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Competitive Inhibition of hsp70 Gene 
Expression Causes Thermosensitivity 

DNA (3), and the majority of cells may not 
experience effective competition. (iv) Cells 
may be transiently damaged during DNA 
transfection, and this may alter the cell's 
normal regulatory mechanisms during the 
course of the assay. (v) Cells may vary the 
abundance or localkation of regulatory pro- 
teins in response to transient changes in the 
number of binding sites for the proteins. 

The method of directed gene coamplifica- 
tion provides an opportunity to circumvent 
these difficulties. To achieve coamplifica- 
tion, genes or gene fragments are transfected 
into cells together with the gene for dihy- 
drofolate reductase (4); the genes may then 
become stably integrated into the cell's chro- 
mosomes at random sites of insertion. By 
varying the level of methotrexate selection 
to which transfected cells are subsequently 
exposed, one can also vary the copy number 

A n d  method has been developed for modulating the expression of an endogenous 
chromosomal gene in a higher eukaqote, by competitive inhibition at the level of gene 
tramaiption. The gene studied was the hp70 gene, which encodes a 72-kilodalton 
(kD) heat shock protein that is synthesized after thermal stress. The 5' control region 
of the hp7O gene was inserted on a plasmid containing the eukaryotic gene for 
dihydrofolate reductase. The hybrid plasmid was then introduced into a Chinese 
hamster ovary cell line and elevated in copy number approximately 20,000-fold by 
selection of cells with methotrexate. Heat-inducible expression ftom the intact hp70 
gene was reduced by at least 90% in the modified cells when compared with the 
induction in control cells, and the madified cells also displayed elevated thermosensiti- 
vity. The change in heat shock protein synthesis is presumably caused by competition 
among the increased number of binding sites for the heat-shock transcription factor, 
leading to altered expression from the native heat shock gene. These results support a 
role for heat shock protein in the recovery of mammalian cells from acute thermal 
stress. 

ax- 

E UKARYOTIC GENE EXPRESSION IS 
modulated by interactions among 
cis-acting control sequences that are 

topologically contiguous with the regulated 
genes, and trans-acting regulatory proteins 
that bind to the control sequences (1). It is 
presumed that changes in activity or abun- 
dance of the regulatory proteins are sufK- 
cient to explain most aspects of the control 
of gene expression, but direct tests of these 
concepts are difficult to construct. In one 
approach, expression from reporter genes 
on plasmids transiently introduced into cells 
&be modulated by -cointroduction of an- 
other plasmid that contains genes or gene 
fragments that share control sequences with 
the first (2, 3). When expression from the 
first plasmid is reduced in such an experi- 
ment, it is inferred that the control se- 
quences on the two plasmids are competing 
fbr binding to a positive-acting regulatory 
protein that is present in limiting abundance 

Department of Biological Sciences, University of Calga- 
ry, Calgary, AB, Canada T2N 1N4. 

T o  whom correspondence should be addressed. 

in the host cell. With excess competing 
plasmid, fewer regulatory proteins are avail- 
able for biding to the reporter gene's con- 
trol region, and reporter gene transcription 
is correspondingly diminished. 

This approach has not been successll, 
however, in demonstrating modulation of 
expression from endogenous chromosomal 
genes. Even in cases where competition 
among introduced genes is clear, expression 
from endogenous genes with shared control 
sequences has remained unaffected (3). Sev- 
eral explanations may be offered for this 
puzzling result. (i) The introduced genes 
may reside too briefly within cells before 
degradation to compete effectively with en- 
dogenous genes, or they may reside within 
an intracellular compartment (such as mi- 
uonudei) that is isolated from the endoge- 
nous genes. (ii) Newly introduced genes 
may compete effectively with one another 
during chromatin assembly, whereas the 
preexisting chromatin configuration of en- 
dogenous genes may be stable against such 
transient disruptions. (iii) Only a small frac- 
tion of cells may incorporate transfected 

