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Over-expression of the small heat-shock protein, hsp25, inhibits growth
of Ehrlich ascites tumor cells
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hsp2$ is o small, growth-reluted, mammalian stress protein which is highly acesumulated in the stationary phase of Ehrlich ascites tumor in vivo.,
Ehelich ascites colis sultivaled in vitro under conditions al continuaus expanentiul growth express hips only at 4 tow level. These ceolls waere stably
transfected with an cukaryalic expression vestor earrying the coding sequence of the small heal-shock protein, hsp2S. undsr contrel of the murine
metallothionein promoter. The resulting cell lines (EAT 116 snd EAT [18) exhibit constitutive over-expression of the small heat-shosk pratein, hspl$,
which can be further incrensed by induction with cadmium. Both cell lines show inereased thermaresistanee. The in vitro prolilferation rute of the
translocied ¢ell lines EAT L6 and EAT 118 is significuntly decreased depending on the degree of cadmium-regulated over-expression of hspls,
Furthermare, a significant deluy in Ehrlich useites tumor growth in mice using the hzp25 over-expressing cells lor primary inoculation could be
demansirated.

Meat-shock protein: Small stresx protein: Transfected cell; hapds, Cell praliferation: Ehrlich ascites tumor

1. INTRODUCTION

The expression and phosphorylation of the small,
stress or heat-shock proteins (hsp's) are not only cellu-
lar respenses to non-physiological conditions [1-3] but
also play a role in cell proliferation and differentiation:
in Drosophita the expressivn of the small stress proteing
is developmentally regulated by ecdison [4-6] and, fur-
thermeore, in mouse embryogenesis a differential and
tissue-specific expression of the small heat-shock pro-
tein, hsp2$S, was detected [7]. An increased expression of
small hsp's has been described for differentiation of
leukemia celis induced by the D-factor (8], and for dif-
ferentiation of embryonal carcinoma cells and embry-
onic stem cells induced by retinaic acid or prolonged cell
culture [9]. During progressive differentiation of rat os-
teoblasts and promyelocytic leukemia cells the expres-
sion of the small human stress protein, hsp2?, mRNA
is increased with the down-regulation of proliferation.
while mRINA levels of hspS0 and hsp90 decrease [10].
In both normal, as well as a subset of neoplastic human
B lymphocytes, hsp27 has been found to be a novel
marker of growth arrest {11]. These data suggest that,
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in contrast to the high molecular weight heat-shock
proteins, which seem ta be positively correlated with cell
proliferation [12). the mammalian small heat-shock pro-
teins may be involved functionally in inhibition of cell
preliferation during differentiation processes.

The murine smull stress protein. hsp25, has been
identified 05 a growth-related phospheprotein in Ehr-
lich aseites tumeor (EAT) eells in vivo: EAT cells in the
exponential growth phase express only low levels of
hsp23, whereas in cells at the stationary phase of tumor
development a strong accumulation of hsp25 and its
mRNA couid be detected [13,14]. EAT celis cultivated
in vitro under conditions of continuous exponential
growth also show a decrensed level of hsp25 expression,
indicating that in EAT hsp25 expression is negatively
correluted to cell proliferation.

In contrast to the studics above, which correlate
hsp25 expression and growth behaviour of cells, the
experiments presented here were aimed to investigate
whether clevated expression of hsp25 directly influences
¢ell proliferation and if hsp2$ itself is functicnally in-
volved in growth inhibition of EAT cells, For that rea-
san Ehrlich ascites tumor cells were stably transfected
with a sukaryotic expression vector carrying the coding
hsp25 sequence under the control of the metallothionein
promoter, and the dependence of the rate of cell prolif-
cration of these cells on hsp2S over-gxpression was de-
termined both in vitro and in vivae. The results obtained
provide evidence that hsp25 is expressed not only in a
graowth- and differentiation correlated manner, but that
hsp25 itself may play a funciional role in growth inhibi-
tion.
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2, EXPERIMENTAL

