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Heat Shock Factor 2 Is Involved in the Upregulation of aB-Crystallin
by High Extracellular Potassium1
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aB-Crystallin, a member of the small heat shock protein (HSP) family, accumulates in
reactive astrocytes in a variety of pathological conditions. We previously reported the
upregulation of aB-crystaUin in response to high extracellular potassium concentration.
In the present study, we investigated the regulatory mechanism of aB-crystallin expres-
sion by KC1. When human glioma U-251MG cells were exposed to continuous KC1 treat-
ment, induction of aB-crystallin mRNA was observed after 8 h and persisted for a few
days. Functional promoter analysis using deletion and mutation constructs revealed
that the proximal heat shock element (HSE-P), which contributes to heat shock induc-
tion in HeLa cells, is essential for transcriptional activation of the aB-crystallin gene by
KC1 in U-251MG cells. Gel mobility shift and antibody supershift assays showed that KC1
induces the HSE-binding activity of heat shock factor (HSF) 2, while heat shock induces
that of HSF1. This is the first demonstration that HSF2 can be activated by KC1 and is
involved in the upregulation of aB-crystallin gene expression in glial cells.

Key words: aB-crystallin, glioma cells, heat shock factor (HSF), potassium ion (K+), stress
response.

aB-Crystallin is a member of the small heat shock protein
(HSP) family, which includes hsp27, aA-crystallin, HSPB2/
MKBP (1, 2), HSPB3/HSPL27 (3), P20/hsp20 (4), and
cvHSP/HSPB7 (5) in mammals, and which possesses mole-
cular chaperone activity (reviewed in Ref. 6). Several lines
of evidence suggest that aB-crystallin binds to the cytoskel-
eton and modulates remodeling of the cytoskeletal network
(7-10). Under non-stress conditions, aB-crystallin is ex-
pressed in various tissues, such as the eye lens, heart, skel-
etal muscle, kidney, lung, brain, and placenta (11-14). In
the brain, aB-crystallin is preferentially expressed in glial
cells, mainly in oligodendrocytes and a few astrocytes, but
not in neurons (12). Although the level of expression in the
normal brain is low, aB-crystallin accumulates in reactive
astrocytes under various pathological conditions, such as
Alexander's disease, Parkinson's disease, Huntington's dis-
ease, Alzheimer's disease, Creutzfeldt-Jakob disease, and
Lewy Body disease (11, 15-18), and in astrocytoma cells
(19). It is likely that the induction of aB-crystallin is a com-
mon process in response to pathological stresses, which
have yet to be identified, in the brain.

In cultured cells, aB-crystallin expression is induced by a
variety of stimuli, including heat shock, KC1, oxidative
stress, hypertonic stress, sodium arsenite, tumor necrosis
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factor a, and dexamethasone (20—24). Overexpression of
aB-crystallin supports the survival of cells challenged with
thermal and hypertonic stresses (25, 26). We have previ-
ously shown that treatment of rat C6 glioma cells with a
culture medium containing elevated potassium ions (K+)
increased aB-crystallin mRNA (21). Treatment of C6 cells
with extremely augmented K+ in the culture medium re-
sulted in the cell death. However, an overexpression of aB-
crystallin in C6 cells conferred a resistant phenotype
against the insult by elevated extracellular K+ (21).

Maintenance of the ionic composition of the neuronal
intracellular and extracellular fluids is crucial to normal
brain function. Extracellular K+ concentration has been
reported to increase under pathological conditions. For ex-
ample, during cerebral ischemia, increases in extracellular
K+ concentration to 30-80 mM have been observed (27).
Astrocytes accumulate much more K+ than neurons at the
same extracellular K+ concentration (28). Astrocytes are
also more efficient than neurons in regulating the intracel-
lular fluid volume and pH when exposed to an unfavorable
environment such as increased K+ concentration, suggest-
ing that astrocytes have specific properties that allow them
to respond to K+ treatment.

Stress-induced transcription requires activation of the
heat shock factor (HSF) that binds to the heat shock ele-
ment (HSE), which is characterized by multiple adjacent
and inverse iterations of the pentanucleotide motif 5'-
nGAAn-3' (29-31). In the 5'-flanking region of the aB-crys-
tallin gene, two putative HSEs occur, the proximal and the
distal. A DNA fragment of 711 bp between -666 and +45 of
the mouse aB-crystallin gene, containing both HSEs, is
heat shock responsive (20). Furthermore, gel mobility shift
assays have revealed that both HSEs can bind to HSF1
that has been activated by cadmium treatment (32). How-
ever, it has not been determined whether HSF1 binding to
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these HSEs, as demonstrated by gel mobility shift assays,
is actually the functional determinant of the increased
transcription of aB-crystallin in response to heat shock.
Moreover, the regulatory mechanism of aB-crystallin induc-
tion in response to other stimuli, such as K+, is unknown.

To determine the regulatory regions of the aB-crystallin
gene involved in heat shock and KC1 induction in cultured
cells, we generated reporter constructs containing a series
of 5'-truncated forms and mutations at HSEs of the aB-
crystallin promoter. Transient transfection experiments
revealed that the same HSE mediates transcriptional acti-
vation of the aB-crystallin gene by heat shock in HeLa cells
and by KC1 in U-251MG cells. Intriguingly, gel mobility
shift experiments provide evidence that the HSE binds to
HSF1 upon heat shock and HSF2 upon KC1 induction in U-
25 IMG.

