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A useful tool to study the development of heat re-
sistance is the isolation of thermoresistant variants of
established cell lines. This has been done in previous
studies preferentially with rodent cells [1–14]. Lazlo and
Li [2] obtained Chinese hamster HA-1 cells of heat re-
sistant phenotype by clonal selection and further in-
creased the acquired resistance after acute hyperther-
mia treatments. These variants exhibited intrinsic heat
resistance even under normal growth conditions at
37 °C over more than 70 passages. The authors sta-
ted from their data, that the acquired intrinsic thermal
resistance does not necessarily alter the ability of cells
to develop transient thermotolerance. Hahn and Kers-
en [1] established heat resistant strains by repeated
heatings and clonal selection of the surviving descen-
dents. Heat resistance of the variants increased step
by step with the number of selection cycles in vitro.

To study the interaction of drug resistance and hy-
perthermia, heat resistant variants of drug resistant cells
are required, which can be used to identify common
genes involved in both pathways. This has been done
exclusively with rodent cells so far. Multidrug resistance
(MDR) describes the phenomenon of simultaneous re-
sistance to unrelated drugs [15]. In human cancer cells,
drug resistance is often associated with an increased
expression of ATP-binding cassette transporters (ABC
transporter family), which function as ATP-dependent
drug-efflux pumps. The so-called classical MDR phe-

notype is associated with the multidrug resistance gene
mdr1, which encodes the P-glycoprotein (Pgp). The
gene encoding the multidrug resistance-associated
protein MRP1 [e.g. 15, 16] is mediating a non-Pgp de-
pendent, so-called atypical MDR phenotype. A further
member of the ABC transporter family is the breast
cancer resistance protein/mitoxantrone resistance as-
sociated transporter BCRP/MXR, which has been de-
tected in drug resistant cancer cells without overex-
pression of mdr1/Pgp and MRP1 [17] and which has
been found to be overexpressed in mitoxantrone-se-
lected cancer cells [18].

Studies were done with drug and heat-resistant
variants of rat hepatoma cells [19-21]. Heat resistant
variants were generated and drug resistance was in-
duced subsequently by increasing drug concentrations
of the growth-medium. The authors found that the heat
resistant, non-drug selected variants became moder-
ately multidrug resistant with an overexpression of
P-glycoprotein but without amplification of the mdr1
gene. The thermosensitive parental strain could be cor-
related with an amplification of the mdr1 gene only in
those variants, which exhibited both, a strong (classi-
cal) MDR and a high thermoresistance. They demon-
strated that severely heat shocked hepatoma cells be-
came not only heat-resistant but also moderately mul-
tidrug resistant without any drug treatment, and that
this resistance was stable without any selection. The
authors stated that the acquired stable heat resistance
and development of the MDR phenotype is a potential
obstacle for successful cancer thermochemotherapy.

Since human gastrointestinal cancers including gas-
tric carcinomas are known to be naturally resistant to
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many anticancer drugs, it is especially of clinical inter-
est to investigate the development of cross-reactivity
between hyperthermia and chemotherapy.

In the present study we generated stable thermore-
sistant variants of a previously selected and character-
ized human strain of gastric cancer with two different
drug resistant sublines of classical and atypical MDR
phenotype. Here, we describe the methodology how
these thermoresistant variants were selected and char-
acterized in terms of cell morphology, PDT and acquired
thermotolerance after acute hyperthermia.

MATERIALS AND METHODS
Cell lines. The human gastric carcinoma cell line

EPG85-257P (257P) and its classical EPG85-257RDB
(257RD) and atypical MDR variants EPG85-257RNOV
(257RN) have been isolated and characterized earlier
[22, 23]. Briefly, the mdr1 gene is overexpressed in
257RD only. No Pgp synthesis is present in the paren-
tal cell-line 257P and the subline 257RN. In 257RN
BCRP is overexpressed [18]. The Arrhenius analysis
of the thermal dose response curves yield no breaking
points and higher activation enthalpies of both MDR
variants in comparison to the parent cell line [24].

