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Two members of the heat shock transcription factor (HSF) family, HSF1 and HSF2, both function as
transcriptional activators of heat shock gene expression. However, the inducible DNA-binding activities of
these two factors are regulated by distinct pathways. HSF1 is activated by heat shock and other forms of stress,
whereas HSF2 is activated during hemin-induced differentiation of human K562 erythroleukemia cells,
suggesting a role for HSF2 in regulating heat shock gene expression under nonstress conditions such as
differentiation and development. To understand the distinct regulatory pathways controlling HSF2 and HSF1
activities, we have examined the biochemical and physical properties of the control and activated states of
HSF2 and compared these with the properties of HSF1. Our results reveal that the inactive, non-DNA-binding
forms of HSF2 and HSF1 exist primarily in the cytoplasm of untreated K562 cells as a dimer and monomer,
respectively. This difference in the control oligomeric states suggests that the mechanisms used to control the
DNA-binding activities of HSF2 and HSF1 are distinct. Upon activation, both factors acquire DNA-binding
activity, oligomerize to a trimeric state, and translocate into the nucleus. Interestingly, we find that
simultaneous activation of both HSF2 and HSF1 in K562 cells subjected to hemin treatment followed by heat
shock results in the synergistic induction of hsp7O gene transcription, suggesting a novel level of complex
regulation of heat shock gene expression.

The classical heat shock response occurs via transcriptional
induction of heat shock genes mediated by activation of heat
shock transcription factor (HSF) (for reviews, see references
21, 24, 26, and 49). HSF binds to a heat shock element (HSE),
which consists of contiguous arrays of the alternately oriented
pentanucleotide unit 5'-NGAAN-3' found in the promoter
regions of heat shock genes (5, 31, 32, 59). In addition to
physiological stress, such as exposure to oxidants, heavy metals,
amino acid analogs, and elevated temperatures, the hsp70 gene
and other heat shock genes have long been known to be
transcriptionally activated under a large number of circum-
stances, including early development and differentiation, bac-
terial and viral infections, and oncogenic activation (for re-
views, see reference 25 and references therein). In part, some
of this transcriptional regulation can be attributed to a complex
array of basal promoter elements, which are responsible for
growth-regulated and oncogene-activated transcription of the
human hsp70 gene (4, 23, 51, 56, 58). Furthermore, the recent
identification of a family of HSFs in larger eukaryotes, such as
humans, mice, chickens, and tomato plants, suggests that the
complexity of transcriptional regulation of heat shock genes
may be attributable to the differential activation of distinct
HSF family members (30, 35, 41, 42, 44).

In mammalian cells, the transcription factors HSF1 and
HSF2 have an overall 38% identity and contain highly con-
served amino acid sequences corresponding to the DNA-
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binding and oligomerization domains (35, 41, 44). Although
the genes encoding HSF1 and HSF2 are constitutively ex-
pressed in most cell lines and tissues, both factors are kept in
a latent, non-DNA-binding state under normal growth condi-
tions, indicating that the DNA-binding activity of both HSF1
and HSF2 is negatively regulated. A fundamental distinction
between these factors is that they are regulated by different
signaling pathways. Previous studies have identified HSF1 as
the mediator of heat shock gene transcription in response to
stress conditions, whereas HSF2 DNA-binding activity is in-
duced during hemin treatment of human K562 erythroleuke-
mia cells (9, 36, 39, 48). Activation of HSF2 in hemin-treated
K562 cells is characterized by slower kinetics and a slightly
different DNA-binding pattern of the hsp7o promoter in vivo
compared with those of heat shock-induced HSF1. In addition,
transcription of the hsp70 gene is induced to a lesser extent in
hemin-treated K562 cells relative to heat-shocked cells (48).
These observations point to the fundamental questions that
must be addressed in order to understand how HSF1 and
HSF2, which both regulate heat shock gene expression, are
activated by distinct pathways.

In this study, we explored the differential regulation of
human HSF1 and HSF2 by comparing the biochemical and
physical properties of these two factors in both the control
non-DNA-binding state and activated DNA-binding state in
heat-shocked and hemin-treated K562 cells, respectively. Thus,
although the emphasis of this study was to characterize human
HSF2, we chose to compare the properties of HSF2 with those
of HSF1 to gain an understanding of how these two transcrip-
tion factors respond to distinct activation conditions. Our
results reveal an important difference in the sizes of the native
complexes for HSF1 and HSF2 in the non-DNA-binding state.
In addition, experiments in which HSF1 and HSF2 are simul-
taneously activated by heat shocking K562 cells in the presence
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of hemin indicate that these two factors are able to act
synergistically to induce heat shock gene transcription.

MATERIALS AND METHODS

Cell culture, hemin treatment, heat shock conditions, and
preparation of cell extracts. Human K562 erythroleukemia
cells (22) (provided by S. Weil, Northwestern Medical School,
Chicago, Ill.) were maintained in RPMI 1640 supplemented
with 10% fetal calf serum and antibiotics in a humidified 7%
CO2 atmosphere at 37°C. Cells were seeded at 5 x 106 cells
per 10-cm-diameter plate prior to addition of hemin to a final
concentration of 15 ,uM as described previously (52). For heat
shock, plates were sealed with Parafilm and immersed in a
42°C water bath. Whole-cell, nuclear, and cytoplasmic extracts
were prepared as described previously (15, 27), and the protein
concentration was estimated with an assay kit (Bio-Rad). To
further test whether nuclear extracts contained proper
amounts of protein, we reprobed the Western immunoblots
with antibodies for lamin B (a kind gift of Robert Moir),
detecting a nuclear membrane-associated protein.
Western immunoblot analysis and chemical cross-linking.

Cell extracts were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose filters by using a Bio-Rad semidry transfer
apparatus as specified by the manufacturer. After blocking for
90 min with phosphate-buffered saline (PBS) containing 3%
nonfat dry milk at room temperature, filters were incubated for
60 min with a 1:10,000 dilution of the rabbit polyclonal HSF1
or HSF2 antiserum (39). After being washed three times for 10
min each with PBS-0.01% Tween 20, the filters were incubated
with a 1:20,000 dilution of horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G secondary antibodies (Pro-
mega) and washed three times for 10 min each with PBS-
0.01% Tween 20 prior to detection by the ECL system
(Amersham). Cross-linking of HSF1 and HSF2 by incubating
the cell extracts with ethylene glycol bis(succinimidylsuccinate)
(EGS) was performed as described previously (39).

Gel mobility shift assay. HSF DNA-binding activity in vitro
was analyzed by incubating cell extracts with y-32P-labeled
HSE oligonucleotide derived from the human hsp70 promoter,
and the HSE-protein complexes were analyzed on a native 4%
PAGE gel as described previously (27). The intensities of
radioactive signals indicating the levels of HSF-HSE com-
plexes were quantitated with a Molecular Dynamics 400A
Phosphorlmager.

Gel filtration. The Stokes radii of inactive and active HSF1
and HSF2 were determined by gel filtration chromatography
on a Superdex 200 column (Pharmacia) with a Pharmacia fast
protein liquid chromatography system. Whole-cell extracts
(500 ,ug) in 20 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES; pH 7.9)-20% (vol/vol) glycerol-0.1 M
KCl-0.2 mM EDTA-0.5 mM dithiothreitol-0.5 mM phenyl-
methylsulfonyl fluoride-2 puM leupeptin-1.5 ,uM pepstatin A
were applied to the column equilibrated in 20 mM HEPES
(pH 7.2)-5 mM MgCl2-100 mM NaCl at 4°C. The samples
were eluted at 0.25 ml/min, and 25 0.5-ml fractions were
collected once the void volume of the column had passed. To
determine which fractions contained HSF1 or HSF2, 12 pul of
each fraction was mixed with gel sample buffer (1 x gel sample
buffer is 50 mM Tris [pH 6.8], 2% SDS, 100 mM dithiothreitol,
10% glycerol, and 0.1% bromphenol blue), boiled, and ana-
lyzed by SDS-PAGE and Western immunoblotting. Standard
curves for the molecular mass and Stokes radius were gener-
ated by using globular proteins of known molecular masses and
Stokes radii (thyroglobulin, 669 kDa, 85 A [1 A = 0.1 nm];

apoferritin, 443 kDa- ,-amylase, 200 kDa; alcohol dehydroge-
nase, 150 kDa, 45 A; apotransferrin, 81 kDa; ovalbumin, 43
kDa; cytochrome c, 12.4 kDa, 16.4 A) (46). A least-squares
algorithm (KaleidaGraph) was used to fit a line through the
standard datum points, and a correlation coefficient of r = 0.99
was obtained for both curves.

