes containing INI1/
SNF5, which are also conserved components of
the SWI/SNF complex [Sullivan et al., 2001]. In
the purified system, Hsf1 transcriptional acti-
vation domain appears responsible for Brg1
recruitment to the hsp70 promoter [Brown and
Kingston, 1997; Sullivan et al., 2001]. Further-
more, mutational analyses of Hsf1 indicate that
amino-acid residues involved in the activation
of transcriptional elongation can severely per-
turb Hsf1 and Brg1 association [Sullivan et al.,
2001]. In other experiments, inducible expres-
sion of dominant-negative alleles ofBrg1 orBrm
in mammalian cells have been shown to reduce
hsp70 gene expression following exposure of the
cells to metabolic inhibitors or heavy metals,
but not following treatment of cells with other
stressors such as heat shock [De La Serna
et al., 2000].

To examine the transcriptional regulation of
Hsf4b by Brg1 chromatin remodeling com-
plexes, we investigated their association in cells
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expressing the Hsf4b transcription factor. Our
results show that Hsf4b interacts with Brg1
containing complexes during the G1 phase of
the cell cycle. Hsf4b and Brg1 do not interact
during G2/M when Brg1 is presumably hyper-
phosphorylated and exhibits reduced chroma-
tin remodeling activity. During the time period
that Hsf4b interacts with Brg1, it can be
detected on the promoter elements of Hsps,
which is associated with increased Hsp levels
in cells.

METHODS AND MATERIALS

Plasmids

The expression vector pGEX-Hsf4b was gen-
erated by PCR amplification of full-length
human Hsf4b cDNA. PCR products were
inserted into the pGEX-2T vector (Amersham
Biosciences, Piscataway, NJ) using BamHI and
EcoRI restriction enzymes. The expression
construct pcDNA3-Flag-Hsf4b was generated
by inserting a Flag tag sequence at the amino
terminus of human Hsf4b and subcloning into
the pcDNA3 vector. The plasmids containing
the constitutively active formofXenopusMek in
the vector pcDL-SRs 296 was the gift of Dr. M.
Iwashima (Medical College of Georgia). The
plasmid containing pcDNA3-HA (NH2-term-
inal)-DUSP26 was constructed using DUSP26
cDNA from plasmid pMyr-DUSP26 that was
isolated from a yeast two-hybrid screening,
using the restriction enzymes KpnI and XhoI.
The characterization of DUSP26 that was
found to bind Hsf4b is recently reported [Hu
and Mivechi, 2006].

Cell Culture and Synchrony

HeLa cells, a human cervical carcinoma cell
line, were maintained in Dulbecco’s Modified
Eagles Medium (DMEM) supplemented with
10% fetal calf serum (FCS).Hsf1, hsf2, hsf1hsf2,
or hsf4-deficient mouse embryo fibroblasts
(MEFs) were obtained from timed pregnancies
at embryonic day (E) 13.5 from mouse lines
deficient in these factors [Zhang et al., 2002;
Min et al., 2004; Wang et al., 2004]. Hsf-
deficient MEFs were transformed using SV40
large T antigen and were cultured as above. To
synchronize cells, MEFs were cultured to 50%
confluency, transiently transfectedwith expres-
sion plasmids as described in the result section,
and after 24 h, were treated with nocodazole
(300 ng/ml, except for MEFs deficient in hsf2 or

in both hsf1and hsf2 for which 150 ng/ml was
used) for 20 h (G2/M block) [Meng et al., 2004].
Cells were then rinsed with phosphate-buffered
saline (PBS) and collected and analyzed as
indicated in the figure legends.

Transient Transfection Assays

Transient transfections were performed
using the Mirus Trans IT-LT1 (Mirus Corp.,
Madison,WI). TransfectedDNAmixes included
3 mg of expression plasmid DNA (for 60-mm
dishes) and, when required empty expression
vector was used as a control.

Immunoprecipitation, Immunoblotting,
and Pull-Down Assays

Cells were co-transfected with the appropri-
ate plasmids, allowed to recover for 48 h, rinsed
with PBS, and appropriately treated and har-
vested. Cells were lysed with RIPA buffer
(150 mM NaCl, 1% NP-40, 0.5% deoxycholate,
0.1% SDS, 50 mM Tris, pH 7.5) containing a 1�
cocktail of protease inhibitors (Sigma Chemical
Co. St. Louis,MO). The protein concentration of
the supernatant was estimated using a BCA
protein assay kit (Pierce, Rockford, IL). One
milligram of each of the cell lysates was mixed
with 40 ml of a 50% solution of protein A-agarose
and incubated at 48C for at least 1 h. The protein
A-agarose was then centrifuged and the pre-
cleared supernatant was incubated with 5 mg of
primary antibody and incubated for 2 h at 48C.
50% protein A-agarose (30 ml) was then added to
the cell lysate antibody mixture and incubated
at 48C for an additional 2 h. The protein
A complexes were centrifuged at 10,000g for
1 min, and the pellet was washed with lysis
buffer five times [Hu and Mivechi, 2003, 2006].
2�SDS sample buffer (100 ml) was added, and
samples were heated for 5 min at 1008C. The
samples (35 ml) were fractionated on SDS–
PAGE and analyzed by immunoblotting using
appropriate antibodies. The membrane was
immunoblotted using primary antibodies as
described in the text. The corresponding HRP-
conjugated secondary antibodies were used,
and signals were developed using the enhanced
chemiluminescence (ECL) method (ECL kit,
Amersham Pharmacia Biotech, Piscataway,
NJ) [Dai et al., 2000; Hu and Mivechi, 2003].