All tumor cells were grown in Leibovitz L 15 medium
(Bio Whittaker, Walkersville, Maryland) supplemented
by 10% fetal calf serum (GIBCO/BRL, Grand Island, NY),
1 mM L-glutamine, 6.25 mg/l fetuin, 80 IE/l insulin,
2.5 mg/l transferrin, 1 g/l glucose, 1.1 g/l NaHCO3, 1%
minimal essential vitamins, and 20 000 kIE/l trasylol in a
humidified atmosphere of 5% CO2 at 37.0 °C. The growth
medium for the 257RD subline was additionally supple-
mented with 2.5 µg/ml daunorubicin, for the subline
257RN it was mitoxantrone at a concentration of
0.2 µg/ml. The passage interval and exchange of medi-
um for the three cell lines was once a week. The cul-
tures were routinely checked for mycoplasma and other
prokaryote contamination.

Isolation procedure for thermoresistant variants.
Cells of the three cell lines (257P, 257RN, 257RD) were
grown to confluence and immersed in a water bath at
45 °C for 30 min with a reference flask as described ear-
lier [25]. After heat treatment the surviving cells were al-
lowed to proliferate for 2 weeks. Surviving cells were trans-
ferred to allow growth of monolayer and then again ex-
posed to 45 °C for 30 min. This cycle of heating and growth
was repeated 12 times. Testing of the acquired thermo-
tolerance was done after each cycle by clonogenic assay
after acute hyperthermia at 45 °C for 50 min.

Using this method, the cells did not acquire stable
thermotolerance after 12 selection cycles. Because this
approach was not successful, the cultures were trans-
ferred to incubators of slightly elevated temperatures.
Thermoresistance was induced by stepwise increase
of growth temperatures from 37.0 to 39.4 °C
(in 0.4 °C-steps). The cells were grown to confluence
under normal conditions as described before and then
transferred to incubators with 37.4 °C. Surviving cells
were allowed to proliferate and passaged different times
under this temperature conditions before being trans-

ferred to 37.8 °C. The parental strain 257P was more
thermoresistant under these conditions than the MDR
variants, so that it was always directly transferred to the
elevated temperatures after one passage. In contrast to
the parental strain, the classical MDR variants 257RD
and 257RN were transferred after 2–3 and 3–4 passag-
es resp. to the elevated temperatures.

Determination of population doubling time
(PDT). 1 x 106 cells of each cell-line were seeded into
25 cm2 flasks and after trypsinisation the number of
cells per flask was determined between the 3rd and
15th day (at least 10 data points) from samples taken
in triplicate. The cell numbers were plotted against cul-
ture time and the PDT was calculated from the expo-
nential part of each curve.

Determination of thermotolerance. The method
used in this study was the colony forming ability assay
after acute hyperthermia in a waterbath, as has been
described earlier [25]. Briefly, tumor cells were seeded
in appropriate cell numbers 24 h before treatment.
Tightly sealed 25 cm2 cell culture flasks were totally
immersed into a circulating water bath accurate to
± 0.02 °C at temperatures of 42, 43, 44, 45 and 37 °C
equilibrium prior to and after hyperthermia. After 10–
14 days the cells were fixed/stained (2.5% crystal vio-
let, 1% ammonium oxalate). Surviving colonies
(> 50 cells) were counted using an automatic colony
counting device (Mod. 880 BioSys, Karben, Germany,
calibrated by manual counting). All experiments were
performed in triplicate. The survival fractions of each
thermoresistant strain were divided by the correspond-
ing fractions of the thermosensitive counterpart for each
time-temperature interval. The resulting factors indi-
cating the relative change of thermoresistance were
plotted for each temperature against treatment time.

RESULTS
Cell morphology and growth behavior. After

transferring the cultures from 37.0 °C to elevated tem-
peratures, all three cell lines exhibited a completely dif-
ferent morphology, which was again changed after ac-
quisition of stable thermoresistance. Fig. 1, a, and 1, b,
depict phase contrast light microscopic pictures of the
atypical MDR resistant cell-line 257RN under normal
growth conditions, which was also comparable to the
cells of the parent cell line 257P and the classical MDR
variant 257RD. All strains grew as adherent cells and
had an epithelial-like morphology as described before
[22]. This appearance changed after culture at elevat-
ed temperatures. Fig. 1, c, and 1, d, show examples of
257RN cultures after 4 days growth at a temperature of
39.4 °C. Most of the cells appear swollen with exten-
sive vacuolization (Fig. 1, c) and the cytoplasm became
largely flattened onto the surface of the culture flask,
which is shown with a single cell in Fig. 1, d. Following
these pathological signs, most of the cells detached
from the ground, built aggregates and finally died. All
these signs are well known effects of cell necrosis. Af-
ter 2–3 weeks survivors of this chronically applied hy-
perthermia were able to rebuild stable colonies from
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single surviving cells, which continued to grow up to
confluence. After acquisition of thermoresistance, the
cells received back an almost original morphological
appearance, but still a portion of the population exhib-
ited vacuolization and a flattened cell body.