Sedimentation analysis. S20,, values of HSF1 and HSF2
were determined by centrifugation through 10 to 40% glycerol
gradients. Linear glycerol gradients were prepared by using a
gradient maker (SG 15; Hoefer Scientific Instruments) and
mixing equal volumes (2.5 ml) of 10 and 40% glycerol buffer
containing 20 mM HEPES (pH 7.9), 100 mM NaCl, 5 mM
MgCl2, 0.5 mM EDTA, and 1 mM dithiothreitol. The gradients
were chilled for approximately 4 h at 4°C before being loaded
with 500 ,ug of whole-cell extracts or a mixture of protein
standards (alcohol dehydrogenase, 7.4S, bovine serum albu-
min, 4.3S; cytochrome c, 1.9S) (46) diluted to 200 pI with 10%
glycerol buffer and centrifuged in a Beckman SW50.1 rotor for
36 h at 40,000 rpm and 4°C. The gradients were fractionated
from the top into 250-pul fractions, and 12 p.1 of each fraction
was mixed with gel sample buffer, boiled, and analyzed by
SDS-PAGE and Western immunoblotting with HSF1 and
HSF2 antisera. The sedimentation profile of the standard
markers was determined by analyzing a portion of each
fraction by SDS-PAGE and staining with Coomassie blue.

Transcriptional run-on analysis. Run-on transcription reac-
tions were performed with isolated nuclei (approximately 7 x
106 nuclei per reaction) in the presence of 100 puCi of
[a-32P]UTP (3,000 Ci/mmol; Amersham) as previously de-
scribed (11). Radioactive RNA was hybridized to nitrocellu-
lose filters on which the following plasmids had been immobi-
lized: pGEM2 (vector; Promega), pH2.3 (human hsp7o) (57),
pUCHS801 (human hsp90/89a) (18), pHG23.1.2 (human
grp78/BiP) (54), pHA7.6 (human hsc70/p72), pGAPDH (rat
glyceraldehyde-3-phosphate dehydrogenase) (16), pC9 (mouse
HSF2) (41), and pC12A (mouse HSF1) (41). The hybridization
and washing conditions were as described previously (48). The
intensities of radioactive signals were quantitated with a Mo-
lecular Dynamics 400A Phosphorlmager.
Genomic footprinting. For in vivo footprinting of the human

hsp70 promoter, 2 x 107 cells were harvested and treated for
5 min with 0.2% dimethyl sulfate at room temperature.
Genomic DNA was isolated, digested with EcoRI, and cleaved
with piperidine (12). The methylation pattern of naked DNA
was obtained by using deproteinized DNA which was treated
with dimethyl sulfate in vitro. Genomic footprinting analysis
was performed by using a ligation-mediated PCR method (28).
Primers used for footprinting of the coding and noncoding
strands of the HSE regions of the human hsp7o promoter have
been described previously (2).

RESULTS

Acquisition of HSF2 DNA-binding activity is accompanied
by a change in oligomeric state. To examine the basis for the
differences in regulation of HSF1 and HSF2, we compared the
native size of HSF2 in untreated and hemin-treated K562 cells
with that of HSF1 in untreated and heat-shocked cells. We
used gel filtration chromatography and glycerol gradient sedi-
mentation analysis to examine the hydrodynamic properties of
inactive and active HSF2 and HSF1 in order to determine their
oligomeric state and shape in extracts isolated from control,
hemin-treated, and heat-shocked K562 cells. Extracts were
fractionated by gel filtration chromatography on a Superdex
200 column and by centrifugation through 10 to 40% glycerol
gradients, and the locations of HSF2 and HSF1 were analyzed
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FIG. 1. Analysis of hydrodynamic properties of HSF2 and HSF1. (A) Gel filtration analysis of HSF2 and HSF1. Whole-cell extracts of
untreated (control), hemin-treated (20 h), or heat-shocked (1 h at 42°C) cells were subjected to chromatography on a Superdex 200 column, and
the positions of HSF2 and HSF1 proteins were visualized by Western blot analysis with HSF2 or HSFI antiserum, respectively. The approximate
elution positions of protein standards are indicated (ovalbumin, 43 kDa; apotransferrin, 81 kDa; alcohol dehydrogenase, 150 kDa; f-amylase, 200
kDa; apoferritin, 443 kDa; thyroglobulin, 669 kDa). (B) Glycerol density gradient analysis of HSF2 and HSF1. The same extracts described for
panel A were separated by centrifugation through 10 to 40% glycerol gradients, and the positions of HSF2 and HSF1 proteins were visualized by
Western blot analysis. The sedimentation positions of protein standards are indicated (cytochrome c, 1.9S; bovine serum albumin, 4.3S; alcohol
dehydrogenase, 7.4S).

by Western blot analysis with antibodies specific to HSF2 and
HSF1. HSF2 in untreated cells elutes from the gel filtration
column as two peaks with apparent molecular masses of
approximately 100 and 180 kDa (Fig. IA, left panel; fractions

9 and 11), and this elution profile was reproducible in three
independent experiments. HSF2 from hemin-treated cells
elutes in a relatively broad peak corresponding to a size of
approximately 400 kDa (Fig. IA, left panel, fraction 6). HSF1
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TABLE 1. Molecular parameters of human HSF2 and HSF1

Speciea~ Stokes radius Sedimentation Mol mass" (103 Da) Frictional ratio
(A)" coefficient (10- Calculated Predicted (f/0)d

HSF2C 58 ± 3 5.0 ± 0.3 127 ± 8 120 1.75
HSF2A 69 ± 2 6.7 ± 0.2 202 ± 5 180 1.78
HSFlC 45 ± 2 3.4 ± 0.6 69 ± 9 57 1.67
HSF1A 65 ± 1 6.3 ± 0.2 178 ± 4 171 1.74

a HSF2C, control HSF2 from untreated K562 cells; HSFlc, control HSF1 from untreated K562 cells; HSF2A, activated HSF2 from hemin-treated K562 cells; HSFIA,
activated HSF from heat-shocked K562 cells.

b Stokes radius was determined by gel filtration chromatography on a Superdex 200 column.
Sedimentation coefficient was determined by glycerol density gradient centrifugation.

d Predicted molecular mass, M, was determined from the amino acid sequence (35, 44). Molecular mass and frictional ratio,flfo, were calculated as described by Siegel
and Monty (46): M = 6rn-qNas/(1 - vp) and f/fo = a/[(3vM)/(4,rN)1"3, where a = Stokes radius, s = sedimentation coefficient, v = partial specific volume (assuming
0.725 cm3/g), q = viscosity of medium (1.0019 cP for water), p = density of medium (1.021 for 10% glycerol), and N = Avogadro's number.

from untreated and heat-shocked cells elutes as single peaks of
approximately 100 and 300 kDa, respectively (Fig. 1A, right
panel, fractions 11 and 7). The Stokes radii of the control and
hemin-activated forms of HSF2 as well as the control and
heat-activated forms of HSF1 were determined by using a
standard plot of Kav versus log a (Stokes radius) derived from
the elution volume of globular protein markers (Table 1).
The sedimentation profiles of HSF2 (left panel) and HSF1

(right panel) in whole-cell extracts isolated from control,
hemin-treated, and heat-shocked cells are shown in Fig. 1B. A
standard plot of the sedimentation coefficient S20w versus
gradient volume was derived from protein markers fraction-
ated through identical gradients. HSF2 from untreated cells
elutes with a single peak having a sedimentation coefficient of
5.0 ± 0.3. Similar results were obtained with gradient condi-
tions of 10% to 30 to 50% (data not shown). HSF2 from
hemin-treated cells sediments as a broader peak with a sedi-
mentation coefficient of 6.7 ± 0.2. Analysis of HSF1 reveals
that following heat shock, this factor undergoes a dramatic
change in sedimentation coefficient from 3.4 ± 0.6 for the
control non-DNA-binding form to 6.3 ± 0.2 for the activated
DNA-binding form (Table 1).
From our experimentally determined values for Stokes radii

and sedimentation coefficients, we calculated the native mo-
lecular masses of inactive and active HSF2 and HSF1 (Table
1). Analysis of the sedimentation and gel filtration results
reveals a calculated native molecular mass of 127 ± 8 and 202
± 5 kDa for the control and activated forms of HSF2, using
the peaks from the gel filtration elution profiles corresponding
to apparent molecular masses of -180 and -400 kDa, respec-
tively. From the size of HSF2 on SDS-polyacrylamide gels of
approximately 70 kDa, our results suggest that the control,
non-DNA-binding form of HSF2 is a dimer, whereas the
activated, DNA-binding form of HSF2 corresponds to a trimer.
At this point, our data do not establish whether the native form
of HSF2 in control cells is a homodimeric or heterodimeric
species; however, the difference in molecular size of the native
and denatured forms of HSF2 reveals that it is in a complex
with another protein of approximately 70 kDa. Likewise, the
estimates of the native molecular mass for the control and
activated forms of HSF1 are 69 ± 9 and 178 + 4 kDa,
respectively. This result is entirely consistent with previous
observations that HSF1 undergoes a transition from a mono-
mer to a trimer upon activation (9, 36, 39). The calculated
frictional ratios (f/fo) range from 1.67 to 1.78, suggesting that
both inactive and active forms of HSF2 and HSF1 are elon-
gated, similar to the findings reported for Drosophila HSF (55).
However, unlike in Drosophila HSF, in which the degree of
asymmetry is significantly greater in the trimeric form (flfo =