2.1, Fransfection Experimenis

Far the translection experiments (he mummalian expression vactor,
pMK3 was used, which originally had been consirusied to confer
HAT resisluncs 1o th-cells (a kind gift of Dr. M. Sirauss, Berlin). The
coding region of the thymidine kinuse gene of this veetor, which is
under the control of the promoterfrepuluiory fegion of the murine
metallothianein.1 gene. wus substituted with & Bamb -fragment of the
hsp28 ¢cDNA clane, p2sb [14). suntaining the entire coding sequense
of the protein. The resulting expreasion plusmid carrics the hspls
coding region undser the conlral of the heavy metal-inducible murine
metullothiongin promoter, and provides the polyudenylation signal of
ths Herpes symplex virus [ thymidine kinise non-coding sequence for
the upproprinic MRNA transeribed in vivo. This hsp25 expression
veetor was ¢o-trunsfected with the cukaryolic expression vestor,
phS,,.. ¢ading lor purompyein. Meacetyl-trunsferuse conlering puromy:
cin resistance [1$), inte EAT cells in u molar ratio of 20:1 using the
culcium phasphate precipitation procedure [16]. Transfestion wis cae.
ricd out using $ z2 of plasmid mixture in 60 mm Fetri dishes consain-
ing $x10° calls in 3 mi Dutbsceo's modificd Engle's medium supple-
mented with 10% fetal ealf serum and 50 #M S-mercaptoethanol,
Selection of colls contuining stably integrated copics of the ¢ dtrans-
fected plasmid pBS,,, wis accomplished by adding puremyein te the
medium contuining 15% fetal coll =eoum to a final Concentration of §
pyml. After 14 duys the resistunt ¢ell population wis plited in soft
ugar contuining 10% fetsl cull serum. Single colonies of cells were
isolated, cultivated in & mum Petri dishes und sested for averespress
sion of hap2s.

2.2, daniysis af hsp23 expression

Cells were cultivated in 60 mm Pelri dishes in a medium containing
15% [eral enlf serum and S0 2M g-mereaploethanol. with 5, 10 ug/ml,
or without cadmium(ll) sulphate (CdS50,). They were collected and
their numbers determined. 310 cells were lysed in 10 4t SDS sumple
buffer and heated 10 95°C for 5 min, 0.3 gl of the lysed samplex were
applied 10 10-15% polyaerylinide gets and run in g Pharmacia
PHAST system. The resolved proteins were transferted to nitrosellu-
loxe membranes by semli-dry electroblotling (Pharmaein PHAST) and
subjected (o immunadeicction using hsp2§ antibodies [17] and o see-
ondury anti-rabbit antibody conjuganied with alkaline phosphatase
(Promegu).

2.3, Mewa ereiment af celis anel deteriination of thermuoresisimnee

%10 cells were seeded into 75 em® flasks, Aller 24 b 10 ug Cd80,/
ml wis added (o the appropriate flasks. After a further 48 b insubation
a1 37°C the cells were cxposed (o a hent shaek of 44*C far 60 min,
As u pogitive cantrol, EAT Pm” cells were presshocked at 41.5°C for
G0 min, 3 h befare the heatsshock challenge o 44°C, Aler heul {reat-
menl the cells were immediutly plated in soft agar using seversl seeding
concentrations. Calonies emerging from surviving <olls were counted
after 4-5 days, The {rastion of eells surviving the heat treatment was
determined by dividing the numnber of colanies formed from heits
treated cells by the approprisle number of non-heut-shocked EAT
Pm* cells,

24. Growth enalysis

24.1. Growth analysis in vitro

On duy 0 cells were plated a1 a density of 2x10* cells/em® in 35 mm
tissue culture dishes. After 24 h, CdSG, was udded to give a final
congentration up to 10 up/ml. At day 3, 4 und 5 the ceils were scruped
off and counted in 2 Neubauer chamber. The resuils obtained repre«
sent the mean vulues of eight independent determinations of the cell
number for cach time-point in (wo sepurate experiments,

2.4.3. Growlh analysis in vive

Transfected and control celly, cuitivaled in 75 cm? Masks, were
harvested, washed in PGS und resuspended to o coneentration of 1x]0*
selts/ml PBS. 5x10° cells were injected intraperitoneally into fenuile
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ICR mige, Tumor development wis monitored by determination of
the tumar mast and the number of tumor eallt. Tumar mass wis
meusured by daily weighing the snimals. The number of tumor cells
wus counled after hurvesting from mice ascites fluid und two subse.
qusnt wishes of the intraperitoneal cavity with saline. Data prasented
are the resulix of two independent experiments with groups of § ani-
mals for ench lime point.