EXPERIMENTAL PROCEDURES

Materials—Rabbit anti-human HSF1 (aHSFl-y), anti-
human HSF2 (aHSF2S), and anti-mouse HSF4 (aHSF4t)
antisera were generous gifts from Dr. Akira Nakai (Yama-
guchi University) (33,34).

Culture and Treatment of Cells—U-251MG and HeLa
cells were grown in Dulbecco's modified Eagle's medium
(Nissui), containing 10% fetal bovine serum, 1 mM glu-
tamine, and penicillin-streptomycin. Cells were exposed
transiently to heat shock (HS) by immersion in a 44°C
water bath, followed by recovery at 37°C for specified peri-
ods until harvest. Alternatively, cells were exposed continu-
ously to a medium containing an additional 60 mM or 80
mM KC1 until harvest.

Northern Blot Analysis—Northern blotting was perform-
ed as previously described (35). A human aB-crystallin
cDNA probe was obtained as a 0.4-kb insert from pRFl
(11). Human hsp27 and hsp70 probes were obtained from
StressGen. Probe DNA was labeled with [a-32P]dCTP using
the Megaprime DNA labeling system (Amersham). Hybrid-
ization was performed with a 32P-labeled probe in Church
solution (36) overnight at 65°C. Autoradiography was car-
ried out at -70°C using Fuji RX film with an intensifying
screen. The intensity of the hybridization signals was mea-
sured with a BAS2000 image analyzer (Fuji).

Plasmid Construction—The human aB-crystallin pro-
moter was fused to the chloramphenicol acetyltransferase
(CAT) reporter gene to generate a series of pHXCAT plas-
mids (see Fig. 3). The construction of deletion mutants is
described elsewhere (Nagano, T. et al., in preparation). The
introduction of mutations into HSEs was achieved using
PCR as follows. To prepare pHXCAT14-Pm, two DNA frag-
ments were first generated by PCR with two sets of prim-
ers, HSEPml (5'-CCATAGCACTAGCTTGACAAGACTGC-
ATATATAAGG-3': -55/-20, Atfindlll) and U (5'-AAATCT-
AGATGAGTGTGAGGGGTCA-3'), and HSEPm2 (5'-CTTG-
TCAAGCTAGTGCTATGGTGATGTCAGGGGTTT-3': -35/-
70, AHmdlH) and Reverse (5'-GAGCGGATAACAATTTCA-
CACAGG-3'), using pHXCAT14 as a template. The sites of
mutations are underlined. Next, the two fragments were
annealed, extended by mutually primed synthesis, and am-
plified by PCR using primers U and Reverse. The amplified
fragment was digested with HmdIII and Xbal, then ligated
into pHXCAT14 digested with HindlU and Xbal.
pHXCAT12-Pm, pHXCATl2-Dm, and pHXCAT12-DmPm

were prepared in a similar manner. The introduction of
mutations at the proximal and distal HSEs resulted in dis-
ruption of the —42 ifmdIII and —418 Blnl sites, respectively.
All mutations were confirmed by sequencing.

Transfection and Reporter Analysis—Approximately 24 h
before transfection, cells were plated at 0.5-1.0 x 106 per
dish (diameter 60 mm). Transfection was performed with
the TransIT™-100 reagent (2 u.l) and 1 ag of plasmid DNA
according to the protocol of the manufacturer (PanVera).
After 3 h, the medium was replaced with complete growth
medium. After incubation at 37°C for 2 h, cells were
exposed to the stress stimulus. The cells were incubated at
37°C for 24-48 h before harvest, collected by brief centrifu-
gation, and resuspended in 100 \il of 250 mM Tris-HCl (pH
7.5). Extracts were prepared by freeze-thawing, incubated
at 65°C for 10 min, and the cell debris removed by brief
centrifugation. The lysate was used in the CAT assay,
which was performed as previously described (37).

Preparation of Nuclear Extracts—Nuclear extracts were
prepared by the method of Dignam et al., with some modifi-
cations (38). Cells were harvested and centrifuged. The pel-
lets were suspended in buffer A, containing 10 mM HEPES
(pH 7.9), 1.5 mM MgCL,, 10 mM KC1, 0.2% Nonidet P-40
(NP-40), and protease inhibitors (0.5 mM DTT, 0.1 mM
phenylmethylsulfonyl fluoride [PMSF], 2 |xg/ml aprotinin, 2
(xg/ml pepstatin A, and 2 (Jig/ml leupeptin), then homoge-
nized. The homogenate was layered onto an equal volume
of buffer B, containing 10 mM HEPES, 1.5 mM MgCL,, 10
mM KC1, 0.5 M sucrose, and the protease inhibitors, then
centrifuged. The crude nuclei were suspended in buffer E,
containing 20 mM HEPES, 25% glycerol, 0.42 M NaCl, 1.5
mM MgCl2, and the protease inhibitors, and gently mixed
for 30 min at 4°C. After centrifugation, the supernatant
was dialyzed with buffer D, containing 20 mM HEPES,
20% glycerol, 0.1 M KC1, 0.2 mM EDTA, and the protease
inhibitors. The nuclear extracts were stored at -80°C. The
concentration of protein in the extracts was measured
using the Bradford assay (Bio-Rad).

