Cell. Mol. Life Sci. (2013) 70:4229-4241
DOI 10.1007/s00018-013-1348-7

Cellular and Molecular Life Sciences

REVIEW

Mechanisms of heat shock response in mammals

Artem K. Velichko - Elena N. Markova -
Nadezhda V. Petrova - Sergey V. Razin -
Omar L. Kantidze

Received: 15 March 2013 / Revised: 12 April 2013 / Accepted: 15 April 2013 / Published online: 30 April 2013

© Springer Basel 2013

Abstract Heat shock (HS) is one of the best-studied
exogenous cellular stresses. The cellular response to HS
utilizes ancient molecular networks that are based primarily
on the action of stress-induced heat shock proteins and HS
factors. However, in one way or another, all cellular com-
partments and metabolic processes are involved in such a
response. In this review, we aimed to summarize the exper-
imental data concerning all aspects of the HS response in
mammalian cells, such as HS-induced structural and func-
tional alterations of cell membranes, the cytoskeleton and
cellular organelles; the associated pathways that result in
different modes of cell death and cell cycle arrest; and the
effects of HS on transcription, splicing, translation, DNA
repair, and replication.
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Introduction

Heat shock (HS, also known as heat stress and hyperther-
mia) is one of the primary organismal and cellular stress-
ors. It represents the subjection of cells or whole organisms
to an abnormally high environmental temperature. The
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research history of HS dates back to studies of heat-induced
mutations in Drosophila performed from the late 1910s to
the mid-1930s [1-5]. Studies of HS response mechanisms
started with the paper of Ferruccio Ritossa [6], published
in 1962, which described the induction of a new chromo-
somal puffing pattern (i.e., transcriptional activation) in
Drosophila salivary glands that were exposed to heat. This
work led to the discovery of heat-induced proteins named
thereafter heat shock proteins (HSPs) [7, 8]. Although the
initially discovered and most-studied function of HSPs
(particularly HSP70 and HSP90) was facilitation of protein
folding and assembly [9, 10], it is now clear that not only
molecular chaperones’ expression is induced by heat. The
transcription of more than 100 genes, such as encoding fac-
tors participating in protein folding, degradation, transport,
RNA repair, metabolic pathways, and so forth, is upregu-
lated under HS conditions [11-13]. The amazing aspect
of the HS response is that it represents one of the most
ancient molecular pathways—the HS response is not only
conserved across species but also very similar under differ-
ent stress conditions (cold shock, oxidative stress, etc.) [14,
15]. During the decades of studies on the HS response, the
primary interest has been analyzing the functions of stress-
induced proteins (primarily HSPs). Accordingly, virtually
all of the recently published reviews on the HS response
have focused primarily on HSPs [13, 16, 17]. Neverthe-
less, a considerable amount of experimental data have been
obtained by studying the effects of HS on nucleic acids
and nucleic acid-associated processes (replication, repair,
transcription, etc.) as well as the consequences of HS on a
cellular level, such as cell-cycle alterations and the induc-
tion of programmed cell death pathways. In this review,
we attempt to summarize all aspects of the HS response
in higher eukaryotes (primarily mammals). The paper is
divided into two major sections that review the cellular and
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molecular aspects of the HS response, with a special focus
on DNA replication and repair processes.

Cellular level of response
Cell membranes

It seems logical to start this review with a description of
how HS affects cell organization and cellular components.
Biomembranes, including both plasma and organelle mem-
branes, are delicate sensors of the temperature of the sur-
rounding environment [18-20]. One of the main effects
that hyperthermia exerts on cellular membranes is fluidiza-
tion, i.e., an increase in membrane liquidity accompanied
by the formation of nonpolar hexagonal structures in the
lipid bilayer [21]. It has been demonstrated that changes in
cytoplasmic membrane fluidity caused by an increase in the
saturation level of lipid fatty acids induce the expression
of genes encoding HSPs [22]. Subsequent accumulation of
HSPs at the plasma membrane rigidifies it, thereby restor-
ing normal fluidity of the membrane [21, 23]. It might be
hypothesized that changes in membrane fluidity compose a
specific component of the cellular response to temperature
stress. However, fluidization also leads to the destabiliza-
tion of membrane components, including protein and lipid
domains. This destabilization results in changes in cell sur-
face morphology [24], disruptions of intercellular interac-
tions [25], changes in the surface charge [26], and changes
in the membrane potential of the cell due to Na™/H"-ion
exchange channels and K*-ATPase dysfunction [27-29].
Under HS conditions, the entrance of extracellular calcium
ions leads to the activation of calmodulin-dependent pro-
tein kinases [30], the induction of inositol triphosphate syn-
thesis and the activation of other Ca’"-dependent signal-
ing pathways [29], including the expression of HSP72 and
HSP90 [31]. Furthermore, HS-dependent fluidization may
enhance TRAIL-induced apoptosis in certain lymphoid
cells [32, 33].