Population doubling time (PDT). Besides chang-
es of the cell morphology, acquisition of thermoresis-
tance was accompanied by changes of the PDT. Table
summarizes the results of the thermal selection on the

cellular growth behavior. The factor of the relative PDT
change from growth under elevated temperatures ver-
sus normal temperature indicates, that development of
thermoresistance causes a decrease of the PDT (2.0
with 257P, 1.2 with 257RN). The cell line, which did not
develop a stable thermotolerance at temperatures
> 42 °C (257RD) also did not exhibit a change of PDT.

Survival after acute hyperthermia. After more than
45 passages growth at elevated temperatures, the cells

Fig. 1. Phase contrast microscopic images of human gastric carcinoma cells of strain EPG85-257RNOV, which acquired the highest
thermal resistance. (a) Normal growth at 37.0 °C, monolayer. (b) Same as in a, larger magnification. (c) Monolayer after 3 days of
growth at 39.4 °C. Note, that the cells partially detached from the surface of the culture flask and became largely necrotic, which is
visible by vacuolization of the cytoplasm. (d) Typical behavior of cells at elevated temperatures: the cellular body becomes flattened
and the cell morphology changes towards lower differentiation and increasing vacuolization. (e, f) Stable heat-resistant cell culture
after 45 passages at 39.4 °C. The appearance of the cells remains different in comparison to the original strain, but most of the
cytopathological signs appear largely reduced

a b

c d

e f
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were tested for the ability to survive acute hyperther-
mia at 42, 43, 44 and 45 °C (Fig. 2). The average re-
sults of all colony forming ability assays are indicated
in Fig. 3. The factor gives the relative change of ther-
moresistance and is plotted against time at 42–45 °C,
respectively. A factor of > 1 denotes an increase of ther-
motolerance. Panel a indicates the survival of the ther-
moresistant variant (257P-TR) versus the parental ther-
mosensitive cell line 257P. Panel b is a similar plot for
the 257RN-TR/257RN cell-lines and panel c gives the
ratios for the cell line 257RD-TR versus 257RD. As it is
clearly discernable, the parental strain 257P (Fig. 3, a)
and the atypical MDR cell-line 257RN (Fig. 3, b) were
both able to develop a thermotolerance, which was
expressed at temperatures > 42 °C. At 42 °C no addi-

tional resistance to acute hyperthermia was observed.
Whereas the cell line 257P-TR developed a two-fold
increase of thermotolerance at 43 °C up to 100 min
treatment time, the atypical MDR cell-line 257RN-TR
was able to reach a 22-fold increase at 300 min. At
higher temperatures, the relative increase of thermo-
tolerance was 5 to 10-fold at 44 °C and 50 to 100-fold
at 45 °C. In contrast the classical MDR cell, cell line
257RD did not exhibit a clear thermotolerance. Although

Table 1. PDT of different multidrug-resistant and / or heat resistant (TR) human gastric carcinoma cell-lines 

Cell-Line Multidrug-resistance  Acquired 
thermotolerance 

PDT (h) Culture temperature 
(°C) 

Factor PDT 
39.4 C/37.0 C 

EPG85-257P no no 23.8 ± 4.4 37.0  
EPG85-257P-TR no yes 46.8 ± 7.4 39.4  

 
 
 

2.0 

EPG85-257RDB classical no 42.7 ± 9.8 37.0  
EPG85-257RDB-TR classical yes  44.6 ± 10.0 39.4  

 
 
 

1.0 

EPG85-257RNOV atypical no 39.0 ± 8.4 37.0  
EPG85-257RNOV-TR atypical yes 46.0 ± 9.5 39.4  

 
 
 

1.2 

 

Fig. 2. Survival kinetics of thermoresistant strains 257 P-TR (a),
257 RN-TR (b) and 257 RD-TR (c) at different temperatures.
( ) 42 °C, ( ) 43 °C, ( ) 44 °C, ( ) 45 °C

