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Influence of polyamines on DNA binding of heat shock and activator
protein 1 transcription factors induced by heat shock
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Abstract Polyamine depletion, obtained in FAO cells with
specific inhibitors of biosynthetic enzymes, prevents or decreases
the accumulation of hsp 70 mRNA following heat shock
[Desiderio et al., Hepatology 24 (1996) 150-156]. The present
study shows that under conditions of spermidine depletion caused
by o-difluoromethylornithine, the DNA binding capacity of the
transcription factor HSF induced by heat shock undergoes a
severe and prompt deactivation. Replenishment of the spermidine
pool before heat shock re-establishes the DNA binding activity of
HSF and the inducibility of hsp 70 mRNA. Similar to HSF, but
with a different time-course, the DNA binding of the transcrip-
tion factor AP-1 activated by heat shock is also impaired in
spermidine-depleted cells and reversed by exogenous spermidine.
STAT3 provides an example of a transcription factor slightly
activated by heat shock but insensitive to polyamine decrease.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

The heat shock response occurs when cells are briefly and
suddenly exposed to temperatures above their normal growth
temperature and is characterised by the synthesis of a unique
set of proteins, called heat shock proteins. These proteins are
also synthesised in response to a host of noxious agents and
unfavourable conditions and are now more appropriately in-
dicated as ‘stress proteins’. The final step of stress protein
synthesis is preceded by a series of events that include the
increase in the steady-state level of the corresponding
mRNA, mostly due to increased transcription, and that de-
pend on the activation of the specific heat shock transcription
factor (HSF). Such a series of events may easily be influenced
by chemical, metabolic or environmental circumstances which
are not directly involved in the synthesis of stress proteins, but
may behave as permissive conditions [1-3].

Polyamines (putrescine, spermidine and spermine) are ubiq-
uitous polycations that have numerous covalent and non-co-
valent interactions in eukaryotic cells. Their physico-chemical
properties favour the interaction with large anionic molecules
such as DNA, RNA and phospholipids [4-6]. Therefore, poly-
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amines exert relevant functions in the processes of mRNA
transcription and splicing as well as stabilisation of molecular
secondary structures, for instance those of DNA and RNAs
[4,5,7.8].

In a previous paper, we have studied the effects of poly-
amine depletion in FAO cells exposed to heat shock [9]. Poly-
amine imbalance was realised by inhibition of the key poly-
amine biosynthetic enzymes, without induction of appreciable
growth arrest and impaired expression of growth-related
genes. The decrease of spermidine obtained 48 h after treat-
ment with o-difluoromethylornithine (DFMO), an enzyme-ac-
tivated irreversible inhibitor of ornithine decarboxylase
(ODC), prevented the induction of heat shock protein 70
(hsp 70) mRNA. Depletion of spermidine and spermine, ob-
tained with the combination of two other specific inhibitors of
ODC and S-adenosylmethionine decarboxylase (AdoMetDC),
decreased the intensity and duration of post-heat shock accu-
mulation of hsp 70 mRNA.

We have now tried to investigate the early effects of poly-
amine imbalance due to DFMO treatment on the expression
of hsp 70, and we studied the first step of the transcription of
heat shock genes, i.e. the activation of HSF. The inhibitory
effect of polyamine depletion on the heat shock-induced ex-
pression of c-jun and c-fos mRNAs [9] was the rationale for
the concomitant study of activator protein 1 (AP-1). In some
experiments the addition of spermidine to cells treated with
DFMO proved effective in re-establishing the inducibility of
hsp 70 mRNA. Therefore, the analysis of transcription factor
activation was also performed with cells treated with DFMO
and then loaded for a short time with exogenous spermidine
before exposure to heat.

2. Materials and methods

2.1. Materials

[y-?P]ATP, [0-**P]dCTP, and [0-?P]JUTP, specific activity 3000 Ci/
mmol (Amersham, Bucks, UK). DFMO was generously given by
Marion Merrell Dow Research Institute (Strasbourg, France). Poly-
clonal rabbit anti-STAT1 and anti-STAT3 antibodies were from San-
ta Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All the other
chemicals used were of the highest grade available.

2.2. Cell cultures and treatments

The rat hepatocarcinoma cell line FAO (European Collection of
Cell Cultures, Salisbury, UK) was cultured as reported before [9].
When the effect of DFMO (5 mM) was studied, the inhibitor was
dissolved in the complete culture medium and the pH was adjusted
before the medium was dispensed in each flask. Spermidine was added
to some flasks 46 h after seeding (final concentration 20 pM) [10] and
allowed to act for 2 h at 37°C. All the flasks were heated 48 h after
plating by full immersion in a water-bath at 42°C for 30 or 60 min.
At the end of this period, some flasks were incubated for 60 min at
37°C to allow the cells to recover from the immediate effects of heat-

ing [9].
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2.3. Determination of polyamines

Cell extracts in 0.2 N HCIO4 and polyamine analysis by HPLC
were performed as previously described [9]. Protein content of super-
natants used for HPLC analysis was determined by the method of
Lowry et al. [11].

