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The HSP70-1 gene, reportedly a single exon, encodes a
ajor stress-inducible 72-kDa heat shock protein

HSP70). We recently demonstrated that patients with
ajor depression had a 162-base pair (bp)-deletion in the

*-flanking sequence of HSP70-1 mRNA in their periph-
ral blood mononuclear cells. Present study has been
onducted to clarify how this short mRNA is generated,
nd demonstrated that a novel 385 bp sequence is lo-
ated 1.1 kb upstream from the HSP70-1 gene of normal
ubjects. Except for the 162 bp deletion, it is compatible
ith part of the 5*-flanking sequence of the HSP70-1
ene, and contains another exon of 358 bp (exon 1) that
ay be connected to the 3*-terminus (exon 3) of the con-

entional HSP70-1 gene. Alternative transcription of ex-
ns 1 and 3 may cause the short mRNA. It is concluded
hat HSP70-1 gene is constituted of three exons and may
ause alternative splicing. © 1999 Academic Press

Key Words: splicing; exon; intron; heat shock protein;
SP70; molecular cloning.

Heat shock proteins (HSPs) play an important role
s a molecular chaperone to ensure the correct folding,
ssembly, and transport of newly synthesized polypep-
ides, and also to restore and clean up damaged
olypeptides (1,2). These functions enable cells to
aintain homeostasis under normal growth conditions

nd to survive under stress. Because of their critical
oles, their genes are highly conserved during evolu-
ion. Their mode of expression is constitutive, stress-
nducible, or associated with cell cycle or development
3). A 72-kDa HSP (HSP70) is inducible by stress me-
iators such as ACTH (4) and catecholamine (5) or by
nflammatory cytokines and mitogens (6) and is a con-
istent biomarker for stress reception (4). We found

1 To whom correspondence should be addressed at Department of
edicine, Institute of Clinical Endocrinology, Tokyo Women’s Med-

cal University School of Medicine, 8-1 Kawada-cho, Shinjuku-ku,
okyo 162-8666, Japan. Fax: 181-3-3357-6475. E-mail: nomura7@
arkcity.ne.jp.
193
ajor depression, considered a stress-related mood dis-
rder (7,8). We recently found that the mRNA of
SP70-1, a major HSP70 gene, had in-frame deletion

n its 59-flanking sequence in peripheral bood mononu-
lear cells (PBMCs) in all 18 patients with major de-
ression examined (9). The deleted part corresponded
o 29 base pair (bp) in 59 noncoding and subsequent 133
p in the coding region of the conventional HSP70-1
ene (10). Because the 59- and 39-boundaries of the
equence corresponding to the deleted part are incon-
istent with the typical splice consensus sequence that
ollows the GT-AG rule (11), this deletion may not be
aused by alternative splicing within the 59-flanking
egion of the conventional HSP70-1 gene. We clarified
he gene corresponding to this short HSP70-1 mRNA in
atients with stress-related disorders.

XPERIMENTAL PROCEDURES

Specific primers for HSP70-1 and HSP70-2 genes. In analysis
f the HSP70-1 59-flanking sequence, the sense primer is 59-TTT-
GAGAGTGACTCCCGTT-39 (primer 3 for HSP70-1 nucleotide 44-
3) or 59-TGCGACAGTCCACTACCTTT-39 (primer 154 for nucleo-
ide 25-44), and the antisense primer is 59-AAAGGCCAGTG-
TTCATGTC-39 (primer 4 for nucleotide 473-492). PCR using these
rimers is conducted as described elsewhere (9).

Genomic DNA: Restriction enzyme digestion, size fractionation on
garose gel, and PCR analysis. Genomic DNA was isolated as de-
cribed elsewhere (9). Genomic DNAs were digested with Hind III,
am HI, and Bgl II, and developed in 1% agarose gel electrophoresis.
he lane containing DNA was cut uniformly lengthwise at 5 mm

ntervals using a gelslicer. DNA fragments from each slice (fraction)
ere isolated using NaI and glass slurry, and suspended in TE, then
mplified by PCR using primers 154/4.