The relative amount of hsp2$ expressed in the tumar cells was
determinegd by Western blat experiments, us described in seclion 2.2,

3. RESULTS

3.1, Over-expression of hsp25 and increased ther-
maresistance in stably transfected EAT cells

EAT cells were co-transfected with the hsp25 expres-
sion vector and a puromycin-resistance plusmid. Puro-
mycin-resistant cell populations were selected and
analysed for hsp2S expression. Out of 72 independent
cell clones tested, 34 puromycin-resistant clones showed
over-expression of hspldS with different levels of basal
expression and cadmium inducibility. Two stably trans-
fected EAT cell lines, designated EAT [16 and EAT 113,
which showed relatively high cadmium inducibility of
hsp25 expression, were chosen for further experiments.
The co-transfection experiment was also carried out
with a plasmid lacking the hsp25 coding sequence, pro-
viding the stably transfected puromyecin-resistant cell
population, EAT Pm*, which was used as the control
in all experiments. Fig. | demonstrates the expression
of hsp25 in the different hsp2s over-expressing cell lines
and in the control cells. Since the hsp2S coding sequence
is under transcriptionul sontrol of the regulatory region
of the murine metallothioneinel gene, induction of
hsp2$ expression by heavy metal ions, as for instance

EATPm?* (8 e

CdSOu(sg/ml) 0 S 100 5100 5 10

Fig. 1. Qver-expression of hsp2d in the stably transfested cell lines,

EAT 116 and EAT IIB. EAT Pm* control eells, as well as siably

Lransfected hap25 over-expressing cells. EAT 118 and EAT 116, were

cultivated in the presence of different cancentrations of cadmium

sulphate, subjected to SDS.polyacrylamide gal electrophaoresis, trans-

larred 1o nitrasellulase membrancs, and hsp2s was detected by im-
munosiaining using spesific antibodies,
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by cadmium ions. was obtained in both cell lines, EAT
116 and EAT 118 (¢f. Fig. 1 ). Furthermore, it can be
scen that even the basal level of hsp2 expression in the
transfected cell lines, which can be detected without
promoter induction by cadmium ions, represents an
over-expression of hsp25 compared 1o the cantral EAT
Pm” cells, where hsp2$ cannet be induced by cadmium
ions. The basal level of hsp28 expression of the cell lines,
EAT 116 and EAT 118, was estimated tobe about 6 ug/g
EAT celis. Induction of the metallothionein promoter
increases the level of over-expression of hsp25 in a man-
ner which is dependent upon the concentration of cad-
mium ions up to about five-fold (30 ug/g EAT cells at
a cadmium sulphate concentration of 10 ug/mi).

The stably transfected cell lines, EAT 116 and EAT
118. as well as the control EAT Pm” cells, were subjected
to u heat shock for 60 min at 44°C, After the heat shock
the ¢ells were plated in soft agar, and the number of cells
surviving the heat shock was determined as o measure
of thermoresistance. As a positive control, wild-type
cells which had already received a first heat shock at
41,5°C for 60 min (pre-shocked cells) and. therefore,
had acquired thermotolerance, were used. The resulis
are represented in Fig. 2, where the fraction of trans-
fected (EAT 116, EAT i18), control EAT Pm” cells
(EAT) and pre-shocked wild-type clls surviving the
heat shock in the presence and in the absence of cad-
mium ions is shown. It can be seen that the pre-shocked
wild-type EAT calls show the highest degree of ther-
moresistance, probably because the expression of the
whole set of EAT heat-shack proteins represents the
evolutionurily developed opiimal ccllular response to
thermal stress. The basal over-expression of hsp25 also
leads to a significantly increased therimnoresistance of the
EAT ceils, but not to the degree of the wild-type pre-
shocked cells. Further over-expression of hsp2s by in-
duction with 10 ug/ml cadmium sulphats obviously
does not increase the degree of thermoresistanes of the
transfected cells.

3.2, Inhibition of cell preliferation by hsp35 over-expres.
sian in vitro

The growth rate of the transfected cell lines was deter-
mined to investigate whether over-expression of hsp2$
directly influences the growth properties of the cells and
thereby explain the growth and difFerentiation corre-
lated expression of hsp25. From Fig. 3 it can be seen
that the transfected csli lines, EAT 116 and EAT 118,
show a significantly lower proliferation rate than the
control EAT Pm” cells. These differences in the prolifer-
ation rate already exist between the control cells and the
transfected cell lines over-expressing hsp23 at the basal
level, without induction by cadmium ions (Fig. 3a). In-
duction of elavated hsp2S over-expression by 5 yg/ml
(Fig. 3b) and 10 ug/ml CdS0, (Fig. 3¢} lead to a further
decrease of the proliferation rate of the transfected cells
compared to controls,
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Fig. 2. Thermoresisiance of hsp2$ overcxpressing ¢sil lines, Ther-
morssisiance of the different transfected (EAT [[6 and EAT 118) and
control (EAT Pm") cell lines (EAT. without pre-heat treatment: EAT
presshocked, EAT cells prelreated ut 41.5°C for 60 min) were sub-
jested (o heut shosk ut 44°C for 60 min. Alter heat shosk. cells wars
plated in soft agar and the frastion of sells surviving the heat shock
was determined using non-heat-shesked colls as the control (100%).
The heat shock was alse curried aul with a cadmiwn (+ Cd**) pretreat-
ment 1o induce increased overexprecsion of hip25 before the heat-
shoek ehallenge. The ranifected cell lings (EAT {16 and EAT 118)
show a significantly increased thermoresistunce compared to the con-
trol (EAT) und u lower degree of thermoresistance than pre-heat-
shocked cells (EAT presshoched). A further increased over-expresiion
of hsp2$ by induction with cadmium ions (+ Cd*>*) dogs nol increase
the thermoresistuncs of the transfested ecll lines,