Fig. 3. Relative change of thermotolerance of different thermore-
sistant human gastric carcinoma cell-lines in comparison to their
thermosensitive counterparts determined by clonogenic assay.
A factor of > 1 indicates an increase of (TR-) subline thermotol-
erance. (a) Parental drug sensitive strain 257P versus its ther-
moresistant subline 257P-TR. (b) Atypical MDR strain 257RN
versus the highly thermoresistant subline 257RN-TR. (c) Classi-
cal MDR strain 257RD versus the minor thermoresistant subline
257RD-TR. Each curve represents survival at different tempera-
tures: ( ) 42 °C, ( ) 43 °C, ( ) 44 °C, ( ) 45 °C
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at 43 °C the relative factor of thermotolerance is com-
parable to that of the parental cell line 257P-TR/257P,
no increase of thermotolerance after acute hyperther-
mia was observed at higher temperatures. Instead,
there was a tendency towards decrease of thermotol-
erance of the cell line 257RD-TR in contrast to the cor-
responding cell line 257RD.

In contrast to earlier observations, this acquired ther-
motolerance preferentially of 257P-TR and 257RN-TR
was not changed after repeated freezing and thawing
of the cultures.

DISCUSSION
In order to establish thermoresistant variants of dif-

ferent multidrug resistant human gastric carcinoma
cells, thermal selection was obtained by growing of ther-
mosensitive cells in incubators of elevated tempera-
tures. After several passages, all three cell lines were
able to tolerate a temperature of 39.4 °C. However, the
population doubling times and the tolerance against
acute hyperthermia treatments were different depend-
ing on the type of drug resistance. The cell lines
257P-TR and 257RN-TR developed thermotolerance
in the order of 3 to 100-fold depending on the treat-
ment temperature, which was associated with a nearly
two-fold decrease of the PDT at a temperature of
39.4 °C. The variant 257RD-TR acquired no stable ther-
motolerance and no change of PDT although selection
procedures and number of passages were compara-
ble to the other cell lines.

In a previous study, the thermosensitive cell lines
were characterized in terms of their intrinsic thermore-
sistance to acute hyperthermia [24]. It was found, that
the classical MDR subline 257RD was more thermosen-
sitive than both the parental cell-line 257P and the atypi-
cal MDR subline 257RN.

The present data support this assumption by the
lack of a stable thermotolerance of the subline
257RD-TR, which only exhibits a relatively low ther-
motolerance at 43 °C, but none after hyperthermia at
44 and 45 °C. This is in contrast to the highly thermo-
tolerant, but drug sensitive strain 257P-TR and the
double resistant strain 257RN-TR.

In the study of He′ver-Szabo′ et al. [21] stable ther-
moresistant variants of rat hepatoma cells were more
resistant to different drugs, although they were not treat-
ed with these drugs before. It was concluded that ac-
quired thermotolerance may therefore prevent effec-
tiveness of chemotherapeutic drugs. However, the au-
thors could not detect any mdr1 gene induction by heat
stress. Despite the fact, that hepatoma cells may have
different capabilities in terms of development of ther-
mo- and chemoresistance in contrast to our gastric
carcinoma cells, our data show that development of
drug resistance does not necessarily induce thermore-
sistance [24]. It depends on the type of drug resistance,
i.e. only cells exhibiting an atypical MDR phenotype
are more thermoresistant in comparison to the
chemosensitive parent cell line. In contrast, cells with
classical MDR were more thermosensitive. Obviously,

development of thermotolerance depends on the ac-
quired MDR type, because the atypical MDR subline
was in fact able to develop a strong thermoresistance,
but the classical MDR subline did not. A recent study
from Stein et al. [26] indicates, that BCRP/MXR, MRP1,
and mdr1/Pgp expression was found to be dependent
on the classical or atypical MDR phenotype and that
acquisition of thermoresistance increases these levels
differentially within all three cell lines including the mdr1/
Pgp expression, which He′ver-Szabo′ et al. [21] did not
detect within hepatoma cells.
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ÑÅËÅÊÖÈß È ÕÀÐÀÊÒÅÐÈÑÒÈÊÀ ÒÅÐÌÎÐÅÇÈÑÒÅÍÒÍÛÕ
ÂÀÐÈÀÍÒÎÂ ÊËÅÒÎ×ÍÛÕ ËÈÍÈÉ ÐÀÊÀ ÆÅËÓÄÊÀ ×ÅËÎÂÅÊÀ
Ñ ÌÍÎÆÅÑÒÂÅÍÍÎÉ ËÅÊÀÐÑÒÂÅÍÍÎÉ ÐÅÇÈÑÒÅÍÒÍÎÑÒÜÞ

