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General Introduction and Objectives

CHAPTER 1

Introduction
Apoptosis is a term derived from Greek, meaning ‘falling off’ (ptosis; ‘act of falling’ and apo;
‘off, from’) and was used to describe the shedding of leaves in autumn. Nowadays apoptosis
is the name of a highly regulated cell death process, also called programmed cell death.
Apoptotic cell death plays an essential role in many different biological processes, like
embryonic development, regulation of cell numbers and tissue homeostasis.1 Apoptosis is also
important for the removal of cells with genotoxic damage or viral infection.2 Cells harbour
both pro-apoptotic and anti-apoptotic proteins and the balance between these proteins
determines whether a cell is susceptible to undergo apoptosis. Disturbance of this balance can
lead to pathological processes and disease.3 Excessive apoptosis can result in the loss of cells
with important functions, such as depletion of T-cells in HIV infection or loss of neuronal
cells in neurodegenerative diseases, like Alzheimer’s and Parkinson’s disease.4 However, a
reduced ability to undergo apoptosis may lead to the accumulation of cells that are potentially
dangerous, like viral infected cells. Reduced sensitivity to apoptosis can also promote the
accumulation of cells with abnormal cell cycle control, mitogenic aberrations, genomic
instability or other alterations that contribute to cancer development.5 In many cases, reduced
sensitivity to apoptosis appears to be a prerequisite for the malignant transformation of cells.6

Many types of therapies that are used to treat cancer, like chemotherapy and hyperthermia,
cause damage to cancer cells that results in apoptotic cell death. In other therapies such as
radiotherapy, apoptosis is not an important mechanism of cell death.7 Therefore, combing
treatments to achieve a complementary and synergistic effect is often used in the clinic, such
as is the case for using radiotherapy in combination with hyperthermia. Hyperthermia is
defined as a temperature elevation by several degrees above the normal physiological level.
The effectiveness of hyperthermia, i.e. the amount of cell death, depends both on the
temperature and the duration of temperature elevation8 as well as the susceptibility of cells to
undergo apoptosis determined by endogenous factors. Temperature and duration have been
extensively studied both in vitro and in vivo. However, the complex connections between the
induction of apoptosis in cells and the cell type characteristics are not well understood and
remain a subject of study. Recent preclinical developments show the importance of heat shock
proteins (Hsps) and other proteins interfering and regulating the intrinsic and extrinsic
pathways of apoptosis.9
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The way hyperthermia initiates the intrinsic pathway of apoptosis is yet not completely
elucidated, but it is known to involve the transmission of the temperature elevation signal to
the mitochondrion through proteins belonging to the Bcl-2 family. Mitochondria harbour a
number of proteins that have pro-apoptotic properties and can induce the cell death process
once released into the cytosol.10 A better understanding of hyperthermia-induced apoptosis
will provide more tools to interfere and manipulate in the apoptotic process in order to
improve therapeutic effectiveness for clinical applications. Potentially interesting techniques
to achieve such improvements could be, but are not limited to, carriers to introduce proapoptotic or anti-proliferative molecules that shift the balance towards apoptosis in tumor
cells. Examples of such carriers to be used in conjunction with hyperthermia are bubble
cavitation or nano-particles as protein or gene vectors.

Thesis outline
The objective of this study is to gain more insight in the induction of apoptosis by
hyperthermia and the implementation of this knowledge to manipulate this process towards
increasing apoptosis in cancer cells. Here, a summary is given of the subjects, which are
discussed in the following chapters.

Chapter 2 gives a literature overview on hyperthermia-induced apoptosis. Several effectors of
hyperthermia are described as well as the apoptotic process. The advantages and
disadvantages of techniques to apply hyperthermia are evaluated and ways to improve the cell
killing effectiveness are discussed.

Chapter 3 describes the induction of apoptosis by heat alone and in combination with Xirradiation in human promyelocytic cells. To study the initiation phase of apoptosis, the role
of the mitochondrial membrane potential was investigated. For insight in the apoptotic
effector phase, the activation of caspases was determined. Expression of phosphatidylserine
on the surface of the cells was monitored as a marker for the execution phase.

In Chapter 4 the effect of heat treatment in combination with Χ-irradiation was examined
with regard to expression of p53, a tumor suppressor gene product, and Hsp70, a heat-shock
protein, in order to determine the susceptibility of hematopoietic cell lines to undergo
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apoptosis. These endogenous differences in cell types determine the outcome of apoptosis and
were therefore evaluated as predictive markers for the effectiveness of hyperthermia.

In Chapter 5 we studied the role of caspase-2 as initiator caspase in heat-induced apoptosis.
By monitoring Bcl-2 and Bax protein levels and investigating the cellular localization of Bcl2 after heat treatment of several human promyelocytic cell types we gained insight in the
initiation of apoptosis. The role of caspase-2 as initiator caspase to induce Bax expression and
cytochrome c release was investigated by using a specific caspase-2 inhibitor after heat
treatment and X-irradiation.

Since heat shock proteins possess the ability to protect cells from heat shock, the inhibition of
these chaperone proteins potentially increases the effectiveness of heat-induced apoptosis. By
using the flavonoid Quercetin and RNA-interference techniques the Hsp protein expression
was inhibited and the effect on heat-induced apoptosis was investigated as described in
Chapter 6.

Chapter 7 describes a study to elucidate the complex interactions between a single bubble
cavitation and adherent cells with respect to trans-membrane transport and viability as well as
cell death. Fluorescence microscopy was used to monitor molecular delivery of a small
molecule calcein and cavitation-induced cell death using three fluorescent markers of
apoptosis. These understandings are fundamental for feasibility studies using bubble
cavitation for drug or gene delivery and the implementation in treatments such as
hyperthermia.

Chapter 8 concludes this thesis with a summary, discussion and future perspectives. Most of
the work described in this thesis has been published.11-16
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CHAPTER 2

1. Introduction
The idea of treating cancer cells by means of hyperthermia dates back at least 5000 years.
According to the Edwin Smith surgical papyrus a fire drill was used by “surgeons” to
cauterize carcinoma in the breast. Over the past 30 years there are significant improvements in
this “war against cancer”. Despite this, the mortality of patients receiving treatments that die
of or with their cancer is relatively high. The failure to achieve a reduction in mortality from
some forms of cancer using conventional treatments, namely surgery, radiotherapy and
chemotherapy has added a new dimension of interest in the potential of hyperthermia, both as
treatment in its own right and in combination with other therapies.
The main reason why there has been so little interest for hyperthermia in modern cancer
research is that the technologies used in the past cannot deliver effective and homogeneous
heating of all sites, particularly the deeper seeded tumors. Also research and implementation
has been hampered by lack of non-invasive temperature measurement. Recently, development
of new techniques (nanotechnology, computer modelling, non-invasive thermometry) to
control and direct the heat, stimulated the interest in hyperthermia again.
The objective of this artificially induced temperature rise is the treatment of tumors, directly
by introducing irreversible biological damage or indirectly by enhancing the effects of other
treatment regimes such as X-irradiation or chemotherapy in a synergistic way. Although the
ultimate aim in cancer therapy is to kill cancer cells, the way the cells die is of importance.
Nature employs two ways to kill cells; namely by necrosis and apoptosis. Necrosis usually
induces an undesirable inflammatory response in vivo, while apoptotic death of cells is
relatively free from this post-treatment problem. Apoptosis, characterized as programmed cell
death, is considered a natural process in the homeostasis and defence systems of the body.
Hyperthermia could be used in cancer therapy to induce apoptosis instead of necrosis to
minimize adverse side effects. Although hyperthermia has been under investigation for
decades, the precise mechanisms how hyperthermia induces apoptosis remains unclear. In
order to further increase the effectiveness of hyperthermia the cellular mechanisms must be
elucidated. Here, we outline the effects of hyperthermia both on cellular and molecular levels.
Furthermore, several ways to induce hyperthermia and novel therapeutic strategies will be
discussed.
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2. Physiological features of hyperthermia
The cell killing property of hyperthermia and its non-invasive character makes it an
interesting technique to further exploit in combination with other cancer therapies or perhaps
as a therapy alone. Oversimplified, the amount of cell killing depends on the thermal dose,
which is a function of temperature and time. However, due to the complexity of heat-induced
changes in cells and tissues, the temperature needed and the thermal dose applied for
hyperthermia is still unresolved and heavily discussed. Although a large number of
investigations concerning the cellular effects on hyperthermia exist, dating back to the 1970s
and early-80s, the fundamental aspects of this technique is far from being elucidated. Here,
several cellular effectors of hyperthermia are being described.

