MOLECULAR AND CELLULAR BIOLOGY, Aug. 2002, p. 5753-5760
0270-7306/02/$04.00+0 DOI: 10.1128/MCB.22.16.5753-5760.2002

Vol. 22, No. 16

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

TonEBP/NFATS Stimulates Transcription of HSP70 in Response

to Hypertonicity

Seung Kyoon Woo, Sang Do Lee, Ki Young Na, Won Kun Park, and H. Moo Kwon*
Department of Medicine, Johns Hopkins University, Baltimore, Maryland

Received 20 February 2002/Returned for modification 30 April 2002/Accepted 15 May 2002

While hyperosmolality of the kidney medulla is essential for urinary concentration, it imposes a great deal
of stress. Cells in the renal medulla adapt to the stress of hypertonicity (hyperosmotic salt) by accumulating
organic osmolytes. Tonicity-responsive enhancer (TonE) binding protein (TonEBP) (or NFAT5) stimulates
transcription of transporters and a synthetic enzyme for the cellular accumulation of organic osmolytes. We
found that dominant-negative TonEBP reduced expression of HSP70 as well as the transporters and enzyme.
Near the major histocompatibility complex class III locus, there are three HSP70 genes named HSP70-1,
HSP70-2, and HSC70t. While HSP70-1 and HSP70-2 were heat inducible, only HSP70-2 was induced by
hypertonicity. In the 5’ flanking region of the HSP70-2 gene, there are three sites for TonEBP binding. In cells
transfected with a reporter plasmid containing this region, expression of luciferase was markedly stimulated
in response to hypertonicity. Coexpression of the dominant-negative TonEBP reduced the luciferase expres-
sion. Mutating all three sites in the reporter plasmid led to a complete loss of induction by hypertonicity. Thus,
TonEBP rather than heat shock factor stimulates transcription of the HSP70-2 gene in response to hyperto-
nicity. We conclude that TonEBP is a master regulator of the renal medulla for cellular protection against high
osmolality via organic osmolytes and molecular chaperones.

Genetic studies of hypertension have shown that fluid reab-
sorption in the kidney is essential for maintaining proper blood
pressure (21). The driving force for water reabsorption in the
renal medullary collecting duct is provided by the high osmo-
larity of the interstitium, the degree of which changes widely
depending on the hydration status of the animal (12). In the
inner medulla of rat kidney, the tissue osmolality routinely
rises over 2,500 mosmol/kg and as high as over 4,000
mosmol/kg when the animal is severely dehydrated.

Salt and urea are primary solutes in the interstitial fluid of
mammalian kidney medulla (1). In rat kidney medulla under
most physiological conditions, urea concentration varies widely
from less than 100 mM to over 2,000 mM while salt concen-
tration varies relatively less—from ~250 to ~500 mM. Salt and
urea differ in their effects on cell volume due to differences in
membrane permeability. Hyperosmolar salt, i.e., NaCl concen-
tration greater than 150 mM, is hypertonic in that cells shrink
in it due to osmosis. On the other hand, cells do not shrink
appreciably when ambient osmolarity is raised by addition of
urea because membrane permeability of urea is comparable to
that of water, and therefore, osmosis does not occur. Hyper-
tonicity and a high concentration of urea each imposes a dis-
tinct form of stress to cells. When a cell is exposed to high
concentrations (>300 mM) of urea, cells die via apoptosis in a
dose-dependent manner (see below for more). On the other
hand, hypertonicity causes an immediate increase in cellular
ionic strength as a result of osmosis (19). The rise in intracel-
lular ionic strength causes double-stranded DNA breaks (17),
which in turn cause apoptosis and activation of p53 (5, 25).
When challenged with severe hypertonicity (osmolality greater
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than 650 mosmol/kg), a cell goes through apoptosis outright.
On the other hand, in response to mild hypertonicity, activated
pS3 prevents apoptosis. In addition, cell cycle arrest and DNA
repair pathways are activated (6, 18), presumably representing
checkpoint regulation for repair of the damaged DNA. A cell
can adapt to the high concentrations of salt and urea observed
in the renal medulla when the tonicity and urea are increased
progressively over time (39).