Fig. 1. Coamplification of d h j  and hsp70 control 
region. DNA was isolated from CHO K1, dhj-, 
and CHO DHf cells, and from an independently 
derived CHO K1 line [resistant to 500 nM mcth- 
otrexate and designated BI1 (9)] in which the 
native hamster dhj gene is amplified 50-fold. The 
DNA samples were digested with Eco RI, and 5 
pg of each sample was separated by electrophore- 
sis in 0.7% agarose, capillary-blotted to nitrod- 
lulox, and probed with radiolabeled (0.5 X 109 
cpmlpg) dhj (A) or hsp70 control region (B) gene 
fragments (9). Lanes 1, CHO K1; lanes 2, BIB; 
lanes 3, dhj-; and lanes 4 and 4% CHO DHf. 
Exposure to x-ray film was for 24 hours (lanes 1 
to 4) or 45 min (lanes 4a). Molecular size markers 
are indicated at left in kilobases. 
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of the introduced DNA sequences. The 
structures of the corresponding endogenous 
chromosomal genes are not altered in such 
an experiment. The model presented above 
provides a prediction that is subject to ex- 
perimental test: as the copy number of a 
particular positive-acting control sequence is 
progressively increased, the relative expres- 
sion from an intact native gene that p- 
sesses a similar control sequence should 
diminish as required regulatory proteins be- 
come limiting. 

ally a member of a small family of closely 
related proteins from 70 to 73 kD (some of 

This fragment contains the 5' control se- 
quence with three binding sites for HSF and 
400 bp of the transcribed portion of the 
4 7 0  gene, including the AUG starc codon, 
but it lacks the majority of the hsp70 coding 
sequence. Although the hsp70 control se- 
quence is derived from an amphibian source, 
the consensus binding site for HSF is highly 
conserved and the Xenopus promoter func- 
tions properly'in mammalian cells (5). The 
pDH plasmid was transfected into a dhj- 
strain (8) of the Chinese hamster ovary 
(CHO K1) cell line, thereby restoring the 
cells to a dhj+ phenotype. Individual dhj+ 
colonies were isolated and grown with step- 
wise increases in methotrexate concentration 

which &e constitutively expressed, not high- 
ly inducible by heat shock, and lack multiple 
binding sites for HSF). The precise role of 
these vroteins remains con&oversial and 
many ke ren t  potential activities have been 
suggested. Recent evidence, however, indi- 
cates that at least one important function of 
the hsp70 f d y  is in adenosine triphos- 
phate (ATP)-dependent protein folding 
(6). At normal temperatures this function 
may be carried out by products of the 
constitutively expressed members of this 
fsunily (which in hamster cells have an ap- 
Darent molecular mass of 73 kD). Restora- 

We have klected for our study a gene 
whose expression pattern is tightly regulated 
and whose protein product apparently is not 
essential to cell survival at 37"C, namely, the 
gene for the heat shock protein hsp70. We 
reasoned that in this way we could manipu- 
late chromosomal content without immedi- 

hon of normal protein structurerafter ther- 
mal denaturation is likely to be an important 
event in the recovery of cells from heat 

(9), resulting in increasingly drug-resistant 
cell populations. Methotrexate inhibits the 
enzyme dihydrofolate reductase and is there- 
fore cvtotoxic. The rare cells that survive ate adverse cellular effects and that such 

effects should only be manifest after the 
exoosure of cells to thermal stress. The heat 

stress, and apparently requires the additional 
participation of the heat-inducible form of 
hsp70 (apparent molecular mass of 72 kD). 

To initiate these tests, we have construct- 
ed a plasmid, designated pDH, which in- 
dudes both a modified dihydrofolate reduc- 

methdtrexate selection do so by overproduc- 
tion of dihydrofolate reductax, and this 
overproduction is achieved in turn by ampli- 
fication of the dihydrofolate reductase gene. 
In CHO cells the extra gene copies typically 
reside on the chromosome and are generally 
not found mchromosomally (4). Because 
the hq70 gene fiagment is adjacent to the 
dhj gene on the pDH plasmid, amplification 
of the dhj gene in the host cells is accompa- 
nied by the passive coamplification of the 
hsp70 control sequence. 

shock proteins constitute a diverse group 
that share inducibility of expression by heat 
and other stresses. and that contain in their 
gene control regions multiple binding sites 
for the heat-shock transcription factor 
(HSF) (5). The best characterized of the 
heat shock proteins is hsp70, which is a m -  

tase (dhj) gene with its normal promoter 
and polyadenylation signals, and a fragment 
of an hsp70 gene isolated from Xenopus laevis 
(7) lo&d-downstream of the dhj gene. 