For in vitro pull-down assays, 800 mg of
cell lysate prepared in buffer containing
50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM
MgCl2, 1% Triton X-100, and 10% glycerol was
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incubatedwith20mgof the purified glutathione-
S-transferase (GST)-Hsf4b isolated from the
transfected E. coli BL21 and was incubated
for 6 h at 48C. The GST-Hsf4b proteins were
precipitated with 50 ml of a 50% slurry of
glutathione-conjugated–Sepharose 4b beads.
After rinsing five times with lysis buffer and
once in buffer containing 50 mM Tris HCl,
pH 7.4, and 200 mMNaCl, beads were boiled in
the SDS sample buffer. Proteins were separat-
ed on an SDS–PAGE gel, transferred to the
membrane, and were immunoblotted [Hu and
Mivechi, 2003].
Antibodies to Brg1 and Brm were purchased

fromBDBiosciences (San Jose, CA). Antibodies
to Hsp90a, Hsp70, and Hsp25 were purchased
from StressGen (British Columbia, Canada).
Antibodies to Flag and b-actin were purchased
from Sigma.

In Vivo Cross-Linking and Chromatin
Immunoprecipitation (ChIP) Assays

ChIP assays were performed according to the
previously published procedures [Takahashi
et al., 2000]. HeLa cells or MEFs deficient in
hsfs were cultured to 60% confluency (100 mm
tissue culture dishes) and, following the appro-
priate treatment, were fixed by the addition of
one-tenth volume of formaldehyde (Merck,
Whitehouse Station, NJ) in 0.l M NaCl, 1 mM
EDTA, 0.5 mM EGTA pH 8, 1 M HEPES, pH 8,
directly to the medium and were placed on ice.
To terminate the reaction, 2.5 M glycine was
added to a final concentration of 0.125 M, and
themixturewas incubated on ice for 5min.Cells
were rinsed with ice-cold PBS, re-suspended in
10 ml of lysis buffer 1 (50 mMHEPES-KOH pH
7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol,
0.25%NP-40, 0.25%TritonX-100, anda cocktail
of protease inhibitors (Sigma)). The mixture
was rocked for 10 min at 48C, and nuclei were
pelleted by centrifugation. Nuclei were re-
suspended in 8 ml of buffer 2 (200 mM NaCl,
1mMEDTA (pH 8), 0.5mMEGTApH 8, 10mM
Tris-HCl pH 8, and a cocktail of protease
inhibitors). The lysate was rocked for 10 min
at 258C. Nuclei were pelleted as above and re-
suspended in 8ml of buffer 3 (1mMEDTApH8,
0.5mMEGTA, pH8, 10mMTris-HCl, pH8, and
a cocktail of protease inhibitors). Nuclei were
sonicated in 3–5 ml aliquots in a 15 ml conical
tube with a microtip setting of 2.5 and constant
power (20–25 s pulses for 10 times). The
sonication resulted in average DNA fragment

sizes of �0.5 kb DNA as judged by electrophor-
esis in a 1.4% agarose gel. Samples were
adjusted to RIPA buffer (50 mM HEPES,
pH 7.5, 1 mM EDTA, 140 mM NaCl, 1% Triton
X-100, 0.1%sodiumdeoxycholate, anda cocktail
of protease inhibitors) by adding a two times
strength RIPA buffer stock. The lysate was
pre-cleared by incubating with pre-washed
protein A beads alone. The lysate was then
incubated with 5–10 mg of specific antibody
followed by incubation for 16 h at 48C. Pre-
blocked protein A beads (40 ml) (50% slurry)
were added and the mixture was incubated for
an additional 3 h at 48C. The precipitates were
rinsed seven times with 1 ml of RIPA buffer
supplemented with 0.5 M NaCl, incubating for
5 min on ice in between spins. The immune
complexeswere elutedwith 100ml elutionbuffer
(1% SDS, 0.1 MNaHCO3). To reverse the DNA/
protein cross-links, samples were incubated
for 6 h at 658C. DNA samples were ethanol
precipitated, centrifuged, washed with 70%
ethanol, and dried under vacuum. The precipi-
tateswere re-suspended in 120 ml of 10mMTris-
HCl, 1 mM EDTA, pH 7.5 (TE), buffer contain-
ing 200mg/ml ofProteinaseKandwas incubated
for at least 1.5 h at 558C. Samples were then
extracted once with phenol:chloroform (1:1),
and once with chloroform, and ethanol precipi-
tated, and the pellet from each sample was re-
suspended in 50ml TEbuffer. Semi-quantitative
PCR or real-time PCR was performed on each
sample. Primers used following ChIP assays
to detect individual Hsps were as follows:
Hsp 27 sense: 50-GAATTCATTGCTTTTCCT-
TAACGAG-30; Hsp 27 anti-sense: 50-GGCTC-
GGGCTGCGCTTTTATGCTCCTCC-30; Hsp70a
sense: 50-CTTTGCCTGATACAGATGCTACTT-
G-30; Hsp 70a anti-sense: 50-GCCACTGCACTC-
CAGCCTGGGTAGC-30; Hsp 70b0 sense: 50-
GAGCTAGAACCTTCCCGCGTTTC-30; Hsp 70b0

anti-sense: 50-GCGAACCTTCCCGCACCTTC-
CCGCCC-30; Hsp 70b sense: 50-CGGACCGA-
TCCGCCCGAACCTTCTC-30; Hsp 70b anti-
sense: 50-GGAAAGGTTCGCGAAAGTTCGCG-
GC-30; Hsp 90 sense: 50-GGGCGGGACCGC-
GGGACCGCCGAGACAGGCCTGG-30; Hsp 90
anti-sense: 50-CTCGC AGGAGTAG AGGAAG-
GGCGGAG-30; b-actin sense: 50-GGG GTTG-
GGGCCTGGCTTCCTG-30; b-actin anti-sense:
50-AGTCCTTAGGCCGCCAGGGGCGCC-30. The
promoter fragments of Hsps contained one
or more previously identified HSEs (Genbank
numbers for genes used to design primers were
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as follows: Hsp27, L39370; Hsp70a, AB018045;
Hsp70b, X51757; Hsp90, J04988; b-actin,
M10277).