2.1 Cell cycle
Synchronized cell cultures exhibit variations in their susceptibility to heat in accordance to
their phase in the cell cycle. In general, the highest heat sensitivity can be observed during the
mitotic phase. Microscopic examinations of M-phase cells exposed to hyperthermia show
damage of their mitotic apparatus leading to insufficient mitosis. S-phase cells are also
sensitive to hyperthermia, where chromosomal damage is observed. Both S- and M-phase
cells undergo a ‘slow mode of cell death’ after hyperthermia, whereas those exposed to heat
during G1-phase are relatively heat resistant and do not show any microscopic damage. These
variations existing between the different cell cycle phases indicate the possible diversity of
molecular mechanisms of cell death following hyperthermia.1

2.2 Cell membrane
Hyperthermia affects fluidity and stability of cellular membranes and impedes the function of
transmembranal transport proteins and cell surface receptors in vitro. These findings
suggested that membrane alterations represent an important target in hyperthermic cell death.
These observations give raise to numerous reports on change in membrane potential, elevated
intracellular sodium and calcium content, as well as an elevation of potassium-efflux under
hyperthermia. Besides, hyperthermia has been demonstrated to induce various changes of
cytoskeletal organization (cell shape, mitotic apparatus, endoplasmatic reticulum and
lysosomes). The appearance of membrane blebbing in cultured cells was first described and
then it was noted that cells underwent cell death after a single heat dose.2 From a more recent
point of view, membrane blebbing does not represent a primary damage of the cell membrane,
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but is a typical feature of apoptosis. The term apoptosis or programmed cell death defines a
genetically encoded cell death program, which is morphological, biochemical and molecular
distinct from necrosis.3 This will be later described in more detail.

2.3 Cellular proteins
Intracellular de novo synthesis and polymerization of both RNA- and DNA-molecules as well
as protein synthesis are decreased in vitro at temperatures between 42 and 45°C in a dosedependent manner. Whereas RNA- and protein synthesis recover rapidly after termination of
heat exposure, DNA-synthesis is inhibited for a longer period.4-5 Heat shock induces an
aggregation of denatured proteins at the nuclear matrix. This is mainly due to insolubility of
cellular proteins after heat-induced protein unfolding, entailing an enhancement of the nuclear
protein concentration. Increase of the nuclear protein content by heat consequently affects
several molecular functions (including DNA-synthesis and –repair) when a certain thermal
dose is exceeded. This threshold dose is different between distinct cell lines. In the 1960s,
hyperthermia was supposed to act similar as radiation by causing direct damage of DNA.
Later, it became evident that heat is not able to cause severe DNA-damage by itself, but
instead hinders the repair of induced cell damage, and thus boosts radiation-induced DNAfragmentation. This may be caused by a temperature-dependant inhibition of DNA-repair
enzymes.
Whereas synthesis of most cellular proteins is impaired under hyperthermic conditions there
is one group of proteins, the so-called heat shock proteins (hsp), that are increasingly
synthesized after heat application. Hsp represent a heterogeneous group of molecular
chaperones consisting of at least five subgroups with different molecular mass and partially
varying biological function.6 Some are constitutively expressed and associated with specific
intracellular organelles, and others are rapidly induced in response to cellular stress. The heat
shock proteins are encoded by genes whose expression is substantially increased during stress
conditions, such as heat shock, alcohol, inhibitors of energy metabolism, fever, inflammation
etc. During these conditions, hsp increase cell survival by protecting and disaggregating
stress-labile proteins, as well as proteolysis of the damaged proteins.7 Under non-stress
conditions, hsp have multiple housekeeping functions such as folding newly synthesized
proteins, activation of regulatory proteins, protein signaling, etc.8 Hsp-synthesis can be
induced within minutes by activation of the so-called “heat shock factors”. Cells recovering
from a transient exposure to mild hyperthermia contain elevated levels of hsp and
consequently possess an increased ability to tolerate normally lethal exposures to elevated
18
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temperatures, a phenomenon known as induced thermotolerance.9 Furthermore, hsp are
correlated with tumor genesis. For example, hsp are known to be over-expressed in several
tumor cells10-11 and to enhance the tumorgenicity of cells.12
Another interesting feature of hsp comes from the interaction of the stress response with
apoptosis. Interactions between these two pathways determine the fate of a cell and, as such,
have a profound effect on the biological consequences of stress. Furthermore, data from
various literature suggest a close connection between hsp-expression and inhibition of
hyperthermic cell death, especially apoptosis, but the mechanisms involved are still poorly
understood.13-14 These preceding examples show how hsp are able to regulate the apoptotic
process and are involved in tumor genesis indicating the therapeutic potential. Intervention in
the synthesis or activity of hsp to modulate apoptosis therefore is an exciting novel
therapeutic target in anticancer protocols.

2.4 Apoptosis
Apoptosis is a highly regulated cell death process, also called programmed cell death.
Apoptotic cell death plays an important role in many different biological processes, like
embryonic development, regulation of cell numbers and tissue homeostasis. Cells harbour
both pro- and anti-apoptotic proteins and the balance between these proteins determines
whether a cell is susceptible to undergo apoptosis. Disturbance of this balance can lead to
pathological processes and disease. A reduced ability to undergo apoptosis may lead to the
accumulation of cells that are potentially dangerous harbouring mitogenic aberrations,
genomic instability or other alterations that contribute to cancer development. Many types of
anticancer techniques cause damage to cancer cells that result in apoptotic cell death.
Stimulation of apoptosis in malignant cells can therefore promote the susceptibility to
anticancer treatments such as hyperthermia.
During apoptosis cells are orderly and carefully dismantled, without damage to the
surrounding tissue. Morphological changes include condensation of nuclear chromatin,
shrinkage of cells, increased cellular density and surface membrane blebbing.15 The DNA is
degraded in fragments of distinctive length by endonuclease activity. Membrane alterations
(e.g. loss of asymmetric distribution of phosphatidylserines in the plasma membrane) occur
that mark the dying cells for phagocytosis. Cellular remains are encapsulated in membranous
vesicles, or apoptotic bodies. These apoptotic bodies are engulfed by phagocytes in the
surrounding tissue, without causing an inflammatory reaction (figure 1).
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Apoptosis is a stepwise process that is regulated by many protein families and cellular factors
at different levels. The apoptotic process is initiated when a cell death signal is delivered to
the cell. Subsequently the signal is transduced in biochemical pathways that eventually
activate the execution of apoptotic cell disassembly through caspases. Two main biochemical
pathways are known. The extrinsic or receptor-mediated pathway involves members of the
TNF receptor (TNFR) superfamily and is engaged in response to cytokines and other
extracellular signals. The intrinsic or mitochondria-mediated pathway is activated in response
to intracellular signals and is controlled by members of the Bcl-2 family.16-17 The
mitochondria play a pivotal role in the intrinsic pathway of apoptosis.18 The translocation of
apoptotic proteins residing in the inter-membrane space requires permeabilization of the outer
membrane. The mechanism by which this occurs is still subject of much debate.