Cloning and sequencing of genome between HSP70-1 and HSP70-
om genes. Eco RI and Hind III-digested genomic DNAs were

loned using a Gigapack II gold packaging kit (Stratgene, La Jolla,
A) and pWEX cosmid vector. For sequencing, cloned genomic li-
raries were recloned in a pBS vector. The ligated plasmid DNA was
ransferred to DH5 a-competent cells, which were then subcloned
nd deleted using a kilodetection kit (Takara Biochemicals, Osaka,
apan). Sequencing was conducted using a 7-deaza-dGTP kit with
7 DNA polymerase (United States Biochemical, Cleaveland, OH)
nd [a-32P]-dCTP.
0006-291X/99 $30.00
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ESULTS AND DISCUSSION

enomic DNA: Restriction Enzyme Digestion, Size
Fractionation on Agarose Gel, and PCR Analysis

We looked at whether a novel HSP70 gene encoding
he 59-flanking sequence with 162-bp deletion existed
n addition to the conventional HSP70-1 gene (Fig. 1).
enomic DNA was obtained from the PBMCs of nor-
al subjects and digested with restriction enzymes,

ollowed by size separation on agarose gel (Fig. 2). The

FIG. 1. Restriction map of HSP70 locus. Restriction sites for enz
mplified by PCR primers are shown by PCR. HSP70 locus positions
ranscription by arrows.

FIG. 2. Size fractionation of genomic DNA on agarose gel after
igestion by restriction enzymes. Genomic DNAs were digested with
ind III (lane 2), Bam HI (lane 3), and Bgl II (lane 4), and developed by
% agarose gel electrophoresis. Lambda DNA Hind III markers were
luted for comparison (lane 1). The lane containing DNA fragments was
ut uniformly lengthwise at 5 mm intervals using a gelslicer.
194
NA fraction in each gel slice was used as a template
or PCR amplification of the 59-flanking sequence of
SP70-1. PCR products were developed on agarose gel

Fig. 3). The Hind III fragment containing the whole
SP70-1 gene is reportedly 5.5 kb (10) (Fig. 1), and is
resumed to be run on fraction 14 (Fig. 2). A normal-
ized (466 bp) PCR product was, in fact, amplified in
raction 14; 162 bp deleted PCR products (304 bp) were
lso amplified in the same fraction (Fig. 3, above).
ecause Bam HI cleaves the sequence that primers
hould amplify (Fig. 1), 466 bp-PCR products were not
mplified in Bam HI fragments, nor were 304 bp prod-
cts (Fig. 3, center). This suggests that the DNA seg-
ent with the deleted sequence may be located at a site

ffected by Bam HI (Fig. 1). Bgl II fragments in frac-
ions 12 and 13 were amplified to both 466 and 304 bp
roducts (Fig. 3, below). Both fractions are estimated
o contain about 7 kb DNA fragments, and should cover
he sequence from HSP70-1 nucleotide 569 to a more
elomeric site (Fig. 1). Taken together, the nobel DNA
egment encoding the sequence with 162 bp deletion is
uggested to be between the HSP70-1 and HSP70-Hom
enes (Fig. 1).

loning and Sequencing of the 59-Flanking Region
of HSP70-1 and Its Upstream Region, and
Its Significance

The Hind III fragment including the 59-flanking re-
ion of HSP70-1 and its upstream region was cloned
pBH239), then a 5.8 kb Hind III-Eco RI fragment
ubcloned in pBSSV(1) (Fig. 1); 4360 bp were se-
uenced, with parts shown in Fig. 4. It contained 195
p of 59-terminal sequence of HSP70-Hom, identical to
hat reported by others (10) (data not shown). It also
ontained 893 bp of the 59-terminal region of HSP70-1
nucleotide 2273 to 610) which was identical to that