2.4. Analysis of the mobility of DNA-protein complexes by gel
electrophoresis (EMSA)

Nuclear extracts were prepared [12] and the DNA-protein com-
plexes were analysed by electrophoresis on 5% polyacrylamide gel
[13]. The base sequences of the oligonucleotides synthesised by Primm
(Milan, Italy) were:

HSE: CTAGAACGTTCTAGAAGCTTCGAG [14],
TRE: CTAGTGATGAGTCAGCCGGATC [15],
SIE: GATCCTCCAGCATTTCCCGTAAATCCTCCAG

[16],

oct-1 site:  GATCGAATGCAAATCACTAGCT [17].

2.5. Northern blot analysis

Preparation of total RNA and Northern blot analysis were per-
formed as previously described [9]. The following probes were used:
cDNA for rat B-actin (S. Gaetani, Rome, Italy); human pURHS70
cDNA for hsp 70 (J.R. Nevins, New York, NY, USA).

2.6. Run-on transcription analysis

Nuclei were isolated from 50X 10° cells (pool of five flasks) as
described by DeLisle et al. [18], resuspended in 150 pl of a solution
containing 50 mM Tris-HCl, pH 8.3, 40% (v/v) glycerol, 5 mM
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MgCl, 0.1 mM EDTA, and frozen in liquid N,. For the run-on
transcription assay, the nuclei were thawed in ice and mixed with
150 ul of reaction buffer (10 mM Tris-HCl, pH 8, 5 mM MgCl,,
300 mM KCl, 0.5 mM each of cold ATP, CTP and GTP, and 200
uCi of [0-**P]JUTP), and incubated at 26°C for 30 min [19]. The 2P-
labelled RNA was purified as described by Tacchini et al. and hybrid-
ised with filter-bound immobilised plasmids [13].

2.7. mRNA half-life determination

hsp 70 mRNA half-life was measured in cells subjected to heat
shock, with or without pretreatment with DFMO. Actinomycin D
(5 pg/ml) [20] was added at the end of heat shock (60 min at 42°C).
Cell samples were harvested from 15 min to 2 h, total RNA was
isolated, and quantification of steady-state levels of mRNAs was per-
formed by Northern blotting, followed by densitometric analysis.

2.8. Densitometric analysis

The autoradiograms were quantified by densitometric analysis (OD
per mm?) using a LKB Image Master DTS system (Pharmacia Bio-
tec., Hertfordshire, UK).

3. Results and discussion

The present work was undertaken to study the mecha-
nism(s) by which polyamine imbalance may influence gene
reprogramming induced by heat shock. The experiments
were performed with FAO cells subjected to heat shock in
the presence or absence of DFMO, a specific and irreversible
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Fig. 1. Effects of DFMO pretreatment of FAO cells subjected to heat shock on HSF DNA binding and hsp 70 transcription. A: EMSA of
complexes between HSE and nuclear proteins from FAO cells undergoing the following treatments: C, control; DFMO, 48 h-DFMO pretreat-
ment; HS, heat shock for 30 or 60 min, with addition of spermidine (+s). SP, specific competition; UN, unspecific competition with TRE oli-
gonucleotide. Sample used for competition is HS 30. B: Total RNA was extracted as described in Section 2. 20 pum of each RNA was resolved
by electrophoresis on 1% agarose gel, transferred to a nylon membrane, and hybridised with 3?P-labelled hsp 70 and B-act (B-actin) cDNA
probes. Captions as in A. C: Nuclei were isolated from cells treated as follows: C, control; HS, 60 min heat shock; DFMO+HS, DFMO pre-
treatment followed by 60 min heat shock. After run-on assay the *P-labelled transcripts were hybridised with filter-bound immobilised plasmids
containing cDNA for hsp 70, B-actin, c-jun and c-fos as described in Section 2. pGEM is the empty plasmid. This and the following figure

show typical results of experiments repeated in triplicate.
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inhibitor of ODC, which is the first and rate-limiting enzyme
of polyamine biosynthesis [21]. To study DNA binding of
HSF we performed EMSA of nuclear extracts obtained
from FAO hepatoma cells, subjected to the different treat-
ments, with an oligonucleotide reproducing the base sequence
of HSE. In agreement with previous findings [9], 48 h treat-
ment with DFMO causes a 50% decrease of spermidine level
(control value at 48 h is 6.2£0.1 nmol/mg protein) without
affecting cell viability. The supplementation with 20 uM sper-
midine for 2 h before heat shock results in a rapid recovery of
intracellular polyamine level in 48 h DFMO-pretreated cells
(data not shown). As previously reported [9], the treatment
with DFMO has the same inhibitory effect on hsp 70 mRNA
expression as the combined treatment with inhibitors of ODC
and AdoMetDC.