Nevertheless, in mammalian cells, membranes per se
do not play the role of primary temperature sensors. This
role is performed by the TRP (transient receptor potential)
channel family, which consists of 30 transmembrane chan-
nels, six of which are temperature sensitive [34]. Among
these channels, vanilloid TRP receptors, in particular
TRPV1 and TRPV2, with different activation thresholds,
are able to sense temperatures above 42 °C [35].

Cytoskeleton
The cytoskeleton is primarily responsible for intracellular

organization and for different cellular activities, including
motion and division of cells, positioning of intracellular
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membrane organelles, transport of macromolecules, and
regulation of protein biosynthesis [36]. The effect of HS
on the cytoskeleton depends primarily on the force and
duration of the exposure to increased temperature as well
as on the cell type [37]. One of the characteristic reac-
tions to temperature stress is a change in cell form, which
manifests as a rounding and shrinking caused by modifi-
cations of the cytoskeleton [38], including the reorganiza-
tion of microfilaments [39]. HS results in the collapse of
actin stress fibers and F-actin accumulation in the central
cellular compartments [38, 39]. Tubulin microtubules also
react to stress. It has been demonstrated that under HS con-
ditions in the H1299 cell line, microtubules are retracted
from the cell periphery, their network is disorganized and
tubulin is accumulated in condensed aggregates in the
perinuclear space [39]. HS induces the amplification of
microtubule organization centers (centrosomes), which can
lead to multipolar mitosis and the subsequent formation of
giant flattened or multinuclear cells, a hallmark of mitotic
catastrophe [40—42]. Hyperthermia also promotes the reor-
ganization of vimentin fibers [43], which compose one of
the types of intermediate filaments. During thermal stress,
vimentin is totally aggregated in perinuclear complexes,
but its organization is restored after prolonged incubation
of cells at normal physiological conditions [39]. Similarly,
tubulin and actin components are able to restore their struc-
ture after exposure to hyperthermia. Moreover, such resto-
ration is a prognostic criterion of cell survival [44].

Cytoplasm and cellular organelles

Heat stress provokes a number of remarkable morphologi-
cal changes inside the cell. These changes involve cyto-
plasmic organelles such as mitochondria, the endoplasmic
reticulum, the Golgi apparatus, and, of course, the cell
nucleus. HS results in mitochondrial swelling, an increase
in their visible size, and an expansion of the space inside
the cristae [45-47]. The endoplasmic reticulum and Golgi
apparatus are fragmented under stress conditions [45]. The
structure of the nucleus is also transformed. First, under
HS conditions, the nucleolus tends to undergo disintegra-
tion [48]. This phenomenon can be explained by the release
of multiple proteins from the nucleolus during heat stress.
Nucleolin, for example, dissociates from the nucleolar
compartment under HS conditions and inhibits DNA syn-
thesis through binding to the RPA protein [49]. Another
nucleolar protein, nucleophosmin (B23), also relocates into
the nuclear space under conditions of hyperthermia [50].
Therefore, the nucleolus is considered to be a kind of “‘stor-
age room” for stress proteins [51].

One of the remarkable effects of HS on the nucleus is
the formation of separate electron dense granules, so-called
“stress bodies” [52]. These stress bodies are relatively large
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structures ranging in size from 0.3 to 3 pwm. In humans,
they are associated with pericentromeric heterochromatin,
particularly the region 9q12, which contains satellite III
[52]. Stress granules are composed of ribonucleoprotein
complexes, which include heat shock factor 1 (HSF1), sat-
ellite III transcripts with associated RNA processing fac-
tors SF1/ASF, and also CBP protein and RNA polymerase
II [53, 54]. The role of stress granules during HS is still
unclear. The noncoding RNA of satellite III, which plays a
central role in forming and supporting stress granules, may
control pre-mRNA processing via specific binding to cer-
tain splicing factors [54-56].

Another type of stress granules is formed in the cyto-
plasm. These granules are detected in higher eukaryotes
at increased temperatures or under conditions of glucose
deprivation, UV irradiation, or viral infections [57]. The
formation of cytoplasmic stress granules (CSG) is believed
to be caused by changes in the functions of translation
machinery [58]. A large number of housekeeping gene
mRNAs dissociate from polysomes and accumulate in
the CSG, where they are degraded or become translation-
ally repressed. Translationally silent mRNA in CSG is
preserved in the form of an initiatory complex lacking the
triple complex (eIF2/GTP/Met-tRNA). At the same time,
CSG contains the small ribosome subunit, initiation fac-
tors (phosphorylated elF2a, elF3, elF4G, elF4E, PABP1),
and some other RNA-binding proteins [59], including the
ARE-binding proteins HUR and TTP and two RNA-bind-
ing proteins, TIA-1 (T cell intracellular antigen) and TIAR
(TIA-1-related) [59]. The TIA-1 and TIAR proteins contain
prion-like domains that cause the degradation of untrans-
lated RNA under stress conditions. According to some
observations, ARE-dependent translational inactivation and
mRNA degradation also take place in CSG [58].