Long-term adaptation to hypertonicity is achieved by cellu-
lar accumulation of organic osmolytes (also called compatible
osmolytes) that results in lowering of the intracellular ionic
strength via osmotic replacement (for a recent review, see
reference 8). Cellular accumulation of compatible osmolytes
blunts activation of caspases and apoptosis in hypertonic con-
ditions (10). On the other hand, when the accumulation of
organic osmolytes is prevented, cell death occurs in hypertonic
culture conditions (13) and in the hypertonic kidney medulla,
leading to deadly acute renal failure (14). The accumulation of
organic osmoloytes is regulated in large part by the transcrip-
tion factor tonicity-responsive enhancer (TonE) binding pro-
tein (TonEBP) (30). TonEBP stimulates genes coding for
transporters and an enzyme that catalyzes cellular accumula-
tion of organic osmolytes via concentrative uptake across
plasma membrane and synthesis, respectively: the sodium/myo-
inositol cotransporter (SMIT) (40), the sodium/chloride/be-
taine cotransporter (BGT1) (28), and aldose reductase (AR)
(15). The abundance of TonEBP (3) and mRNA of SMIT,
BGT1, and AR (27) is much higher in the hypertonic renal
medulla compared to the renal cortex or other tissues.

TonEBP is also called nuclear factor of activated T cells
(NFATS5) or NFAT-related protein (NFATL1) because its ex-
pression is markedly induced in T cells following activation of
the T-cell receptors (44). TonEBP directly stimulates tran-
scription of several cytokines, including lymphotoxin-g, tumor
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FIG. 1. Expression of HSP70 and TonEBP in mIMCD cells. Con-
fluent mIMCD cells were treated with hypertonic medium (lane HT;
made by addition of 100 mM NaCl), were heat shocked (lane HS;
42°C), or were untreated (C) for 4 h. Then, 5 pg of total RNA was used
for Northern blot detection of HSP70 mRNA (top) and 40 ng of
protein of cell lysate was used for immunoblot detection of HSP70,
HSC70, and TonEBP.

necrosis factor alpha, and possibly interleukin-8 (23). As such,
TonEBP might play a major role in T-cell activation following
hypertonic saline infusion that is often used to treat trauma
patients (22). Thus, tonicity-responsive regulation of TonEBP
is not limited to the kidney medulla.

Recent studies revealed that TonEBP also plays a major role
in generating the high concentration of urea in the renal me-
dulla. TonEBP stimulates transcription of the vasopressin-reg-
ulated urea transporter (UT-A) that is exclusively expressed in
the renal medulla (35). UT-A facilitates the countercurrent
accumulation of urea between the ascending limb of Henle’s
loop and the collecting ducts. Thus, hypertonicity contributes
to the generation of the high urea concentration in the renal
medulla via stimulation of TonEBP.

As discussed earlier, high concentrations of urea causes ap-
optosis (25, 47). Heat shock protein 70 (HSP70) appears to
play a major role in adaptation to a high level of urea. Hyper-
tonicity induces expression of HSP70 (38). The abundance of
HSP70 is over 20-fold higher in the hypertonic renal medulla
than in the isotonic cortex (33). A number of experiments have
demonstrated that cell survival under a high level of urea
increases dramatically as a function of HSP70 expression. In-
creased expression of HSP70 by treatment with hypertonicity
(41) or by stable transfection of HSP70 cDNA (37) promotes
cell survival in the presence of a high level of urea, while forced
down regulation of HSP70 by using antisense nucleotides (36)
renders cells more susceptible to death by urea. In this study,
we demonstrate that a major form of heat-inducible HSP70,
named HSP70-2, is stimulated by hypertonicity by virtue of
TonEBP binding to the 5" flanking region. Thus, TonEBP is
involved in protecting cells from the high urea of the renal
medulla in addition to its buildup.