Fig. 2. Synthesis of heat 
shock proteins. $A) The 
incorporation of [' Slmeth- 
ionine was determined for 
the CHO K1 and the coam- 
pMed CHO DHf cells, be- 
fore (c) and after (hs) a 30- 
min heat shock. Procedures 
for heat shock and isolation 
of proteins were as de- 
scribed (11). Proteins were 
loaded so that there were 
equal counts per minute per 
lane. Proteins were scparat- 
ed by electrophoresis on a 
10% denaturing polyacryl- 
amide gel, and synthetic pat- 
terns were determined by 
fluorography Molecular 
sizes are ind~cated at left in 
kilodaltons. (B) The identi- 
ty of the hsp70 proteins was 
confirmed by unmunoblot 
analysis. Nonradioactive 
proteins were prepared in an 
experiment parallel to that 
shown in (A), electropho- 
ceticallv s e m t e d  trans- 

A CHO DHf B CHO D Hf 
c hs c hs c hs  e hs 

97- H E Fl r B~ increasing at 2-week intervals the con- 
centration of methotrexate in the cell culture 
media, we obtained after 2 to 5 months 
clonal populations that were resistant to 
high levels of methotrexate and that exhibit- 
ed high levels of gene amplification. Both 
the transfected dhj gene and the hsp70 gene 
fragment were highly amplified in one of the 
cloned cell populations (designated CHO 
DHf) that developed resistance to 5 pJ4 

- 4 hsp27 

l dhfr 

methotrexate (~it-z; 1). We estimate the de- 
gree of amP&ca;onrin this line as approxi- 
mately 15 x lo3 to 25 x lo3 times for both 
the & f d  dhj gene and for the passive- 
ly coamplified hsp70 control region, on the 
basis of densitometric scanning of different 
exposures of x-ray films and hybridization to 
a dilution series of CHO K1 and CHO DHf 
DNA (10). Microscopic examination of 
chromosomes prepared from these cells (10) 
demonstrated that extrachromosomal ele- 10' 

Gene copy num ments were absent and that the amplified 
genes reside intrachromosomally, as expect- 
ed. The level of amplification we observed in 
the CHO DHf cells was greater than expect- 
ed (several hundredfbld amplification in re- 
sponse to 5 pA4 methotrexate would be 
typical) and may reflect an unusual property 
of the site of chromosomal insertion in this 
cell line. 

Cells from CHO K1 and CHO DHf cell 
lines were labeled with [3SS]methionine for 

f a d  io ni&ce~~dosc, and 
then probed with antibody specific for hsp70 proteins (12) in an immunoperoxidase reaction (13). (C) 
Synthesis of additional heat shock proteins was monitored by incorporation of ["C]leucine after a 20- 
min heat shock. A portion of the resulting fluorogram is shown, indicating synthetic patterns of low 
molecular size proteins, including a heat-inducible protein of 27 kD. The lanes in (B) and (C) are 
vertically aligned with the molecular size markers in (A). Bands corresponding to the positions of 
hsp70, hsp27, and dhfi are shown by filled or open arrowheads, indicating, respectively, the presence or 
absence of each protein in heat-shocked samples. (D) Variation in hsp70 synthetic capacity with gene 
copy number. Incorporation of [35S]methi~nine into hsp70 protein was measured by densitometric 
scanning of fluorograms prepared as in (A) from heat-shodred dhj -  (m), CHO DH, (D), and CHO 
DHf cells (a), and compared with the synthesis by CHO K, cells (0), which was given an arbitrary 
value of 100. The degree of amplification was measured fbr each cell type as in Fig. 1. 
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2 hours at 37C, either before or 12 hours 
after heat shock (11). The CHO K1 cells 
synthesized a prominent protein of 72 kD 
(the expected product of the endogenous 
hamster hsp70 gene) during recovery from 
heat shock, whereas the CHO DHf cells did 
not make detectable quantities of this pro- 
tein (Fig. 2A). Densitometric scanning of 
the fluorograph indicates that synthesis of 
the 72-kD protein by heat-shocked CHO 
DHf cells was 10% or less of its synthesis in 
heat-shocked CHO K1 cells. In other cell 
lines that were tested, in which either the 
native hamster dhj gene or the transfected 
dhj minigene (without the hsp70 control 
region) were amplified, the capacity to syn- 
thesize the inducible hsp70 protein after 
heat shock was maintained (10). In further 
experiments, CHO K1 and dhj- cells, as 
well as CHO DH, cells (an independently 
rradected and coamplified cell line) and 
intermediates of the CHO DHf series that 
were resistant to varying levels of metho- 
trexate and thedore variably amplified, 
were similarly compared for their capacity to 
synthesize hsp70 (Fig. 2D). Heat-inducible 
synthesis of this protein is maintained up to 
approximately lo3-fbld amplification of the 
hsp70 control region, but its inducibility 
dedines rapidly at higher levels of amplifica- 
tion. We estimate from this result that the 
HSF regulatory protein is present with an 
abundance of at least several thousands of 
m o l d e s  per cell, a value consistent with 
other estimates (5). 