Figure 1. Representation of the morphological changes of a cell during apoptosis and necrosis. When the apoptotic death
process is activated the dying cell undergoes several changes that alter its morphology. The cell shrinks and cellular density
increases. The chromatin condensates and moves to the margins of the nucleus. DNA fragmentations occurs and the nucleus
falls apart into fragments. The plasma membrane starts to bleb and sheds off vacuoles containing cellular remains called
apoptotic bodies. When necrosis is induced the cell swells up without structural alterations which finally results in the rupture
of the plasma membrane releasing the cellular content into the environment which can cause inflammatory reactions.
Reproduced from.15
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Upon activation of the apoptotic process by death signals a highly regulated process of
controlled events is followed. This process can be divided into 3 phases: 1) the initiation
phase which involves the activation of surface death receptors or in the case of heat shock by
the mitochondrial pathway; (2) the signal transduction phase, where activation of initiator
caspases and certain kinases/phosphatases takes place, followed by (3) the execution phase
which involves the activation of effector caspases. In response to stress signals, levels of the
tumor suppressor protein p53 are rapidly increased,19 and its activity is enhanced after
phosphorylation at the Ser-15 residu, resulting in the up-regulation of downstream genes,
including the proapoptotic Bax protein. In turn, increased levels of Bax induce mitochondrial
membrane permeabilization (MOMP), release of cytochrome c and activation of a caspase
cascade, leading to apoptosis (see figure 2).
Hyperthermia is suitable to induce both necrotic and programmed cell-death in a temperaturedependent manner.20 Programmed cell death seems to represent an important effector of heat
action. The susceptibility of cultured cells to apoptosis due to hyperthermia could be
demonstrated in various studies. Thereby, the response varied from different cell-lines,
temperatures, duration, etc.21 That many different types of cells die by apoptosis in response
to mild hyperthermia, is a well established fact; what remains in question are the mechanisms
that trigger and affect the apoptotic response, leading to cell death. With regard to
hyperthermia heat-shock response represents a typical, but by no means specific reaction. Hsp
have an extremely complex role in the regulation of apoptosis. Historically, studies on the
protective ability of the hsp have been focused largely on their role as chaperones to prevent
misfolding of proteins and to accelerate their refolding. However, more recently, the function
of hsp has been shown to be broader and encompass an anti-apoptotic role that can, but does
not always, depend upon their chaperone activity.22 Moreover, hsp are found to be of
importance in fundamental processes in apoptosis. Hsp are able to inhibit heat-induced
apoptosis upstream of mitochondria by preventing Bax translocation23 and downstream
mitochondria by inhibiting the release of pro-apoptotic factors from mitochondria following
stress.24 Recently, it was shown that the multidomain proapoptotic molecules Bax and Bak are
directly activated by heat25 and that caspase-2 plays an important role in heat-induced
apoptosis via cleavage of Bid.26
Hsp70 is also known to interact with the p53 protein. As a response to DNA damage by
exposure to many stress signals, including heat shock, tumor suppressor protein p53 is
activated and cell cycle arrest is promoted. However, when the stress is excessive, p53 can
induce tumor-suppressive apoptotic cell death. Mutation of the tumor suppressor protein p53
21
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gene is one of the major mechanisms of tumor cells to escape from apoptosis. The function of
p53 is recently correlated with hsp.27 This interaction results in stabilization of p53-DNA
binding conformation and localization of p53 from the cytoplasm to the nucleus. Recent
studies to the interaction of hsp and p53 revealed that expression of functional wt p53
together with hsp are able to protect cells from heat-induced apoptosis,28 whereas over
expressed hsp with mutated p53 did not show this protection.29

APOPTOSIS INDUCTION
Extrinsic

Initiator phase:

Intrinsic

Ligand binding
“death” receptor

Sublethal damage
(e.g. heat)
P53
Initiator caspases

Signal transduction phase:

Bax

Bcl-2

MOMP
Cytochrome C

Execution phase:

Execution caspases

APOPTOSIS

Figure 2. Simplified scheme of the apoptosis induction mechanism. Cell death stimuli can be delivered to a cell as
extracellular or intracellular signals. In the extrinsic pathway, extracellular ligands can bind to “death” receptors at the cell
membrane. Intrinsic or extrinsic apoptotic stimuli leads to the permeabilization of the mitochondrial membrane regulated by
the pro-apoptotic Bax and the anti-apoptotic Bcl-2. this results in the leakage of apoptotic substrates like cytochrome c and
the activation of effector caspases leading to apoptosis.

3. Applying hyperthermia
Several difficulties or obstacles arise when trying to localize and control heating to tumor
sites. The actual dimensions or geometry of tumors are often irregularly shaped in both lateral
extent and depth dimensions. Furthermore, heterogeneous distribution of tumor blood vessels
(especially in larger tumors) results in regions with low blood perfusion and highly
vascularized, well-perfused zones.30 The resulting heating patterns are often “cold” in the
well-perfused zones with “hot” spots in the regions with low blood flow. With many of the
current heating technologies, the required temperatures and thermal doses throughout the
complete tumor volume have been difficult to achieve in anything but small superficial
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tumors. Mediocre clinical results in the past have been attributed to the use of inadequate
heating techniques that have produced temperatures which were not well controlled and
inhomogeneously distributed.
Until recent years, electromagnetic (EM) heating techniques have been the most frequently
used approach for applying conventional hyperthermia treatments. There are certain positive
attributes associated with the EM approach, but the large wavelengths and/or high energy
absorption rates in tissue make it difficult to control and localize energy deposition. Thus, this
approach has been limited mostly to trying very superficial disease or regional heating of deep
sites. Due to the increasing overlap of different fields of science some interesting new
approaches have arised. Ultrasound technology has inherent properties that can potentially be
used to overcome or compensate for the difficulties mentioned above and provide increased
localization and control of temperature distributions as required for thermal therapies. The
key-words in these novel combinational techniques are specificity and selectivity. When heat
can be applied in a controlled way to sites within the body or even cell type specific, cancer
therapy can be selective for tumor cells with minimal damage to surrounding healthy tissue in
a non-invasive manner. New interesting techniques include therapeutic possibilities for
selective cell targeting with infrared-absorbing gold-nanoparticles. Another approach to
increase the effectiveness of hyperthermia as conventional cancer treatment modality is to
interfere with molecular mechanisms regarding controlled cell death (apoptosis) either by
stimulating pro-apoptotic or blocking anti-apoptotic players in the apoptotic cell death
mechanism. Hereby, selective integration of drugs or genes into tumor cells is preferable. The
use of microbubbles in combination with ultrasound has properties that can potentially be
used to combine hyperthermia with the uptake of drugs or genes resulting in increased
apoptosis. In this chapter, the use of ultrasound and EM heating techniques as well as
implementation of new approaches are discussed.