MATERIALS AND METHODS

Cell culture. mIMCD cells (39) were cultured in 45% Dulbecco’s modified
Eagle’s medium, 45% F12 medium, 10% fetal bovine serum, 2 mM glutamine,
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and 1% streptomycin/penicillin. MDCK cells were maintained in defined me-
dium made by equal mixing of Dulbecco’s modified Eagle’s medium and Coon’s
modified Ham’s F-12 medium with additives described previously (46). Hyper-
tonic medium was made by addition of 100 mM NaCl. For heat shock experi-
ments, confluent cells were shifted to 42°C for 2 to 4 h.

Northern blot analysis. RNA was isolated using Trizol reagent (Life Technol-
ogies, Rockville, Md.). Then, 5 wg of RNA from each sample was separated on
an 1% agarose gel containing 2.2 M formaldehyde and transferred onto a nitro-
cellulose membrane. Membranes were hybridized overnight with radiolabeled
cDNA probes: human HSP70 (GenBank accession number M11717), canine
SMIT (M85068), canine BGT1 (M80403), human AR (J05474), human cyclo-
oxygenase 2 (COX-2) (M90100), mouse aB-crystallin (M63170), and human
glyceraldehyde 3-phosphate dehydrogenase (X01677). After washing under
stringent conditions (60°C in 75 mM NaCl, 7.5 mM Na; citrate, and 0.1% sodium
dodecyl sulfate), radioactivity was detected using a Phosphorimager (Molecular
Dynamics, Sunnyvale, Calif.).

Immunoblot analysis. Cells were lysed for 30 min at 4°C in a lysis buffer (50
mM Tris-Cl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) with freshly
added protease inhibitors: 0.2 pg of aprotinin/ml, 5 wM leupeptin, 1 mM phe-
nylmethylsulfonyl fluoride, and 10 wM E64. After clearing by centrifugation, an
aliquot containing 40 g of protein from each sample was separated on an
sodium dodecyl sulfate-7% polyacrylamide gel and blotted onto a nitrocellulose
membrane. To detect a specific protein, the blots were incubated with an anti-
serum or antibody at a 4,000-fold dilution for 1 h in 20 mM Tris-HCI, pH 7.6, 150
mM NaCl, 0.1% Tween 20, and 5% nonfat milk. Monoclonal antibodies for
HSP70 and HSC70 were obtained from Stressgene (Victoria, British Columbia,
Canada), and polyclonal antiserum against TonEBP was described previously
(30). The blots were then incubated with a secondary antibody conjugated with
alkaline phosphatase and visualized using a commercial substrate for alkaline
phosphatase (Sigma Chemical, St. Louis, Mo.).

Cell lines expressing DN-TonEBP. Mammalian expression vector pcDNA3.1
(Invitrogen, Carlsbad, Calif.) driving expression of dominant-negative TonEBP
(DN-TonEBP) (30), a truncated TonEBP containing the N-terminal amino acids
1 to 472, was transfected into MDCK cells using Lipofectamine (Life Technol-
ogies). Colonies were selected in a medium containing 400 p.g of G418/ml. More
than five colonies that expressed the DN-TonEBP were obtained. Three colonies
transfected with empty pcDNA3.1 were mixed and used as vector control.

RPA. In order to generate RNase protection assay (RPA) probes specific for
the three isoforms of HSP70 (see Fig. 3), segments of the genes were cloned by
PCR amplification of mouse genomic DNA based on an available genomic
sequence (GenBank accession number AF109906). Primers for the PCR cloning
were ATGGACGGGATCTCAACAAG and GACGTTCAGGATACCGTTGG
for HSC70t, CATCTCCTGGCTGGACTCCA and CCACGTGCAATACACA
AAGTAACTG for HSP70-1, and CATCTCCTGGCTGGACTCCA and TATA
TGCATACAAAATTTAACAGTC for HSP70-2. RPA was performed using a
commercial kit according to the instructions from the manufacturer (Ambion,
Austin, Tex.). Radioactivity of protected bands was quantified using the Phos-
phorImager.