To confirm the identity of the 72-kD 
protein, we tested its immunoreactivity with 

a monoclonal antibody prepared against 
hsp70 protein (12). Both CHO K1 and 
CHO DHf cells contained a 73-kD protein 
that we identify as a constitutively synthe- 
sized cognate (5, 6, 12) of hsp70 (Fig. 2B). 
This protein is retained and may even in- 
crease in its abundance 12 hours after heat 
shack. The immunoperoxidase staining also 
revealed a 72-kD protein that was abundant 
in CHO K1 cells after heat shock, but that 
was nearly absent from the CHO DHf cells. 
Faint traces of the 72-kD protein were 
sometimes detectable in the heat-shocked 
CHO DHf cells, indicating that inhibition 
of its synthesis in these cells may not be 
complete. Synthesis of at least one other 
heat shock protein was maintained, howev- 
er, in the CHO DHf cells. When CHO K1 
or CHO DHf cells were heat-shocked for 20 
min, then labeled 12 hours later with [14C]- 
leucine, a methionine-poor 27-kD protein 
was inducibly synthesized in both cell types 
(Fig. 2C), even when synthesis of hsp70 
protein was selectively inhibited in the CHO 
DHf cells. This result indicates that this 
member of the heat shock family of genes 
may be activated by mclanisms different 
f h n  that of the hsp70 gene, or that the 
affinity of its promoter region for HSF may 
be greater than that of hsp 70 (5), permitting 
its heat-inducible expression even when 
HSF is reduced in its availability. 

We also examined the ability of experi- 
mental and control cells to survive the rela- 
tively severe heat stress employed in these 
experiments. When the CHO K1 and dhj- 
cells were heat-shocked, at least 50% of the 

Flg. 3. Cdl survival after 
heat shock. (Ldt) CHO 
K,, dh j - ,  and CHO 
DHf cells were plated at 
5 x lo4 cdls per plate. 
The cells were then heat- 
shocked for 30 min and 
subsequent colony for- 
mation evaluated in 
fixed and stained cul- 
tures after 7 to 10 days. 
Relative colony forma- 
tion is indicated at center 
as mean 2 SD x 
with results from 6 or 7 
plates pooled from thm 
separate experiments. 
(Right) Cells were pho- 
tographed 24 hours after 
heat shock. 

CHO K, i 

cells survived for 24 to 72 hours, and ap- 
proximately 1% of the population a d d  
resume division and form colonies during 
the following 7 to 10 days (Fig. 3). In the 
coamplified CHO DHf cell line, however, 
cell death began within 6 to 12 hours after 
heat treatment, and subsequent colony for- 
mation was fimhec reduced to less than 5% 
of that observed for the control cells (Fig. 
3). The rapid death of the coamplified cells 
afm heat shock was accompanied by exten- 
sive vacuolation and lvsis and transition 
from a flattened to a rokded morphology. 
Thus, those cells that were unable to manu- 
facture significant amounts of the heat-in- 
ducible hsp70 protein also showed exagger- 
ated thermosensitivity. From this result we 
infer that the inducible form of the hsp70 
protein contributes substantially to the-re- 
covery from acute thermal stress, though we 
cannot exclude a role for other heat shock 
proteins in this pmccss. 

Together with the data pmented in a 
recent report (13), these results support a 
functional role for a major heat shock pro- 
tein in the recovery from thermal strcss by 
higher eukaryotic cells. Although this rela- 
tion has previously been argued fi-om correl- 
ative data, from work with lower eukaryotes 
(14), and from experiments with cells in 
which the heat shock genes are developmen- 
tally regulated (14, attempts to experimen- 
tally verify this prediction in higher eukary- 
otes by direct manipulation of heat shock 
protein synthesis have until now been un- 
successful (16). Although we do not yet 
have direct proof, we infer that the inhibi- 
tion of ex~ression that we observed was 
achieved &ugh competition among bind- 
ing sites for the HSF, present in limiting 
abundance within cells. 