3.1 Electromagnetic field
There is a considerable interest in cellular responses to electromagnetic fields (EMF) largely
due to the daily use of equipment that generates EMF in the radiowave and microwave
regions. Over the recent decades, it has been stated that the most important effect of EMF on
biological systems is heat development.31 EM energy in these frequencies can readily be
transmitted through, absorbed by and reflected from the tissue of the body. The temperature
rise in the tissue is due to the transfer of EM energy into heat. Frictional forces between water
molecules in the tissue are generated as the EM waves pass through the tissue and the water
23
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molecules are vibrated. This friction results in heat production and by concentrating or
focussing these EM waves significant increase in temperature can be obtained. Because EMF
cause water molecules to vibrate, differences in water content within tissues (fat, bone,
muscle etc.) determine the extent of temperature increase by EMF applicators. In order to
produce the required heating in a specific region the dielectric and conductive properties of
the biological material must be known.32 In this way the energy can be adjusted to achieve
efficient energy absorption and thereby predict the amount of heating. The temperature
dependence of both conductivity and dielectric constant is related mainly to the water
content.33 EMF arise from the motion of electric charges. The strength of the magnetic field is
measured in amperes per meter (A/m); more commonly in research the quantity related flux
density (in microtesla, µT) is being used. The most commonly used frequencies for
hyperthermic applications are just above 300 MHz (microwave range).34 The effects of EMF
on cell lines have been extensively studied, however besides the thermal effect contradictory
reports have been published about the non-thermal effects.
Extremely low frequencies (ELF) in the order of 50Hz were found to induce apoptosis in vitro
in several studies35 however, studies that failed to correlate ELF with induced apoptosis36
have also been published. For the use of high-frequency EMF in the order of GHz it has also
been stated that interactions with cellular components are possible, nevertheless it has never
been proven. This discrepancy of results in research towards effects of EMF on biological
material is mainly due to the enormous complexity of exposure-response relationships for
non-thermal effects. Furthermore, inconsistent results published in the literature may be
caused by the variability of exposure systems, the exposure conditions and the cell types used.
This makes it very difficult to compare the results of different studies describing the
biological effects of EMF on cells.
Although the effects of electromagnetic energy are still poorly understood, hyperthermia
induced by EMF is a main method for such non-invasive heating. The advantages of EMF
heating are that EM energy can propagate through air. Thus, due to the presence of air within
and in the vicinity of lungs, stomach, bowel, bladder etc, the use of the EM technique is
suggested for therapy in these regions. EM energy can penetrate bones and therefore be used
for applications in the chest area. These advantages of EM radiation are mainly due to strong
absorption in water-containing tissues. Therefore, there are potential hazards for the EM
technique in tissues close to organs containing or surrounded by fluids such as the heart,
stomach etc.
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3.1.1 Nanoparticles
To overcome problems of overheating tumor-surrounding tissue, between the source and the
target site, and to sufficiently penetrate the tumor site with the appropriate heating
temperature new techniques were investigated. Experimental investigations of the application
of magnetic materials for hyperthermia dates back to 1957 when Gilchrist et al37 heated
various tissue samples with 20-100nm size particles of γ-Fe2O3 exposed to a 1.2 MHz
electromagnetic field. Since then there have been numerous publications describing a variety
of schemes using different types of magnetic materials, different field strengths and
frequencies and different methods of encapsulation and delivery of the particles.38-40
Generally, the procedure involves dispersing magnetic particles throughout the target tissue,
and then applying an electromagnetic field of sufficient strength and frequency to cause the
particles to heat. A number of studies have demonstrated the therapeutic efficacy of this form
of treatment in animal models.41
To date, however, there have been no reports of the successful application of this technology
to the treatment of a human patient. The challenge lies in being able to deliver an adequate
quantity of the magnetic particles to generate enough heat in the target using magnetic fields
that are clinically acceptable. Furthermore, the frequency and the strength of the externally
applied electromagnetic field are limited by physiological responses to high frequency
magnetic fields such as muscle spasm, possible cardiac stimulation and arrhythmia.41 There
are different methods of administration; direct injection, intravascular or antibody targeting.
Since the first ferromagnetic microspheres of the 1970s, a variety of magnetic nano- and
microparticles have been developed.42-43 The optimization continues today. Generally, the
magnetic component of the particle is coated by a biocompatible polymer such as PVA or
dextran, although recently inorganic coatings such as silicia have been developed. The
coatings act to shield the magnetic particle from the surrounding environment and can also be
modified by functional groups and antibodies against tumor specific cells.44 The use of
antibodies specific for a tumor cell type enables precise and specific targeting the tumor
region thereby minimizing the effect on the surrounding tissue.45-46 Regarding the choice of
magnetic particles, the iron oxide magnetite (Fe3O4) and maghemite (γ-Fe2O3) are the most
studied to date because of their generally appropriate magnetic properties and biological
compatibility, although many others have been investigated. Particle sizes less than about
10nm are normally considered small enough to enable effective delivery to the site of the
cancer, either via encapsulation in a larger moiety or suspension in some kind of carrier fluid.
Research also continues into alternative magnetic particles, such as iron, cobalt or nickel.
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Since magnetic particles have unique magnetic features, they can be applied to special
medical techniques such as immunoassays, magnetic resonance imaging (MRI), drug/gene
delivery and hyperthermia.47-50 furthermore, the combination of hyperthermia by
nanoparticles together with MRI and/or drug delivery techniques may offer attractive
possibilities in biomedicine.
Recently new in this field are the gold nanoparticles, which are in the size of 10-100 nm and
are able to undergo plamon resonance with light. The first account of the use of gold particles
in hyperthermal therapy was published in 2003. Thereby, Halas et al used gold-on-silica
nanoshells to target breast carcinoma cells using the HER2 antibody. By adjusting the relative
core and shell thickness, nanoshells can be manufactured to absorb or scatter light at a desired
wave length across visible and near infrared (NIR) wavelengths. This optical tunability
permits the fabrication of nanoshells with a peak optimal absorption in the NIR, a region of
light where optical penetration through tissue is optimal. Because the body is moderately
transparent to NIR light this provides an opportunity for therapeutic effects in deep tissues.
O’Neal et al 200451 reported impressive results in vivo by showing selective photo-thermal
ablation in mice using near infrared-absorbing nanoparticles (see figure.3).

Figure 3. Photo-thermal tumor ablation in mice using near infrared-absorbing nanoparticles. A survival time plot for three
experimental groups for 60 days. For the nanoshell-assisted photo-thermal therapy (NAPT) group the survival fraction was
100% after 60 days. For the sham-treated and control group the survival times were significantly lower with 10.1 and 12.5
days, respectively. Reproduced from.51
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3.2 Ultrasound
The interaction between ultrasound waves and living tissues was described and studied 70
years ago, and was first suggested as a form of therapy. Ultrasound has since been used to
treat a variety of disorders, from skin wounds to malignant tumors.
Ultrasound consists of inaudible high-frequency mechanical vibrations created when a
generator produces electrical energy that is converted to acoustic energy within the
transducer. The waves produced are transmitted by propagation through molecular collision
and vibration, with a progressive loss of the intensity of energy during passage through the
tissue (attenuation), due to absorption, dispersion or scattering of the waves.52-53 The total
amount of energy in an ultrasound beam is its power expressed in watts. The amount of
energy that reaches a specific site is dependent upon characteristics of the ultrasound
(frequency, intensity, amplitude, focus, and beam uniformity) and the tissue through which it
travels.
Therapeutic ultrasound has a frequency range of 0.75-3 MHz, with most machines set at a
frequency of 1-3 MHz. Low-frequency ultrasound waves have a greater depth of penetration
but are less focused. Ultrasound at a frequency of 1 MHz is absorbed primarily by tissue at
depth of 3-5 cm and is therefore recommended for deeper injuries and in patients with more
subcutaneous fat. A frequency of 3 MHz is recommended for more superficial lesions at
depths of 1-2 cm. Tissues can be characterized by their acoustic impedance, the product of
their density and the speed at which ultrasound travels through it. Low absorption (and
therefore high penetration) of ultrasound is seen in tissue that are high in water content (e.g.
fat), whereas absorption is higher in tissues rich in protein (e.g. skeletal muscle). The larger
the difference in acoustic impedance between the different tissues, the less the transmission
from one to another. When reflected ultrasound meets further waves being transmitted, a
standing wave or hot spot may be created, which has a potential adverse effect on tissue.
Coupling media between the interface of the transducer-head and the tissue prevent reflection
of the waves away from the treated area by excluding air from the transducer and the tissue.
Therapeutic ultrasound can be pulsed or continuous. The former has on/off cycles, each
component of which can be varied to alter the dose. Continuous ultrasound has a greater
heating effect than exposure to pulsed ultrasound.
The interaction between ultrasound and biological matters has been investigated by a number
of authors for almost half a century.54-55 However, the widespread use of therapeutic
ultrasound in clinical environments has so far been limited, in part, due to incomplete
understanding of the interaction process in vivo. Cellular effects have been studied in isolated
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cells, cell suspensions and-or cell cultures as well in cells in their natural setting in vivo.
Studies of cells in culture provide a means for examining the effect of ultrasound without
numerous biological variations operating in the whole organism. However, such
simplification reduces the applicability of the experimental data to the actual situation in
vivo.55 Ultrasound of low intensities has no ionizing ability and its direct action on biological
systems is effected by means of two mechanisms divided in thermal en non-thermal effects.5657

However, the idea rises that the reality is that the two effects are not separable. Generally,

bioeffects of ultrasound exposure are intensity and frequency dependent. A higher intensity
benefits heat production, and a lower frequency favours the occurrence of non-thermal
effects. Therefore, the acoustic parameters must be selected carefully according to the
objective required.

3.2.1 Thermal and non-thermal effects
Although there is evidence for ultrasound exposure causing a rise in temperature, the extent of
tissue heating is dependent on a number of variables. Heating is intensity dependent. The
most used frequency in literature found for inducing hyperthermia is 1 MHz. Continues
ultrasound at intensities ranging from 0.5-3 W/cm2 usually is generally used to increase the
temperature in the region/tissue of interest to hyperthermia temperatures (42-45°C). The
higher the intensity the more heat will be formed and the more non-thermal functional
alterations occur.58 The time to heat the tissue depends on a lot of variables including
intensity, frequency tissue characteristics etc. In vitro research studying the effects of
ultrasound exposure therefore is highly dependent on the experimental set-up. As a
consequence comparing data from different studies is a difficult task. To a large extent the
effects of ultrasound on biological systems have been examined in in vitro studies. There is,
however, little evidence that these changes occur in vivo. Extrapolating results from in vitro
to in vivo conditions therefore is conjectural. In order to assess the effect of ultrasound on an
intact organism, the influence of regulatory mechanisms such as homeostasis must be taken
into account.
Therapeutic ultrasound produces a combination of non-thermal effects (acoustic streaming
and cavitation) that are difficult to isolate. Acoustic streaming is defined as the physical
forces of the sound waves that provide a driving force capable of displacing ions and small
molecules. This also occurs at the cellular level with small organelles and molecules inflicting
structural changes. Microstreaming is the only type of acoustic streaming with sufficient
strength to alter membrane permeability and stimulate cell activity when it occurs at the
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boundary of the cell membrane and tissue fluid.55 Cavitation is defined as the physical forces
of the sound waves on micro- environmental gases and fluid. As the sound waves propagate
through the medium, the characteristic compression and rarefaction cause microscopic gas
bubbles in the tissue fluid to expand, contract and expand. It is generally thought that the
rapid changes in pressure, both in and around the cell may cause damage to the cell. The
exposure of biological tissues to ultrasound can result in structural and/or functional
alterations. Structural changes range from slight but repairable damage to immediate death.
The functional alterations include proliferation, migration, synthesis, secretion, gene
expression and membranous action, etc.59-62