Cell death

It is not surprising that massive destruction and reorgani-
zation of cellular components lead to a general decrease
in cell viability and to cell death. Induction of cell death
depends on the strength and duration of HS [39, 60]. Under
conditions of acute hyperthermia over 45.5 °C, cells die
exclusively through necrosis [61, 62]. Two modes of cellu-
lar death have been identified in cell populations subjected
to heat stress below this temperature: rapid mode and slow
mode [63]. The latter is the result of delayed consequences
of HS, such as centrosome damage, cell division aberra-
tions, and mitotic catastrophe [39, 41]. “Rapid” cell death
occurs either at the moment of HS or within several hours
after HS and is caused mainly by cellular devastations and
the inhibition of macromolecular synthesis, as described
above [63, 64]. The induction of apoptosis at hyperther-
mia also contributes to the “rapid” mode of cellular death

[64, 65]. The probability of inducing apoptosis depends not
only on the intensity of the HS but also on the cell type
[66]. Thus, hyperthermia turns on the apoptotic program
in HL60 and U937 cell lines but not in K562 cells [66].
It might depend on differences in the expression levels of
antiapoptotic members of Bcl-2 family proteins [67]. Nev-
ertheless, the apoptosis induced by HS is not altogether
classical. During hyperthermia, caspase-3 is activated by
some undefined caspase-like proteases, whereas the clas-
sical initiatory caspases (such as caspase-2, -8, or -9) and
their complexes are not involved [68]. It is worth mention-
ing that the molecular mechanism of heat-induced apopto-
sis still constitutes a matter of discussions (reviewed in Ref.
[69D).

Cell cycle

Cellular sensitivity to hyperthermia depends on the stage of
the cell cycle. The results of various studies show that cells
in S phase or mitosis are more sensitive to high tempera-
tures than those in G1 or G2 phases [70-72]. In S-phase
cells, hyperthermia first affects DNA replication, which is
drastically suppressed under stress conditions. This topic is
discussed in more detail in the section “DNA replication”.
Exposure of an unsynchronized cell population to heat
stress usually causes an arrest in the cell cycle (Fig. 1).
However, the duration and phase specificity of the arrest
depend on the type of cell culture. For example, in MCF7
BUS, MCF7 GS u T47D cell lines, HS induces GO0/G1
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Fig. 1 Simplified general model of the heat stress-induced inhibition
of the cell cycle progression (see the text for further discussion). 1
activating or positive effect; L inhibitory or negative effect
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arrest, while it does not at all affect MCF7 BB, MDA-
MB-231 cells [73]. This difference does not depend on
the p53 status of the cells. Apart from GO/GI arrest, HS,
like ionizing irradiation, induces arrest in G2/M. How-
ever, during hyperthermia, the arrest at G2/M phase occurs
earlier and persists for less time than a radiation-induced
block [73]. Studies in Jurkat and HeLa cells showed that
the G2/M arrest under HS conditions is controlled by the
ATR/Chk1-signaling pathway and is indispensable for the
prevention of caspase-3-dependent apoptosis (Fig. 1) [74].
In some cell lines, moderate heat stress induces arrest of
the cell cycle in G1 phase, which seems to be caused by
the proteolytic degradation of the Cdc25A phosphatase
[75]. Proteolysis of Cdc25A starts with the activation of
the p38MAPK and Chk2 kinases, which phosphorylate
Cdc25A. Such phosphorylation enables the dissociation
of Cdc25A from the complex with HSP90 and subsequent
translocation from the nucleus to the cytoplasm. In the
cytoplasm, the phosphorylated form of Cdc25A forms a
complex with the ubiquitin ligase SCF*~T? and the pro-
tein 14-3-3, which leads to the degradation of Cdc25A
(Fig. 1) [75].

Studies on normal skin fibroblasts have demonstrated
that HS causes G1/S arrest mediated by p53, which under
hyperthermic conditions is translocated to the cell nucleus,
where it activates p21"4! expression. In turn, p21 inhibits
the cyclin-CDK protein kinase complex [76]. Analogous
results were obtained in A172 glioma cells and U937 leu-
kemic cells [77] but not in HeLa cells with a defect in the
pS3 gene [76]. Nevertheless, heat-induced overexpres-
sion of p21™4! is not always p53 dependent. For exam-
ple, hyperthermia induces p21“*'-mediated G1 arrest in
the p53-deficient cells T98G and MDAHO041 [77], which
means that cell arrest in the G1/S phase of the cell cycle as
a result of HS can be both p53 dependent and independent.
Some authors have reported that HS leads to G1 arrest in
yeast cells by inhibiting the transcription of the elements
of the STAT system, including cyclins CLN1 and CLN2
[78, 79]. In summary, one may conclude that HS conditions
can block cell cycle progression at practically any phase
(Fig. 1).