Flow Cytometric Analyses

Cells were rinsed two times with PBS and re-
suspended in 500 ml of PBS followed by the
addition of 5 ml of methanol. The mixture was
incubated for at least 2 h at 48C. Cells were
rinsed with PBS and re-suspended in 400 ml of
PBS containing 20 ml propidium iodide (1 mg/
ml) and 2 ml of RNase (50 mg/ml). Following
30 min incubation at 258C, flow cytometric ana-
lyses were performed using CellQuestTM Pro
with luminescence spectrophotometer (excita-
tion at 480 nm and emission at 510 nm).

Gel Mobility Shift Assays

After each treatment, cells were rinsed with
PBS and nuclei were isolated using NE-PER
(Pierce). The protein concentration of samples
was estimated by the bicinchoninic acidmethod
(Pierce). Equal amounts of protein (10 mg) in
extraction buffer (volume not exceeding 15 ml)
were added to the reaction mixture, which
contained 4 ml of binding buffer (37.5 mMNaCl,
15mMTris-HCl, pH7.4, 0.1mMEDTA, 0.5mM
DTT, 5% glycerol), 10 mg of yeast tRNA, 1 mg of
sheared E.coli DNA, 10 mg of poly dI:dC, and
1 ng of 32P-labeled HSE oligonucleotide. The
mixture was incubated for 15 min at 258C and
resolved on a 4.5% non-denaturing polyacryla-
mide gel. After electrophoresis, gels were
fixed in 7% (v/v) acetic acid for 5 min, and
were exposed to X-ray film and then Phosphor-
Imager analyses for quantitation. The nucleo-
tide sequence used for HSE was: 50-GTC-
GACGGATCCGAGCGCCTCGAATGTTCTAG-
AAAAGG-30. The double-stranded oligonucleo-
tidewas labeled usingKlenow fragment of DNA
polymerase I, deoxynucleotide triphosphates,
and a32P-dCTP [Dai et al., 2000].

RESULTS

Human Brg1 Chromatin Remodeling Complex
Associates With Hsf4b In Vitro and In Vivo

The hsf4 gene generates two alternative
splice variants: Hsf4a, which lacks transcrip-
tional activity, and Hsf4b, which possesses
transcriptional activator properties [Nakai
et al., 1997; Tanabe et al., 1999; Frejtag et al.,
2001; Zhang et al., 2001]. To determinewhether
Hsf4b interacts with the chromatin remodeling

complexes containing Brg1, which has been
shown to regulate both transcriptional activa-
tion and repression, we performed co-immuno-
precipitation experiments with HeLa cell
extracts that were transiently transfected with
expression constructs encoding Hsf4b. Immu-
noprecipitation experiments were performed
using antibody to Flag followed by immunoblot-
ting to detect endogenous Brg1, which is
present in HeLa cells. The results show that
Hsf4b can immunoprecipitate Brg1 in cells
cultured under physiological growth conditions
(378C, 5%CO2) (Fig. 1A, upper panel, lane 3). In
reverse experiments, Brg1 can also immuno-
precipitate Hsf4b (Fig. 1A, middle panel, lane
3). In addition, in vitro GST pull-down assays
followed by immunoblotting showed that GST-
Hsf4b and not the GST alone were capable of
pulling down endogenous Brg1 from cell lysates
of HeLa cells (Fig. 1B). Thus, our results show
that the Brg1 subunit of the SWI/SNF chroma-
tin remodeling complexes associates with the
transcriptional activator Hsf4b.

Dynamic Association Between Hsf4b and Brg1
Complexes Following Changes in Activity of

the MAP Kinase Signaling Pathway

We have recently determined that Hsf4b
expressed in cells is phosphorylated on both
serine and threonine residues when cultured
under physiological growth conditions (378C,
5% CO2). In addition, we have shown that
purified Hsf4b protein can be phosphorylated
by the MAP kinases, ERK1/2, JNK1, and p38,
using immune complex kinase assays in vitro
[Hu and Mivechi, 2006]. Furthermore, exogen-
ously expressed Hsf4b accumulated in cells
following activation of the ERK1/2 or p38
signaling pathways, suggesting that Hsf4b
phosphorylation by these protein kinases may
increase the level of this protein in cells. To
examinewhether any alterations in the associa-
tion between Hsf4b and Brg1 complexes could
be detected following activation of the MAP
kinase signaling pathways, we performed the
following experiments: HeLa cells were transi-
ently co-transfected with Hsf4b plus expression
plasmids encoding the constitutively active
form of Mek. Expression of the constitutively
active form ofMek in cells leads to phosphoryla-
tion and increase in ERK1/2 protein kinase
activity, which in turn leads to an increase in
phosphorylation of downstream target genes
[Bogoyevitch and Court, 2004]. Transiently

1532 Tu et al.



transfected cells were subjected to immunopre-
cipitation using antibody to Flag, and immuno-
precipitated materials were analyzed by
immunoblotting using antibody to Brg1
(Fig. 2A). Other groups of cells were treated
with sorbitol following the expression of Hsf4b
in order to activate the p38 signaling pathway.
Consistent with our previous observations [Hu
and Mivechi, 2006], Hsf4b accumulates in cells
when either the ERK1/2 or the p38 signaling
pathway is activated (Fig. 2A, middle panel).
Interestingly, the results show that Hsf4b
exhibits an increase in association with com-
plexes containing slowermigrating formofBrg1
following the expression of active forms of Mek,
but not following treatment of cells with sorbitol
(Fig. 2A, compare lanes 2, 3, and 4). Hsf4b
expressed in cells often appears as two different
apparent molecular weights in SDS–PAGE.
This at least in part, is related to the Hsf4b
phosphorylation status [Hu andMivechi, 2006].
Using a yeast two-hybrid screening strategy,

we have recently isolated a dual-specificity
tyrosine phosphatase that interactswithHsf4b.
This phosphatase (DUSP26) inactivates MAP
kinases ERK1/2 in vivo. Furthermore, we have
shown that co-expression of DUSP26 andHsf4b
abrogates the effects of ERK1/2 on Hsf4b, since
DUSP26 inactivates ERK1/2 and prevents