3.2.2 Microbubbles
While microbubbles have already been used as contrast agents for a couple of decades, the
use of microbubbles for therapy is in its infancy. In diagnostic ultrasound, microbubbles
create an acoustic impedance mismatch between fluids and tissues to increase reflection of
sound. The bubble wall typically consists of a 2-3 nm thick lipid monolayer and the inside can
be filled with gas or air. However, air dissolves very rapidly in aqueous environments.
Therefore perfluorochemicals when used as the filling gas or part of it, delay bubble
dissolution very effectively, due to very low water solubility.63 Microbubbles have extensive
therapeutic applications beyond diagnosis. Not only do microbubbles increase reflection of
sound, they also increase the absorption of sonic energy. As ultrasound interacts with the
microbubbles, the microbubbles begin to oscillate or resonate. Eventually, depending upon
acoustic power and other factors, the microbubbles will be destroyed by the ultrasound
energy, and in doing so create a local shock wave.64 Therefore microbubbles can be used as a
controllable delivery system for drug or gene delivery.65 This technique in combination with
so-called ‘smart’ microbubbles, whereby specific tumor receptors can be targeted,
significantly increases the specificity of the delivery system. Active targeting includes
attachment of receptor ligands, including monoclonal antibodies, polysaccharides and
peptides that recognize disease antigens to the microbubble surface. Destruction of the
microbubbles by the use of high intensity ultrasound increases capillary permeability and
delivery of material to the interstitial tissue. A variety of different drugs and genes may
potentially be incorporated into the microbubbles. For example genes that increase apoptosis
or inhibit proliferation of tumor cells.
The combination of using ultrasound for hyperthermia induction combined with the different
therapeutic strategies can be a powerful tool to eradicate tumor cells. Several strategies have
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been used to direct microbubbles to the region of disease. In this way the microbubbles bind
specifically to the tumor antigen of interest and by activating the bubbles their content is
delivered into the cell. Selective retention of microbubbles in regions of disease has been
achieved by conjugating ligands to the surface of ultrasound contrast agents. For the imaging
of e.g. inflammation, monoclonal antibodies that recognize endothelial cell-adhesion
molecules have been conjugated to the surface of microbubbles or air-containing liposomes.6668

These microbubbles have been used for example to image vascular phenotype in ischaemia-

reperfusion injury and atherosclerotic disease. In the same way microbubbles might be used to
target specific tumor cells.

3. Conclusion
Although the therapeutic relevance of hyperthermia is already known for decades, the
technique is still far from being used as a routine anti-cancer therapy, despite the advantages
this technique offers by means of minimal side-effects and its non-invasive character. This is
mainly because of inadequate heating of the tumors and poor understanding of the molecular
processes involved in heat-induced apoptosis. The ways to induce hyperthermia are
numerous, all with their own advantage and disadvantages.
The effects of EMF on biosystems are well studied in the past decades, mainly because of the
increasing contact to EMF’s in modern society due to mobile phones, computers etc. The
outcomes of these studies, however, are not consistent. Although the thermal effects of EMF
on living tissue are well documented and therefore are not an issue, the non-thermal effects
are. This is mainly due to the enormous complexity of exposure-response relationships for
non-thermal effects. Furthermore, inconsistent results published in the literature may be
caused by the variability of exposure systems, the exposure conditions and the cell types used
emphasizing the need for a controllable and validated system. A new and potential promising
application for the use of EMF in the hyperthermia field is the combination of EMF and
nanoparticles. The use of nanoparticles enables a more specific heating of the tumor site
resulting in fewer side effects. Another possibility of using nanoparticles is the combination
with other medical techniques such as MRI and drug delivery.
The interaction between ultrasound and biological matters has been investigated by a number
of authors for almost half a century. However, the widespread use of therapeutic ultrasound in
clinical environments has so far been limited, in part, due to incomplete understanding of the
interaction process in vivo. In vitro ultrasound is known to cause thermal as well as non-
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thermal effects. These non-thermal effects caused by cavitation and other mechanical effects
generally are believed to be responsible for the cell killing effect of ultrasound seen in vitro.
There is however little evidence that these changes also occur in vivo, extrapolating data from
in vitro to in vivo environment therefore is highly speculative. Gas-filled microbubbles are
being used as contrast agents for ultrasound already. A relatively new field is the use of these
microbubbles in a therapeutic way. Ultrasound causes the microbubbles to be destroyed by
acoustic impedance, creating a shock wave. These characteristics of the microbubbles enables
drug/ and or gene delivery at the site of interest by the use of ultrasound. In combination with
hyperthermia this can be a powerful tool.
Recently, direct targeting of tumor cells, thereby sparing healthy tissue, has been investigated
resulting in new exciting techniques with great potential such as selective cell-targeting with
nanoparticles. This, together with new insights into the molecular mechanisms involved in
heat-induced apoptosis and thermotolerance, provides tools to overcome problems faced in
the past. As more aspects of heat-induced apoptosis are being elucidated, the effect of heat on
cells has proven to be very complex. Interactions of the ancient defense mechanisms of hsp
with the apoptotic cascade are now a generally accepted dogma and new therapeutic strategies
arise from this point of view. Hsp can be used as novel molecular targets for pharmacological
and therapeutic interventions both to prevent and to initiate apoptosis. These strategies entail
the increase of the heat-induced effect on cells by breaking down the defense mechanism of
the cell by inhibiting or interfering with hsp in order to increase hyperthermia-induced
apoptosis. For future research to get a full picture of hyperthermia-induced apoptosis more
studies must be performed not only in vitro but together with novel heating strategies e.g.
using nanoparticles in vivo to implement the fundamental knowledge to therapeutic settings.
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Abstract
The aim of the study was to investigate the molecular mechanisms involved in apoptosis of
human promyelocytic cells (HL60) induced by hyperthermia and to compare this to radiationinduced apoptosis as a reference model.
Apoptosis of HL60 cells was induced by heat-treatment (43°C during 1h) or by X-radiation (8
Gy) and followed at increasing time periods after treatment with Annexin V binding to
phosphatidylserine (PS). The transition of the mitochondrial membrane potential (∆ψm) was
estimated by the extent of mitochondrial JC-1 uptake. Bcl-2 and Bax protein expression levels
were monitored using fluorescent-labeled antibodies. Caspase activation was studied using a
fluorochrome-labeled pan-caspase inhibitor (FLICA), which also allowed to study the kinetics
of the apoptotic cascade.
After heat-treatment or irradiation of HL60 cells, a decreased ∆ψm as well as PS membrane
expression were detectable after 8 hours. Bcl-2 and Bax protein expression levels were
decreased and increased respectively, 1 hour after heat-treatment or irradiation. The apoptotic
rate of HL60 cells, as measured by the FLICA binding, was faster with heat-treatment as
compared to X-irradiation. Addition of a pan-caspase inhibitor prevented PS externalization
after heat-treatment but not after irradiation. The presence of a pan-caspase inhibitor did not
influence the decrease of ∆ψm both after heat-treatment and X-irradiation. However, the
addition of the specific caspase-2 inhibitor zVDVAD-fmk prevented the mitochondrial
breakdown after heat-treatment. Inhibition of caspase-2 had no effect on the X-irradiation
induced apoptosis.
These results suggest that the commitment to apoptosis in HL60 cells after heat-treatment is
started by mitochondrial membrane transition involving the Bcl-2 family members, and is
executed in a caspase-dependent pathway, whereas irradiation induces apoptosis by caspasedependent and caspase-independent pathways. Our results suggest that caspase-2 plays a key
role in the heat-induced apoptosis.