2.6) than in the monomeric form (f/fo = 1.9), human HSF2 and
HSF1 do not exhibit as large a change in their axial ratios upon
activation. These results suggest that the conformational
change leading to an extended structure is less dramatic for
human HSF1 and HSF2.
As an independent means of examining the change in

oligomeric state between the control and activated forms of
HSF2 and HSF1, we next performed chemical cross-linking
analysis. Whole-cell extracts from untreated, hemin-treated,
and heat-shocked cells were exposed to various concentrations
of EGS and then subjected to Western blot analysis by using
the HSF2 and HSF1 antisera (Fig. 2). The un-cross-linked
HSF2 migrates with a size of approximately 70 kDa, consistent
with previous findings for HSF2 from HeLa cells (39). The
major cross-linked product of HSF2 in control extracts corre-
sponds to a band of approximately 140 kDa, which suggests
that HSF2 exists as a dimer. In contrast, HSF1 in control
extracts exists primarily in a monomeric form (-70 kDa),
which is consistent with previously published observations (9,
36, 39). Similar results were obtained with glutaraldehyde
chemical cross-linking (data not shown). The results of the
cross-linking analysis, taken together with our studies on the
hydrodynamic properties of HSF2 and HSF1, indicate that the
control forms of HSF2 and HSF1 exist as distinct native
complexes and may thus offer an underlying mechanistic basis
for the different regulatory pathways by which these two factors
are activated.
To determine the stoichiometry of the oligomeric states of

activated HSF2 and HSF1, we prepared extracts from hemin-
treated and heat-shocked cells and subjected them to EGS
cross-linking analysis. A high-molecular-mass HSF2 species
(>200 kDa), consistent with an HSF2 trimer, is detected in
cells treated with hemin for 18 h (Fig. 2). In addition, the levels
of HSF2 DNA-binding activity are maximal between 18 and 24
h of hemin treatment (reference 48 and data not shown) and
correlate closely with the appearance of the HSF2 trimer.
These data suggest a positive correlation between oligomer-
ization and acquisition of HSF2 DNA-binding activity in
hemin-treated K562 cells. Similarly, the heat-shocked form of
HSF1, which is known to bind DNA, also appears as a trimer
(Fig. 2) (9, 36, 39). Thus, oligomerization appears to be a
common characteristic of the activation pathways of both
HSF2 and HSF1.
An important question for the regulation of heat shock gene

transcription relates to the apparent specificity of the pathways
by which HSF1 and HSF2 are activated. HSF1 is activated by
heat shock, whereas HSF2 is activated by hemin treatment.
These points were demonstrated by the use of polyclonal
antisera specific to either HSF1 or HSF2 in antibody pertur-
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FIG. 2. Determination of oligomeric structure of HSF2 and HSFI by chemical cross-linking. Whole-cell extracts from K562 cells exposed to
hemin or heat shock treatment for the indicated periods were cross-linked with EGS at the indicated concentrations. Cross-linked extracts were
run on SDS-5% polyacrylamide gels and subjected to Western blot analysis with HSF2 or HSF1 antiserum. Molecular mass markers are bovine
serum albumin (69 kDa) and myosin (200 kDa).

bation analysis for the identification of specific band shift
complexes (39, 48). To investigate further the apparent speci-
ficity of the HSF1 and HSF2 activation pathways, we examined
whether heat shock or hemin treatment could partially activate
HSF2 or HSF1, respectively, as measured by changes in the
oligomeric state of these two factors. As shown in Fig. 2, EGS
cross-linking of HSF2 in heat-shocked cells reveals primarily a
dimeric form with very little trimeric form, consistent with a
lack of HSF2 DNA-binding activity in heat-shocked cells (48).
In addition, HSF1 in hemin-treated cells exists in a monomeric
form similar to that in control cells, which is consistent with the
finding that no HSFI DNA-binding activity can be detected in
hemin-treated K562 cells (48). However, analysis of HSF2 and
HSFI by hydrodynamic measurements reveals that both heat
shock and hemin treatment have an effect on the oligomeric
state or conformation of HSF2 and HSF1, respectively. Gel
filtration and sedimentation profiles of HSFI from control and
hemin-treated cells show a shift toward the higher molecular
weight so that part of HSF1 cosediments with HSF2 from the
control cells (Fig. 1). Similarly, the gel filtration and sedimen-
tation profiles of HSF2 from heat-shocked cells show a shift
toward, but not identical with, the HSF2 profiles from hemin-
treated cells (Fig. 1). Support for the idea that heat shock may
cause changes in the properties of HSF2 comes from recent
work of the Kingston laboratory, which used transfection of
epitope-tagged HSF2 constructs to show that putative nuclear
localization sequences are required for the nuclear transloca-
tion of HSF2 after heat shock (45). However, because our
analysis has failed to detect heat-induced HSF2 DNA-binding
activity or trimeric HSF2 by cross-linking (Fig. 2), and because
Western blot analysis of nuclear and cytoplasmic fractions does
not show significant translocation of HSF2 into the nucleus
after heat shock (data not shown), the functional significance
of HSF2 activation upon heat shock remains unclear.

Translocation of the HSF2 trimer to the nuclei of hemin-
treated K562 cells. To examine the levels and subcellular
localization of HSF2 in untreated and hemin-treated K562
cells, we performed Western blot analysis of whole-cell extracts
isolated at various time points during continuous hemin treat-
ment. As shown in Fig. 3A, the mobility of HSF2 on an
SDS-polyacrylamide gel is identical in extracts isolated from
control, hemin-treated, and heat-shocked cells (upper panel),
whereas the size of HSFI in heat-shocked cells increases as a

result of phosphorylation (lower panel), as previously shown
(39). During exposure of K562 cells to hemin, the amount of
HSF2 is gradually increased, reaching maximum levels (three-
to fivefold increase from the control level) at 18 to 24 h of
treatment and declining to the control levels by 40 h. The
increase in HSF2 levels correlates with the increase in DNA-
binding activity and the amount of HSF2 present in the
trimeric state (Fig. 2) (48). Hemin treatment neither induces
HSF2 gene transcription (see Fig. 6A) nor increases the HSF2
mRNA levels (data not shown), suggesting that the increase in
HSF2 protein level may be due to enhanced protein synthesis
or stability. In contrast to an increase in the levels of HSF2
detected during hemin treatment, the amount of HSFI ap-
pears to decrease, especially during later time points of hemin
treatment, but the significance and mechanism of this decrease
are unclear.
With biochemical fractionation of cytoplasmic and nuclear