As reported in Fig. 1A, after heat shock we detected the
presence of an active HSF competent for DNA binding, while
nuclear extracts from control cells or from cells treated with
DFMO alone did not bind the oligonucleotide probe. Within
30 min from the beginning of heat shock there was a strong
activation of DNA binding which declined, but was still evi-
dent, after 60 min of heat shock. Pretreatment of the cells with
DFMO reduced only slightly (about 25%) the activation at 30
min, but reinforced the deactivation observed at 60 min
(about 60% reduction). Therefore, in DFMO-treated cells
the induction of DNA binding seems to start only a little
less efficiently, but is clearly reduced in duration indicating
an accelerated deactivation of HSF. A possible involvement
of polyamines is supported by the rescue effect exerted by
exogenous spermidine (DFMO/HS60+s). However, exogenous
spermidine added to cells untreated with the inhibitor seemed
to maintain HSF in a state of activated DNA binding after 60
min of heat shock (HS60+s). In other words, spermidine may
be more related to the stability of HSF DNA binding than to
the activation per se. The stronger effect observed with sper-
midine in DFMO-treated cells is most likely due to the in-
creased uptake of exogenous spermidine by cells under con-
ditions of decreased polyamine intracellular levels [22]. These
data are consistent with the results obtained by Northern blot
analysis probing the RNA with a specific hsp 70 cDNA (Fig.
1B). hsp 70 mRNA was not detectable after 30 min of heat
shock, which is understandable because of the required time
interval between activation of the transcription factor and
mRNA accumulation. However, remarkable steady-state lev-
els of hsp 70 mRNA were observed after 60 min of heat
shock. At this time DFMO-treated cells showed a reduced
mRNA level (about 40% of the control), which was com-
pletely restored in the cells replenished with spermidine before
heat shock. Next, we investigated two steps that are inter-
posed between the DNA binding activity of HSF and the
increase in the levels of hsp 70 mRNA, and we performed
experiments of run-on transcription and mRNA stability.
Run-on rates of both hsp 70 and c-jun were enhanced in
nuclei isolated from 60 min heat-shocked cells (Fig. 1C),
thus demonstrating the role of transcription in the increase
in the steady-state levels of the mRNAs of these genes after
exposure to heat. In the presence of a short-lived HSF DNA
binding and of a decrease of hsp 70 mRNA level we expected
a decrease of the transcription rate of hsp 70 in DFMO-
treated cells, but this was not the case. The data may be
explained by a series of considerations. Transcription rate in
vivo depends on the flow of the processes of initiation and
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Fig. 2. Effect of DFMO pretreatment of FAO cells subjected to
heat shock on AP-1, STAT and oct-1 DNA binding reaction,
EMSA of complexes between TRE, SIE, oct-1 and nuclear proteins
from FAO cells undergoing the following treatments: C, control;
DFMO, DFMO pretreatment; HS, heat shock for 30 or 60 min
with addition of spermidine (+s); 60+R, heat shock applied for 60
min followed by 60 min of recovery at 37°C. SP, specific competi-
tion; UN, unspecific competition with HSE oligonucleotide. Sample
used for competition is HS 60.

elongation of nascent RNA chains: the nuclear run-on assay
used to determine transcriptional rates may not accurately
reflect all the aspects of the changes in transcriptional activity
in vivo, since it only measures the initiated RNA polymerase
II transcripts during a single run of elongation [23]. In the
context of these data it is worth noting that during the first 30
min of exposure to heat the activation of HSF is essentially
the same in untreated and DFMO-treated cells, which would
then contain the same number of initiated mRNA chains.
What we observed in our run-on experiments is likely to be
the elongation of these initiated mRNA chains. Moreover,
possible pitfalls in the interpretation of the data obtained by
nuclear run-on experiments may arise from the artificial acti-
vation of paused RNA polymerase II during the transcription
reaction, leading to false results with regard to the level and
mode of gene regulation in vivo [24]. Indeed, the presence of
paused RNA polymerase in the promoter is a characteristic of
the hsp 70 gene [25]. It may be suggested that nuclear poly-
amines may affect RNA polymerase II activity also by main-
taining nucleosome structure and regulating histone displace-
ment [26]. It is known that the measure of polyamine levels in
nuclei can give uncertain and sometimes misleading results
because the manipulations necessary to isolate nuclei cause
loss of their compartmentalisation [27]. Quite recently, with
the use of potentiated chromatin templates, which correspond
to the in vivo situation best, it has been reported that HSF
activates only reinitiation [28].