Introduction
Hyperthermia has been under investigation as an effective and useful tool in anti-cancer
therapy.1 There are many reasons why hyperthermia should be a good anti-cancer treatment.
Firstly, hyperthermia enhances the effectiveness of other treatment modalities and secondly,
hyperthermia kills tumor cells that are normally resistant to other forms of treatment.2
Hyperthermia also induces apoptosis in a wide range of cancer cells.3 Although hyperthermia
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has been shown to induce apoptosis, the molecular mechanisms of heat-induced apoptosis are
not fully understood.4
The aim of this study is to get more insight in the mechanisms of heat-induced apoptosis. XIrradiation was chosen as a reference treatment for inducing apoptosis since the molecular
mechanisms involved have been well studied in vitro.5-7
For the initiation phase of apoptosis we studied the mitochondrial function. Mitochondria play
an essential role in commitment of cells to apoptosis via a decreased transmembrane potential
resulting in an increased permeability of the outer mitochondrial membrane and finally the
release of cytochrome-c in the cytosol.8-9 Anti-apoptotic Bcl-2 family members, such as Bcl-2
and Bcl-XL, can block these mitochondrial events, whereas pro-apoptotic Bcl-2 family
members, including Bax, can trigger these changes.10-11 The effects of pro-apoptotic Bcl-2
family members are mediated by both caspase-dependent and caspase-independent
mechanisms.12-13
In the effector phase of programmed cell death the cell has passed the point of no return and
effector caspases are activated.14 Therefore we studied the role of caspases in heat-induced
and radiation-induced apoptosis of HL60 cells by inhibiting active caspases. With this method
it is also possible to arrest cells in apoptosis and to label the arrested cells with fluorochrome
to investigate the differences in apoptotic turnover in time between heat- and radiationinduced apoptosis.15-16
During the execution phase of the death program, alterations of the plasma membrane occur,
like exposure of phosphatidylserine (PS) due to transposition of PS from the inner to the
outer leaflet of the plasma membrane (flip-flop mechanism).17-18 We studied these alterations
in HL-60 cells during heat- and X-radiation-induced apoptosis by means of Annexin V
binding to externalized PS.

Materials and methods
Cell cultures
Human promyelocytic leukemic HL60 cells were obtained from the German Collection of
Micro-organisms (Braunschweig, Germany). Cells were cultured in RPMI-1640 medium
(BioWhittaker, Verviers, Belgium) supplemented with 10% (v/v) heat-inactivated fetal calf
serum, 100 units/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine (RPMI+
medium). Supplements and antibiotics were obtained from Life Technologies (Grand Island,
NY, USA). Cell cultures were maintained in a 5% CO2 humidified atmosphere at 37°C. The
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medium was refreshed every 3-4 days. For the experiments exponentially growing cells were
used. Tissue culture disposables were supplied by Corning (Badhoevedorp, The Netherlands).

Apoptosis inducing treatments
Apoptosis was induced by heat using a thermostatically controlled water-bath filled with
distilled water to heat the cell suspension at 43°C during 1 hour. Tissue culture flasks
containing 10 mL cell suspension (0.5 x 106 cells/mL) were submerged into the water-bath.
Temperature was monitored in all experiments with a flask containing only medium and a
temperature probe to ensure a temperature of 43±0.2 °C. For radiation experiments cells were
exposed to X-rays with a total dose of 8 Gy at a rate of 5 Gy/min with a Clinac600 6MV
linear accelerator (Varian, Silicon Valley, USA). To inhibit apoptosis a pan-caspase inhibitor
zVAD-fmk (R&D systems, Mineapolis, USA) was used at a final concentration of 20 µM. In
addition, specific caspase-2 inhibitor zVDVAD-fmk (R&D systems, Mineapolis, USA) was
used 1 hour before the experiments at a final concentration of 10 µM in the cell suspension
according to the manufacturers protocol.

Annexin V assay
Binding of Annexin V- Fluorescein isothiocyanate (FITC; NeXins research BV, Hoeven, The
Netherlands) to PS as a measure of PS externalization and the uptake of propidium iodide (PI;
Sigma, St. Louis, MO, USA) as a measure for membrane integrity, were monitored by flowcytometry.19 Cells (0.3 x 106) were washed twice with PBS and resuspended in freshly made
HEPES buffer (Brunschwig, Amsterdam, The Netherlands) supplemented with 147 mM
CaCl2.5H2O. Cells were incubated with 0.01 µg/mL Annexin V-FITC for 15 min at room
temperature in the dark. Directly before measurements cells were stained with 0.2 µg/mL PI.
Samples were kept on ice until flow-cytometric analysis.

Mitochondrial membrane potential
To signal the breakdown of the mitochondrial membrane potential (∆ψm), 0.3 x 106 cells
were washed twice and resuspended in PBS, containing 0.2% BSA.20 Cells were incubated
with

the fluorescent probe JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolyl

carbocyanine-iodide) at a concentration of 0.12 µM (Molecular Probes, Leiden, The
Netherlands) for 20 min at 37ºC. This cationic dye exhibits membrane potential-dependent
accumulation in mitochondria. In vital cells JC-1 will accumulate and form aggregates (red
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fluorescence emission) in the mitochondrial matrix, whereas during apoptosis the
mitochondrial membrane potential decreases resulting in the transition of JC-1 monomers
(green

fluorescence

emission) to

the cytoplasm.

Cyclosporine-A

(Sigma-Aldrich,

Zwijndrecht, The Netherlands) was added to block further changes of the membrane potential
thereby stabilizing the mitochondrial membrane after harvesting the cells. Staining of the cells
was quantified by flow-cytometry.

Caspase activation
To detect active caspases the Fluorochrome Inhibitor of Caspases (FLICA) method was
used.15 Lyophilized fam-VAD-fmk fluorescent-labeled inhibitor of caspase was obtained from
Chemicon International (ITK diagnostics, Uithoorn, The Netherlands). The solution of famVAD-fmk in PBS was mixed with a solution of the unlabeled inhibitor zVAD-fmk in a 1:4
molar ratio. The zVAD-fmk / fluorescent fam-VAD-fmk mixture was added to 0.5 x 106 cells
at a 20 µM final concentration before apoptosis was induced. The cells were in the continuous
presence of FLICA during the experiments. Before flow-cytometry, cells were washed twice
in PBS and resuspended in PBS containing PI at a final concentration of 1µg/mL.

Quantification of Bcl-2 and Bax protein levels
Intracellular Bcl-2 and Bax protein levels were determined by flow-cytometry 1h and 2h after
induction of apoptosis.20 Cells (0.3 x 106) were fixed and permeabilized using the Intraprep
kit (Immunotech, Marseille, France) and subsequently incubated with 1µg anti-Bcl-2-FITC
(IgG1, Dako, Glostrup, Denmark) or 1µg anti-Bax-PE (IgG1, Brunschwig, Amsterdam, The
Netherlands). Separately for each sample an additional negative control was performed by
incubating cells with 1µg mouse IgG1-FITC or IgG1-PE to measure non-specific fluorescent
signals. All incubations with antibodies were performed at room temperature for 20 min.
Cells were then washed twice with Isoton and resuspended in 500 µl PBS. The mean
fluorescent ratio (MFR), defined as the ratio of the mean fluorescent intensity (MFI) of
primary antibody and the isotype control stained cells, was used as a measure for Bcl-2 or
Bax protein expression.

Flow cytometry
Fluorescence of individual cells was measured with a Coulter Epics XL flow-cytometer.
Excitation was elicited at 488 nm with the Argon laser and emission was subsequently
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analyzed by means of 3 fluorescence detectors; FL1 (530 nm band-pass filter), FL2 (585 nm
band-pass filter) and FL3 (650 nm band-pass filter). In each sample 10000 events were
measured. Annexin V-FITC and PI were detected in FL1 and in FL3 respectively. JC-1
fluorescence was analyzed in FL1 and in FL2 for the detection of the dye monomer and
aggregates respectively. FLICA was also detected in FL1. Bcl-2 and Bax fluorescences were
detected in FL1 and FL2 respectively and the data are presented as % change in MFR of
treated cells compared to the MFR of untreated cells. All other data are presented as % of
cells, within the total population of 10000 counted cells, showing fluorescence.

Light Microscopy
Cell suspensions (300 µl) containing 0.5 x 106 cells/mL were centrifuged at 700 rpm for 10
min with low acceleration using a cytospin3 micro-centrifuge (Shandon, Pittsburg, USA). The
cells were fixed with methanol, stained with May-Grunwald-Giemsa, and examined at 100 x
magnification.