es Hind III (H), Bam HI (M), Bgl II (B), and Eco RI (R). Sequences
e shown by hatched boxes above in the figure and direction of gene
ym
ar
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eported elsewhere (10) (Fig. 4B). A novel 385 bp nu-
leotide sequence (nucleotides 21133 to 2749) homol-
gous to the 59-flanking sequence of HSP70-1 was
ound to lie about 1.1 kb upstream from the HSP70-1
ranscription start site (Fig. 5). A 206 bp sequence from
ucleotide 21133 to nucleotide 2928 is identical to
ucleotide 221 to 186 of 59-flanking region of HSP70-1
part “a” in Fig. 5), which starts just after the TATA
ox. The 179 bp sequence from nucleotide 2927 to
ucleotide 2749 is identical to nucleotide 349 to 527 of
SP70-1 (part “c” in Fig. 5). Thus, a 162 bp sequence

orresponding to HSP70-1 nucleotide 187 to 348 is
eleted in this sequence (part “b” in Fig. 5). Although
e did not determine its transcriptional start site, it is

ikely to be at a position at nucleotide 21112 similar to
hat (ATAAC) of conventional HSP70-1 (12). The splice
unction donor site (CAAG/GT) is at nucleotide 2755.
ts acceptor site (AG/G) is in HSP70-1 nucleotide 521.
he 358 bp sequence between nucleotide 21112 and
755 is thus recognizable as a novel exon of the
SP70-1 gene, called exon 1. The conventional
SP70-1 gene is now separated into two exons by its

plice junction site (nucleotide 521), i. e., exon 2 for the
9 terminus and exon 3 for the 39 terminus. When exon
is transcribed, the donor site of this exon finds an

cceptor site on exon 3. The sequence between nucleo-
ides 2756 and 521 is a cryptic intron flanked by a
ypical splice consensus sequence that follows the

FIG. 3. Size-separated DNA fragments were recovered and amp
engthwise at 5 mm intervals using a gelslicer. DNA fragments from
sing primers 154/4 specific to the 59-region of HSP70-1 and develop
nd fractions 12 and 13 of Bgl II-digested DNA (B, below) contained
am HI-digested DNA fragments (B, center).
195
T-AG rule (11). Alternative splicing produces the
hort mRNA, transcribed from exons 1 and 3 (Fig. 5),
ompatible to that demonstrated in PBMCs of patients
ith major depression (9).
Translation start codon ATG is located at the 216

ucleotide in exon 2. Corresponding codons are, how-
ver, deleted in exon 1. If exon 1 were translated to the
rotein, its N-terminal amino acid would start at me-
hionine on ATG at the 2903 nucleotide, and a small
rotein with 60.7 kDa would be synthesized. PBMCs of
atients with major depression, however, did not have
uch small HSP70, even though they had alternatively
ranscribed mRNA (9), suggesting that alternative
RNA failed to be translated. The 59 noncoding region
as reported to contain the internal ribosomal binding

ite required for posttranscription (13), suggesting that
hort HSP70-1 mRNA could not be translated to the
rotein. Even if it could, the transcription rate would
e very weak because HSP70-1 exon 1 does not have a
ATA box and because mutations in the TATA box
educe the basal expression of the conventional HSP70
ene (14). Thus, TATA box loss and/or possible loss of
he internal ribosome binding site may explain why the
0.7 kDa HSP70 protein was not observed in PBMC
ysates of depressive patients with short HSP70-1

RNA.
Regarding promotor elements, exons 1 and 2 have

een found to have distinct elements (Fig. 4). The

d by PCR. The lane containing DNA fragments was cut uniformly
h slice (fraction) were isolated and recovered, then amplified by PCR
on 3% garose gel. Fraction 14 of Hind III-digested DNA (B, above),
R products of 466 and 304 bp together. No amplification occurred in
lifie
eac
ed
PC
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ATA box, ATF binding site, CCAAT box, and HSP-
YCB (15) are present only for exon 2, while the E box

nd AP3 binding site are present only for exon 1. Exon
characteristically has two E box elements (a