Gel Mobility Shift Assay—A typical binding reaction was
carried out in a 20-|xl volume containing 2.5 (.ig of nuclear
extracts, 50 fmol 32P-labeled oligonucleotide probe, 1.25 (xg
of poly(dI-dC), and 10 |i-g of BSA, in 10 mM HEPES, 25
mM Tris-HCl, 50 mM KC1, 50 mM NaCl, 0.95 mM EDTA,
10% glycerol, 0.25 mM DTT, 0.1 mM PMSF, 1 ag/ml aproti-
nin, 1 (xg/ml pepstatin A, and 1 ag/ml leupeptin, at room
temperature for 20 min. The antibody supershift experi-
ments were performed by incubating 1.0 p.1 of antiserum
(1:10 dilution) in PBS with 2.5 ag of nuclear extracts,
before the addition of the labeled probes. For the competi-
tion experiment, a 100-fold molar excess of the unlabeled
oligonucleotide was added to each reaction. The competitors
used as negative and positive controls were, respectively, an
unrelated sequence corresponding to positions -322 to -299
on the human aB-crystallin gene (5'-CCCATCCTC-
CCCCCACCCCGCGTG-3'), and a typical HSE from
human hsp70 (5'-TCGGCTGGAATATTCCCGACCTG-
GCAGCCGA-3') (39). The reaction products were separated
electrophoretically on 4% polyacrylamide gel for 2 h at 200
V and detected by autoradiography.

RESULTS

The Proximal HSE Is Responsible for Heat-Induced Acti-
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uation of the aB-Crystallin Promoter in HeLa Cells—HeLa
cells were exposed to heat shock at 44°C for 15 min, and
the mRNA levels of aB-crystallin, hsp27, and hsp70 were
measured by Northern blotting. After heat treatment, the
level of aB-crystallin mRNA increased after 1 h, reached a
maximal level after 4-8 h, then returned to the control
level within 24 h (Fig. 1A). Similar heat shock responses for
the hsp27 and hsp70 genes were observed, although both
the increase and subsequent decrease of the hsp70 mRNA
were faster than those of the aB-crystallin and hsp27 tran-
scripts.

Two HSEs are present in the promoter region of the hu-
man aB-crystallin gene. We named these HSEs the proxi-
mal HSE (HSE-P, -53A-39) and the distal HSE (HSE-D,
-418/-399), because of their locations relative to the tran-
scription initiation site (Fig. 2). The proximal HSE is found
immediately 5' to the TATA box (-2S/-23). To determine
the regulatory regions of the cxB-crystallin gene responsible
for transcriptional activation by heat shock and by KC1, we
generated CAT reporter constructs containing a series of 5'-
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truncated forms of the aB-crystallin promoter, which were
used in transient transfection experiments (Fig. 3A). Fur-
thermore, we introduced mutations at HSE-P and HSE-D
in the CAT constructs to evaluate the role of the HSEs
(Figs. 2 and 3B).

When HeLa cells were transfected with a series of 5'-
deletion constructs and subjected to heat shock (Fig. 3A),
the aB-crystallin promoter containing the sequence be-
tween -534 and +42 (pHXCAT12) showed the maximal
induction. Truncation of nucleotides from -431 to —335 led
to a decrease in induction, and truncation of nucleotides
from -151 to —47 completely abolished gene activation by
heat shock. These results indicate that the -151/+42 region,
containing HSE-P, is a minimal essential element in confer-
ring heat inducibility upon the aB-crystallin gene, and that
the -431/-335 region is required for full induction.

Introduction of mutations at HSE-P in pHXCAT14 and
pHXCAT12 dramatically reduced heat-induced activation
(see pHXCAT14-Pm and pHXCAT12-Pm, in Fig. 3B). On
the other hand, introduction of mutations at HSE-D re-
duced the activation only slightly (see pHXCAT12-Dm).
Moreover, there was no difference in CAT activities be-
tween pHXCAT12-DmPm, in which both HSE-P and HSE-
D were disrupted, and pHXCAT12-Pm. These data suggest
that HSE-P, but not HSE-D, is essential to the heat shock
response.

The aB-Crystallin mRNA Level Was Dramatically In-
creased by KCl Treatment—We have shown previously that
elevated extracellular KCl concentration induced an accu-
mulation of aB-crystallin mRNA in C6 rat glioma cells in a
dose-dependent manner (21). When human glioma U-
25 IMG cells were exposed to continuous KCl treatment for
24 h, aB-crystallin mRNA increased dramatically to 24-
fold, whereas only slight increases were observed in hsp27
and hsp70 mRNAs, of 1.5- and 2.7-fold, respectively (Fig.
IB). Moreover, prolonged KCl treatment resulted in further
accumulation of aB-crystallin mRNA (Fig. 1C, lanes 1-6).
Even after KCl was removed from the culture medium, the
high level of aB-crystallin mRNA was maintained for a fur-
ther 24 h, whereupon it decreased but did not return to the
control level (Fig. 1C, lanes 7-9). In HeLa cells, induction of
aB-crystallin mRNA by KCl was not observed (data not
shown).

24 48 72 recover (h)

- 12 24 48 72 96 24 24 24 80 mM KCl (h)

I A * • • uB-crystallin

LI 1
1 2 3 4 5

28S
6 8 9

Fig. 1. Induction of aB-crystallin, hsp27, and hsp70 mRNA ex-
pression by heat shock and KCl. A. After heat shock treatment
at 44'C for 15 min, HeLa cells were incubated at 37"C for 1, 2, 4, 8,
and 24 h. B. U-251MG cells were exposed to additional 60 mM KCl
for 2,4,8, and 24 h. C. U-251MG cells were exposed to additional 80
mM KCl for 12,24,48,72, and 96 h (lanes 1-6). After KCl treatment
for 24 h, cells were incubated in normal medium at 37'C for 24,48,
and 72 h (lanes 7-9). Untreated cells (-) were left at 37"C with nor-
mal medium. Total RNA (10 u.g) was loaded onto a 1.5% agarose gel,
blotted onto membrane, and hybridized with the ^-labeled aB-cry-
stallin, hsp27 and hsp70 cDNA probes. Bands of 28S rRNA, stained
with ethidium bromide, are shown for reference.