A comprehensive representation of the inhibition of
EAT cell proliferation dependent upon cadmium-in-
duced over-expression of hsp23 is shown in Fig. 3d. In
purticular, the cell line, EAT II8, shows a convincing
correlation between the degree of induction of hsp2$
expression and growth inhibitien. It can be seen that the
relative growth of transfected EAT cells is decreased by
addition of cadmium ions from about 80% of the
growth of the control cells at the basal level of hsp23
over-expression to about 30% (EAT II8) and $5% (EAT
[I16) at a cadmium sulphate concentration of 10 lg/mi,
respectively.

3.3, Delay of tumor develapment by hap25 over-gxpres-
slon

[n addition to the investigation of in vitre prolifera-
tion, transfected and control cells were injected into
female [CR mice ascites to study the growth properties
in vivo, The cell line, EAT [18, was chosen since it had
shown the strongest correlation between cadmium in-
ducible hsp25 over-expression and growth inhibition in
the in vitro experiments. Fig. 4 demonstrates the growth
properties of tumeors originating from EAT Pm* contrel
cells and EAT 18 cells over-expressing hsp25. A signif-
icant delay in tumor growth after inoculation of EAT
118 cells compared to the control cells is detectable. This
delay is due to lower proliferation rates of the hsp23
over-expressing cells especially within the first 8 days of
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Fig. 3. Lnhibition of the proiferation of tranifecied EAT cell lines by
over-expression of nap2S. The transfected cell Jines EAT L6 (4) and
EAT 1% (®), st well a3 contcal EAT Pm™ cells (@), were grown in the
absense (1) und presence (b.c) of cadmium ions indueing further avers
expression of hsp2s. Al the basal level of hspd aver-expression (with-
out cadmivm industion. a} differenses in proliferation rate between the
trunsfected ard the non-transfested cell lings cun be detected. With
increasing hap28s over-expression ol endmium sulphate concentrations
of 5 ug/mi (b) and 10 gg/ml {c) the difTerences in growth rute between
trunsiected and control ¢olls incrense. A comprehensive sepresentilion
of hsp25 over-chpression.dependent growth inhibition of EAT cells is
shawa in (d) where the relative growih of the transtected cells com-
pared to the EAT Pm” cells is indicated in the dependence on the
cadmium concentrution after un incubation lime of § days,

tumor development compared with the control EAT
Pm” cells. which do not express detectable levels of
hsp25 (cl. Fig. 5, EAT Pm*, day 0-8). Thereafter, the
tumars derived from the control cells begin to enter the
stationary phase and spontuncously cxpress elevated
levels of hsp25 (cf. Fig. 5, EAT Pm”, day 12). Accord-
ingly, the differences in the proliferation rates between
hsp25 over-expressing EAT [18 and control EAT Pm”
cells decrease, Tumors derived from EAT [18 cells reach
the stationary phase with the same final muass and a
comparable hsp25 expression level as those originating
from EAT Pm* contro! cells but delaysd by ubout 2
days.

4, DISCUSSION
The model sysiem of cadmium-inducibic over-cxpres-
sion of hsp2$§ in transfected EAT cell lines was used to

investigate the role of hsp28 in growth inhibition of
EAT celis after it had been shown that hsp25 was not
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inhibition in prowth during the first § days af tumor development.

inducible by cadmium in the appropriate wild-typs and
EAT Pm® control cells (Fig. 1}. [n the experiments pre-
sented. two independent cell clones (EAT 116 and EAT
[18} were used to demonstrate that the effects of truns-
fection were not due to the position of integration of the
vector DNA into the EAT genome. Both cell lines
showed an elevated thermoresistance at 44°C. indicat-
ing over-expression of a functional intact hsp25 which
contributed io the atrainment of thermoresistance in
this homologous system. This finding is in agreement
with recent observations that an increase in ther-
moresistance can be obtained by over-expression of cer-
lain stress proteins in heterelogous systems: constitutive
over-expresssion of the small human stress protein.
hsp27. in Chinese hamster and mouse cell lines, produc.
ing ulso the endogenous redent small stress protein {18],
and constitutive over-expression of human hsp70 in
CV1 menkey cells [19) and ral fibroblasts [20], cause
increased thermoresistance of the transfected cell lines.