Cloning of HSP70-2 promoter and site-directed mutagenesis. Mouse genomic
DNA covering nucleotide positions —4,148 to —43 relative to the start codon of
the HSP70-2 gene was cloned by PCR as described above using primers CATT
GGGTAGCCAAGGAAAA and GATGCTCCGGGGAAAGTT. The PCR
product was cloned into pCRII-TOPO (Invitrogen) and sequenced for verifica-
tion. The active TonE’s in the promoter were individually inactivated by site-
directed mutagenesis using the Quick Change XL site-directed mutagenesis kit
(Stratagene, La Jolla, Calif.): TGGAAANNYNY to TttAAANNYNY (mutated
nucleotides are indicated by lowercase letters). All the mutations were verified by
sequencing. Where indicated, individual mutants were pasted to generate pro-
moters with various combinations of multiple mutants (see Fig. 6). The wild-type
and mutant versions of the promoter were moved pGL2 basic vector (Promega,
Madison, Wis.) to generate Photinus luciferase reporter constructs.

EMSA. Nuclear extracts were prepared from confluent MDCK cells cultured
in isotonic or hypertonic medium as described previously (43). To prepare
probes for electrophoretic mobility shift assays (EMSA), single-stranded oligo-
nucleotides were synthesized and purified (Genetic Core Facility, Johns Hopkins
University). To obtain a double-stranded probe, 200 pmol of each complemen-
tary oligonucleotide was annealed in 100 pl containing 150 mM NaCl, 10 mM
MgCl,, and 50 mM Tris-Cl, pH 7.9. Then, 10 pg of protein of nuclear extract was
incubated for 10 min at 25°C in 20 pl containing 20 mM HEPES, pH 7.9, 50 mM
KCI, 1 mM EDTA, 5% glycerol, 1 mM dithiothreitol, 5 mM MgCl,, and 1.5 pg
of poly(dA-dT). After that, 10 fmol of 3?P-labeled probe was added and the
mixture was incubated for an additional 20 min. The reaction mixtures were
electrophoresed on a 4.5% polyacrylamide gel in a buffer containing 45 mM Tris,
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45 mM borate, and 1 mM EDTA. Radioactivity of the gels was visualized and
quantified using the PhosphorImager.

Transfection and analysis of luciferase expression. The HSP70-2 promoter
constructs were transfected into mIMCD cells using Lipofectamine 2000 (Life
Technologies). Each construct (0.1 pg) was transfected with 0.01 pg of pRL-
SV40, in which the simian virus 40 (SV40) promoter drove expression of the
Renilla luciferase. After transfection, the cells were maintained in isotonic me-
dium for 24 h and then switched to hypertonic medium or were maintained in
isotonic medium for another 24 h. For heat shock treatment, transfected cells
were maintained at 37°C for 24 h, switched to 42°C for 2 h, and returned to 37°C
for 6 h before analysis. Activity of the Photinus and Renilla luciferase in extracts
of the transfected cells was determined using a commercial kit, Dual-Luciferase
Reporter Assay System (Promega). For each sample, the activity of the Photinus
luciferase is divided by the activity of the Renilla luciferase to correct for trans-
fection efficiency. The corrected Photinus luciferase activity of experimental
constructs was expressed relative to that of the B-actin promoter-driven Photinus
luciferase, as previously described (43).