ERK1/2 from phosphorylating Hsf4b. The
downstream effects of DUSP26 on Hsf4b is a
reduction in its phosphorylation and reduced
accumulation in cells, leading to decreased
ability of Hsf4b to bind DNA [Hu and Mivechi,
2006]. To further examine the role of Hsf4b
phosphorylation on its interaction with Brg1
complexes, co-immunoprecipitation experi-
ments were performed using HeLa cells tran-
siently transfected with expression vectors
encoding Hsf4b and co-transfected with plas-
mids encoding either the constitutively active
form of Mek, both Mek and DUSP26, or
DUSP26 alone. Cell lysates were subjected to
immunoprecipitation using antibody to Flag-
Hsf4b, and the immunoprecipitated materials
were immunoblotted by using antibody to Brg1
(Fig. 2B, upper panel). The results show that
while association of Hsf4b with Brg1 complexes
is increased once Mek is expressed in cells, the
association of Brg1 with Hsf4b is decreased
when DUSP26, or Mek and DUSP26 are co-
expressed with Hsf4b (Fig. 2B). These results
indicate that active form ofMAPkinaseERK1/2
enhances Hsf4b’s association with Brg1. In
contrast, inactive form of ERK1/2 decreases
Hsf4b’s association with Brg1. To confirm that
cells expressing Mek, DUSP26, or cells pre-
treated with sorbitol presented in Figure 2A

Fig. 1. Brg1 is associated with Hsf4b in vivo and in vitro.
A: HeLa cells were transiently transfected with expression
plasmids encoding Flag-tagged Hsf4b. Forty-eight after transfec-
tion, cell lysate from each sample was subjected to immunopre-
cipitation using antibody to Flag (upper panel) or antibody to
Brg1 (middle panel). Immunoprecipitated materials were immu-
noblotted using antibody to Brg1 (upper panel) or Flag (middle
panel). Lane 1: Cell lysate (30 mg) was loaded as a positive control
to show endogenous Brg1 and expressed Flag-Hsf4b levels.
Lane 2: Untransfected cell lysate plus pre-absorbed protein A was
incubated with antibody to Flag (upper panel) or non-specific
antibody (middle panel). Lane 3: Appropriately transfected cell
lysates plus pre-absorbed protein A was incubated with

antibodies to Flag (upper panel) or Brg1 (middle panel).
Membranes were immunoblotted using antibody to Brg1 (upper
panel) or Flag-Hsf4b (middle panel). Level of b-actin in the HeLa
cell lysate is presented as control. B: Purified GST-Hsf4b or GST
alone were incubated with nuclear extracts, the pull-down
products were detected by immunoblotting using antibody to
Brg1 (upper panel). Lane 1: Marked as ‘‘input,’’ represents 10%
of the total amount of cell lysate used in each reaction. In lanes 2
and 3, GST only and GST-Hsf4b, respectively were used to pull-
down Brg1. Levels of purified GST and GST-Hsf4b are presented
in the middle panel. The levels of b-actin in the cell lysate are
presented as controls.
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exhibited phosphorylated and thereby active
forms of ERK1/2 and p38 protein kinases,
cell lysates were analyzed by immunoblotting
using phospho-amino acid-specific antibodies
(Fig. 2C). As predicted, the data show that
cells expressing Mek express phosphorylated
form of ERK1/2 and cells pre-treated with
sorbitol show phosphorylated form of p38. In
addition, cells expressing DUSP26 exhibit
lower levels of phospho-ERK1/2 compared to
control in cells that do not express this phos-
phatase (Fig. 2C).

We had previously determined that phos-
phorylation of Hsf4b correlated with an
increase inHsf4b protein levels in cells followed
by an increase in its ability to bind to the HSE
[Hu and Mivechi, 2006]. Thus, we tested
whether changes in Hsf4b phosphorylation,
which enhanced its interaction with Brg1
complexes (Fig. 2A–D), also correlated with its
increased ability to bind to the promoters of
several of the Hsps. HeLa cells were transiently
transfected with expression plasmids encoding
Flag-Hsf4b and co-transfected with expression
plasmids encoding Mek, DUSP26, or with both.
ChIP assays were performed using antibody to
b-actin or Flag, and immunoprecipitated DNA
was used in PCR reactions using primers that
detected theHSE-encodingpromoter fragments
of humanHsp27,Hsp70a,Hsp70b, andHsp90a.

The results indicate thatHsf4bwas recruited at
higher levels to the promoters of these Hsps in
cells co-expressing Mek compared to cells that
expressed Hsf4b alone (Fig. 2D, compare lanes
5 and 4). In contrast, Hsf4b recruitment to
the promoters of Hsps was reduced when cells
co-expressed Hsf4b and DUSP26 expression
plasmids (Fig. 2D, compare lanes 3 and 4).
HeLa cells expressing Hsf4b, Mek, or DUSP26
showed approximately the same amounts of
Hsf4b on promoters of Hsps than cells expres-
sing Hsf4b alone (Fig. 2D, compare lanes 6 and
4). Semi-quantitation of the ChIP assays were
performed relative toHsf4b (Fig. 2D, lane 2) and
the data is presented in Figure 2E. Real-time
PCR was also performed, with results compar-
able to that presented in Figure 2E.