Results
Kinetics of ∆ψm transition; caspase activation; PS exposure and Bcl-2 / Bax regulation
In the first set of experiments, cells were either heated at 43 °C for 1 hour or irradiated with 8
Gy and characteristic hallmarks of apoptosis were determined. The induction of apoptosis was
associated with a decrease of ∆ψm as determined by JC-1 staining shown in figure 1a. Normal
vital cells possess a high mitochondrial membrane potential. However, under apoptotic
conditions the inner mitochondrial membrane potential decreases, resulting in an increased
permeability of the outer mitochondrial membrane. Depolarization of the mitochondrial
membrane occurred after 8 hours for heat-induced HL60 cells and reached a maximum after
24 hours when 70% of the cells showed ∆ψm transition. For radiation-induced cells JC-1
monomers were detected after 8 hours at a lower rate compared to heat-induced cells,
indicating slower ∆ψm transition kinetics. The activated proteolytic caspases were analyzed
using FLICA, which binds only to active caspases. As shown in figure 1b, activated caspases
were found 8 hours after exposure to both heat and X-radiation, closely associated with ∆ψm
transition. The activation of effector caspases
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Figure 1: Kinetics of ∆ψm transition, caspase activation and PS exposure associated with heat- and radiation-induced
apoptosis of HL60 cells. HL60 cells were exposed to 43˚C during 1 hour (HT) or to 8 Gy X-radiation (RT). Figures show the
percentage of cells, within the total population of 10000 counted cells, showing fluorescence. (a) Reduction of ∆ψm
determined by the extent of mitochondrial JC-1 uptake. JC-1 monomers represent a decreased ∆ψm, whereas with a normal
∆ψm, JC-1 aggregates in mitochondria to a crystalline structure. At the indicated time, the percentage of cells with JC-1
monomer fluorescence were determined with the flow-cytometer. (b) Percentage of cells with activated caspases determined
using FLICA. (c) The percentage of cells with PS exposed to the outer leaflet of the cell membrane determined with Annexin
V-FITC binding to PS. The results are the mean ± SD (n=3).

led to PS externalization as can be seen in figure 1c. Fifty percent of the heat-induced cells
showed Annexin V binding after 48 hours. Since mitochondria are major targets for Bcl-2
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family proteins, the expression levels of anti-apoptotic Bcl-2 and pro-apoptotic Bax was
monitored directly after heat-treatment or X-irradiation. In figure 2a the percentage decrease
of intracellular Bcl-2 fluorescence compared to that of untreated HL60 cells is shown.
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Figure 2: Intracellular Bcl-2 and Bax protein levels. (a) Percentage decrease in mean fluorescent ratio (MFR) of Bcl-2,
compared to MFR of Bcl-2 for untreated HL60 cells, 1 and 2 hours after heat-treatment (HT; 43ºC during 1h) or X-irradiation
(RT; 8Gy). (b) Percentage increase in MFR of Bax, compared to MFR of Bax for untreated HL60 cells, 1 and 2 hours after
heat-treatment (HT) or X-irradiation (RT). The MFR, defined as the ratio of the mean fluorescent intensity (MFI) of primary
antibody and the MFI of the isotype control stained cells, was used as a measure for Bcl-2 or Bax protein expression. The
results are the mean ± SD (n=3).

As soon as 1 hour after treatment with heat or X-radiation, Bcl-2 protein levels drop and
continue to decrease for heat-treated cells (2 hours), whereas for radiation-induced cells the
Bcl-2 protein levels after 2 hours are comparable to that of untreated cells. The pro-apoptotic
protein Bax shows a significant up-regulation of expression levels up to 250% for heatinduced and 130% for radiation-induced HL60 cells compared to the expression levels of
untreated cells (figure 2b).
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Analysis of the apoptotic rate
Studying the apoptotic rate is difficult due to loss of cells by cell disintegration in time.
Exposure of cells to FLICA blocks the activation of caspases and arrests further progress of
the apoptotic cascade and therefore prevents cellular disintegration. The fluorescent labeling
of the cells that enter into apoptosis and the labeling of dead cells with PI offers the
possibility to measure the cumulative apoptotic turnover in time.16 Figure 3a shows the
different apoptotic stages of HL60 cells in time after treatment with heat (43ºC during 1
hour).
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Figure 3: The apoptotic rate after heat-treatment (HT; 43ºC during 1h) and X-radiation (RT; 8Gy). The percentage of viable,
early and late apoptotic cells are shown. Figures show the percentage of cells, within the total population of 10000 counted
cells, showing fluorescence. The different cell populations based on FLICA and PI uptake were plotted as a function of time
after heat-treatment (a) or X-irradiation (b) of HL60 cells in the continuous presence of FLICA. The fraction of viable cells
is FLICA- and PI-, determined with the flow-cytometer as described in materials and methods. Early apoptotic cells are
FLICA+ and PI-. In the late stage of apoptosis cells loose plasma membrane integrity and become FLICA+ and PI+. The
results are the mean ± SD (n=3).
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After 8 hours the first typical features of early apoptosis (FLICA+/PI-) start to emerge. The
early apoptotic fraction reaches a maximum at 24 hours, where 40% of the cells show caspase
activity. Subsequently, HL60 cells lost their plasma membrane integrity and their ability to
exclude PI (FLICA+/PI+). This late apoptotic fraction is visible after 24 hours and increases up
to 74% for heat-induced apoptosis at 48 hours. The fraction of cells that are permeable to PI
and lost the ability to bind FLICA (FLICA-PI+), also called the ‘necrotic stage’ was absent
due to caspase inactivation (data not included). The viability (FLICA-/PI-) of the HL60 cells
dropped from 92% to 9% within 48 hours. The later onset of radiation-induced cell death
observed by studying the kinetics of the apoptotic cascade (figure 3b) is in agreement with the
findings that the breakdown of ∆ψm and the exposure of PS on the outer membrane leaflet
occurred at a lower rate compared to heat-induced apoptosis in HL60 cells.
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Figure 4: Effect of pan-caspase inhibitor zVAD-fmk on ∆ψm disruption and PS exposure. HL60 cells were treated with heat
(HT; 43ºC during 1h) or X-radiation (RT; 8Gy) in the presence (+) or absence (-) of 20 µM zVAD-fmk. Figures show the
percentage of cells, within the total population of 10000 counted cells, showing fluorescence. (a) Percentage of cells with JC1 monomers after 24 hours, correlating with a depolarized mitochondrial membrane potential. (b) Percentage of cells that
show PS exposure 48 hours after induction of apoptosis. zVAD-fmk was added before induction of apoptosis and was
continuously present. The results are the mean ± SD (n=3).
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Influence of caspase inhibition on ∆ψm and PS exposure
To investigate the role of caspases in ∆ψm transition and PS exposure, we tested the effect of
the pan-caspase inhibitor zVAD-fmk on heat- and radiation-induced apoptosis in HL60 cells.
We observed that the disruption of the mitochondrial membrane and subsequently the
breakdown of ∆ψm does not require caspase activation, since zVAD-fmk was unable to block
the mitochondrial membrane potential (MMP) shift (figure 4a).
The results presented in figure 5 show that caspase-2 inhibition prevented the breakdown of
the MMP after heat-treatment. In addition, inhibition of caspase-2 had no effect on Xirradiation induced apoptosis. Although pan-caspase inhibition did not block mitochondrial
events induced by hyperthermia, zVAD-fmk significantly reduced events downstream of
mitochondrial changes such as PS externalization and cellular disintegration. PS exposure on
the outer membrane leaflet of HL60 cells was not blocked by zVAD-fmk during radiationinduced apoptosis.

Figure 5: Effect of caspase-2 inhibitor zVDVAD-fmk on ∆ψm disruption. HL60 cells were treated with heat (HT; 43ºC
during 1h) or X-radiation (RT; 8Gy) in the presence or absence of 10 µM zVDVAD-fmk. Figures show the percentage of
cells are shown, within the total population of 10000 counted cells, showing fluorescence. Percentage of cells with JC-1
monomers after 24 hours, correlating with a depolarized mitochondrial membrane potential. The results are the mean ± SD
(n=3).