RESULTS

Induction of HSP70 by hypertonicity. We examined induc-
tion of HSP70 in response to hypertonicity in confluent mono-
layers of mIMCD cells, an epithelial cell line established from
the renal medulla of transgenic mice expressing the SV40 T
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antigen (39). Raising osmolality of the culture medium by
addition of 100 mM NacCl led to a 5.8-fold increase in HSP70
mRNA abundance and a 2.5-fold increase in HSP70 protein
over the course of 4 h (n = 4; Fig. 1). This induction was due
to hypertonicity rather than hyperosmolality because addition
of 200 mM urea to the control medium did not affect HSP70
expression (not shown) as reported earlier (42). The induction
by hypertonicity was slower and smaller in magnitude than the
induction by heat (42°C), which led to a 24-fold increase in
mRNA and a 5-fold increase in protein in 4 h (n = 4). As
expected, expression of the noninducible isoform HSC70 was
not affected by heat or hypertonicity.

DN-TonEBP reduces expression of HSP70 mRNA. Heat
shock did not increase the abundance of TonEBP (Fig. 1,
bottom) nor induce other TonEBP target genes, such as SMIT
and AR (not shown). On the other hand, hypertonicity induced
the abundance of TonEBP (Fig. 1, bottom) and its activity (not
shown) as reported earlier (30, 45), raising the possibility that
TonEBP might play a role in the induction of HSP70 by hy-
pertonicity. To explore this, we generated several lines of
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FIG. 2. Effects of DN-TonEBP on mRNA expression. MDCK cells stably transfected with pcDNA3.1 (lanes V) or pcDNA3.1 driving
expression of DN-TonEBP (lanes R6, a clonal line) were cultured overnight in control isotonic (lanes C) or hypertonic medium (lanes HT).
(A) Cell lysate containing 40 wg of protein was used in each lane for immunoblot analysis of TonEBP. Bands representing TonEBP and
DN-TonEBP are indicated on the right. (B) Five micrograms of RNA was used for Northern blot detection of mRNA for SMIT, BGT1, AR,
HSP70, COX-2, aB-crystallin, and glyceraldehyde 3-phosphate dehydrogenase.
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FIG. 3. RPA to detect expression of specific HSP70 isoforms. (A) Genomic structure near the mouse major histocompatibility complex class
III region is shown. The rectangles and vertical bar represent exons. HSC70t consists of two exons while HSP70-1 and HSP70-2 each consists of
one exon. Bent arrows show the direction of transcription. The region that contains TonE sequences (TonEs) is indicated with a bar. (B) RNA
samples of Fig. 1 were analyzed to detect isoform-specific transcripts as indicated.

MDCK cells, an epithelial cell line from canine kidney, that
express DN-TonEBP, an N-terminal truncated TonEBP (30).
Cells of one of the lines, named R6, and cells transfected with
vector alone (V) are shown in Fig. 2. In R6 and V cells,
TonEBP expression was comparable in magnitude and induc-
ible by hypertonicity (Fig. 2A). Increased abundance of DN-
TonEBP in hypertonic medium was due to stimulation of the
cytomegalovirus promoter by hypertonicity (unpublished ob-
servation). Northern blot analyses of mRNA for SMIT, BGT1,
and AR revealed that the mRNA abundance decreased by 70
to 80% (P < 0.05 for all three) in R6 cells compared to V cells
in hypertonic conditions, confirming the role of TonEBP in
hypertonicity induction of these genes. Under isotonic condi-
tions, the mRNA abundance of SMIT, BGT1, and AR also
decreased slightly (10 to 20%) but consistently in R6 cells
compared to V cells, in keeping with our previous observation
that TonEBP is active in isotonicity (45). DN-TonEBP con-
tains the DNA binding domain (30) but lacks the transactiva-
tion domains in the C terminus (23). Furthermore, the abun-
dance of TonEBP was not affected by expression of DN-
TonEBP (Fig. 2A). Thus, the inhibitory effects of DN-TonEBP
must be due to competition with endogenous TonEBP for
binding to the TonE sites.