Association of Hsf4b With Brg1 Complexes
During the Cell-Cycle

Since Hsf4b activity appears to be positively
controlled by MAP kinase signaling pathways
(Fig. 2) and [Hu and Mivechi, 2006], we specu-
lated that Hsf4b phosphorylation and activity
could be regulated in a cell-cycle-dependent
manner. Inaddition, although specific phosphor-
ylation sites on Brg1 have not been determined
yet, previous data from other laboratories indi-
cate that Brg1 is hyperphosphorylated during
G2/M, as shown by retardation of its mobility in

Fig. 2. Phosphorylated form of Hsf4b associates with Brg1
complexes in vivo. A: HeLa cells were transiently transfected
with Flag-Hsf4b (lanes 2, 3, and 4) or co-transfected with Flag-
Hsf4b and expression plasmids encoding the constitutively
active form of Mek (lane 3) to activate ERK1/2. In lane 4, cells
were incubated in medium containing 400 mM sorbitol for 30
min to activate p38 prior to harvesting. Forty-eight hours after
transfection, cell lysate prepared from each group was subjected
to immunoprecipitation using antibody to Flag and immuno-
blotted to detect Brg1 (upper panel). Lane 1 represents negative
control where pre-absorbed protein A was incubated with
untransfected cell lysate and antibody to Flag. Middle panel
presents the level of Flag-Hsf4b expression in cells using antibody
specific to Flag. Lower panel shows level of b-actin as a control.
B: HeLa cells were transiently transfected with Flag-Hsf4b
(lanes 2, 3, 4, and 5) or co-transfected with carrier DNA
(lane 1) or with Flag-Hsf4b and expression plasmids encoding
the constitutively active form of Mek (lanes 3 and 4) to activate
ERK1/2, or co-transfected with plasmids encoding the dual
specificity tyrosine phosphatase, HA-DUSP26 (lanes 4 and 5).
Forty-eight hours after transfection, cell lysate prepared from
each group was subjected to immunoprecipitation using anti-
body to Flag and immunoblotted to detect Brg1 (upper panel).
Immunoblotting to detect expression levels of overexpressed
Flag-Hsf4b, Mek, HA-DUSP26, and b-actin have been shown
following immunoblotting of 30 mg of protein from each cell

lysate using antibodies specific to Flag, Mek, HA, or b-actin.
C: Cell lysates (30 mg) from samples presented in panel B were
used in immunoblotting experiments to detect the level of
phospho-ERK1/2, total ERK1/2, phospho-p38, Mek or HA-
DUSP26 in cells using appropriate antibodies. Lanes 1–4 are
the same as lanes 2–5 in panel B. D and E: Hsf4b occupation of
Hsps promoters. HeLa cells were transiently transfected using
expression plasmids encoding Flag-Hsf4b, Flag-Hsf4b, and cons-
titutive active form of Mek or DUSP26 as in panel B. Forty-eight
hours after transfection, cells were harvested and subjected to
ChIP assays using antibody to b-actin (lane 2) or Flag (lanes 3–6).
To detect individual promoter sequences immunoprecipitated
with Flag-Hsf4b, specific PCR primers were used to amplify
regions surrounding the HSE. Lane 1 represents PCR of individual
genes using total DNA extract. Lane 2 represents PCR of the
immunopreciptiated DNA using primers specific to b-actin used
as a negative control. Lanes 3–6 represent PCR of individual Hsp
genes following expression of Hsf4b, Mek, or HA-DUSP26 as
indicated. PCR products were resolved by agarose gel electro-
phoresis and visualized by ethidium bromide staining, and the
bands were quantitated using densitometry (panel E). Bars 3, 4, 5,
6 in panel E represent fold increase relative to Hsf4b. Bar 3
corresponds to cells expressing Flag-Hsf4b and HA-DUSP26. Bar
4 corresponds to cells expressing Flag-Hsf4b. Bar 5 corresponds
to cells expressing Flag-Hsf4b and Mek. Bar 6 corresponds to
cells expressing Flag-Hsf4b, Mek and HA-DUSP26.
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SDS–PAGE, butBrg1 exhibits fastermobility in
SDS–PAGE once cells accumulate in the G1
phaseof the cell cycle [Reyesetal., 1997;Sif etal.,
1998]. Immunoblotting experiments presented
in Figure 3A confirmed that Brg1 exhibited
retardation in SDS–PAGE and migrated faster
when synchronized cells were released from
nocodazole treatment (G2/M block). To deter-
mine whether there might be changes in the
Hsf4b association with Brg1 complexes during
the cell cycle, the levels of Brg1 complexes
associated with Hsf4b was determined up to
24 h following release of cells from G2/M arrest.

The results indicate that the Hsf4b interaction
with Brg1 complexes is minimal during G2/M,
but the association is increasedas cellsmove into
the G1 phase of the cell cycle (Fig. 3B). This
demonstrates that the hyperphosphorylated
form of Brg1 is unavailable to interact with
Hsf4b at 0 and 1 h post-synchronization, but the
interaction between these two proteins can be
detected beginning at 3 h following cells entering
into the G1 phase (Fig. 3B). The level of
expression of Hsps as detected by immunoblot-
ting showed increases in the expression ofHsp27
and Hsp70 (Fig. 3C). The expression of Hsp90a

Fig. 2.
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appears to remain unchanged during the cell
cycle in HeLa cells. We also showed that Hsf4b
was associated with promoter fragments of the
Hsp27,Hsp70a,Hsp70b, andHsp90aat approxi-
mately 1–3 h following HeLa cells entry into G1
(Fig. 3D). Thus, HeLa cells were transiently
transfected with expression plasmids encoding
Flag-Hsf4b and synchronized with nocodazole
(G2/Mblock).ChIPassayswere performedusing
antibody to b-actin or Flag, and immunopreci-
pitated DNA was used in PCR reactions using
primers that detected the HSE-encoding promo-
ter fragmentsofhumanHsp27,Hsp70a,Hsp70b,
andHsp90a. Thequantitationof theChIPassays
relative to 0 h post-synchrony is presented in the
right panel of Figure 3D.