components followed by Western blot analysis, HSF2 is de-
tected primarily in the cytoplasmic fraction of the untreated
cells, although a low level of HSF2 is also found in the nuclear
fraction (Fig. 3B, left panel). To control for the quality of
biochemical fractionation, the Western blots containing cyto-
plasmic and nuclear fractions were reprobed with antibodies to
lamin B (data not shown). However, since it is possible that
soluble nuclear proteins leak into the cytosolic fraction during
fractionation procedures, we independently assessed the sub-
cellular localization of HSF2 by indirect immunofluorescence
and confocal microscopy and found that the majority of HSF2
is in the cytoplasm of control K562 cells (data not shown).
During the time course of hemin treatment, the HSF2 level in
the cytoplasmic fraction remains fairly constant, whereas the
amount of HSF2 present in the nuclear fraction increases
significantly. Therefore, it appears that most of the increase in
overall HSF2 protein levels is found in the nuclear fraction of
hemin-treated cells. As a control, the subcellular localization
of HSF1 was examined. HSF1 from untreated cells is present
in both the cytoplasmic and nuclear fractions, although the
major proportion of HSF1 is present in the cytoplasmic
fraction. These results were also independently corroborated
by indirect immunofluorescence and confocal microscopy
(data not shown). The distribution of HSF1 is not affected by
hemin treatment. In heat-shocked cells, however, HSF1 is
found primarily in the nuclear fraction and exhibits an altered
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FIG. 3. Analysis of the size and subcellular localization of HSF2 and HSF1 in hemin-treated or heat-shocked K562 cells. (A) Analysis of HSF2
and HSF1 polypeptides. Whole-cell extracts from K562 cells exposed to 15 1LM hemin or heat shock at 42°C for the indicated periods were run
on SDS-8% polyacrylamide gels and subjected to Western blot analysis with HSF1 or HSF2 antiserum. Molecular mass markers are bovine serum
albumin (69 kDa) and phosphorylase b (97 kDa). (B) Biochemical fractionation of HSF2 and HSF1. Cytoplasmic (lanes c) and nuclear (lanes n)
extracts from untreated (lanes 0 and con), hemin-treated (he; 18 h of hemin treatment), and heat-shocked (hs; 1 h at 42°C) K562 cells were
subjected to Western blot analysis. (C) EGS cross-linking of HSF2 and HSF1 in cytoplasmic and nuclear extracts isolated from untreated and
hemin-treated (18 h) K562 cells. The molecular mass markers are as in Fig. 2. (D) DNA-binding analysis of HSF1 (heat shock) and HSF2 (hemin).
Nuclear and cytoplasmic extracts from untreated cells (lane C) and cells exposed to either heat shock (hs) or hemin treatment for the indicated
periods were examined by native gel shift assay. HSF-HSE complexes are indicated by HSF; CHBA denotes the constitutive HSE-binding activity
reported previously (27); NS denotes nonspecific DNA-protein complexes.

electrophoretic mobility as a result of phosphorylation (Fig.
3B, right panel). These results confirm the previous report
showing by indirect immunofluorescence and biochemical frac-
tionation that the phosphorylated, heat-activated form of
HSF1 is localized to the nucleus (9, 39).
We next examined the oligomeric state of the cytoplasmic

and nuclear localized HSF2. Figure 3C (left panel) shows the
results of EGS cross-linking of HSF2 in cytoplasmic and
nuclear extracts isolated from K562 cells that were treated with
hemin for 0 and 18 h. The cytoplasmic control form of HSF2 is
a dimer, whereas in hemin-treated cells the cytoplasmic frac-
tion contains both dimeric and trimeric forms of HSF2 and the
nuclear fraction contains predominantly trimeric HSF2. In
untreated K562 cells, HSF1 exists primarily as a monomer in
both the cytoplasmic and nuclear fractions, whereas in hemin-

treated cells the cytoplasmic HSF1 is entirely monomeric but a
small amount of nuclear HSF1 is in the trimeric form (Fig. 3C,
right panel). To determine whether subcellular compartmen-
talization of HSF1 and HSF2 correlates with their DNA-
binding activities, we analyzed the cytoplasmic and nuclear
extracts from heat-shocked and hemin-treated cells by gel
mobility shift assay. HSE-binding activity induced by heat
shock (HSF1) and hemin treatment (HSF2) is detected pri-
marily in the nuclear extracts (Fig. 3D). Thus, although an
appreciable amount of cytoplasmic HSF2 is detected by West-
ern blot analysis (Fig. 3B), this form of HSF2 lacks DNA-
binding activity.

In summary, these observations support our conclusion that
the inactive non-DNA-binding form of HSF2 is located pri-
marily in the cytoplasm as a dimer and, upon activation during
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hemin treatment, undergoes trimerization, acquires DNA-
binding activity, and accumulates in the nucleus.

Simultaneous treatment of K562 cells with hemin and heat
shock leads to coactivation of HSF2 and HSF1 and synergistic
induction of hsp7O gene transcription. The finding that HSF1
and HSF2 can be activated in K562 cells by two different
treatments, heat shock and hemin, respectively, prompted us
to examine whether these factors can be activated simulta-
neously and, if so, what the effect of coactivation is on heat
shock gene transcription. Therefore, K562 cells were treated
with 15 ,uM hemin for 20 h and then subjected to heat shock at
42°C for various periods, after which whole-cell extracts were
analyzed by gel mobility shift analysis. As shown in Fig. 4A and
quantitated in Fig. 4B, the combined treatment with hemin and
heat shock results in a twofold increase in HSE-binding activity
relative to that in cells treated with hemin alone. As is the case
in cells exposed to heat shock alone, the HSE-binding activity
attenuates during the continuous heat shock at 42°C and
returns to the pre-heat-shock level by 4 h. These results show
that despite the presence of high constitutive levels of HSF2
DNA-binding activity in hemin-treated cells, heat shock fur-
ther induces the levels of HSE-binding activity.
To test whether the increase in HSE-binding activity is due

to simultaneous activation of both HSF1 and HSF2 or to the
effects of heat shock on HSF2, we examined the subcellular
localization, oligomeric state, and DNA-binding activity of
HSF1 and HSF2 in K562 cells exposed to combined treatment
by hemin and heat shock. As shown by Western blot analysis of
HSF2 and HSF1 in cytoplasmic and nuclear extracts, both
factors are localized predominantly to the nucleus of hemin-
pretreated heat-shocked cells (Fig. SA). Furthermore, HSF1 is
phosphorylated in hemin-pretreated heat-shocked cells, as has
been observed in cells subjected to heat shock alone (Fig. 3A
and 5A). EGS cross-linking of HSF2 and HSF1 in cytoplasmic
and nuclear extracts isolated from hemin-pretreated heat-
shocked cells reveals that both factors exist in a trimeric state
in the nucleus (Fig. 5B). In addition, analysis of HSF1 and
HSF2 DNA-binding activity by antibody perturbation assay
suggests that both factors exist in the active, DNA-binding
state in cells exposed to hemin and heat shock (data not
shown). These results indicate that when K562 cells are
subjected to hemin treatment followed by heat shock, both
HSF1 and HSF2 are activated and display properties identical
to those observed for HSF1 and HSF2 in cells exposed to
either heat shock or hemin treatment, respectively.
We next examined whether the coactivation of HSF1 and

HSF2 has any effect on the transcription of heat shock genes
relative to activation by either HSF1 or HSF2 alone. Heat-
shocked cells exhibit a strong and transient transcriptional
activation of the hsp70 and hsp90 genes (Fig. 6A), and, as
shown quantitatively in Fig. 6B, hsp70 gene transcription is
maximally induced about 12-fold at 20 min, while hemin
treatment results in only a 5-fold induction. These results
confirm our previous observations that the hemin-mediated
activation of HSF2 leads to a lower level of hsp70 transcription
than that which occurs following the activation of HSF1 by
heat shock (48). Surprisingly, when hemin-treated K562 cells
are subsequently subjected to heat shock, the rate of hsp70
gene transcription is stimulated over 50-fold. These results
indicate that coactivation of HSF1 and HSF2 in hemin-treated
heat-shocked cells causes a synergistic induction of heat shock
gene transcription, because the >50-fold activation observed is
three times higher than the 17-fold induction which would be
expected from an additive effect. Other characteristic features
of the heat shock response are maintained in the hemin-
pretreated heat-shocked cells; for example, the attenuation of
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FIG. 4. (A) Induction of HSF DNA-binding activity by hemin, heat

shock, and combined treatment with hemin followed by heat shock.
The levels of HSF-HSE complex (marked HSF) were analyzed by gel
mobility shift assay with whole-cell extracts prepared from K562 cells
that were either untreated (lane C), hemin treated for 20 h (0), heat
shocked, or pretreated with hemin for 20 h and then heat shocked for
the indicated periods. CHBA and NS are as indicated in the legend to
Fig. 3D. F denotes the free HSE oligonucleotide. (B) Graphic com-
parison of the levels of HSF DNA-binding activity between hemin-
treated heat-shocked cells and cells exposed to heat shock alone.
HSF-HSE levels were quantitated by using a Molecular Dynamics
400A PhosphorImager, and the HSF values were normalized against
the respective NS values, which were presumed to be unaffected by the
various treatments. Values for the fold induction of HSF levels are
shown relative to the control level, which was arbitrarily assigned a fold
induction value of 1.