Our method of com~etitive inhibition of 
gene expression constitutes a novel ap- 
proach to the construction of "dominant 
negative mutationsn (1 7) and will likely be 
most effective when competition is directed 
against less abundant transuiption factors. 

w---- '",T % - 7%~ approach should provide-a method for 
*r - .p.- 
v ..c .*;a. 

varying gene expression that is distinct bm, 

- * : .. but complementary to, the widely studied 
4 mahod of inhibition by synthesis of anti- (:<. s, sense RNA (16). 

CHO DHt ) 3.2 
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Unexpectedly High Levels of HIV-1 RNA and 
Protein Synthesis in a Cytocidal Infection 

protein synthesis (4). These moderate levels 
of expression have been consistent with 
retrovirus-infected cells continuing normal 
growth and differentiation while coducing 

M. SOMASUNDARAN AND H. L. ROBINSON virus. 
HIV- 1 can undergo latent as well as active 

The expression of a laboratory strain of HIV-1 (H'ILV-IIIB) has been studied in phases of infection (5). In most commonly 
mitogen-stimulated peripheral blood lymphocytes (PBLs) and in two lymphoid cell used cell cultures, simultaneously infected 
lines (CEM cells and C8166 cells). HIV-expressing cells contained from 300,000 to cells produce viral proteins and undergo 
2,500,000 copies of viral RNA per cell. Near-synchronous expression of an active cytolysis at staggered times after infection. 
infection could be achieved in C8166 cells. In these cells, the high copy numbers of The early stages of a typical retrovirus life 
viral RNA used as much as 40% of total protein synthesis for the production of viral cycle (adsorption and penetration, uncoat- 
gag protein, with high levels of viral RNA and protein synthesis preceding cell death by ing, reverse transcription, and proviral inte- 
2 to 4 days. gration) require between 12 and 24 hours in 

growing cells (6). However, in growing H 9  

S TUDIES OF HIV-1-INDUCED CELL RNAs (several hundred thousand copies per cells, CEM cells, and mitogen-stimulated 
killing have shown that HIV-l-enve- cell) that compete with host mRNA for PBLs, very few infected cells express viral 
lope glycoproteins can kill cells by translation. In contrast, typical retrovirus proteins by 48 hours after infection (2). 

inducing the formation of syncytia (1). Re- infections produce relatively low copy num- Because it is difficult to study an infection 
cently we reported that HIV-1-induced cell bers of viral mRNAs (several thousand in which virus expression is not synchro- 
killing does not necessarily involve syncy- copies per cell) and use only 1 to 2% of host nized, a series of cultures [H9 cells (7), 
tium formation, because mitogen-stimulat- 
ed peripheral blood lymphocytes (PBLs) as 
well as certain lymphoid cell lines undergo Fig. ,. Near synchronous 
HIV-1-induced cytolysis as single, mono- ,Tression Of m v - I I I B  in A1oo- 

B 

nucleated cells (2). The current studies were C8166 cells. (A) Time course 
undertaken to determine whether the HIV- of appearance of HTLV-IIIB 5 80- 

1 life cycle might influence the cytopathicity ~ t > ~ ; ~ ~ ~ ~ ~ & ~  76 iL! 
of this virus. The life cycles of cytopathic tomicrographs at days after 2 60- 

viruses typically result in infections using infection: phase (top) and flu- 
30% or more of the protein synthesis of the orescence (bottom) microsco- g 40- 
host cell (3). This domination of host pro- PY C8166 cells were infected 

at a multiplicity of infection of tein synthesis is achieved by viruses such as 20.2 infectious of 20- 

adenovirus or poliovirus actively disrupting m v - 1 1 1 ~ .  L ~ ~ J ~  (240 ng/ 
the production or translation of host mes- ml) (Becton Dickinson) was 
senger RNA (mRNA) or by viruses such as added 3 hours after infection. I 1 t 

2 4 6 8  
vesicular stomatitis producing levels of viral "ltures were maintained at Time (days) 

densities of 0.5 to 1.5 x lo6 
cells per milliter in RPMI 1640 supplemented with 15% fetal bovine serum and 240 nglrnl of leu3a by 

D~~~~~~ of pathology, universi of ~~~~~h~~~ changing the d ~ r e  medium at 2-day intervals. HTLV-IIIB-expressing cells were detected by indirect 
Medical Center, Worcester, MA 01625. immunofluorescence on fixed cells (2). Dead cells were defined as cells that failed to exclude trypan blue. 
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