HeLa cells express Hsf1 transcription factor,
and a contribution of Hsf1 to increase in Hsp
level during the cell cycle cannot be ruled out.
Gel mobility shift assays using HeLa cell
extracts from synchronized cell populations
with or without Hsf4b overexpression indicated
that in cells that do not express exogenous
Hsf4b, Hsf1 DNA binding activity could be
detected at 1, 3, and 5 h post-synchronization.
However, there was an additional increase in
DNA binding activity in cells expressing Flag-
Hsf4b (data not shown). Specific roles of indivi-
dual Hsfs during the cell cycle was addressed
using MEFs deficient in individual Hsfs and
the data are presented below. Our results
indicate that Hsf1 as well as Hsf4b potentially
contribute to the increased expression of Hsps
during G1 phase using immunoblotting experi-
ments. Nevertheless, in HeLa cells Hsf4b can
be detected on the Hsp promoter elements
once expressed in cells, as presented in ChIP
assay (Fig. 3D). Both Brg1 and Hsf4b contain
putative MAP kinase phosphorylation sites but
the precise phosphorylation sites and the extent
of phosphorylation of these proteins during
mitosis or following expression of Mek (Fig. 2)
are unknown. However, the status of ERK1/2
phosphorylation during the cell cycle was
investigated, and we found that increases in
the phosphorylated forms of ERK1/2 could be
detected most strongly 3–5 h after cells entry
into G1 phase (Fig. 3E). The quality of the
cell synchrony was determined using flow
cytometric analyses post-synchrony followed
by release of cells from nocodazole treatment
(Fig. 3F). The fractions ofHeLa cells in different
parts of the cell cycle following treatment of cells
with nocodazole are presented in Table I.

Hsf4b Becomes Competent to Bind DNA
and Drive the Expression of Hsp70 During

the G1 Phase in MEFs Deficient in Both
hsf1 and hsf2 Genes

We performed experiments using wild type
MEF or MEF deficient in the hsf1 gene, to
determine the contribution of Hsf4b in enhan-
cing the level of Hsps expression during the cell
cycle. Thus, wild-type (þ/þ) and hsf1�/� MEFs
were synchronized and expression of inducible
Hsp70 was detected during the cell cycle using
immunoblotting. Wild-type cells were efficient
in the expression of Hsp70 (Fig. 4A, left panel),
while hsf1-deficient cells exhibited severe
reduction in the level of Hsp70 (Fig. 4A, right
panel). To ensure that Hsf4b can indeed
enhance the levels of Hsp70 in the absence of
the hsf1 gene, hsf1�/� MEF was transiently
transfected with Flag-Hsf4b, cells were then
synchronized, and the level of Hsp70 was
determined using immunoblotting. The data
presented in Figure 4A (right panel) indicate
that hsf1�/� cells overexpressing Hsf4b exhib-
ited elevated levels of Hsp70 expression as cells
enter the G1 phase of the cell cycle.

The MEFs normally express low levels of
endogenousHsf4bbut the activity of endogenous
Hsf4b is not known. However, our data clearly
indicate that exogenously expressed Hsf4b is
capable of inducing Hsp70 expression during
G1 phase. To determine whether Hsf4b is
capable of bindingHSE and drive the expression
of Hsp70 in the absence of both hsf1 and hsf2
genes (Fig. 4B), gel mobility shift assays and
immunoblotting experiments were performed
using MEFs deficient in both hsf1 and hsf2
genes. The data indicate that in the absence of
hsf1 and hsf2 genes, no Hsf4b DNA binding
activity could be detected (Fig. 4B), however,
exogenously expressed Hsf4b binds HSE at 3
and 5 h following release of synchronized MEFs
(G2/M block). Increased expression of Hsp70
was also observed at 3 and 5 h post-synchroniza-
tion (Fig. 4B, lower panel). Asynchronous
cell population expressing Hsf4b and synchro-
nized cells in G2/M or 1 h following their
progression into G1 phase also exhibit increased
expression ofHsp70 compared to cells that donot
express Hsf4b, however, no DNA binding activ-
ity could be detected (Fig. 4B). The quality of the
cell synchrony was determined using flow cyto-
metric analyses (G2/M block) and release
(Fig. 4C). The fractions of hsfs-deficient MEFs
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in different parts of the cell cycle following
treatment of cells with nocodazole are presented
in Table I.
To determine whether MEFs deficient in

other hsf genes respond similarly to exogen-
ously expressed Hsf4b, we used MEFs deficient
in hsf2 or hsf4 and determined the level of
Hsp70 in the absence or presence of transiently

expressed Hsf4b. MEFs deficient in each factor
were synchronized and collected immediately or
following synchronization in G2/M and 5 h after
release into G1 phase since the highest Hsp70
expression was observed at this time. The
results indicate that in the absence of hsf2, no
basal level of Hsp70 could be detected, however,
exogenous Hsf4b could elevate the level of

Fig. 3. Reactivation of cell-cycle-dependent Brg1 complexes
and association with Hsf4b. A: HeLa cells were synchronized in
G2/M following treatment of cells with nocodazole. Cells were
then rinsed with medium and were harvested at the indicated
times. Cell extracts (30 mg) from each sample were analyzed by
immunoblotting using antibody to Brg1. b-actin is presented for
loading control. B: HeLa cells were transiently transfected using
expression vectors encoding Flag-Hsf4b. Twenty-four hours after
transfection, cells were synchronized in G2/M following treat-
ment of cells with nocodazole treatment. Cells were then rinsed
with medium and were harvested at the indicated times. Samples
were immunoprecipitated using antibody to Flag and the
immunoprecipitated materials were subjected to immunoblot-
ting using antibody to Brg1. Antibody to Flag shows expression of
Hsf4b and antibody to b-actin is presented as loading control.
‘‘C’’ represents the asynchronous cell population. C: To detect
expression of Hsps in synchronized HeLa cells expressing Hsf4b,
equal amounts of cell lysates (30 mg) from (B) were subjected to