hsp7o transcription during later time points of heat shock can
still be observed, although it is delayed relative to that in
non-hemin-treated cells. Transcription of the grp78/BiP gene,
which is strongly induced by hemin treatment, does not show
further enhancement during the entire period of heat shock,
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FIG. 5. Subcellular localization and oligomeric state of HSF2 and
HSF1 in untreated, hemin-treated, and hemin-treated heat-shocked
K562 cells. (A) Western blot analysis of cytoplasmic (lanes c) and
nuclear (lanes n) extracts isolated from cells that were either untreated
(lanes con), hemin treated for 20 h (lanes he), or hemin pretreated for
20 h prior to a 1-h heat shock at 42°C (lanes he + hs). (B) EGS
cross-linking of HSF2 and HSF1 in cytoplasmic and nuclear fractions
from hemin-treated heat-shocked K562 cells as described in the legend
to Fig. 2.

consistent with the fact that the human grp78/BiP gene pro-
moter does not contain any HSEs (53).
One explanation for the relatively high transcriptional in-

duction of the hsp70 gene in hemin-pretreated heat-shocked
cells is that binding of HSF1 or HSF2 or both to the HSE of
the hsp70 promoter is altered relative to the binding of HSF1

in heat-shocked cells and to the binding of HSF2 in hemin-
treated cells. To investigate this, we compared HSF-HSE
interactions in hemin-treated, heat-shocked cells with those in
either hemin-treated or heat-shocked cells by using in vivo
genomic footprinting. The human hsp70 promoter contains
two HSEs; the proximal HSE is composed of three perfect and
two imperfect inverted repeats of the consensus sequence
5'-NGAAN-3', and the distal HSE contains two perfect and
four imperfect 5'-NGAAN-3' sites. It has been previously
shown by in vivo genomic footprinting that prior to heat shock,
the HSEs of the hsp70 promoter are not occupied by protein
and that following heat shock, all binding sites become occu-
pied (2, 3, 48) (Fig. 7, lanes -). In hemin-treated cells,
however, no protein-DNA interaction can be detected at site 1
of the proximal HSE (48) (Fig. 7, lanes 0/+), suggesting that
HSF1 and HSF2, despite the ability of both factors to induce
the transcription of classical heat shock genes, exhibit readily
distinguishable footprints and thus do not bind to the proximal
HSE in an identical manner. This difference in binding at site
1 of the proximal HSE has been confirmed in vitro by DNase
I footprinting with purified recombinant mouse HSF1 and
HSF2 proteins (20). On the basis of our earlier and present
studies, we suggest that the diminished transcriptional activity
of the hemin-induced HSF2 may be due to differences in its
DNA-binding pattern in vivo.
A comparison of the methylation patterns of DNA from

hemin-treated and heat-shocked cells (Fig. 7, lanes +) with
those of the non-hemin-treated heat-shocked cells (Fig. 7,
lanes -) reveals that the protection of G residues within the
HSEs is more prominent at every time point in the samples
from the hemin-pretreated cells. Moreover, the protections,
now also observed at site 1, persist through 180 min of heat
shock in samples from the hemin-pretreated cells, which is
consistent with the slower attenuation of hsp70 transcription in
these cells (Fig. 6A). Thus, the synergistic induction of hsp70
transcription during combined treatment of hemin and heat
shock is correlated with alterations in the DNA-binding pat-
tern.
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FIG. 6. Transcriptional activation of heat shock genes after exposure to hemin treatment, heat shock, or combined treatment of hemin and heat

shock. (A) Nuclear run-on analysis of hsp70, hsp90/89a, grp78/BiP, hsc7O/p72, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), HSF2, and
HSF1 gene transcription prior to (lane C) and 20 h after addition of hemin (lane 0) and/or exposure to 42°C for the indicated times. (B)
Quantitative comparison of hsp7o gene transcription in hemin-treated heat-shocked cells and cells that were exposed to heat shock alone. The
intensities of hybridization signals were determined by using a Molecular Dynamics 400A Phosphorlmager, and the values for the fold induction
of hsp7o gene transcription were normalized to the hsp7O transcription level in untreated cells (value set equal to 1).
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FIG. 7. In vivo footprinting of the human hsp70 promoter showing methylation patterns of the guanine (G) residues within the HSE regions
for the coding (A) and noncoding (B) strands. Genomic DNA was analyzed from untreated control cells (lanes 0/ - ) and from cells that were either
hemin treated for 20 h (lanes 0/+), heat shocked for the indicated times (lanes -), or hemin pretreated for 20 h and then exposed to heat shock
for the indicated times (lanes +). Prior to DNA purification, the cells were treated with dimethyl sulfoxide in vivo except the naked DNA (N),
which was treated with dimethyl sulfoxide in vitro. The sequences of the HSF-binding sites in the proximal HSE regions (around - 100) are

indicated and numbered to the left of each gel. Arrows indicate the G residues that are protected from methylation, and stars indicate the G
residues that are hypersensitive to methylation.

DISCUSSION
One of the most important questions regarding the regula-

tion of heat shock gene expression is the nature of the
molecular mechanisms by which HSFs are converted to their
active, DNA-binding forms capable of inducing heat shock
gene transcription. In human cells two HSFs, HSF1 and HSF2,
which bind to the same DNA recognition sequence have been
identified. However, these factors are activated by distinct
stimuli; HSF1 is responsive to classical stress signals, such as

heat, heavy metals, and oxidative reagents, whereas HSF2 is
activated during hemin-mediated differentiation of human
K562 cells (9, 36, 39, 48). To elucidate the underlying mecha-
nistic basis for the activation of these factors, we examined a
number of biochemical and physical properties of both inactive
and active forms of human HSF1 and HSF2. Among our

findings, two observations stand out. First, our results demon-
strate that the inactive, non-DNA-binding forms of HSF1 and
HSF2 are distinct in their oligomeric states; the control form of
HSF2 is dimeric, whereas the control form of HSF1 is mono-
meric. Second, HSF1 and HSF2 can be activated simulta-
neously in K562 cells, which results in a synergistic induction of
heat shock gene transcription.

Native size of control HSF2. Using several methods, we

show that HSF2 exists primarily as a dimer in untreated K562
cells. However, our results do not reveal whether HSF2 exists
as a homodimer or a heterodimer. Determination of the
precise nature of the HSF2 control form will be important for
understanding the mechanism by which HSF2 is negatively
regulated and kept in the inactive state under normal growth
conditions. Nevertheless, the finding that HSF2 exists as a

dimer in the cytoplasm of untreated cells, whereas the control
form of HSF1 is monomeric, indicates that these two factors
are kept in the inactive state by distinct mechanisms. Rabind-
ran et al. (36) have recently identified sequences in HSF1
which are involved in the maintenance of this factor in the
inactive, monomeric state. According to their model, a carbox-
yl-terminal leucine zipper associates with leucine zippers lo-
cated in the amino-terminal region, which have been shown
previously to function in the oligomerization of HSF to form
trimers (33, 50). These intramolecular interactions are thought
to mask the amino-terminal leucine zippers and suppress the
trimerization of HSF1 which accompanies acquisition of DNA-
binding activity (see below).

In contrast to HSF1, our results support a model for
regulation of HSF2 activity in which this factor is maintained in
the inactive, dimeric state by intermolecular interactions be-
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tween two HSF2 molecules or between HSF2 and another, as
yet unidentified molecule. Our attempts to examine the iden-
tity of the proteins in the HSF2 native complex by using
immunoprecipitation techniques have so far been unsuccess-
ful, presumably because of the low synthesis rate of this
protein. The 140-kDa cross-linked size of control HSF2,
coupled with the 70-kDa size of the un-cross-linked HSF2
protein, indicates that the protein associated with HSF2 has a
size of 70 kDa. The fact that HSF2 and HSF1 share significant
homology in their oligomerization domains and that HSF1 has
a size of 70 kDa suggested the possibility that HSF1 and HSF2
form heterodimers. However, the chromatographic elution
profiles of the control forms of HSF1 and HSF2 do not entirely
overlap, and HSF1 elutes with a single well-defined peak (Fig.
1), making it unlikely that HSF1 is associated with HSF2.
Moreover, chemical cross-linking of HSF1 from untreated cells
does not show any cross-linked products, indicating that the
inactive HSF1 exists as a monomer (Fig. 2). Determination of
the precise composition of the HSF2 dimer will require
characterization of HSF2 purified from untreated K562 cells.
Although both HSF1 and HSF2 are negatively regulated