Molecular level of response
Heat shock proteins (HSPs) and heat shock factors (HSFs)

The first studies of the HS response were performed by the
Italian researcher Ferruccio Ritossa. Fifty years ago, he
discovered the formation of temperature-activated chromo-
some puffs in Drosophila [6]. At that time, Ritossa demon-
strated that active mRNA synthesis occurs in those puffs.
This phenomenon remained a mystery and did not raise
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sufficient interest in the academic community [80]; how-
ever, more than 10 years later, the formation of these tem-
perature-activated puffs was linked to the expression of a
particular group of proteins that were therefore called HSPs
[7, 8, 81]. Despite the fact that a new nomenclature of HSPs
exists [82], we use their old custumal names throughout the
review. The HSP family is usually divided into two classes
according to their molecular weight. The first class contains
small HSPs, with molecular weights of less than 40 kDa:
HSP32, HSP27, HSP20, and others [83]. The second class
includes HSPs with high molecular weights (60-100 kDa):
HSP60, HSP70, HSP90, and HSP110 [64]. Synthesis of
these proteins under stress conditions is a highly conserved
mechanism of the cell response and is common among all
living organisms [81, 84]. Moreover, HSPs are synthesized
in response to not only HS but also other types of cellular
stress, such as hypoxia [85], ischemia [86], hypothermia
[87], virus infections [88], as well as the effects of heavy
metals and ethanol [89]. Moreover, HSPs are expressed at
a low level under normal conditions. This observation can
be explained by the fact that HSPs are molecular chaper-
ones for protein folding that play a central role in protein
homeostasis [90, 91]. Many HSPs play the role of peculiar
“assistants” for supporting protein conformational stabil-
ity and the proper folding, assembly, and disassembly of
protein complexes. HSPs prevent random protein aggrega-
tion, particularly during temperature denaturation [91, 92].
Molecular chaperones such as HSP70 and HSP90 prefer-
entially bind to hydrophobic regions of unfolded polypep-
tide chains [93] and recruit auxiliary factors to perform
ATP-dependent restoration of the protein molecule [84,
93]. However, the functions of HSP70 and HSP90 family
members are not restricted to the maintenance of protein
homeostasis. For example, they may be released (secreted)
from cells [94-96] and are likely to participate in paracrine
or autocrine interactions with adjacent cells [94, 96]. Some
data suggest that secreted HSPs promote cell motility [97].
Finally, HSP90 was reported to participate in various DNA
damage response pathways [98, 99]. Small HSPs such as
HSP27 also participate in protein folding but perform it in
an ATP-independent manner [84]. Refolding processes are
carried out not only in the cytoplasm but also in the cell
nucleus by some HSPs, such as HSP27, HSP72, or HSP90
[100]. For example, under conditions of hyperthermia,
the HSP72 protein is translocated to the cell nucleus and
accumulates in the nucleolus, where it presumably stabi-
lizes the process of ribosome assembly [101]. Therefore,
HSPs stand at the frontier of cellular defense against HS
and other types of stress. Overexpression of HSPs provides
“thermotolerance” for cells for a certain period of time, i.e.,
by providing temporary resistance to subsequent stresses
[102]. This cytoprotective role of HSPs is not limited to
their chaperone function. HSPs are capable of preventing
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Fig. 2 Heat stress-induced

activation of HSF1 (see the text

for further discussion)

cell death, in particular by blocking the induction of apop-
tosis [103]. In this way, HSP27 interacts with cytochrome c,
whereas HSP70 and HSP90 bind to Apaf-1, thus inhibiting
apoptosome formation and blocking the postmitochondrial
apoptotic cascade [104]. The interaction of HSP70 with fla-
voprotein AIF blocks the induction of caspase-independent
apoptosis [103, 104]. Under conditions of hyperthermia,
the expression level of HSPs is increased to a certain tem-
perature limit. Upon reaching this limit, the expression of
HSPs begins to drop, which is likely caused by the destruc-
tion of thermolabile elements of the transcription system
[91]. This threshold temperature is different for different
cell types, but on approaching this threshold, the number
of cells that die through apoptosis is substantially increased
[64].

