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Hsp20 is a mammalian small heat shock protein with
ome deviating in vitro characteristics. We now com-
are the in vivo cellular thermoprotective abilities of
sp20 with those of its direct relative, aB-crystallin. In
clonal survival assay Chinese hamster ovary (CHO)

ells stably overexpressing Hsp20 survive equally well
s aB-crystallin-expressing cells, after a heat shock. In
transient assay, however, overexpression of Hsp20

id not result in an enhanced recovery of coexpressed
refly luciferase after heat shock, in contrast to aB-
rystallin. This might indicate that these highly ho-
ologous stress proteins are involved in at least par-

ially distinct protective activities in cultured cells.
1999 Academic Press

Key Words: small heat shock protein; clonal survival
ssay; luciferase.

Upon heat shock or other forms of stress a whole
rray of so-called heat shock proteins is expressed. A
pecific subset is formed by the small heat shock pro-
eins (sHsps), comprising a ubiquitous superfamily of
roteins that are characterized by a conserved se-
uence known as the a-crystallin domain (1). Some
embers of this superfamily are inducible upon stress,
hile others are expressed constitutively. In mam-
als, the oldest known representatives are aA- and

B-crystallin, which are highly expressed in the eye
ens. Outside the lens aB-crystallin is also abundant in
eart and some skeletal muscle tissues (2). Another
amiliar relative is Hsp27, also called Hsp25 in ro-
ents. The a-crystallins and Hsp27 occur as 600- to
00-kDa multimeric structures of which the most con-
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opyright © 1999 by Academic Press
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acity (3). Cryo-EM studies show that aB-crystallin
orms hollow spherical complexes (4), and a similar
tructure with 14 “windows” is revealed by X-ray anal-
sis of an archaebacterial sHsp (5).
During the last few years, new mammalian sHsps

ave been reported, of which Hsp20 is the best char-
cterized (6, 7). For the other two representatives,
spB3 (8) and HspB2 (9), mainly sequence and expres-

ion data are as yet available. Like aB-crystallin,
sp20 is highly expressed in heart and muscle tissue,
ut considerable amounts of Hsp20 are also found in
mooth muscle of bladder and rectum, and in vascular
mooth muscle (6). In rat hindlimb muscle, the expres-
ion of Hsp20 is developmentally regulated and related
o muscle contraction (10). In vascular smooth muscle
issue, phosphorylation of Hsp20 seems to play a role
n the contraction process (11). Furthermore, it has
een reported that Hsp20 has an inhibitory function in
he regulation of platelet activation (12).

Overexpression of various sHsps has been shown to
nhance the survival of cells subjected to different forms
f stress, including heat shock (13). The mechanisms
nvolved in this cellular protection remain largely un-
nown. We recently found that recombinant rat Hsp20
eviates from a-crystallins and Hsp27 in being structur-
lly a less stable protein, a poorer chaperone and having
tendency to dissociate into dimers (7). Wondering about

he implications of these in vitro properties for the in vivo
rotective capacities, we here compare the abilities of
sp20 and aB-crystallin to protect CHO cells against the
eleterious effects of heat shock. To that end we used
oth a transient assay, in which the protection of co-
ransfected luciferase is assessed and a clonal survival
ssay of cells stably expressing Hsp20 or aB-crystallin.
sp20 and aB-crystallin performed differently in these
ssays, indicating different physiological functions for
hese two sHsps.



MATERIALS AND METHODS
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Cell culture and transient transfection. CHO cells were cultured
n DMEM (Gibco, Paisley, Scotland), supplemented with 10% fetal
ovine serum (Gibco). One day before transfection with Lipofectamin
Gibco), CHO cells were plated at a density of 0.5 3 106 cells per
0-mm culture dish. Transfection mixtures for each dish contained
.5 mg of a luciferase expression plasmid with an SV40 promoter
pGL2 control, Promega, Madison WI, USA) in combination with
ither the aB-crystallin or the Hsp20 expression vector or a negative
ontrol plasmid. In these vectors the hamster aB-crystallin gene (14)
s controlled by an RSV promoter and the rat Hsp20 cDNA (7) is
loned downstream of a mouse Moloney virus LTR. As a negative
ontrol we chose an expression vector encoding the RSV promoter
nd the unrelated non-heat shock protein bB2-crystallin (15). The
otal amount of DNA in each mixture was 2 mg. One day after
ransfection, cells from each 30-mm dish were subcultured into 6-10
ew 30-mm dishes, each containing 0.15 3 106 cells, representing
arallel sister cultures. Approximately 48 h after transfection these
arallel cultures were either subjected to a heat shock (for 40, 50, 60,
r 70 min at 44.5°C) in a precision water bath, or kept at 37°C. At the
ame time, cells from parallel culture dishes were harvested to be
sed for Western blot analysis with anti-aB-crystallin (16) and
sp20 (7) antisera. Purified recombinant proteins (7) were used to