HSE-D: TAGGAAGATTCCAGTCCCTGCCCA (-420/-397)

HSE-Dm: TAGcAAGATTgCAcgCCCTGgCCA (-420/-397)

HSE-P
J L: J L 1 gB-crystallln |

HSE-P: ATCACCATTCCAGAAGCZ2CACAAGACTGC (-59/-30)

HSE-Pm: ATCACCATagCActAGCTTgACAAGACTGC (-S9/-30)

Fig. 2. Structure of the human aB-crystallin promoter and
mutations at HSEs. Proximal (HSE-P) and distal (HSE-D) HSEs
are shown by open boxes. The sequences of the probes used in gel
mobility shift assay, HSE-D, HSE-Dm, HSE-P, and HSE-Pm, are
also shown. Typical GAA units in consensus HSEs (nGAAn), puta-
tively important for binding to HSF, are doubly underlined; and de-
generate GAA units are underlined. Mutated nucleotides in HSE-
Pm and HSE-Dm are indicated by lower-case letters.
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The Proximal HSE Is Also Required for KCl-Induced Ac-
tivation of the aB-Crystallin Promoter in U-251MG Cells—
Transfection of a series of 5'-deletion constructs into U-
25 IMG cells revealed that the positive regulatory region (—
151/+42) in heat-induced activation is also critical for KC1-
induced activation of the ctB-crystallin gene (Fig. 4A). In-
clusion of the sequence between -237 and -151 resulted in
a decrease in the level of induction, indicating the presence
of some negative regulatory elements. Our data also sug-
gest that the sequence upstream from -237 to -534 con-
tains some positive regulatory elements. We noted that the
introduction of a longer promoter sequence (compare
pHXCAT07 to pHXCATOl) produced increased CAT activ-
ity in control U-251MG cells (Fig. 4A), but not in HeLa cells
(Fig. 3A), under non-stress conditions, raising the possibil-
ity that the upstream sequence contains glial-specific en-
hancer elements.

To examine whether the two HSEs are involved in tran-
scriptional activation by KC1, we used the CAT constructs
containing mutations at the HSEs (Fig. 4B). Introduction of
mutations at HSE-P in pHXCAT14 completely abolished

KCl-induced activation (see pHXCAT14-Pm), suggesting
that HSE-P is necessary for KCl-induced activation, like
heat-induced activation. Mutations at HSE-D had little
effect on KCl-induced activation (compare pHXCAT12 to
pHXCAT12-Dm, and pHXCAT12-Pm to pHXCAT12-
DmPm). As the construct pHXCAT12-DmPm still pos-
sessed KCl-inducibility, we could not rule out the presence
of some positive regulatory elements other than the HSEs,
located between -534 and -152. However, our data clearly
demonstrate that HSE-P plays an important role in KCl-
induced activation of the aB-crystallin gene.

Binding ofHSF2 to the Proximal HSE during KCl Treat-
ment—To characterize the nuclear proteins binding to
HSE-P, gel mobility shift assays were performed using the
32P-labeled HSE-P oligonucleotide as a probe (Fig. 5). In
nuclear extracts prepared from KCl-treated U-251MG cells,
three distinct HSE-binding activities were detected (Fig.
5A, lane 3). Three similar complexes were also observed in
heat-shocked cells (lane 4). The appearance of three com-
plexes was consistent with that observed in gel mobility
shift assays using extracts from HeLa cells after heat shock
(39, 40). The three bands observed in heat-shocked U-
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Fig. 3 Heat-induced activation of the «B-crystallin promoter
was meaiatea ny MSIS in neL.a ceils.'me UAT constructs ot dele-
tion (A) and HSE (B) mutants, depicted on the left, were transiently
transfected into HeLa cells. After 5 h, cells were exposed to heat
shock (44°C, 30 min), subsequently incubated at 37'C for 24 h, then
collected (HS). Control cells were incubated at 37"C after transfec-
tion and collected at the same time. Schematic representation shows
the relative levels of their CAT activities. The CAT activity observed
in cells transfected with pHXCAT12, followed by heat shock, was set
at 100%. The results are presented as the means ± the standard er-
ror (SE) of three independent experiments.
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Fig. 4. KCl-induced activation of the ctB-crystallin promoter
was mediated by HSE in U-251MG cells. The CAT constructs of
deletion (A) and HSE (B) mutants were transiently transfected into
U-251MG cells. After 5 h, cells were exposed to 80 mM KCl for 48 h
before harvest. Control cells were cultured with normal medium.
Schematic representation shows the relative levels of their CAT ac-
tivities. The CAT activity observed with pHXCAT12 in the presence
of additional KCl was set at 100%. The results are presented as the
means ± SE of three independent experiments.
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Fig. 5. Gel mobility shift assays of nuclear extracts from U-251
MG cells exposed to KCI or HS using the HSE-P probe. Gel mo-
bility shift assays were performed with 2.5 (j.g of nuclear extracts
(NE) prepared from cells treated with 80 raM KCI for 24 h (KCI), or
cells subjected to incubation at 44°C for 30 min and subsequently at
37°C for 2 h (HS), and 50 fmol 32P-labeled HSE-P probe. A: Compari-
son of DNA-binding activities in nuclear extracts exposed to KCI and
HS, and control cells (C). B: Antibody supershift experiments were
performed using preimmune serum (pre), anti-human HSFl