Two partially independent systems are responsible for
activating the expression of genes encoding HSPs. The
first system consists of heat shock transcription factors
(HSFs) that bind to HS regulatory elements (heat shock
elements, HSE), which usually localize to the promoter
regions of a number of genes [105]. The second system
consists of transcription factors that are responsible for
nonspecific stress (Msn2 and Msn4) [106] that interact
with stress response elements (STRE). This system is typi-
cal found in yeast. The mammalian HSF family includes
four factors, HSF1-4 [107]. The most-studied factor
among them is the transcription factor HSF1. It contains
a helix-turn-helix DNA-binding domain and an oligomeri-
zation domain that enables trimerization [108]. Moreover,
HSF1 contains two activation domains [109]. The diversity
of HSE elements provides for shrewd expression regula-
tion of HSPs. Thus, in higher eukaryotes, the activation
of HSFs occurs through the trimerization of HSF1 under
stress conditions, while yeast cells contain such trimers
even before exposure to stress [110]. Under normal con-
ditions, the majority of HSFs are retained in complexes
with HSP70 and HSP90 chaperones that interact with the
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activation domain of HSF1 and thereby block its activa-
tion potential [111]. Under heat stress, HSP70 and HSP90
switch to interactions with denatured proteins, releas-
ing HSF1 and stimulating self-expression. This increase
in expression continues to the point where the number of
molecular chaperones is sufficient to block the activation
domain of HSF1 (Fig. 2) [13, 112].

Posttranslational modifications of HSFs, such as phos-
phorylation, acetylation and SUMOylation, also regulate
their binding to HSE. For example, HSF1 contains no less
than 12 serine residues that are subjected to phosphoryla-
tion. Serine residues in positions 230 and 326 are phos-
phorylated under stress conditions that activate HSF1
[107]. SUMOylation of HSF1 has an opposite effect,
as it weakens the transactivation function of this factor.
Phosphorylation and SUMOylation occur immediately
after HS, whereas the acetylation of HSF1 is a postponed
process. Stress-induced acetylation is regulated by the
balance between p300-CBP acetyltransferase and SIRT1
(NAD"-dependent sirtuin) deacetylase. An increase in the
expression and activity of SIRT1 promotes the prolonged
binding of HSF1 to the promoter of the HSP70 gene,
whereas a decrease in SIRT1 expression leads to the acet-
ylation of HSF1 and a weakening of DNA-binding activ-
ity without a direct influence on the structure of the HSF1
homotrimer [113].

Discussions concerning the functional activity of HSFs
usually focus on their ability to activate the transcription
of specific genes that mostly encode HSPs. However, more
than a hundred different genes are activated during thermal
stress, and an even greater number of them are repressed
[12, 13, 114]. The decrease in the general level of transcrip-
tion indicates that during hyperthermia, transcriptional
repression prevails over activation [115]. This is due not
only to temperature damaging the transcriptional machin-
ery but also to the precise regulation of transcriptional
activity during HS.
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Transcription, splicing, and translation

As was previously described, HSFs are indispensable for
stress-dependent activation of the expression of certain
genes. The transcription level of many genes, including
HSP40, HSP70, HSP90, HSP105, HSP47 (SERPINH?2),
and BAG3 (modulator of chaperon activity of HSP70), is
specifically increased during HS [12, 114]. The expres-
sion of chaperone regulators (HSP70 binding protein ST13,
HSPI0 co-chaperon TEBP, FK506-binding protein) as well
as proteins composing the posttranslational modification
system (transglutaminase, proline-4-hydroxylase a) is also
increased during HS [114]. Furthermore, a specific increase
in transcription levels under heat stress conditions is typical
for genes encoding proteasome degradation system com-
ponents (proteasome subunit PSMDI10), signal transduc-
tion (G-protein GNAS, transcription factor GABPB2, and
p21), membrane transport (phospholamban, cation trans-
porter SLC22A3) and general metabolism (cytochrome-
b5-reductase, arylamine N-methyltransferase) [114]. Such
kinds of increases in transcription are characteristic of a
vast majority of cell lines. Nevertheless, certain genes are
differently expressed in response to HS, depending on the
cell line. For example, a sharp increase in the expression of
the transcription factors c-jun and c-fos in response to HS
was observed in HeLa and K562 cells but not in primary
human fibroblasts [114].

For a long time, the mechanisms of gene repression dur-
ing heat stress remained unknown. It is now understood
that noncoding RNA can play the role of transcriptional
repressor during heat stress [116]. RNA encoded by Alu-
repeats (one of the types of human SINE) binds to RNA
polymerase II during HS, blocking the formation of the
preinitiation complex on the promoter and thereby inhibit-
ing transcription [117-119]. An analogous mechanism sup-
ported by SINE B2 RNA exists in mice [116]. Meanwhile,
RNA polymerase II, which transcribes active genes such as
HSP70 during HS, does not bind to this RNA [117]. It is
assumed that certain factors induced under hyperthermia
conditions, such as another noncoding RNA, enable SINE-
RNA-mediated gene repression to be overcome. A non-
coding RNA called HSR1 (heat shock RNA 1) is known
to participate in transcriptional regulation of heat-inducible
genes, stimulating the trimerization of HSF1 [120]. There-
fore, during HS, noncoding RNAs can be either transcrip-
tional activators or repressors.