oughly estimate the expression levels of the overexpressed proteins.
n a separate control experiment, transfection efficiencies of the
ifferent DNA mixtures were determined by co-transfection of a
-galactosidase expression plasmid (Promega, Madison WI) and
taining for b-galactosidase activity according to the manufacturer’s
nstructions.

After a further 24 h incubation under standard culture conditions,
eat-treated and control cells were harvested and a luciferase activ-

ty assay was performed (Boehringer, Mannheim, Germany). In this
articular transient assay the measured luciferase activities are
erived exclusively from the transfected cells. Therefore, protective
ffects of the different transfected sHsps are directly reflected by the
uciferase activity. The luciferase activities of the stressed cells were
elated to the activity of the non-stressed transfected control cells.
he calculations were independent of transfection efficiencies since
e used parallel sister cultures within the same experiment.

Transfection of virus helper cells, infection of CHO cells and clonal
urvival assay. The virus packaging cells iCRE derived from NIH
T3 helper cells (17) were cultured in DMEM (Gibco), supplemented
ith 10% fetal bovine serum (Gibco). Transfection was performed
ith a viral vector, pMV6 (18) containing the mouse Moloney virus
TR and either the rat aB-crystallin cDNA or the rat Hsp20 cDNA.
fter a ten days selection with G418/geneticin at a concentration of
00 mg/ml (Gibco) the resulting virus-producing colonies were pooled,
nd overnight medium from the pooled clones was used for infection
f CHO cells. Again after selection with G418 for 5–6 days, surviving
HO cells were replated 24 h before the heat stress in medium
ithout G418, in a concentration of 0.5 3 106 cells in each 30-mm
ish, representing a cell population stably overexpressing either
sp20 or aB-crystallin. The resulting cell population is not monoclo-
al and represents probably different viral integration sites. Heat
hocks were applied in a precision water bath for various periods of
ime (40, 50, 60, 70 min) at 44.5°C. To perform a clonal survival
ssay, cells were trypsinized and replated directly after the heat
hock in appropriate dilutions in 30-mm dishes. After 8–10 days
ncubation at 37°C in a humidified CO2 incubator, colonies were
tained with 1% crystal violet. Colonies containing more than 50
ells were counted. To determine the amounts of aB-crystallin and
sp20 at the moment of the heat shock, parallel cultures of the

irus-infected cells were harvested for Western blot analysis with
olyclonal antisera directed against aB-crystallin (16) and Hsp20 (7).
165
ESULTS AND DISCUSSION

Hsp20 does not protect cotransfected luciferase.
here are several methods to study the effect of a
articular heat shock protein on cellular survival after
tress. Conventional cytotoxicity assays are based on
ifferences in metabolic activities of protected and non-
rotected cells, or on determining the colony-forming
bility of such cells. Both methods rely upon the homo-
eneous overexpression of the potentially protective
roteins of interest in a stably transfected cell popula-
ion. However, overexpression of heat shock proteins
ometimes results in decreased growth rates of cells
19, 20). In search of different approaches, involving
ransient overexpression of sHsps, we adapted a pro-
ocol developed by Williams et al. (21). In our assay,
ransient transfection is used to overexpress a heat
hock protein together with luciferase as a reporter
rotein in CHO cells which are devoid of Hsp20 as well
s aB-crystallin. Such cotransfection of heterologous
lasmids results in simultaneous uptake of both plas-
ids in the majority of the cells that are successfully

ransfected (21). Since the expression of the protein of
nterest and the reporter protein are generally most
ronounced after 48 h, this time point has been taken
o subject the cells to heat shock. After a subsequent
ecovery period of 24 h, the activity of the reporter
rotein can be measured (21), reflecting exclusively the
iability of the transfected cells.
As shown in Fig. 1, both Hsp20 and aB-crystallin are

ighly expressed, at comparable levels, in transiently
ransfected CHO cells. This is also true for the unre-
ated non-heat shock protein bB2-crystallin, which is
sed as a negative control in this assay. The transfec-
ion efficiencies of the different DNA mixtures were
omparable, and estimated at approximately 10%, as