The measure of mRNA stability implies the use of actino-
mycin D, an inhibitor of transcription that was added to the
cells immediately after heat shock. The results of densitomet-
ric analysis were used to plot the regression line. The regres-
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sion coefficients, representing the slope of the decay, were
0.046 in untreated heat-shocked and 0.021 in DFMO-pre-
treated heat-shocked cells: the calculated mRNA half-lives
amounted to 100 min and 65 min, respectively. These clear
differences show that the imbalance of polyamine pool is as-
sociated with decreased stability of the hsp 70 mRNA induced
by heat shock. This change may contribute to the lowering of
the mRNA steady-state level, but as shown in Fig. 1B and
confirmed in these experiments, the mRNA levels at the start
of the decay measurement were already 60% lower in DFMO-
pretreated than in heat-shocked cells. Obviously, the de-
creased stability is not directly related to the defect of HSF
activity that represents the earliest event in the induction of
heat shock genes, but may contribute to the reduction of hsp
70 mRNA in DFMO-treated cells. The existence of multiple
defects points to a pleiotropic effect of the depletion of sper-
midine in the response to heat shock.

Similar to HSF but with a different time-course AP-1 tran-
scription factor is also activated by heat shock (Fig. 2). Soon
after exposure to heat the DNA binding capacity of AP-1
seemed to decrease, but then promptly rebounded over the
normal level and this stimulated activity was maintained
also during the period of recovery from heat shock (3.5-fold
increase of the faster band). In cells pretreated with DFMO
and then subjected to heat shock (DFMO/HS) an initial (30
min) decrease of binding occurred as in untreated heat-
shocked cells. Then, a further reduction occurred at 60 min
(90% decrease relative to 60 min heat shock). This decay was
reversible and binding activity was re-established, albeit in-
completely, during the recovery at 37°C (DFMO/HS60+R).
Loading DFMO-treated cells with spermidine before heat
shock (DFMO/HS60+s) prevented the effect of the inhibitor
on the AP-1 binding activity. Under this condition, the slower
band was superinduced.

In Fig. 2, we report the behaviour of another transcription
factor, a member of the signal transducer and activator of
transcription (STAT) family reacting with the SIE sequence
that in experiments of supergel shift, not reported here, has
been identified as STAT3. The DNA binding of STAT was
activated by heat shock: this activation was small, transient
and not inhibited by pretreatment with DFMO. However,
exogenous spermidine seemed to stabilise STAT3 DNA bind-
ing. DNA binding of oct-1, a constitutively active and heat-
shock-insensitive transcription factor, did not change in
DFMO-treated cells (Fig. 2). The data obtained with these
latter transcription factors indicate that polyamine imbalance
has a differential action and interferes only with selected tran-
scription factors activated by heat shock, in particular with
HSF which is at the top of the cascade of events leading to
increased expression of hsp 70 mRNA.

The significance and the specificity of the effects of poly-
amine depletion are difficult to assess because these molecules
influence many processes, making it impossible to ensure
whether or not they have a direct effect. The possibility of
restoring the heat shock-induced DNA binding activity of
HSF and AP-1, compromised by polyamine imbalance, with
exogenous spermidine seems to be in favour of a specific, if
not necessarily direct, role of polyamine depletion. A likely
target of the imbalance of the intracellular polyamine pool is
chromatin [29-31], with some preference for sequences such as
TATA elements [8,32]. The intracellular polyamine level is
known to influence the degradation rates of both short- and
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long-lived proteins. Interestingly, recovery of polyamine levels
by addition of spermidine to polyamine-depleted cells resulted
in the restoration of the degradation rates in both pools of
proteins [33]. We cannot exclude that phosphorylations neces-
sary for HSF and AP-1 activities may be affected by poly-
amines, which are known to influence the activity of protein
kinases [34] and the phosphorylation of specific proteins [35].

If we consider the physiological aspects of our results, we
should note that the heat shock response is ubiquitous and
can be elicited by a wide range of noxious stimuli: indeed the
term ‘stress response’ was introduced to recognise the more
general nature and the broad biological importance of the
event. The basic machinery of the response needs permissive
conditions. Polyamine-depleted cells are defective in the re-
sponse and may be more vulnerable to injurious agencies or
physiological stress.
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