The transfected cell lines were analysed with regard
1o changes in growth hehaviour in vitre and in vivo. A
significant decrease in ihe proliferation rate of the trans-
fected cells aver-expressing hsp25 direstly correspond-
ing to the degree of hsp25 over-expression could be
detected in vitro. This growth inhibiticn is certainly not
a non-specific effect of over-expression of a cellular pro-
tein, since the level of the metallothionein promoter-
regulated hsp25 over-expression (0.012-0.06 ug/10°
cells) is low compared to high level expression of certain
pioieins in eukaryoric celts (1 gg/10° cells and higher)
which nermally will not alter the growth characteristica
of transfected cells [21]. Hence, one can assume that
hsp25 is specifically invelved in down-regulating EAT



Volume 208, number 3

EAT Pm+

day 0 2 4 6 8 12

e ————

day 0 2 4 6 8 12

Fig. 5. Hsp2$ expression of the éell line, EAT 118, und eonirol EAT
Pm® cclls during tumer development in mice. After intraperitonesal
injection of trunsfested EAT 118 cells, as well as contral EAT Pm*
cells, inta female ICR mice, nscites tumor cells were harvested at
different time points and the relative amount of hspd$ was determined
by Waestern blot analysis. In the stationary phase of EAT development
conirol calls also express elevaied level of hspls (EAT Bm”, duy 12).

cell growth. In the in vivo experiments a significant
delay in tumor grawth of transfected cells could be ree-
ognized. The lower in vivo proliferation rate of the
hsp25 over-expressing EAT [18 cells leads to increasing
differences in tumor masses between transfected and
control cells, especially during the first 8 days of tumor
development, where contro]l EAT Pm-™ cells do not ex-
press detectable levels of hsp23. With the entry into the
stationary phase of BAT development. hsp25 expres-
sion is spontaneously increased also within the control
EAT Pm™ cells, and growth differences of tumors orig-
inating from hsp25 aver-expressing and from control
cells decrease during the later phases of tumor develop-
ment.

In contrast to the expression of the high molecular
weight heat-shock proteins, which is mainly positively
correlated to cell proliferation [12], the data presented
here suggest that the small heat-shock protein, hsp25,
is functicnally involved in growth inhibition,

The cellular function, as well as the molecular mech-
anisms by which the small stress proteins inhibit cell
proliferation and contribute to thermoresistance, are
unknown. There are findings suggesting that the small
hsp's may be invelved in signal transduction during cell
growth and development: hsp25 and hsp27 become
phosphorylated not only immediately after subjecting
cells to a heat shock but also within a few minutes
following treatment with serum, tumor necrosis factor,
bradylkinin, interleukin | platelet-derived growth fac-
tor, fibroblast growth factor, phorbol esters and cal-
cium ionopheres {22,23]. On the other hand, it has been
described that heat shock influences ihe intracellular

FEBS LETTERS

September 1992

distribution and structural organization of the com-
piexes formed by the small hsp's, and that these com-
plexes under heat shock are localized within the nucleus
of Hela cells {24]. It can be assumed that the heat-
shock- and growth factor-dependent phosphorylation
of hep27 [25] and hsp25 [3,26) regulates the molecular
aggregation behaviour, the intracellular distribution
and possibly also the function of the proteins.

Recantly, the turkey small heat-shack protein has
been identified to be a specific inhibitor of actin polym-
erization in vitre [27]. Censidering the importance of
actin filamenis as part of the cytoskeleton for prolifera-
tion and differentiation processes, this result could
stand for a functional mschanism of the small hsp's
which regulates the assembly and disassembly of actin
filaments by their stress- and growth factor-dependent
expression, phosphorylation, subeellular distribution
and intermolecular aggregation. If the small hsp's also
inhibit actin polymerization in vive, the growth inhibi-
tion in EAT cells could be explained by inhibitien of
formation of the contractile ring structures involved in
the separation of daughter ¢ells during the cytokinesis
part of cell division [28}, Further experiments will have
to be carried out to test this hypothesis.
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