FIG. 1. Expression of Hsp20, aB-crystallin and bB2-crystallin in
HO cells 48 h after transient transfection. Western blot analysis
as performed with polyclonal antisera directed against Hsp20,
B-crystallin and bB2-crystallin. Purified proteins were loaded as
arkers in lanes 1 and 2 (10 and 30 ng of Hsp20), 4 and 5 (2 and 5
g of aB-crystallin) and 7 and 8 (5 and 30 ng of bB2-crystallin). In

anes 3, 6, and 9 extracts were applied from the respective tran-
iently transfected CHO cells, equivalent to 0.3, 0.08, and 0.3 3 106

ells. Densitometric scanning revealed that expression levels for
B-crystallin and Hsp20 are within the same range, varying from 15
o 25 ng/106 cells.
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etermined in a control transfection experiment by
oexpression and staining for b-galactosidase (results
ot shown).
In Fig. 2 the luciferase activity detected 24 h after

eat treatment of the transiently transfected cells is
hown relative to the activity detected in non-
tressed cells. It is immediately clear that far more
uciferase activity can be measured in heat-shocked
ells overexpressing aB-crystallin, than in cells over-
xpressing Hsp20 or a control protein such as bB2-
rystallin. In fact, the luciferase activity detected in
ells overexpressing Hsp20 is almost as low as that
n cells transfected with the negative control. Thus,
n comparison to aB-crystallin, Hsp20 is far less
dequate in providing cellular protection in such a
ay that it results in retaining the luciferase activ-

ty. Interestingly, in cells transfected with aB-
rystallin the luciferase activity detected after a heat
hock of 40, 50, or 60 min is even higher than in
on-treated cells. This is a common observation, pre-
umably caused by overactivation of different cellu-
ar repair mechanisms after the heat shock (G.J.J.S.,
npublished).

Hsp20 performs well in a clonal survival assay.
ince both aB-crystallin and Hsp25 perform well in the

uciferase assay (22), the poor performance of Hsp20 in
he luciferase protection assay was rather unexpected.

FIG. 2. Comparison of protection of luciferase activity by over-
xpressed Hsp20 and aB-crystallin in CHO cells. Luciferase ac-
ivity was determined 24 h after a 40- to 70-min heat shock at
4.5°C, in CHO cells cotransfected with Hsp20, aB-crystallin (aB-
ry) or bB2-crystallin (control) expression vectors in combination
ith a luciferase plasmid. The measured luciferase activity is

epresented as a percentage of the activity of non-heat-shocked
ells. Experiments were repeated four times and representative
esults are shown.
166
lonal survival assay with CHO cells stably overex-
ressing either aB-crystallin or Hsp20. The expression
evels of both heat shock proteins in the stably trans-
ected cells are presented in Fig. 3. Although we did not
ry to determine the exact protein levels, it is clear that
oth proteins are expressed at comparable, though
ather low, levels. Surprisingly, a clonal survival assay
eveals that Hsp20 displays a similar protective capac-
ty as does aB-crystallin (Fig. 4). The protective effect
s most pronounced after a heat shock of 50 min, where
sp20- and aB-crystallin-overexpressing cells both
rovide approximately 100 times more colonies than
ontrol cells.
Overexpression of aB-crystallin and Hsp20 did not

esult in decreased growth rates. Similar numbers of
ells of both lines result in equal numbers of colonies in
omparison with non-infected control cells. Also the
lating efficiency for all three lines was close to 100%.
he number of colonies arising ten days after the heat
hock in our experimental setting is somewhat lower
han previously reported (20, 23). This may be due to
he fact that we used a pooled population, whereas
sually the cell line with the highest expression is
sed. In a control experiment, using cells infected with
virus only expressing the geneticin selection marker,

t was excluded that the enhanced cellular survival
as somehow induced by the viral infection. It can be

oncluded that Hsp20, like all other sHsps tested so far
13) exhibits the ability to confer thermoresistance in a
lonal survival assay.