The regulation of gene expression during hyperthermia
occurs at the post-transcriptional level as well. Accord-
ing to observations in the H1299 cell line, the increase
in p21 expression during heat stress is associated with its
mRNA stabilization rather than an increase in transcription
[121]. The reverse mechanism also exists. The transcrip-
tion factor TFDP1 and cyclin D1 expression inhibition
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during hyperthermia is determined foremost by the desta-
bilization and enhanced degradation of transcripts [121].
MicroRNAs can also contribute to posttranscriptional gene
expression regulation during hyperthermia. Studies with
skin fibroblasts demonstrated that during heat stress, differ-
ent changes occur in the expression level of 123 microR-
NAs—=83 are suppressed and 40 are activated. Moreover, of
all the expected targets for these microRNAs, the majority,
such as DNAJB2, HSPA4L (HSP70L), HSPA6, HOXBS,
and HOXCS, are components of the cellular stress response
machinery [122].

RNA processing is also a subject for temperature inac-
tivation [123-125]. Incubation of cells at sublethal tem-
peratures leads to reversal inhibition of mRNA splicing.
In HeLa cells exposed to HS, inactivation of splicing is
linked to the destruction of small nuclear ribonucleoprotein
complexes (snRNP) [124, 126]. During moderate hyper-
thermia (43 °C), the triple complex U4/U5/U6 of snRNP
is degraded [127], whereas during acute HS (46 °C), Ul
and U2 are inactivated as well [126]. Alterations in snRNP
particles were observed during heat stress, which points to
the high sensitivity level of ribonucleoprotein complexes
to hyperthermic conditions [128]. At the same time, the
inhibitory effect of HS on RNA processing is not limited
to destruction. It turns out that the inhibition of splicing
during hyperthermia can be regulated. Splicing repressor
protein SRp38 is dephosphorylated during heat stress and
binds to Ul snRNP, blocking Ul-mediated recognition of
5’-splice-sites of unprocessed RNAs [129, 130]. Another
possible regulation of splicing during HS is stress granule
assembly in the nucleus (see Sect. “Cytoplasm and cellular
organelles”). The noncoding transcript of the satellite III,
which is a structural basis of nuclear stress granules, can
bind some splicing factors, thus regulating their common
availability [54, 131].

DNA damage response

Different DNA repair systems are targets of HS. The sys-
tem of base excision repair (BER) is impaired by hyper-
thermia through inactivation of DNA-polymerase B (pol
B), one of the key enzymes of BER [132, 133]}. HSP70
associated with DNA-polymerase B [134, 135], together
with HSP27, stimulates and restores its activity after heat
stress, which apparently results in the eventual develop-
ment of thermotolerance [136]. UV-light irradiation and
several types of alkylating agents lead to the cross-linking
of DNA strands and pyrimidine-dimer formation. In eukar-
yotic cells, such DNA lesions are eliminated through nucle-
otide excision repair (NER) [137-139]. Hyperthermia has
a great impact on this system. For example, the expression
of one of the central components of NER, protein XPA, is
suppressed under heat stress conditions [140]. In addition,



Mechanisms of HS response

4235

NER of UV-light-induced pyrimidine dimers was shown to
be extensively repressed during HS [141].

All organisms possess systems to repair DNA double-
stranded breaks (DSBs). Two competing pathways are
used by higher eukaryotes for DSB repair: homologous
recombination (HR) and non-homologous end joining
(NHEJ) [142, 143]. Cells exposed to hyperthermia become
more susceptible to agents that induce DSBs, particularly
to ionizing radiation [144]. This phenomenon is called
thermal radiosensitivity. The possible cause of this effect
is the ability of heat stress to inhibit both systems for DNA
repair, HR, and NHEJ [144-146]. The effect of hyper-
thermia on NHEJ results in the aggregation of Ku protein,
which is a subunit of DNA-dependent protein kinase. This
aggregation leads to an inactivation of the DNA-binding
activity of Ku protein [147] but is not the main reason for
heat-induced radiosensitivity. Hyperthermia has a more
pronounced and versatile impact on the HR repair system.
The primary sensors of DNA damage in this system are
the phosphorylated form of histone H2AX (yH2AX) and
the proteins MDC1 and 53BP1 [148], which produce foci
at the sites of DSBs. Exposure of cells to heat stress before
and after the induction of DSBs interferes with the forma-
tion of 53BP1 foci [149]. At the site of damage, 53BP1
becomes a platform for the recruitment and assembly of
other proteins, in particular the SMCI protein, phosphoryl-
ated on serine residue 957 [150]. Therefore, hyperthermia-
caused inhibition of 53BP1 foci assembly at sites of dam-
age restricts the formation of p957S-SMCI1 repair clusters.
Interestingly, such effects are typically not observed in
thermotolerant cells with high HSP70 expression levels
[149].