1fi 17 18 19 20 21 22 23

(aHSFl), anti-human HSF2 (aHSF2), or anti-mouse HSF4 (aHSF4)
antisera. C: Competition assays were performed using 100-fold excess
of each oligonucleotide: HSE-P, HSE-Pm, a typical HSE from the hu-
man hsp70 (hsp70 HSE), and an unrelated 5'-upstream sequence
from the aB-crystallin gene (-322/-299X The sequences of HSE-P and
HSE-Pm are shown in Fig. 2, and those of the other competitors are
described in the experimental procedures. The locations of HSE-HSF
complex (HSF), complexes 1 and 2 (Cl and C2), supershift complex
(S), and free probe (F) are shown.

25 IMG cells may correspond to the HSE-HSF complex
(HSF), the constitutive HSE-binding activity (Cl), and non-
specific protein-DNA interaction (C2).

To examine whether HSFs are involved in the KCl-in-
duced HSE-binding activity, the extracts from cells treated
with either KCI or heat were incubated with antisera
raised against HSFl, HSF2, or HSF4 (33, 34), then sub-
jected to gel mobility shift assays (Fig. 5B). Interestingly,
the HSE-HSF complex in nuclear extracts prepared from
KCl-treated cells was completely supershifted with anti-
HSF2 antiserum (lane 12) but not with anti-HSFl or anti-
HSF4 antiserum (lanes 11 and 13). In heat-shocked cells,
the expected supershift of the HSE-HSF complex with anti-
HSFl was observed (lane 15). Although the HSE-HSF com-
plex was also present in control cells (lanes 2 and 6) and
supershifted by either anti-HSFl (lane 7) or anti-HSF2
(lane 8), its level is relatively low. These data clearly dem-
onstrate that HSF2 binds to the HSE-P after KCI treat-
ment, while HSFl binds to the same element after heat
shock treatment in U-251MG cells.

Although excess unlabeled HSE-P and hsp70 HSE, a
consensus HSE from the human hsp70 gene, competed
(with labeled HSE-P) for the binding to HSF2 (Fig. 5C,
lanes 19 and 21), the mutated HSE-P oligonucleotide HSE-
Pm did not compete for the binding to HSF2 (lane 20), indi-

cating that HSF2 has no binding activity to HSE-Pm. This
result is consistent with our observation that mutations at
HSE-P lead to a loss of transcriptional activity of the re-
porter gene (Fig. 4B). The intensity of Cl and C2 varied be-
tween nuclear extracts prepared in different experiments
(data not shown). Cl was competed out partially by HSE-
Pm, as well as HSE-P and hsp70 HSE (lanes 19-21), sug-
gesting that Cl can bind to HSE-Pm and may not play a
role in HSE-mediated transcriptional activation. C2 is a
non-specific DNA-protein complex, because it competed
with the all oligonucleotides used as competitors, including
an unrelated sequence from the human aB-crystallin gene,
coded between positions -322 and -299 (lanes 19-22).

When we used the distal HSE (HSE-D) as a probe in gel
mobility shift and antibody supershift assays (Fig. 6), HSE-
D formed complexes with HSFl after heat shock (lane 5)
and HSF2 after KCI treatment (lane 3), similar to HSE-P.
HSE-D competed with HSE-P (lane 11), but not with HSE-
Pm (lane 12) or HSE-Dm (lane 10), for binding to HSF2.
These results suggest that HSE-D can bind HSF2 in a sim-
ilar manner to HSE-P in vitro.

DISCUSSION

We showed that KCI treatment induced transcription of the
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Fig. 6. Gel mobility shift assays of nuclear extracts from U-
251MG cells exposed to KCI or HS using the HSE-D probe. Gel
mobility shift assays were performed using 50 fmol 32P-labeled HSE-
D probe. Antibody supershift experiments were performed using
preimmune serum (pre), anti-human HSFl (aHSFI), or anti-hu-
man HSF2 (aHSF2) antisera. B: Competition assays were performed
using 100-fold excess of each oligonucleotide: HSE-D, HSE-Dm,
HSE-P, and HSE-Pm. The sequences of HSE-D, HSE-Dm, HSE-P
and HSE-Pm are shown in Fig. 2. The locations of HSF-HSE com-
plex (HSF), supershift complex (S), and free probe (F) are shown.

aB-crystallin gene and enhanced the binding activity of
HSF2 to HSE-P of the aB-crystallin promoter. In addition,
mutations at HSE-P abolished the KCl-induced activation
of aB-crystallin expression and led to a loss of binding
activity to HSF2. Therefore, we infer that HSF2 is involved
in the transcriptional activation of the aB-crystallin gene
by KCI.