Next, we examined other genes whose expression was known
to be higher in the hypertonic renal medulla compared to the
isotonic renal cortex. The mRNA abundance of aB-crystallin
was not affected by hypertonicity or expression of DN-
TonEBP. Although the COX-2 mRNA was induced by hyper-
tonicity, it was not reduced by expression of DN-TonEBP. On
the other hand, the abundance of HSP70 mRNA was reduced
by 50% in isotonicity (P < 0.05, n = 4) and 42% in hyperto-

nicity (P < 0.05, n = 4) by expression of DN-TonEBP. Similar
observations were made in other MDCK cell lines expressing
DN-TonEBP (not shown), removing doubts that these changes
were due to clonal variation. We conclude that TonEBP is
involved in the transcription of heat-inducible HSP70 in addi-
tion to SMIT, BGT1, and AR.

HSP70-2 is regulated by tonicity. A human HSP70 cDNA
(GenBank accession number M11717; 11) was used for the
Northern probe shown in Fig. 2 and for the antigen to raise the
commercial antibody used in the immunsoblot analysis in Fig.
1. Within the major histocompatibility complex class III locus
in chromosome 6, there is a cluster of three genes in the HSP70
family—HSP70-1, HSP70-2, and HSC70t (26). A genomic
clone containing this region was sequenced (GenBank acces-
sion number AF134726). HSP70-1 and HSP70-2 are almost
identical in that only two amino acids out of 641 differ. Nucle-
otide sequence comparison suggests that the M11717 cDNA
represent HSP70-1. However, the M11717 probe should detect
mRNA of both HSP70-1 and HSP70-2 due to greater than
99% identity in nucleotide sequence in the open reading
frames. We used the mouse cell line mIMCD to determine
which isoform—HSP70-1 or HSP70-2—was induced by hyper-
tonicity because the gene cluster is conserved in the mouse
genome (GenBank accession number AF109906; Fig. 3A). In
mouse, HSP70-1 and HSP70-2 differ by one amino acid. In
order to discriminate mRNA for HSP70-1, HSP70-2, and
HSC70t, specific RPA probes were made by PCR from the
divergent 3’ untranslated regions as described in Materials and
Methods. As shown in Fig. 3B, HSC70t mRNA was not de-
tected in all conditions. The mRNA for HSP70-1 was in very
low abundance and was often undetectable under control con-
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ditions. In contrast, the HSP70-2 mRNA was detected consis-
tently, albeit at low levels. The mRNA for both HSP70-1 and
HSP70-2 were vigorously induced by heat shock as reported
previously (26). In response to hypertonicity, the HSP70-2
mRNA but not HSP70-1 was consistently induced. We con-
clude that the increase in HSP70 mRNA in response to hyper-
tonicity (Fig. 1 and 2) is due to HSP70-2.

TonE sites in 5’ flanking region of HSP70-2 gene. Reduced
expression of the HSP70 mRNA by DN-TonEBP (Fig. 2B)
indicated that there might be sites for TonEBP binding in the
promoter of the HSP70-2 gene. We examined 4 kb upstream of
the gene and found four sites named TonEA to TonED that fit
the consensus of TonE (40), as shown in Fig. 4A. In EMSA, all
the TonE’s formed a complex that was competed by an active
TonE but not by an inactive TonE (Fig. 4B). This complex
contained TonEBP because it was specifically supershifted by a
TonEBP antibody (Fig. 4B, lanes PI and IM). The affinity of
the TonE’s to TonEBP was determined by a competition assay
shown in Fig. 4C. TonEC displayed the lowest affinity in cor-
relation the weakest binding to TonEBP (Fig. 4B). Since the
apparent affinity (K,;) of TonEC was significantly lower than 50
nM, TonEC was not expected to be active (29).