The central element of the HR repair system is the
MRN complex, which contains the Mrel1/Rad50 dimer
and Nbsl1 [151]. At the first stage of repair through the
HR pathway, Mrell/Rad50/Nbsl, CtIP and BRCAI
become associated at the site of the double-stranded break
[152]. This complex has nuclease activity, which ena-
bles the generation of single-stranded stretches of DNA.
These stretches of DNA are indispensable for recruiting
RPA protein [153]. Moderate hyperthermia (41 °C) does
not change the ability of Mrell to associate with DSBs
[154]. Under conditions of acute hyperthermia (42—45 °C),
Mrell, Rad50, and Nbs1 are translocated from the nucleus
to the cytoplasm via a CRM1-mediated nuclear export sys-
tem [155]. This leads to the disruption of regulatory mech-
anisms. At the same time, this effect is not characteristic
for all cell types. For example, such translocations of the
MRN-complex components were totally absent at 44 °C in
the culture of human fibroblasts [156]. Some studies have
reported that moderate HS (42 °C and more) targeting
protein BRCA1 leads to degradation through the ubiqui-
tin—proteasome pathway. However, whether moderate HS

disrupts MRN-complex formation has not been demon-
strated [157].

The second stage of HR involves recruiting recombi-
nase Rad51 and protein BRCAZ2 to the breakage site [153].
HS completely blocks this step. This is explained by fast
proteasome-dependent degradation of protein BRCA2
that has already occurred at 42 °C [154, 158]. Therefore,
hyperthermia interferes with HR at almost all of the essen-
tial steps.

The influence of HS on DNA repair systems underlies
the phenomenon significant for cancer treatment, ther-
mal (or heat) radiosensitization [159]. It represents the
increased sensitivity of heat-treated cells to ionizing radia-
tion (IR). The exact mechanism of radiosensitization is still
being discussed. The most popular hypothesis considers
thermal radiosensitization to be a result of inhibition of IR-
induced DNA damage repair [159-163].

Apart from the inhibition of the repair systems, HS
itself is a DNA-damaging factor. Until recently, hyperther-
mia was thought to provoke the formation of DNA single-
stranded breaks by inhibiting replication [145, 164, 165].
This issue is discussed in more detail in the next section.
In the remainder of this section, we focus on a problem
that remains to be discussed; are DNA DSBs formed under
HS conditions? A number of research groups have dem-
onstrated that HS induces the phosphorylation of histone
H2AX [149, 166-169], which is one of the first steps in
DSB recognition and repair [170]. Several authors directly
showed the formation of DSBs after HS using pulse-field
gel electrophoresis, DNA comet assays [60, 146], and alka-
line elution of DNA [167]. However, other authors that
used these or other methods (the DNA halo method, detec-
tion of G1/G2 chromosomal aberrations or pulse-field gel
electrophoresis) failed to detect DSBs in cells after moder-
ate HS (43 °C, 1 h) [166]. Nevertheless, induction of cell
type-independent phosphorylation of H2AX was observed
in mammalian cells during hyperthermia with a broad
range of exposure temperatures (42—45.5 °C) [169]. Our
recently published study reports that HS does induce the
formation of DSBs in human cell cultures. This conclusion
is strongly supported by the results of neutral SCGE analy-
sis and by a TdT incorporation assay [171]. Interestingly,
the formation of DSBs under HS conditions is restricted to
non-S-phase (G1 and G2) cells. In G1 and G2 cells, HS-
induced DSBs are marked by H2AX phosphorylation,
which is ATM dependent [171]. The mechanism of HS-
induced DSB formation remains unclear. There are numer-
ous possible triggers for such lesions: the production of
reactive oxygen species [172], an increase in retroelement
activity [173, 174], and the inhibition of the DNA repair
system as well as the consequent slowing down or blocking
of the repair of endogenous, spontaneously forming DSBs
[154, 158, 175].
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DNA replication