The transcriptional activation of HSPs is generally medi-
ated by the binding of an HSF to a specific DNA sequence,
HSE, composed of multiple inverted arrays of the pentam-
eric consensus sequence nGAAn. At least three nGAAn
units are required for high-affinity binding of HSF {29-31).
Of the two HSEs in the human aB-crystallin promoter,
HSE-P is composed of an array of three perfect inverted
repeats of the consensus sequence nGAAn, whereas HSE-D
contains two perfect and two imperfect inverted repeats
(Fig. 2). There are two reports describing the binding of
HSFl to the HSEs of the aB-crystallin gene. Both HSEs
bind to HSFl following cadmium treatment in rat astro-
cytes (32); the binding activity of HSFl to HSE-P is present
in the ocular lens extracts from post-natal rats and is de-
velopmentally regulated (41).

We demonstrated that both HSE-P and HSE-D bind to
HSFl upon heat stress and to HSF2 upon KCI induction
(Figs. 5 and 6). However, the functional study, using aB-
crystallin-CAT reporter constructs with mutations at either
HSE-P or HSE-D, revealed that HSE-P is especially impor-

tant for induction of the aB-crystallin gene by both heat
shock and KCI, while HSE-D contributes a little (Figs. 3
and 4). It is probable that three complete nGAAn units are
required for the binding of HSF and activation of aB-crys-
tallin in vivo. Alternatively, the distance between HSE and
the basal promoter may be a critical parameter in the func-
tion of HSF/HSE. It has been shown that the degree of in-
duction by heat shock is dependent on the distance be-
tween the HSE and the basal promoter of the hsp70 gene
(42, 43). Recently, Drosophila HSF and human HSFl have
been shown to interact directly with the general transcrip-
tion factor TBP (TATA-box binding protein) in vitro (44,
45). Therefore, it is possible that activation of the aB-crys-
tallin gene transcription in vivo may be facilitated by the
interaction between TBP and HSF, which binds to HSE-P
next to the TATA-box.

In mammals, three HSF genes (HSFl, 2, and 4) have
been isolated (46-48). HSFl DNA binding can be activated
in many cell types by several stressors, such as heat, heavy
metals, and amino acid analogs. Two isoforms of HSF4 can
act as an inhibitor and an activator of tissue-specific heat
shock expression (34,48). The activation of HSFl is accom-
panied by phosphorylation, nuclear accumulation and tri-
mer formation (32). HSF2, however, may not be regulated
directly by phosphorylation, since phosphorylated forms of
HSF2 have not been detected (49). HSF2 is not activated in
response to heat shock, nor is it thought to be involved in
other cellular stress responses. HSF2 is known to be highly
expressed in embryos and testes and considered to play a
role in the tissue-specific and developmental stage-specific
expression of HSPs (29-31). HSE-HSF2 binding activity
can be detected in mouse embryos during postimplantation
development (50), and it may have a role in neural prolifer-
ation. HSF2 is activated during hemin-induced erythroid
differentiation in K562 cells (52). However, recent studies
using reporter systems have indicated an apparent lack of
correlation between the levels of HSF2 and expression of
HSP after hemin treatment (49, 52). In HeLa cells, overex-
pression of HSF2 stimulates the expression of the CCT,
cytosolic chaperonin in the reporter assay (53). Recently it
has been reported that HSF2 is activated when the ubiq-
uitin-proteasome pathway is inhibited (54). The precise role
of HSF2 is controversial and not completely understood.
Although the mechanism of activation of HSF2 by KCI
treatment remains to be resolved, our results point toward
a novel regulatory role of HSF2.
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REFERENCES

Iwaki, A., Nagano, T., Nakagawa, M., Iwaki, T, and Fukumaki,
Y. (1997) Identification and characterization of the gene encod-
ing a new member of the a-crystallin/small hsp family, closely
linked to the aB-crystallin gene in a head-to-head manner.
Genomics 45, 386-394
Suzuki, A., Sugiyama, Y., Hayashi, Y., Nyu-i, N., Yoshida, M.,
Nonaka, I., Ishiura, S., Arahata, K., and Ohno, S. (1998) MKBP,
a novel member of the small heat shock protein family, binds
and activates the myotonic dystrophy protein kmase J. Cell
Biol. 140,1113-1124
Boelens, W.C., Van Boekel, M.A, and De Jong, W.W. (1998)
HspB3, the most deviating of the six known human small heat

J. Biochem.



HSF1 and HSF2 in the Regulation of aB-Crystallin Expression 819

shock proteins. Biochim. Biophys. Ada 1388, 513—516
4. Kato, K, Goto, S., Inaguma, Y., Hasegawa, K, Morishita, R.,

and Asano, T. (1994) Purification and characterization of a 20-
kDa protein that is highly homologous to aB crystallin. J. Biol.
Chem. 269,15302-15309

5. Krief, S., Faivre, J.F., Robert, P., Le Douarin, B., Brument-Lari-
gnon, N., Lefrere, I., Bouzyk, M.M., Anderson, K.M., Greller,
L.D., Tobin, F.L., Souchet, M., and Bril, A. (1999) Identification
and characterization of cvHsp. A novel human small stress pro-
tein selectively expressed in cardiovascular and insulin-sensi-
tive tissues. J. Biol. Chem. 274, 36592-36600

6. Clark, J.I. and Muchowski, P.J. (2000) Small heat-shock pro-
teins and their potential role in human disease. Curr. Opin.
Struct. Biol. 10, 52-59

7. Nicholl, I.D. and Quinlan, R.A. (1994) Chaperone activity of a-
crystallins modulates intermediate filament assembly. EMBO
J. 13, 945-953

8. Wang, K. and Spector, A. (1996) a-crystallin stabilizes actin fila-
ments and prevents cytochalasin-induced depolymerization in
a phosphorylation-dependent manner. Eur. J. Biochem. 242,
56-66