Stimulation of HSP70-2 promoter by TonE. In order to
examine the activity of the TonE sites upstream of the
HSP70-2 gene, a luciferase reporter construct containing ~4
kb of the 5’ flanking region was made. In mIMCD cells trans-
fected with the construct, luciferase expression was stimulated
over 60-fold by heat shock, as expected (Fig. 5). This heat
induction of luciferase was not affected by coexpression of the
DN-TonEBP or a full-length TonEBP, indicating that TonEBP
was not involved. Of interest, the luciferase expression in-
creased 7.5-fold when the cells were cultured in hypertonic
medium. Coexpression of the DN-TonEBP reduced the ex-
pression of luciferase both in isotonic and hypertonic condi-
tions while coexpression of a full-length TonEBP increased the
luciferase expression only in isotonic conditions. These results
are the same as for other TonE-driven luciferase constructs
(24, 30), indicating that the TonE/TonEBP system was respon-
sible for the luciferase expression in isotonic and hypertonic
conditions. In order to investigate the role of the TonEA,
TonEB, and TonED, these sites were mutated to inactivate
their activity as shown in Fig. 6. Mutation of all the three TonE
sites completely obliterated the induction by hypertonicity in-
dicating that TonE was an essential cis-element. When one or
two TonE was mutated, the induction was progressively lower
indicating that all the three TonE’s contributed to the induc-
tion by hypertonicity. In addition, luciferase expression in iso-
tonicity was also lower as the TonE’s were mutated. Take
together, the data in Fig. 5 and 6 demonstrated that TonEA,
TonEB, and TonED stimulated the promoter of the HSP70-2
gene.

DISCUSSION

The heat-induced stimulation of HSP70 transcription has
been the paradigm for investigation of transcriptional response
to environmental stresses. HSP70 and other heat-inducible
molecular chaperones respond to accumulation of nonnative
(unfolded, misfolded, or aggregates) proteins (31). A family of
proteins called heat shock factor (HSF) are activated by the
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Name Location Sequence
TonEA -1,070 TGGAAAGTTTT
TonEB -2,326 TGGAAAATTTT
TonEC -3,698 TGGAAATCTCC
TonED -3,715 TGGAAAAACAC
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FIG. 4. TonE’s found upstream of the HSP70-2 gene and their bind-
ing to TonEBP. (A) Sequences and locations (relative to the start codon
of the HSP70-2 gene) of four sequences (TonEA to TonED) that fit the
TonE consensus. (B) EMSA was performed using 0.5 nM (each) *2P-
labeled hTonE, TonEA, TonEB, TonEC, and TonED. Nuclear extracts
were isolated from confluent MDCK cells treated with isotonic (lane C)
or hypertonic medium (lanes HT) overnight. In some lanes, 50 nM hTonE
(lane WT [TGGAAAATTAC]) or inactive mutant hTonE (lane m [TGG
AtAATTAC]) was added as a competitor. TonEBP antiserum (lane IM)
or preimmune serum (lane PI) was used to confirm the presence of
TonEBP in the bands. (C) In order to compare their affinity to TonEBP,
50 nM hTonE (lane WT), mutant hTonE (lane m), TonEA (lane A),
TonEB (lane B), TonEC (lane C), or TonED (lane D) was used to
compete with 0.5 nM **P-hTonE for TonEBP binding.
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FIG. 5. Activity of HSP70-2 promoter in response to hypertonicity
and heat shock. A 4.1-kb genomic DNA fragment covering nucleotides
—4,158 to —43 upstream of the start codon was cloned into a luciferase
reporter vector. mIMCD cells were transfected with the reporter plas-
mid along with pcDNA3.1 (vector) or pcDNA3.1 driving expression of
DN-TonEBP or TonEBP as indicated. The transfected cells were
treated with hypertonic medium or heat shock. The activity of lucif-
erase is shown relative to the vector control. Data are the mean *
standard deviation (n = 4). Note that the scale for the heat shock-
treated group is shown on the right.

vector

nonnative proteins that accumulate in response to a variety of
insults, including heat. Activated HSF binds to heat shock
element (HSE) and stimulates transcription of HSP70 and
other chaperones. There are three major isoforms of HSP70
that are induced vigorously by heat shock—HSP70-1,
HSP70-2, and HSP70B’. HSP70B’ shares 81% of amino acid
identity with HSP70-1 or HSP70-2 (20). Each of the three
genes is encoded by a single exon, enhancing the efficiency and
speed of the induction. HSP70-1 and HSP70-2 are clustered in
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the major histocompatibility complex class III locus in chro-
mosome 6 (Fig. 3) while HSP70B’ is in chromosome 1 (anno-
tated by the Human Genome project with GenBank accession
number XP033999).