under normal growth conditions, the underlying mechanisms
controlling the negative regulation of each factor must be
distinct. A number of recent observations reveal some of the
interesting features and problems in understanding the basis
for this negative regulation. Overexpression of genes encoding
either HSF1 or HSF2 in NIH 3T3 cells results in the sponta-
neous trimerization and activation of these factors as measured
by DNA-binding activity (39). Since HSF2 DNA-binding ac-
tivity is normally negatively regulated, we interpret our studies
to indicate that the expression of higher levels of HSF2 is by
itself sufficient to lead to its activation (or trimerization).
Consistent with these observations, the expression of HSF1
and HSF2 in bacterial cells results in high levels of the
functional trimeric states of each factor (20, 35, 44). Even when
translated in reticulocyte lysates, HSF2 exhibits constitutive
DNA-binding activity whereas the DNA-binding activity of
HSF1 is inducibly regulated (30, 41). HSF1 exists as a mono-
mer, yet HSF1 DNA-binding activity appears to be negatively
regulated by heat shock proteins in vitro, perhaps through
transient interactions (1). In addition, hsp70 has been shown to
associate with activated HSF1 trimers, suggesting a further role
for hsp70 in attenuation of the heat shock response (1, 10).
The native dimeric form of control HSF2 is reminiscent of

another, well-studied transcription factor, NF-KB, which exists
in the inactive form as a complex with an inhibitory protein,
IKB, localized in the cytoplasm (8). Activation of NF-KB in
response to extracellular signals, such as phorbol esters, in-
flammatory cytokines, UV light, and viral and bacterial pro-
teins, involves disruption of the IKB-NF-KB complex, translo-
cation of the NF-KB heterodimer composed of p50 and p65
subunits into the nucleus, and acquisition of DNA-binding
activity (for reviews, see references 7 and 43). Another exam-
ple of inhibitory mechanisms of transcriptional activators is
provided by regulation of AP-1 activity. AP-1 is a leucine
zipper protein whose constituents belong to the Jun and Fos
protein families (for a review, see reference 6). The Fos
proteins form heterodimers with the various Jun proteins,
which are more stable than Jun homodimers and therefore
exhibit higher DNA-binding activity. Deng and Karin (14) have
recently shown that JunB can interact with c-Jun to form
heterodimers, and in the absence of c-Fos, JunB acts as a
repressor of AP-1 activity by attenuating transactivation of
c-Jun.
Comparison of the activated forms of HSF1 and HSF2.

Activation of HSF1 and that of HSF2 share several features,

including oligomerization to trimeric forms concomitant with
acquisition of the DNA-binding activity and nuclear localiza-
tion. The fact that HSF1 and HSF2 share these properties is
not surprising in view of the high degree of homology between
the DNA-binding and oligomerization domains of these fac-
tors (30, 35, 41, 42). However, despite these similarities, there
are important differences in the activation pathways of these
two factors. The most fundamental difference is that HSF1 and
HSF2 respond to distinct physiological signals, i.e., heat and
hemin treatment, respectively. Other differences include dis-
tinct native sizes of the control forms and the fact that HSF2,
unlike HSF1, does not undergo a similar change in phosphor-
ylation which is readily detected by a change in the electro-
phoretic mobility of HSF1.
The current model for regulation of HSF1 trimerization is

based on the role of carboxyl-terminal leucine zipper in
suppressing the function of the oligomerization domain by
means of intramolecular coiled-coil interactions that are sen-
sitive to heat shock (36). Since inactive HSF2 exists primarily
as a dimer, formation of HSF2 trimers in hemin-treated K562
cells is most probably regulated by a different mechanism. We
propose three different possibilities for the way in which an
inactive HSF2 dimer could be converted to the active trimer.
The first possibility assumes that the HSF2 dimer is a ho-
modimer and that the trimer is formed by simply adding a
monomeric HSF2 subunit to the dimeric complex. Our chro-
matography results demonstrating the existence of monomeric
forms of HSF2 in extracts from untreated K562 cells are
consistent with this possibility (Fig. 1A, left panel, fractions 11
and 12). According to this model, it is likely that the molecular
conformation of the dimer undergoes a change prior to
association with an HSF2 monomer. Otherwise, if the preex-
isting dimers were able to associate with monomers without
any conformational change, one would expect that the HSF2
dimers could undergo trimerization spontaneously in the ab-
sence of activating signals. However, our hydrodynamic studies
reveal that the axial ratios of dimeric and trimeric HSF2 are
quite similar, indicating that no dramatic conformational
change occurs during the dimer-to-trimer transition, which
makes this possibility less likely. The second possibility is that
upon activation the HSF2 homodimer dissociates and the new
pool of monomeric subunits associate to form trimers in a
fashion similar to that suggested for HSF1 (36). The third
alternative is based on an assumption that the HSF2 dimer is
a heterodimer composed of HSF2 in association with an
inhibitory protein. On activation the inhibitory molecule dis-
sociates from the complex and releases the HSF2 monomer to
interact with other HSF2 monomers, leading to formation of
active trimeric complexes. To distinguish between these possi-
bilities, we will need to characterize the dimeric and trimeric
forms of HSF2 purified from untreated and hemin-treated
K562 cells, respectively.

Sequestration of transcription factors in the cytoplasm of
control cells followed by nuclear translocation on activation
provides a control mechanism of transcription factor activity in
eukaryotic cells. One of the best examples of this kind of
regulation is the Rel-related family of transcription factors,
which includes NF-KB, c-Rel, RelB and Drosophila dorsal (for
a review, see reference 43). The inactive forms of these
proteins are held in the cytoplasm, and in response to an
exogenous stimulus they are activated and translocated into
the nucleus. As mentioned above, NF-KB is retained in the
cytoplasm in an inactive complex with the inhibitory protein
IKB and cannot bind DNA. In response to various stimuli, IKB
is phosphorylated and dissociated from NF-KB, and subse-
quently NF-KB DNA-binding activity is detected in the nu-
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cleus. Recent studies indicate that the precursor for the p50
NF-KB subunit exhibits IKB-like activity by intramolecular
masking of the nuclear localization signal (NLS) and dimer-
ization domain of NF-KB (17, 37; for a review, see reference
13). An example of regulation of transactivation by intermo-
lecular masking of NLS is provided by glucocorticoid receptor.
The NLSs within the glucocorticoid receptor are nonfunctional
in the absence of the activating hormone, because they are
masked by the heat shock protein hsp9O (34, 38; for a review,
see reference 47). Both HSF1 and HSF2 exist in the cytoplasm
of untreated cells and, on activation, are translocated into the
nucleus, where they bind to DNA, but the mechanism for
nuclear translocation of these factors is unknown. Recently,
Sheldon and Kingston (45) have demonstrated putative NLSs
that are necessary for nuclear transport of HSF2 following
activation and sequences within the amino-terminal leucine
zippers that are required for cytoplasmic retention of the
inactive HSF2. Since transfection of epitope-tagged HSF2
constructs was used for their study, it remains to be shown
whether these sequences are functional in the activation
process of endogeneous human HSF2. However, the model
proposed in their work assumes that the control form of HSF2
is monomeric, similar to HSF1, and that the oligomerization
domains are occupied through intramolecular interaction sim-
ilar to that proposed for HSF1. Our results reveal, however,
that HSF2 exists as a dimer in the control state, suggesting that
the oligomerization domains may instead be shielded by
intermolecular interactions. Future studies are needed to
elucidate the mechanism by which the inactive form of HSF2 is
held in the cytoplasm and translocated into the nucleus on
exposure to the activation signal.
Our experiments demonstrate that the levels of HSF2

protein increase during hemin treatment, while HSF1 levels
are unaffected by heat shock, indicating that HSF2 activity may
be controlled at yet another level in hemin-treated K562 cells.
The levels of AP-1, a heterodimer of the Fos and Jun proteins,
increase in response to various growth-promoting stimuli as a
result of increased transcription of fos and jun genes (for a
review, see reference 19). In contrast, the increase in HSF2
protein levels is not correlated with induction of HSF2 gene
transcription. Furthermore, HSF2 mRNA levels are not in-
creased during hemin treatment, suggesting that the increase
in HSF2 levels is regulated at the level of protein synthesis or
stability or both. Interestingly, increases in HSF2 protein levels
are observed primarily in the nuclear fraction, whereas the
amount of cytoplasmic HSF2 remains nearly constant. We
show also that only the HSF2 localized in the nucleus exhibits
DNA-binding activity and exists in the trimeric state. These
results, together with our previous studies showing that over-
expression of HSF2 in transfected culture cells leads to con-
stitutive DNA-binding activity (39), raise the possibility that
the increase in HSF2 levels is a contributing factor in the HSF2
activation process.