immunoblotting using antibodies specific to Hsp27, Hsp70,
Hsp90a, and Flag-Hsf4b. Level of b-actin is presented for loading
control. D: HeLa cells were transiently transfected using
expression plasmids encoding Flag-HSF4b. Twenty-four hours
after transfection, cells were synchronized as in (B) and subjected
to ChIP assays using antibody to b-actin (lane 2) or Flag (lanes 3–
6). To detect individual promoter sequences, specific primers
were used to amplify regions surrounding the HSEs. Lane 1
represents PCR of total DNA extract. Lanes 3–6 represent hours
after release from synchrony. PCR products were resolved by
agarose gel electrophoresis and visualized by ethidium bromide
staining. Bands were quantitated using densitometry (right
panel). E: Cell lysates from (B) were immunoblotted using
antibody to phosphorylated ERK1/2 or total ERK1/2. Level of b-
actin was used as loading control. F: Flow cytometric analyses of
synchronized HeLa cells, before synchrony (asynchronous), at
0 h and 5 h post-synchrony.
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Hsp70both in cells thatwere inG2/Mor those in
G1 phase (Fig. 5A). In contrast, in cells deficient
in hsf4 gene, in the absence of exogenousHsf4b,
there was a basal level of Hsp70 expression
which was further increased in MEFs expres-
sing Hsf4b both at 0 and 5 h post-synchroniza-
tion (Fig. 5A). These data indicate that Hsf4b is
capable of inducing Hsp70 expression during
G1 phase of the cell cycle in the absence of other
hsf genes.

The quality of the cell synchrony was deter-
mined using flow cytometric analyses post-
synchrony and release from nocodazole treat-
ment (Fig. 5B). The fractions of hsfs-deficient
MEFs in different parts of the cell cycle follow-
ing treatment of cells with nocodazole are
presented in Table I.

DISCUSSION

In the studies presented here, we investi-
gated the mechanism underlying regulation of
Hsf4b transcriptional activity in mammalian
cells. In addition, we explored the potential role
of SWI/SNF chromatin remodeling complexes
inHsf4b activity. All members of the heat shock
factor family (Hsf1, Hsf2, and Hsf4) bind HSE
(nGAAn) and activate downstream target genes
such as Hsps. However, the mode of activation
of theHsfs differs between each familymember.
Among theHsfs,Hsf1has been shown to depend
on SWI/SNF chromatin remodeling factors for

its maximal transcriptional activity [Sullivan
et al., 2001]. The Hsf1 activation domain is
responsible for Brg1 recruitment; however,
studies suggest that this recruitment affects
Hsf1’s ability in both the initiation and elonga-
tion steps of transcription [Sullivan et al., 2001].
In other studies, inducible expression of domi-
nant negative alleles of Brg1 or Brm has been
shown to reduce Hsp70 inducibility following
treatment of cells with cadmium or arsenite but
not following treatment of cells with heat shock
[De La Serna et al., 2000]. However, the role of
Hsf1 in this induction by cadmium or arsenite is
unclear, although heat shock most likely leads
to an increase in Hsf1 activity. Several studies
have suggested that Hsp70 is expressed during
theG1phase of the cell cycle [WuandMorimoto,
1985; Xing et al., 2005].However, theHsf that is
responsible for the regulation of Hsp70 is
unknown. Stimulation of cells with serum leads
to increased expression of Hsp70, whichmay be
due to Hsf1 activity or the activity of transcrip-
tion factors other than Hsfs [Wu andMorimoto,
1985]. Gel mobility shift assays of synchronized
HeLa cells indicate that Hsf1 transcription
factor binding activity can be detected at 1, 3,
or 5 h after cells have entered into theG1 phase;
however, in the presence of exogenous Hsf4b,
DNA binding activity of this factor can also be
detected at the same time points (data not
shown). These results were consistent with the
ChIP assays showing the presence of Hsf4b
on the Hsp90a, Hsp70a, Hsp70b, and Hsp27
promoters (Fig. 3). In the gel mobility shift
assays of HeLa cell extract in vitro, in the
presence of endogenous Hsf1, the DNA binding
activity of overexpressed Hsf4b was modest
perhaps due to the higher affinity of Hsf1 for
HSE in vitro (data not shown).We did not detect
any Hsf2 DNA-binding activity in HeLa cell
extracts during mitosis. Hsf2 was recently
shown to bind the Hsp70 promoter in mitotic
cells, preventing compaction of this promoter
[Xing et al., 2005].

Our results indicate that Hsf4b transcription
factor recruits Brg1-containing chromatin
remodeling complexes to the promoter of Hsps
as cells enter the G1 phase of the cell cycle.
There was no interaction between Hsf4b and
Brg1 complexes duringmitosis, where Brg1 has
been shown to be excluded from the chromatin.
Interestingly, the Hsf4b interaction with Brg1
changes when MAP kinase activity is manipu-
lated in cells. This data suggest that Hsf4b

TABLE I. Percent Cell Cycle Distribution
Following Cell Synchrony

HeLa Asynchronous 0 h 5 h

% G1 71 6 51
% S 14 13 12
% G2þM 15 81 37
Mouse embryo

fibroblasts
Asynchronous 0 h 5 h

% G1
þ/þ 73 8 40
hsf1�/� 69 5 45
hsf2�/� 69 3 40
hsf4�/� 71 11 48
hsf1�/�hsf2�/� 70 6 49

% S
þ/þ 12 16 11
hsf1�/� 15 11 12
hsf2�/� 18 2 25
hsf4�/� 9 8 10
hsf1hsf2�/� 17 4 10