9. Arai, H. and Atomi, Y. (1997) Chaperone activity of aB-crystal-
lin suppresses tubulin aggregation through complex formation.
Cell Struct. Fund. 22, 539-544

10. Vicart, P., Caron, A., Guicheney, P., Li, Z., Prevost, M.C., Faure,
A., Chateau, D., Chapon, F., Tome, F., Dupret, J.M., Paulin, D.,
and Fardeau, M. (1998) A missense mutation in the aB-crystal-
lin chaperone gene causes a desmin-related myopathy. Nat.
Genet. 20, 92-95

11. Iwaki, T., Kume-Iwaki, A., Liem, R.K., and Goldman, J.E.
(1989) aB-crystallin is expressed in non-lenticular tissues and
accumulates in Alexander's disease brain. Cell 57, 71-78

12. Iwaki, T., Kume-Iwaki, A., and Goldman, J.E. (1990) Cellular
distribution of aB-crystallin in non-lenticular tissues. J. His-
tochem. Cytochem. 38, 31-39

13. Bhat, S.P. and Nagineni, C.N. (1989) aB subunit of lens-specific
protein a-crystallin is present in other ocular and non-ocular
tissues. Biochem. Biophys. Res. Commun. 158, 319-325

14. Dubin, R.A., Wawrousek, E.F., and Piatigorsky, J. (1989) Ex-
pression of the murine aB-crystallin gene is not restricted to
the lens. Mol. Cell. Biol. 9,1083-1091

15. Jackson, M., Gentleman, S., Lennox, G., Ward, L., Gray, T,
Randall, K, Morrell, K, and Lowe, J. (1995) The cortical neu-
ritic pathology of Huntington's disease. Neuropathol. Appl.
Neurobiol. 21,18-26

16. Lowe, J., McDermott, H., Pike, I., Spendlove, I., Landon, M.,
and Mayer, R.J. (1992) aB crystallin expression in non-lenticu-
lar tissues and selective presence in ubiquitinated inclusion
bodies in human disease. J. Pathol. 166, 61-68

17. Lowe, J., Landon, M., Pike, I., Spendlove, I., McDermott, H.,
and Mayer, R.J. (1990) Dementia with (J-amyloid deposition:
involvement of aB-crystallin supports two main diseases. Lan-
cet 336, 515-516

18. Kato, S., Hirano, A., Umahara, T, Llena, J.F., Herz, F, and
Ohama, E. (1992) Ultrastructural and immunohistochemical
studies on ballooned cortical neurons in Creutzfeldt-Jakob dis-
ease: expression of aB-crystallin, ubiquitin and stress-response
protein 27. Acta Neuropathol. 84, 443-448

19. Iwaki, T., Iwaki, A., Miyazono, M., and Goldman, J.E. (1991)
Preferential expression of aB-crystallin in astrocytic elements
of neuroectodermal tumors. Cancer 68, 2230-2240

20. Klemenz, R., Frohli, E., Steiger, R.H., Schafer, R., and Aoyama,
A. (1991) aB-crystallin is a small heat shock protein. Proc Natl.
Acad. Sci. USA 88, 3652-3656

21. Iwaki, T, Iwaki, A., Fukumaki, Y, and Tateishi, J. (1995) aB-
crystallin in C6 glioma cells supports their survival in elevated
extracellular K*: the implication of a protective role of aB-crys-
tallin accumulation in reactive glia. Brain Res. 673,47-52

22. Iwaki, T., Iwaki, A., Tateishi, J., Sakaki, Y, and Goldman, J.E.
(1993) aB-crystallin and 27-kd heat shock protein are regulated
by stress conditions in the central nervous system and accumu-
late in Rosenthal fibers. Am. J. Pathol. 143, 487-495

23. Head, M.W., Corbin, E., and Goldman, J.E. (1994) Coordinate
and independent regulation of aB-crystallin and hsp27 expres-
sion in response to physiological stress. J. Cell. Physiol. 159,
41-50

24. Aoyama, A., Frohli, E., Schafer, R., and Klemenz, R. (1993) aB-
crystallin expression in mouse NIH 3T3 fibroblasts: glucocorti-
coid responsiveness and involvement in thermal protection.
Mol. Cell. Biol. 13,1824-1835

25. Iwaki, T, Iwaki, A., Tateishi, J., and Goldman, J.E. (1994)
Sense and antisense modification of glial aB-crystallin produc-
tion results in alterations of stress fiber formation and ther-
moresistance. J. Cell Biol. 125,1385-1393

26. Kegel, KB., Iwaki, A., Iwaki, T, and Goldman, J.E. (1996) aB-
crystallin protects glial cells from hypertonic stress. Am. J.
Physiol. 270, C903-909

27. Walz, W. (2000) Role of astrocytes in the clearance of excess
extracellular potassium. Neurochem. Int. 36, 291-300

28. Chow, S.Y., Yen-Chow, Y.C., White, H.S., Hertz, L., and Wood-
bury, D.M. (1991) Effects of potassium on the anion and cation
contents of primary cultures of mouse astrocytes and neurons.
Neurochem. Res. 16, 1275-1283

29. Morimoto, R.I., Kroeger, P.E., and Cotto, J.J. (1996) The tran-
scriptional regulation of heat shock genes: A plethora of heat
shock factors and regulatory conditions in Stress-Inducible Cel-
lular Responses (Feige U., M.R.I., Yahara I., and Polla B., eds.),
Vol. 77, pp. 139-163, Birkhauser Verlag, Basel