Coactivation of HSF1 and HSF2 results in synergistic
induction of hsp7O gene transcription. The fact that HSF1 and
HSF2 can be activated in the same cells by distinct stimuli, i.e.,
when K562 cells are exposed to either heat shock or hemin,
respectively, offers a unique model system in which the activa-
tion pathways of these two factors in the same cell type can be
studied in vivo. Using this model system, we have demon-
strated that HSF1 and HSF2 can be activated simultaneously
and that this coactivation results in a synergistic induction of
hsp70 gene transcription. These results reveal yet another level
of complex regulation of heat shock gene expression and
suggest that HSF1 and HSF2 can act together to induce
transcription from the hsp70 gene promoter.

The in vivo footprinting of the HSE of the human hsp70
promoter shows that HSF1 and HSF2 interact with DNA with
a slightly different pattern. The most striking difference is the
lack of protection of site 1 of the proximal HSE in hemin-
treated cells, whereas in heat-shocked cells all NGAAN sites
within the proximal and distal HSEs are occupied. These
results are consistent with results of in vitro DNase I footprint-
ing analysis in which purified mouse HSF1 and HSF2 proteins
were used and suggest that HSF1 and HSF2 have different
affinities for the NGAAN repeats within the HSE of hsp70
promoter (20). Interestingly, HSF2 appears to be a weaker
transcriptional activator both in vivo and in vitro (20, 48).
Analysis of in vivo footprints from cells that were exposed to
the combined treatment of hemin and heat shock reveals that
the HSF-HSE interactions in these cells are modulated relative
to the patterns found in cells exposed to either heat shock or
hemin treatment. The pattern of the in vivo footprint in
hemin-treated heat-shocked cells mimics that of HSF1 from
cells exposed to heat shock alone, suggesting that the HSF2
bound to the HSEs of hemin-treated cells may be replaced by
HSF1. However, the increased intensity and persistence of
protections of the consensus G residues over long periods of
heat shock indicate that the HSEs may be occupied by both
HSF1 and HSF2 or by another, as yet unidentified factor. One
possible explanation of the synergistic induction of hsp70 gene
transcription is that HSF1 and HSF2 trimers simultaneously
occupy the hsp70 promoter, in contrast to the situation in
heat-shocked or hemin-treated cells in which the hsp7O pro-
moter is occupied by two trimers of either HSF1 or HSF2,
respectively (2, 20, 32, 48, 60). Alternatively, HSF1 and HSF2
subunits may associate to form mixed trimers with enhanced
transcriptional properties relative to pure HSF1 or HSF2
trimers. A third possibility is that another, as yet unidentified
factor interacts with either HSF1 or HSF2 trimers and modu-
lates their transcriptional abilities.
The finding that HSF1 and HSF2 are each activated by

distinct signals offers a rationale for the existence of a family of
HSF proteins. Different HSFs allow cells to regulate heat
shock gene expression not only in response to classical stress
inducers but also under nonstress conditions. Although we do
not yet know whether HSF2 activation during hemin treatment
of K562 cells is directly involved in the differentiation process
of these cells, HSF2 DNA-binding activity has recently been
observed in a number of other biological systems, such as in
certain mouse embryonic carcinoma cell lines and during
spermatogenesis (29, 40). Interestingly, the common thread in
all of these observations is that the cells exhibiting HSF2
DNA-binding activity are undergoing or are capable of under-
going differentiation, supporting the hypothesis that HSF2 is
indeed involved in transcriptional regulation of heat shock
genes or other genes during the process of differentiation or
development. One of the surprising results of this study is that
the distinct pathways of heat shock gene regulation can
operate independently of each other, so that regulation of gene
expression by HSF2 in a certain cell would not interfere with
the ability of this cell to mount a heat shock response via
activation of HSF1, which is critical for the ability of cells to
survive physiological stress. A fundamental future goal is to
determine the mechanistic features of these distinct regulatory
pathways and to better understand their complementary roles
in the regulation of heat shock gene expression.

ACKNOWLEDGMENTS

We thank Brian C. Freeman for advice on gel filtration chromatog-
raphy, Paul E. Kroeger for valuable suggestions and comments, Shawn

VOL. 14, 1994



2098 SISTONEN ET AL.

P. Murphy and Jonathan Widom for critically reviewing the manu-
script, and Sue Fox for excellent photography.

This work was supported by fellowships from the Fogarty Interna-
tional Foundation and the Academy of Finland to L.S., an Individual
National Research Service award to K.D.S., and grants from the
National Institutes of Health and March of Dimes Foundation to
R.I.M.

REFERENCES

1. Abravaya, K., M. P. Myers, S. P. Murphy, and R. I. Morimoto.
1992. The human heat shock protein hsp70 interacts with HSF, the
transcription factor that regulates heat shock gene expression.
Genes Dev. 6:1153-1164.

2. Abravaya, K., B. Phillips, and R. I. Morimoto. 1991. Heat shock-
induced interactions of heat shock transcription factor and the
human hsp70 promoter examined by in vivo footprinting. Mol.
Cell. Biol. 11:586-592.

3. Abravaya, K., B. Phillips, and R. I. Morimoto. 1991. Attenuation
of the heat shock response in HeLa cells is mediated by the release
of bound heat shock transcription factor and is modulated by
changes in growth and in heat shock temperatures. Genes Dev.
5:2117-2127.

4. Agoff, S. N., J. Hou, D. I. Linzer, and B. Wu. 1993. Regulation of
the human hsp70 promoter by p53. Science 259:84-87.

5. Amin, J., J. Ananthan, and R. Voellmy. 1988. Key features of heat
shock regulatory elements. Mol. Cell. Biol. 8:3761-3769.

6. Angel, P., and M. Karin. 1991. The role of Jun, Fos and the AP-1
complex in cell-proliferation and transformation. Biochim. Bio-
phys. Acta 1072:129-157.

7. Baeuerle, P. A. 1991. The inducible transcription activator NF-KB:
regulation by distinct protein subunits. Biochim. Biophys. Acta
1072:63-80.

8. Baeuerle, P. A., and D. Baltimore. 1988. IKB: a specific inhibitor of
the NF-KB transcription factor. Science 242:540-546.

9. Baler, R., G. Dahl, and R. Voellmy. 1993. Activation of human
heat shock genes is accompanied by oligomerization, modification,
and rapid translocation of heat shock transcription factor HSF1.
Mol. Cell. Biol. 13:2486-2496.

10. Baler, R., W. J. Welch, and R. Voellmy. 1992. Heat shock gene
regulation by nascent polypeptides and denatured proteins: hsp70
as a potential autoregulatory factor. J. Cell Biol. 117:1151-1159.

11. Banerji, S. S., N. G. Theodorakis, and R. I. Morimoto. 1984. Heat
shock-induced translational control of HSP70 and globin synthesis
in chicken reticulocytes. Mol. Cell. Biol. 4:2437-2448.

12. Becker, P. B., and G. Schutz. 1988. Genomic footprinting, p. 1-19.
In J. K Setlow (ed.), Genetic engineering, principles and methods.
Plenum Press, New York.

13. Blank, V., P. Kourilsky, and A. Israel. 1992. NF-kB and related
proteins: Rel/dorsal homologies meet ankyrin-like repeats. Trends
Biochem. Sci. 17:135-140.

14. Deng, T., and M. Karin. 1993. JunB differs from c-Jun in its
DNA-binding and dimerization domains, and represses c-Jun by
formation of inactive heterodimers. Genes Dev. 7:479-490.

15. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate
transcription initiation by RNA polymerase II in a soluble extract
from isolated mammalian nuclei. Nucleic Acids Res. 11:1475-
1489.

16. Fort, P., L. Marty, M. Piechaczyk, S. El Sabrouty, C. Dani, P.
Jeanteur, and J. M. Blanchard. 1985. Various rat adult tissues
express only one major mRNA species from the glyceraldehyde-
3-phosphate dehydrogenase multigenic family. Nucleic Acids Res.
13:1431-1442.

17. Henkel, T., U. Zabel, K. van Zee, J. M. Muller, E. Fanning, and
P. A. Baeuerle. 1992. Intramolecular masking of the nuclear
location signal and dimerization domain in the precursor for the
p50 NF-KB subunit. Cell 68:1121-1133.

18. Hickey, E., S. E. Brandon, G. Smale, D. Lloyd, and L. A. Weber.
1989. Sequence and regulation of a gene encoding a human
89-kilodalton heat shock protein. Mol. Cell. Biol. 9:2615-2626.

19. Karin, M. 1991. Signal transduction and gene control. Curr. Opin.
Cell Biol. 3:467-473.

20. Kroeger, P. E., K. D. Sarge, and R. I. Morimoto. 1993. Mouse heat

shock transcription factors 1 and 2 prefer a trimeric binding site
but interact differently with the HSP70 heat shock element. Mol.
Cell. Biol. 13:3370-3383.