% G2þM
þ/þ 15 86 49
hsf1�/� 16 84 43
hsf2�/� 13 95 35
hsf4�/� 20 81 42
hsf1�/�hsf2�/� 13 90 41
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Fig. 4. Hsf4b is activated during the cell cycle and drives the
expression of Hsp70. A: MEFs from wild type (þ/þ) or hsf1�/�

animals were synchronized in G2/M following treatment of cells
with nocodazole. Cells were then rinsed with medium and
harvested at the indicated times. Cell extracts (30 mg) from each
sample were analyzed by immunoblotting using antibody to the
Hsp70 or b-actin. Level of b-actin was used as loading control.
‘‘a’’ represents asynchronous cell population. B: hsf1�/�hsf2�/�

MEFs were left untreated or were transiently transfected using
expression plasmids encoding Flag-Hsf4b and were synchro-
nized in G2/M with nocodazole treatment. Cells were then rinsed

with medium and were harvested at the indicated times and were
either analyzed by gel mobility shift assays or 30 mg of cell
extracts from each sample was analyzed by immunoblotting
using antibody to Hsp70, Flag-Hsf4b or b-actin. ‘‘a’’ represents
asynchronous cell population. Lanes 1–5 are �Hsf4b and
lanes 6–10 are þHsf4b at indicated times after synchrony,
respectively. Lane 11 is the same as lane 10 but plus excess Cdd
Hse. Lane 11 is the same as lane 10 plus antibody specific to
Flag. C: Flow cytometric analyses of synchronized wild type or
hsf-deficient MEFs, before synchrony (asynchronous), at 0 h and
5 h post-synchrony. Lanes 1–10 as displayed in panel B.
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activity is positively regulated by the MAP
kinase signaling pathway. Brg1 also contains
multiple phosphorylation sites, and at least the
MAP kinases ERK1/2 have been shown to be
responsible for hyperphosphorylation of Brg1
during mitosis. The Hsf4b protein level is also
increased in response to sorbitol treatment,
which mainly activates the p38 signaling path-
way, but this did not result in an increase in
the interaction between Brg1 and Hsf4b. The
reason for this is not understood at this time.
Following sorbitol treatment, Hsf4b may accu-
mulate in cells but may require additional
signals for full activity or it may not require
Brg1 complexes for its activity. In addition,
Brg1 may be phosphorylated by multiple pro-
tein kinases prior to mitosis since there are at
least 13 or more putative MAP kinase or other
protein kinase phosphorylation motifs [Reyes
et al., 1997; Sif et al., 1998]. This has been
postulated by previous studies indicating that
HeLa cell nuclei incubated in the presence of
inhibitors of serine/threonine protein kinases,
such as H7, or inhibitors of tyrosine kinases
such as genistein or cdc2 peptide,which inhibits

cyclin-dependent protein kinases, inhibited the
release of Brg1 or Brm from the nuclei. These
data were interpreted to suggest that a cascade
of protein kinases could be involved in the
release of Brg1 during mitosis [Reyes et al.,
1997; Sif et al., 1998]. More studies are needed
to clarify howHsf4b can positively andBrg1 can
negatively be regulated byMAP kinases ERK1/
2. The role of phosphorylation in the control of
gene expression by Hsf4b and how activation of
different signaling pathwaysmay controlHsf4b
activity or Brg1 chromatin remodeling factor
during the cell cycle needs further investiga-
tion. Localized changes in the activity of the
signaling molecules could be one way, and
regulation of Hsf4b activity by ERK1/2 appears
to be localized, since we have shown that both
ERK1/2 and the dual specificity tyrosine phos-
phatase DUSP26 that controls ERK1/2 activity
can both bind Hsf4b [Hu and Mivechi, 2006].

Most direct result of Hsf4b increased in
DNA binding and transcriptional activity
was demonstrated in MEFs deficient in hsf1
and hsf2 genes. From the data presented in
Figure 4, it is clear that Hsf4b is also a

Fig. 5. Exogenously expressed Hsf4b induce expression of Hsp70 in MEFs deficient in hsf2 or hsf4 gene.
A: MEFs deficient in hsf2 or hsf4 were synchronized in G2/M with nocodazole. Cells were then rinsed with
medium and were harvested at the indicated times. Cell extracts (30 mg) from each sample was analyzed
by immunoblotting using antibody to Hsp70 or Flag-Hsf4b. Level of b-actin was used as loading control.
‘‘a’’ represents asynchronous cell population. B: Flow cytometric analyses of synchronized wild type or hsf-
deficient MEFs, before synchrony (asynchronous), or at 0 hour and 5 hour post synchrony.
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bona fide transcriptional activator and the
absence of both hsf1 and hsf2 genes can activate
transcription of Hsp70 gene. Our data also
indicate that Hsf4b transcription is enhanced
following growth stimulation (i.e., in the
presence of activated MAP kinases ERK1/2)
and during the G1 phase of the cell cycle. We
also detected an Hsf4b interaction with Brm
(data not shown); however, the condition in
which Brm is recruited by Hsf4b to the Hsps
promoter is unknown. Furthermore, we also
observed that Hsf4a, the repressor isoform of
Hsf4, also interacts with Brg1-containing chro-
matin remodeling complexes (data not shown).
Further experiments are required to determine
the circumstance where Hsf4a may repress
transcription of Hsps and what are the differ-
ences between chromatin remodeling com-
plexes recruited by Hsf4a or Hsf4b.
In conclusion, we have shown that Hsf4b

binds Brg1 chromatin remodeling complexes.
The association of Brg1 and Hsf4b is cell cycle
dependent and can be detected on Hsp promo-
ters, leading to increased expression of specific
Hsps. We have also shown that Hsf1 and Hsf4b
can potentially enhance Hsp70 expression dur-
ing the G1 phase of the cell cycle. However,
there appears to be an interdependency
between Hsf1, Hsf2, and Hsf4b in enhancing
Hsp 70 expression as cells enter G1.
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