FIG. 3. Expression of Hsp20 and aB-crystallin in virus-
nfected CHO cells. Western blot analysis was performed as de-
cribed in the legend to Fig. 1. Lanes 1, 2, 4, and 5 contain 1 and
ng of aB-crystallin, and 5 and 10 ng of Hsp20, respectively. In

anes 3 and 6 equal amounts of protein were loaded, corresponding
ith 106 CHO cells overexpressing either aB-crystallin or Hsp20.
he expression levels in these stable cell lines are indeed much

ower (approximately 1 ng aB-crystallin and less than 1 ng Hsp20/
06 cells) than in the transient transfections depicted in Fig. 1,
lso considering the fact that in the transient transfections only
bout 10% of the cells overexpresses the transfected protein. The
ow expression upon stable transfection is due to the fact that
verexpression of sHsps results from a single integrated copy of
he expression virus per cell.



v
t
s
v
r
b
r
f
H
s
b
i
m
A
h
i
f
c
l
o
i
n
l
t

s
l
b
t
S

and aB-crystallin in the clonal survival assay, this
m
p
e
c
c
a
r
u
t
e
i
T
s
O
t
s
d
l
s
r

A

a
a
c
(

R

1

1

1

1

1

H
c
t
n
r
i
s

Vol. 254, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Comparison of luciferase protection and clonal sur-
ival assays. The mechanisms involved in the protec-
ive effect of sHsps on cellular survival after a heat
hock remain largely elusive. In vitro, the sHsps pre-
ent protein aggregation by binding to hydrophobic
egions in unfolding polypeptides. This chaperone-like
ehavior is likely to play a role in the processes occur-
ing during heat shock. In previous experiments we
ound that luciferase activity in aB-crystallin- and
sp27-transfected cells vanishes directly after a heat

hock (22). Restoration of the enzyme activity could be
locked by cycloheximide, indicating that sHsps are
nvolved in the protection of the protein synthesizing

achinery allowing de novo synthesis of luciferase.
lternatively, or additionally, it is possible that during
eat shock the rather heat-labile luciferase denatures

rreversibly in the control cells, whereas it is kept in a
olding-competent state (24, 25) in shsp-overexpressing
ells. Directly after the heat shock, the sHsp-bound
uciferase may be refolded, perhaps in conjunction with
ther Hsps, resulting in an increased luciferase activ-
ty in comparison to control cells. In the latter case
ewly synthesized proteins are involved because no

uciferase activity could be measured in cycloheximide-
reated cells.

Speculating that the chaperone-like properties of
Hsps play a role in the restoration or protection of
uciferase activity, it is quite conceivable that Hsp20,
eing a poorer chaperone (7) is less effective in facili-
ating the renewed synthesis or refolding of luciferase.
ince no major differences were found between Hsp20

FIG. 4. Thermoresistance of CHO cells stably overexpressing
sp20 or aB-crystallin, in comparison with non-infected control

ells. Surviving colonies were counted 10 days after heat shock and
rypsinization, and numbers are presented as percentages of the
umber of colonies arising from non-treated cells. Experiments were
epeated four times with similar results and a representative graph
s shown. Cells infected with an empty virus (not shown) behave
imilar to the noninfected control CHO cells.
167
ight suggest that the chaperone-like activity does not
lay a similar role in this assay. A fundamental differ-
nce between the luciferase protection assay and the
lonal survival assay is the fact that in the latter case
ell division and attachment are essential. It is gener-
lly accepted that the cytoskeleton plays an important
ole in both these processes. One of the most conspic-
ous in vivo properties of aB-crystallin and Hsp27 is
hat they are not only able to colocalize with cytoskel-
tal structures, but may also be involved in maintain-
ng the integrity of the cytoskeleton (16, 23, 26–28).
herefore, the cytoskeletal protective capacities of
Hsps may be especially important in dividing cells.
ur results with Hsp20 and aB-crystallin, indicate

hat the various thermoprotective properties of the
Hsps reside in different mechanisms. The current
ata only allow speculations concerning the possibly
esser importance of the chaperone-like behavior of
Hsps for the protection of cytoskeletal structures, and
equire future experimental corroboration.
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