ANNTG DNA motif) that are the binding site for the

FIG. 4. HSP70-1 gene sequence. A 5.8 kb Hind III-EcoR I fragm
xons 2 and 3 (B) are shown. The nucleotide number starts at the tra
oth exons 1 and 2 are shown by asterisks (*). Splice junction sites ar
and » in Fig. 3A are identical to that in Fig. 3B except for the 162 bp
ite represent exon 1(A) or exon 2 (B). Elements are shown by unde
196
amily of basic helix-loop-helix (bHLH) transcriptional
actors. The E box is present in the regulatory regions
f a variety of genes and is critical to tissue-specific
xpression of these genes. MyoD and myogenin are
HLH transcription factors, and bind to the aB-

t was cloned. Regulatory and coding sequences of exon 1 (A) and of
ription start site located in exon 2 (11). Transcription start sites in
own by the septum at nucleotide 2755 and 521. Sequences between
tion at the site shown by ‚. Sequences between * and splice junction
ing and abbreviations.
en
nsc
e sh
dele
rlin
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rystallin promoter E box and fully transactivate aB-
rystallin expression muscle-specifically (16). aB-
rystallin is the only HSP known to have an E box in its
egulatory region. The E box motif is also involved in
-lymphocytes development (17) and immunoglobulin
xpression (18). AP3 is the binding site for many tran-
criptional factors, including NFkB, EBF1, and TEFI.
xon 1 thus has its own regulatory machinery, inde-
endent of that for exon 2. When HSP70-1 exon 1 is
ransactivated by its upstream promotors, the se-
uence between nucleotides 2756 and 421 becomes an
ntron. This intron contains HSE and other promotors.
oes this intron have significant implications? The
rst intron in HSP86 was reported to make the gene
xpression constitutive, and its deletion caused a heat-
nducible mode of expression (19). This first intron
ontains HSE the same as the intron in HSP70-1.
hen this first intron is connected to the HSP70 59

anking sequence, a constitutive expression of tran-
criptional activity is observed (19). These findings in-
icate that HSP70-1 nucleotide sequence between
756 and 521 may enable gene expression to be con-

titutive when the sequence becomes an intron. Taken
ogether, we propose the following hypothesis: Sus-
ained psychological stress induces alternative tran-
cription of the HSP70-1 gene and switches the expres-
ion mode from inducible to constitutive. Transcription
nd translation of this short and alternative HSP70-1
ene would be weak, if any, and prevent excessive and
ustained HSP70 protein expression. A sustained in-
rease in HSP70 gene expression reportedly caused
ymphoma in transgenic mice expressing the human

FIG. 5. Normal and alternative transcriptions of HSP70-1 gene.
ot-shaded boxes in DNA show identical sequences between nucle-
tides 21133 to 2749 and nucleotides 221 to 186 plus 349 to 527.
ucleotide 1, ATAA, is reportedly a transcription start site. The

dentical sequence is found at nucleotide 21112 in exon 1. Splice
unction sites are at nucleotides 2755 and 521. Note the translation
tarting coden (ATG). Normal mRNA is transcripted from exons 2
521 bp) and 3 (1409 bp) and alternative transcription from exons 1
358 bp) and 3.
197
ouse fibrosarcoma cells (21). Epstein-Barr virus
EBV) binds to CD21 virus receptors on human B lym-
hocytes, and the virus infection triggers a cascade of
ransformation-requisite cellular events and induces
SP70 expression. HSP70 expression blockage pre-

ents transformation to lymphoma (22), so the HSP70
rotein expression escape phenomenon during sus-
ained stress helps prevent malignant lymphocyte
ransformation. Even if HSP70-1-derived protein were
ot produced, it can be substituted by constitutively
xpressed HSC70 or HSP70-2 or -Hom-derived pro-
eins. It remains unclear, however, whether this alter-
ative HSP70 transcription is primarily linked to the
athophysiology of major depression or is secondary to
pecific pleiotropic effects.
The present study has demonstrated that the human
SP70-1 gene is composed of two distinct 59-terminal

equences (exons 1 and 2) and a common 39-terminal
equence (exon 3). Alternative transcription may be
nduced from exons 1 and 3, and is associated with
hort mRNA. Studying this alternative HSP70 gene
ranscription may open up new approaches to clarify-
ng the stress response and stress-related disease.
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