In this study, we have shown that HSP70-2 but not HSP70-1
is specifically induced by hypertonicity (Fig. 3). The data pre-
sented in Fig. 5 and 6 demonstrate that the promoter of
HSP70-2 is specifically stimulated in response to hypertonicity
by virtue of the TonEBP binding rather than HSF binding. The
heat-responsive HSF proteins are not activated in response to
hypertonicity because the promoter of HSP70-1 (Fig. 3) and
other heat-inducible chaperones (not shown) are not stimu-
lated. On the other hand, heat does not activate TonEBP (see
Results). Thus, the signal for the induction of HSP70-2 by
hypertonicity, i.e., signal for stimulation of TonEBP, is not
related to the accumulation of nonnative proteins.

There is another example of HSP70 regulation that does not
appear to involve the HSF. The promoter of HSP70B’ is stim-
ulated when 50 mM KCl is added to culture medium (7).
Hypertonicity plays a minimal role in that addition of 50 mM
NaCl results in a much smaller stimulation of the promoter.
Instead, Ca®" influx triggered by the elevated K* concentra-
tion was necessary for the stimulation. HSF is not stimulated
since other heat-inducible chaperones are not upregulated.
The presumptive transcription factor that responds to the
Ca?" influx is not known.

In addition to HSP70, other heat shock proteins have been
examined for their induction by hypertonicity. A small heat
shock protein (aB-crystallin [4]), a HSP40 called HLJ1 (34),
and a couple of the HSP110 members (Osp94 [16] and
HSP105B [42]) are induced by hypertonicity. More impor-
tantly, their expression is higher in the hypertonic kidney me-
dulla than the isotonic kidney cortex. In MDCK cells, aB-
crystallin is not induced by hypertonicity (Fig. 2) and Osp94
expression is very low (not shown). TonEBP does not appear

3 control
Il hypertonicity

i I I

25 50 75 100

Relative luciferase activity

FIG. 6. Role of TonE in activity of HSP70-2 promoter. TonEA, TonEB, and TonED in the reporter plasmid described in Fig. 5 was inactivated
by site-directed mutagenesis in various combinations as shown. Mutated TonE’s are indicated by filled ovals. Relative luciferase activity in mIMCD
cells cultured in isotonic and hypertonic medium is shown. Data are mean = standard deviation (n = 3).
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to play a role in the induction of HLJ1 based on sensitivity to
several inhibitors (34). HSP105B is induced by hypertonicity in
MDCK cells (not shown). TonEBP may be involved in the
HSP105B induction because in the 5" flanking region (Gen-
Bank accession number for human gene, NT_031889) there
are two sites that fit the consensus of TonEBP binding sites.
As discussed earlier, the increased HSP70 expression pro-
tects cells from apoptosis caused by high concentrations of
urea in the renal medulla (36, 37, 41). HSP70 inhibits the
mitochondrial pathway of apoptosis at multiple steps. Stress-
induced release of cytochome ¢ from mitochondria is inhibited
by HSP70, and this action requires the chaperone function (or
ATPase activity) of HSP70 (32). Activation of caspase-9 is also
inhibited by HSP70 (2). Significance of this action of HSP70 in
protection from the urea-induced apoptosis is not clear be-
cause it is not known whether high urea induces the mitochon-
drial pathway of apoptosis. The requirement for ATPase ac-
tivity for the antiapoptotic activity of HSP70 suggests that a
cochaperone or a HSP40 is also involved (9). We reported
recently that the mRNA for HLJ1, an HSP40 isoform, is in-
duced by hypertonicity in mIMCD cells at the mRNA level
(34). It remains to be determined whether HLJ1 protein is also
involved in protection against urea-induced apoptosis.
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