30. Morimoto, R.I. (1998) Regulation of the heat shock transcrip-
tional response: cross talk between a family of heat shock fac-
tors, molecular chaperones, and negative regulators. Genes Deu.
12,3788-3796

31. Santoro, M.G. (2000) Heat shock factors and the control of the
stress response. Biochem. Pharmacol. 59, 55-63

32. Head, M.W., Hurwitz, L., and Goldman, J.E. (1996) Transcrip-
tion regulation of aB-crystallin in astrocytes: analysis of HSF
and API activation by different types of physiological stress. J.
Cell Sci. 109,1029-1039

33. Nakai, A., Kawazoe, Y, Tanabe, M., Nagata, K., and Morimoto,
R.I. (1995) The DNA-binding properties of two heat shock fac-
tors, HSF1 and HSF3, are induced in the avian erythroblast
cell line HD6. Mol. Cell. Biol. 15, 5268-5278

34. Tanabe, M., Sasai, N., Nagata, K, Liu, X.D., Liu, P.C., Thiele,
D.J., and Nakai, A. (1999) The mammalian HSF4 gene gener-
ates both an activator and a repressor of heat shock genes by
alternative splicing. J. Biol. Chem. 274, 27845-27856

35. Iwaki, A., Iwaki, T., Goldman, J.E., and Liem, R.K. (1990) Mul-
tiple mRNAs of rat brain a-crystallin B chain result from alter-
native transcriptional initiation. J. Biol. Chem. 265, 22197-
22203

36. Church, G.M. and Gilbert, W. (1984) Genomic sequencing. Proc.
Natl. Acad. Sci. USA 81,1991-1995

37. Kamakura, S., Iwaki, A., Matsumoto, M., and Fukumaki, Y
(1997) Cloning and characterization of the 5'-flanking region of
the human dopamine D4 receptor gene. Biochem. Biophys. Res.
Commun. 235, 321-326

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

39. Mosser, D.D., Theodorakis, N.G., and Morimoto, R.I. (1988)
Coordinate changes in heat shock element-binding activity and
HSP70 gene transcription rates in human cells. Mol. Cell. Biol.
8, 4736-4744

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

41. Somasundaram, T. and Bhat, S.P. (2000) Canonical heat shock
element in the aB-crystallin gene shows tissue-specific and de-
velopmentally controlled interactions with heat shock factor. J.
Biol. Chem. 275, 17154-17159

42. Greene, J.M. and Kingston, R.E. (1990) TATA-dependent and
TATA-independent function of the basal and heat shock ele-

Vol. 129, No. 5,2001



820 C. Sadamitsu et al.

ments of a human hsp70 promoter. Mol. Cell. Biol. 10, 1319-
1328

43. Williams, G.T. and Morimoto, R.I. (1990) Maximal stress-in-
duced transcription from the human HSP70 promoter requires
interactions with the basal promoter elements independent of
rotational alignment. Mol. Cell. Biol. 10, 3125-3136

44. Mason, P.B., Jr. and Lis, J.T. (1997) Cooperative and competi-
tive protein interactions at the hsp70 promoter. J. Biol. Chem.
272,33227-33233

45. Yuan, C.X. and Gurley, W.B. (2000) Potential targets for HSF1
within the preinitiation complex. Cell Stress Chaperones 5,
229-242

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

47. Rabindran, S.K., Giorgi, G., Clos, J., and Wu, C. (1991) Molecu-
lar cloning and expression of a human heat shock factor, HSF1.
Proc. Natl. Acad. Sci. USA 88,6906-6910

48. Nakai, A., Tanabe, M., Kawazoe, Y., Inazawa, J., Morimoto, R.I.,
and Nagata, K. (1997) HSF4, a new member of the human heat
shock factor family which lacks properties of a transcriptional
activator. Mol. Cell. Biol. 17, 469-481

49. Zhu, Z. and Mivechi, N.F. (1999) Regulatory domain of human
heat shock transcription factor-2 is not regulated by hemin or
heat shock. J. Cell. Biochem. 73, 56-69

50. Rallu, M., Loones, M., Lallemand, Y, Morimoto, R., Morange,
M., and Mezger, V. (1997) Function and regulation of heat
shock factor 2 during mouse embryogenesis. Proc. Natl. Acad.
Sci. USA 94, 2392-2397

51. Sistonen, L., Sarge, K.D., Phillips, B., Abravaya, K., and
Morimoto. R.I. (1992) Activation of heat shock factor 2 during
hemin-induced differentiation of human erythroleukemia cells
Mol. Cell. Biol. 12,4104-^111

52. Yoshima, T., Yura, T., and Yanagi, H. (1998) Heat shock factor 1
mediates hemin-induced hsp7O gene transcription in K562 ery-
throleukemia cells. J. Biol. Chem. 273, 25466-25471

53. Kubota, H., Matsumoto, S., Yokota, S., Yanagi, H., and Yura, T.
(1999) Transcriptional activation of mouse cytosolic chaperonin
CCT subunit genes by heat shock factors HSF1 and HSF2.
FEBS Lett. 461, 125-129

54. Mathew, A., Mathur, S.K, and Morimoto, R.I. (1998) Heat
shock response and protein degradation: regulation of HSF2 by
the ubiquitin-proteasome pathway. Mol. Cell. Biol. 18, 5091-
5098

J. Biochem.