21. Lis, J. T., and C. Wu. 1993. Protein traffic on the heat shock
promoter: parking, stalling, and trucking along. Cell 74:1-4.

22. Lozzio, C. B., and B. B. Lozzio. 1975. Human chronic myelogenous
leukemia cell line with positive Philadelphia chromosome. Blood
45:321-324.

23. Morgan, W. D., G. T. Williams, R. I. Morimoto, J. Greene, R. E.
Kingston, and R. Tjian. 1987. Two transcriptional activators,
CCAAT-box-binding transcription factor and heat shock tran-
scription factor, interact with a human hsp70 gene promoter. Mol.
Cell. Biol. 7:1129-1138.

24. Morimoto, R. I. 1993. Cells in stress: transcriptional activation of
heat shock genes. Science 259:1409-1410.

25. Morimoto, R. I., K. D. Sarge, and K. Abravaya. 1992. Transcrip-
tional regulation of heat shock genes: a paradigm for inducible
genomic responses. J. Biol. Chem. 267:21987-21990.

26. Morimoto, R. I., A. Tissieres, and C. Georgopoulos. 1990. The
stress response, functions of the proteins, and perspectives, p.
1-36. In R. I. Morimoto, A. Tissieres, and C. Georgopoulos (ed.),
Stress proteins in biology and medicine. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

27. Mosser, D. D., N. G. Theodorakis, and R. I. Morimoto. 1988.
Coordinate changes in heat shock element-binding activity and
hsp70 gene transcription rates in human cells. Mol. Cell. Biol.
8:4736-4744.

28. Mueller, P. R., and B. Wold. 1989. In vivo footprinting of a muscle
specific enhancer by ligation mediated PCR. Science 246:780-786.

29. Murphy, S. P., K. D. Sarge, and B. Phillips. Unpublished data.
30. Nakai, A., and R. I. Morimoto. 1993. Characterization of a novel

chicken heat shock transcription factor, heat shock factor 3,
suggests a new regulatory pathway. Mol. Cell. Biol. 13:1983-1997.

31. Pelham, H. R. B. 1982. A regulatory upstream promoter element
in the Drosophila hsp7o heat shock gene. Cell 30:517-528.

32. Perisic, O., H. Xiao, and J. T. Lis. 1989. Stable binding of
Drosophila heat shock factor to head-to-head and tail-to-tail
repeats of a conserved 5 bp recognition unit. Cell 59:797-806.

33. Peteranderl, R., and H. C. M. Nelson. 1992. Trimerization of the
heat shock transcription factor by a triple-stranded ot-helical
coiled-coil. Biochemistry 31:12272-12276.

34. Picard, D., and K. R. Yamamoto. 1987. Two signals mediate
hormone-dependent nuclear localization of the glucocorticoid
receptor. EMBO J. 6:3333-3340.

35. Rabindran, S. K., G. Giorgi, J. Clos, and C. Wu. 1991. Molecular
cloning and expression of a human heat shock factor, HSF1. Proc.
Natl. Acad. Sci. USA 88:6906-6910.

36. Rabindran, S. K., R. I. Haroun, J. Clos, J. Wisniewski, and C. Wu.
1993. Regulation of heat shock factor trimer formation: role of a
conserved leucine zipper. Science 259:230-234.

37. Rice, N. R., M. L. MacKichan, and A. Israel. 1992. The precursor
of NF-KB p50 has IKB-like functions. Cell 71:243-253.

38. Sanchez, E. R., D. 0. Toft, M. J. Schlesinger, and W. B. Pratt.
1985. The 90 kD non-steroid-binding phosphoprotein that binds to
the untransformed glucocorticoid receptor in molybdate-stabilized
L-cell cytosol is the murine 90 kD heat shock protein. J. Biol.
Chem. 260:12398-12401.

39. Sarge, K. D., S. P. Murphy, and R. L. Morimoto. 1993. Activation
of heat shock gene transcription by heat shock factor 1 involves
oligomerization, acquisition of DNA-binding activity, and nuclear
localization and can occur in the absence of stress. Mol. Cell. Biol.
13:1392-1407.

40. Sarge, K. D., O.-K. Park-Sarge, J. D. Kirby, K. E. Mayo, and R. I.
Morimoto. Unpublished data.

41. Sarge, K. D., V. Zimarino, K. Holm, C. Wu, and R. I. Morimoto.
1991. Cloning and characterization of two mouse heat shock
factors with distinct inducible and constitutive DNA-binding abil-
ity. Genes Dev. 5:1902-1911.

42. Scharf, K.-D., S. Rose, W. Zott, F. Schoff, and L. Nover. 1990.
Three tomato genes code for heat stress transcription factors with
a remarkable degree of homology to the DNA-binding domain of
the yeast HSF. EMBO J. 9:4495-4501.

43. Schmitz, M. L., T. Henkel, and P. A. Baeuerle. 1991. Proteins

MOL. CELL. BIOL.



COACTIVATION OF HUMAN HSF1 AND HSF2 2099

controlling the nuclear uptake of NF-KB, Rel and dorsal. Trends
Cell Biol. 1:130-137.

44. Schuetz, T. J., G. J. Gallo, L. Sheldon, P. Tempst, and R. E.
Kingston. 1991. Isolation of a cDNA for HSF2: evidence for two
heat shock factor genes in humans. Proc. Natl. Acad. Sci. USA
88:6911-6915.

45. Sheldon, L., and R. E. Kingston. 1993. Hydrophobic coiled-coil
domains regulate the subcellular localization of human heat shock
factor 2. Genes Dev. 7:1549-1558.

46. Siegel, L. M., and K. J. Monty. 1966. Determination of molecular
weights and frictional ratios of proteins in impure systems by the
use of gel filtration and density gradient centrifugation: applica-
tion to crude preparations of sulfite and hydroxylamine reductases.
Biochim. Biophys. Acta 112:346-362.

47. Silver, P. A. 1991. How proteins enter the nucleus. Cell 64:489-
497.

48. Sistonen, L., K. D. Sarge, K. Abravaya, B. Phillips, and R. I.
Morimoto. 1992. Activation of heat shock factor 2 (HSF2) during
hemin-induced differentiation of human erythroleukemia cells.
Mol. Cell. Biol. 12:4104-4111.

49. Sorger, P. K. 1991. Heat shock factor and the heat shock response.
Cell 65:363-366.

50. Sorger, P. K., and H. C. M. Nelson. 1989. Trimerization of a yeast
transcriptional activator via a coiled-coil motif. Cell 59:807-813.

51. Taylor, I. C. A., and R. E. Kingston. 1990. Ela transactivation of
human HSP70 gene promoter substitution mutants is independent
of the composition of upstream and TATA elements. Mol. Cell.
Biol. 10:176-183.

52. Theodorakis, N. G., D. J. Zand, P. T. Kotzbauer, G. T. Williams,

and R. I. Morimoto. 1989. Hemin-induced transcriptional activa-
tion of the HSP70 gene during erythroid maturation in K562 cells
is due to a heat shock factor-mediated stress response. Mol. Cell.
Biol. 9:3166-3173.

53. Ting, J., and A. S. Lee. 1988. Human gene encoding the 78,000-
dalton glucose-regulated protein and its pseudogene: structure,
conservation, and regulation. DNA 7:275-286.

54. Watowich, S. S. 1990. Ph.D. thesis. Northwestern University,
Evanston, Ill.

55. Westwood, J. T., and C. Wu. 1993. Activation of Drosophila heat
shock factor: conformational change associated with a monomer-
to-trimer transition. Mol. Cell. Biol. 13:3481-3486.

56. Williams, G. T., T. K. McClanahan, and R. I. Morimoto. 1989. E1 a
transactivation of the human HSP70 promoter is mediated
through the basal transcriptional complex. Mol. Cell. Biol. 9:2574-
2587.

57. Wu, B., C. Hunt, and R. I. Morimoto. 1985. Structure and
expression of the human gene encoding major heat shock protein
HSP70. Mol. Cell. Biol. 5:330-341.

58. Wu, B., and R. I. Morimoto. 1985. Transcription of the human
hsp7o gene is induced by serum stimulation. Proc. Natl. Acad. Sci.
USA 82:6070-6074.

59. Xiao, H., and J. T. Lis. 1988. Germline transformation used to
define key features of the heat shock response element. Science
239:1139-1142.

60. Xiao, H., 0. Perisic, and J. T. Lis. 1991. Cooperative binding of
Drosophila heat shock factor to arrays of a conserved 5 bp unit.
Cell 64:585-593.

VOL. 14, 1994