Öåëü: ñåëåêöèÿ òåðìîóñòîé÷èâûõ âàðèàíòîâ ñóùåñòâóþùèõ êëåòî÷íûõ ëèíèé ðàêà æåëóäêà ÷åëîâåêà,
îáëàäàþùèõ ðàçëè÷íûì ôåíîòèïîì ìíîæåñòâåííîé ëåêàðñòâåííîé ðåçèñòåíòíîñòè (ÌËÐ), ò.å. EPG85-257P,
èñõîäíîé ëèíèè, ÷óñòâèòåëüíîé ê õèìèîïðåïàðàòàì, EPG85-257RDB, êëàññè÷åñêîé ÌËÐ ñóáëèíèè è àòèïè÷íîé
ÌËÐ ñóáëèíèè EPG85-257RNOV. Ìåòîäû: òåðìîðåçèñòåíòíîñòü èíäóöèðîâàëè ïîñòåïåííûì (ñòóïåí÷àòûì)
ïîäúåìîì òåìïåðàòóðû îò 37,0 äî 39,4 °C. Òåðìîðåçèñòåíòíîñòü îöåíèâàëè ïî èçìåíåíèþ âåëè÷èíû ïåðèîäà
óäâîåíèÿ ïîïóëÿöèè (PDT) è êëîíîãåííîìó âûæèâàíèþ ïîñëå îñòðîé ãèïåðòåðìèè ïðè 42, 43, 44 è 45 °C.
Ðåçóëüòàòû: ïðè ïîâûøåíèè òåìïåðàòóðû èíêóáàöèè áîëüøèíñòâî êëåòîê íåêðîòèçèðîâàëîñü. PDT âûæèâøèõ
òåðìîðåçèñòåíòíûõ âàðèàíòîâ óâåëè÷èâàëîñü â 2 ðàçà (EPG85-257P-TR) è â 1,2 ðàçà (EPG85-257RNOV-TR),
íî îñòàâàëîñü íåèçìåííûì â íàèìåíåå òåðìîðåçèñòåíòíîé ñóáëèíèè EPG85-257RDB-TR. Ïîñëå ïðèìåíåíèÿ
îñòðîé ãèïåðòåðìèè íàáëþäàëîñü ñòàáèëüíîå ïîâûøåíèå òåðìîòîëåðàíòíîñòè èñõîäíîé êëåòî÷íîé ëèíèè è
àòèïè÷íîé ÌËÐ ñóáëèíèè (â 50–90 ðàç ïðè 45 °C), íî íå â êëàññè÷åñêîé ÌËÐ ñóáëèíèè (â 3–4 ðàçà ïðè 43 °C).
Ïðèîáðåòåííàÿ òåðìîðåçèñòåíòíîñòü íå èçìåíÿëàñü ïîñëå ïðîöåäóð çàìîðàæèâàíèÿ/ðàçìîðàæèâàíèÿ. Âûâîä:
âî âñåõ êëåòî÷íûõ ëèíèÿõ èíäóöèðîâàíà òåðìîðåçèñòåíòíîñòü. Òåðìîòîëåðàíòíîñòü ïîñëå ïðèìåíåíèÿ îñòðîé
ãèïåðòåðìèè ïðîÿâëÿëè èñõîäíàÿ êëåòî÷íàÿ ëèíèÿ, ÷óâñòâèòåëüíàÿ ê õèìèîïðåïàðàòàì, è àòèïè÷íàÿ ÌËÐ
ñóáëèíèÿ, íî íå êëåòêè, îáëàäàþùèå êëàññè÷åñêèì ÌËÐ-ôåíîòèïîì.
Êëþ÷åâûå ñëîâà: òåðìîðåçèñòåíòíîñòü, ìíîæåñòâåííàÿ ëåêàðñòâåííàÿ óñòîé÷èâîñòü, òåðìî÷óâñòâèòåëüíîñòü,
òåðìîòîëåðàíòíîñòü, ãèïåðòåðìèÿ.

Copyright © Experimental Oncology, 2005