HS inhibits multiple processes associated with DNA repli-
cation, including the initiation of new replicons [176, 177],
the elongation of replication forks [178], and the matura-
tion of chromatin [179]. In many research studies, the
impact of HS on replication was studied using an in vitro
replication system. The results of these experiments show
that extracts from cells exposed to HS are less replicatively
active than control cell extracts. Nevertheless, even after
prolonged HS at 44 °C, cell extracts retain relatively high
level of replication activity [180]. This observation sug-
gests that the inhibition of replication during heat stress is
a regulated process that is implemented not merely by the
irreversible denaturation of thermolabile replication factors.
RPA protein was presumed to be one of the targets of such
regulatory mechanisms [49]. Although the hypothesis that
phosphorylation of RPA regulates replication during heat
stress has not been proved [181], it has been demonstrated
that during HS, the nucleolar protein nucleolin is translo-
cated to nucleoplasm and bound to RPA, thereby blocking
DNA replication [182]. In vitro analysis also confirmed
that such an interaction strongly inhibits replication [49].
Interestingly, this regulatory mechanism is in itself ther-
mosensitive and is inactivated during prolonged heat stress
[49, 180]. The regulated nature of HS-induced inhibition of
DNA replication is also supported by its gradualism: differ-
ent temperature conditions lead to a progressive decrease in
the apparent speed of replication fork progression (42 and
44 °C) and finally to a total arrest of replication at 45.5 °C
[171]. It is notable that after HS-induced arrest, replica-
tion forks are mostly restarted upon cell cultivation under
normal conditions. Furthermore, it appears that the phos-
phorylation of H2AX is necessary to prevent arrested rep-
lication forks from collapse [171]. Interestingly, under HS
conditions, H2AX is phosphorylated at replication sites by
DNA-dependent protein kinase (DNA-PK), while the phos-
phorylation of H2AX at DSBs is mediated by ATM [171].
The role of DNA-PK in replication-associated H2AX phos-
phorylation may be due to its association with RPA at repli-
cation forks [183].

Dewey and coauthors [184] for the first time demon-
strated that S-phase cells are hypersensitive to thermoin-
ducible cell death. In S-phase cells, hyperthermia results in
persisting single-stranded DNA regions, which may be the
source of chromosomal aberrations [185]. Indeed, after HS
in S-phase cells, their number greatly exceeds that observed
in G1 and G2 [186]. Furthermore, the level of thermoin-
ducible cell death correlates with the number of such aber-
rations [178]. In case of aphidicolin-induced replicative
block, the level of cell death under heat stress conditions
is reduced compared to cases in which the cells with active
replication are exposed to heat stress [187]. This effect was
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explained by the fact that in S-phase cells, thermoinduc-
ible lesions are not repaired in time and therefore are later
converted to lethal devastations. Thus, replication arrest
facilitates more efficient performance of repair systems
[188]. This conclusion agrees with experiments that have
demonstrated that the inhibition of replication for 2 h averts
S-phase hypersensitivity after a 15-min HS at 45 °C.

Conclusions and perspectives

When we started working with HS a couple of years ago,
we could not find any articles that summarized all aspects
of the cellular response to heat stress. Most of the reviews
published in recent years have been devoted to the regula-
tion, functions and clinical applications of HSPs [13, 16,
17, 189]. Other important aspects of the cellular response
to heat stress were overlooked. The present review is aimed
to correct this gap in the literature. In this “textbook”-like
article, we tried to summarize data concerning virtually all
aspects of the HS response in mammals.

Although the HS response has been extensively studied
for decades, we found that very little was known about the
effects of HS on nucleic acids and nucleic acid-associated
processes, such as DNA replication and repair, transcrip-
tional repression, and epigenetic changes. Accordingly, we
focused our own studies on the impacts of heat stress on
genome organization and integrity and DNA replication.
The results obtained [171, 190] demonstrate that HS is still
a very powerful model system for studying alterations in all
major intracellular processes. Emergence of new research
tools always stimulates rapid progress in science. In mod-
ern molecular biology, so-called full-genome studies pro-
vide substantial novel data. Nevertheless, such powerful
approaches as transcriptome analysis were not yet used to
study cellular response to HS. It is obvious now that we
need high-quality heat stress transcriptome data (obtained
using next-generation sequencing techniques) to elucidate
the cell stress response. It is commonly believed that under
HS conditions, the expression of the majority of cellular
genes is suppressed. However, the exact list of these genes
remains obscure. Even more obscure are the molecular
mechanisms involved in mediating transcriptional repres-
sion during HS conditions. As discussed above, there are
also several important unanswered questions from studies
of HS influence on DNA replication and repair processes.
The data concerning the impact of heat stress on genome
integrity remain controversial. This important area cer-
tainly deserves more attention from the scientific commu-
nity. Finally, it is worth mentioning that the HS response
is powerful model system for studying epigenetic changes
associated with the cell stress response. Here, again,
utilization of modern genomic approaches (including
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chromatin immunoprecipitation followed by deep sequenc-
ing) could provide important new findings. The final aim is,
of course, to obtain a comprehensive picture of the cellular
responses to different stresses, which can be achieved only
by integrating the data regarding the impact of stresses on a
variety of cellular processes and which is a task of modern
system biology.
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