As demonstrated in figure 4b, PS externalization downstream ∆ψm transition is almost
completely inhibited (from 47% to 10%, control is 5%) by zVAD-fmk in case of heat-induced
but not for radiation-induced apoptosis. The light-microscopic images made 48h after heat47
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treatment or irradiation of HL60 cells in the presence or absence of zVAD-fmk are shown in
figure 6. The absence of apoptotic bodies after heat-induced apoptosis in the presence of
caspase inhibitor is in agreement with the inhibition of PS exposure seen in figure 4b. In case
of exposing HL60 cells to X-radiation in the presence of zVAD-fmk there is no prevention of
cellular disintegration.

HT

RT

Control

- zVAD

+ zVAD

Figure 6: Effects of heat-treatment (HT; 43ºC during 1h) and X-radiation (RT; 8Gy) on the morphology of HL60 cells in the
presence or absence of 20 µM zVAD-fmk. The cells were fixed with methanol, stained with May-Grunwald-Giemsa, and
examined at 100x magnification after 48 hours. The images were taken with a light microscope (magnification x100) and are
representative of three independent experiments. Arrows indicate apoptotic cells and apoptotic bodies.

Discussion
This study shows that moderate hyperthermia (43˚C during 1h) of HL60 cells induces
apoptosis by disruption of the mitochondrial function resulting in an increased permeability of
the outer mitochondrial membrane. Cellular changes, starting with ∆ψm disruption, occur as
soon as 8 hours after treatment of HL60 cells with heat. It has been documented that many
different cell types die by apoptosis in response to mild hyperthermia. However, the rate and
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susceptibility for heat varies significantly with cell type.21 Comparing these data with similar
studies using different cell types is therefore problematic. For X-radiation-induced apoptosis
the lag period before the onset of apoptosis is longer compared to heat-induced apoptosis.
This finding is in agreement with the data obtained by determining the apoptotic turnover in
time using FLICA, where the faster onset of heat-induced cell death based on the late
apoptotic fraction was also visible. The increase of the late apoptotic fraction (AV+/PI+) seen
in figure 3a and b, indicating permeabilization of the outer membrane, was unexpected in the
presence of the caspase inhibitor FLICA. A possible explanation might be that although the
process of apoptosis was halted at the stage of caspase activation, caspase mediated events
might occur but in a much slower rate.22
Anti-apoptotic Bcl-2 protein levels decrease, and pro-apoptotic Bax protein levels increase
directly (compared to untreated HL60 cells) after induction of both heat- and radiationinduced apoptosis, suggesting the involvement of Bcl-2 family members in the mitochondrial
membrane permeabilization.
Examination of events downstream of mitochondrial changes indicates that hyperthermia
induces features of apoptosis associated with caspase activation such as PS exposure and the
formation of apoptotic bodies. After the mitochondrial membrane permeabilization various
soluble inter-membrane proteins, including cytochrome c, are released in the cytosol where
they activate pro-caspases through the binding to Apaf-1.10 The occurrence of the various
apoptotic phases in time, presented in this study, is in agreement with the general conception
involving the intracellular apoptotic pathway.
In both heat- and radiation-induced apoptosis, blockage of activated caspases by the pancaspase inhibitor zVAD-fmk did not affect the decrease in mitochondrial membrane potential
in HL60 cells. However, it has been shown that not all caspases show the same sensitivity to
the pan-caspase inhibition.23 Not unexpectedly, it has been suggested recently that caspase-2
activation is an early initiating step in cell death induced by heat-treatment.24-25 Therefore, we
studied the effect of specific caspase-2 inhibitor zVDVAD-fmk on the heat-induced changes
in MMP and clearly showed that caspase-2 plays a key-role in the heat-induced apoptosis.
Since activated caspases were detected using FLICA, and PS exposure was inhibited by a
pan-caspase inhibitor, it can be concluded that the execution phase of heat-induced apoptosis
in HL60 cells is caspase-dependent. In contrast, the blockage of activated caspases during
radiation-induced apoptosis did not result in a decrease of PS exposure on the cell membrane.
This suggests that in HL60 cells, radiation simultaneously activates two parallel pathways;
one caspase-dependent, the other caspase-independent, that can lead to cell death. Other
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studies also indicated a role of caspase-independent pathways in radiation-induced
apoptosis.26-27 This indicates that caspases act solely as executioners to facilitate heat- or
radiation-induced apoptosis. The commitment of both heat- and radiation-induced apoptosis is
caused by mitochondrial changes.

Conclusion
Hyperthermia mediates apoptosis of HL60 cells through mitochondrial signaling involving
pro-apoptotic and anti-apoptotic Bcl-2 family members. Caspase-2 plays an important role in
the breakdown of the mitochondrial membrane potential induced by heat-treatment.
Downstream mitochondria caspases are activated and blockage of these caspases results in
inhibition of PS exposure on the outer membrane and prevents cells from disintegration.
Therefore, the execution phase of cell death during heat-induced apoptosis is caspasedependent. This insight might be useful for innovative strategies to increase heat-induced
apoptosis by means of interfering with molecular processes, either stimulating pro-apoptotic
pathways or inhibiting anti-apoptotic processes.
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CHAPTER 4

Abstract
The effect of heat treatment in combination with Χ-irradiation was examined with regard to
expression of p53, a tumor suppressor gene product, and Hsp70, a heat-shock protein, in
association with the occurrence of programmed cell death (apoptosis).
Three hematopoietic cell lines (HSB2, HL60 and Kasumi-1), which differ in p53 status, were
exposed to 42,5°C during one hour and/or Χ-radiation (total dose 8 Gy). After exposure, both
mRNA and protein expression levels of Hsp70 and p53 were investigated by real-time PCR
(polymerase chain reaction) and Western blotting. Apoptosis was simultaneously analyzed by
observation of cell morphology as well as flowcytometric determination of Annexin V
binding to phosphatidylserine and propidium iodide exclusion.
Both HL60 and HSB2 cell lines with a low p53 status and a rapid response to heat treatment
with Hsp70 over-expression are less susceptible to heat-induced apoptosis compared to
Kasumi-1 cells with wild-type p53 protein and no Hsp70 response. The combination of first
applying Χ-irradiation followed by heat treatment resulted in the most effective induction of
apoptosis due to impairment of the Hsp70 response in all three cell lines
These results indicate that the Hsp70 response and p53 status mediate the susceptibility of
hematopoietic cells to undergo heat-induced apoptosis. Therefore, these parameters can be
used as markers to predict the effectiveness of hyperthermia in cancer treatment.

Introduction
Cellular stress can result in two fundamental responses: (i) Apoptosis, a cell death mechanism
that eliminates irreparably damaged cells, and (ii) the heat-shock response that functions to
sustain survival by limiting cellular damage and accelerating recovery. Mild hyperthermia is
known to induce apoptosis as well as a heat-shock response in many cell lines, and it is well
known that different cell types react in a distinct way to a controlled increase of temperature.12

The heat-shock response is characterized by a rapid transient induction of heat-shock protein

(Hsp) expression. The most abundant and best known Hsp belong to the Hsp70 family. These
molecular chaperone proteins interact with diverse protein substrates to assist in their folding,
with a critical role during stress to prevent the appearance of folding intermediates that lead to
misfolded or otherwise damaged molecules.3 Recently, Hsp function has been shown to be
broader and encompass an anti-apoptotic role that not always depends on chaperone activity.4
Apoptosis is induced in cells when the damage inflicted is beyond repair. The p53 tumor
suppressor gene plays a critical role in maintaining genomic stability checkpoints in G1 as
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well as G2/M transitions.5 Tumor cells with wild-type p53 status are able to trigger apoptosis
in response to DNA damage.6 These pro-apoptotic actions of the functional p53 protein are
potentially critical in determining the effectiveness of ionizing radiation and hyperthermia.7-8
Together, Hsp70 and p53 are important factors in determining the apoptotic outcome after
stress such as heat treatment or irradiation. Furthermore, recent evidence indicates that a
coordinated interaction between these two functionally opposing pathways, apoptosis and the
heat-shock response, may determine cellular susceptibility to damaging stress.9-10
In this study we focused on the effect of heat treatment in different human hematopoietic cell
lines in combination with exposure to Χ-rays. We were interested in the possible importance
of the treatment order related to the effect on different cell-types with respect to the Hsp70
response and p53 status of the cells. Therefore, we used three cell lines, the p53-null HL60
cell line,11 as well as the wild-type (wt) Kasumi cell line12 and the cell line HSB2 with
unknown p53 status. We submitted cells either to heat treatment, Χ-irradiation or a
combination of these two in various sequences, meaning heat treatment followed by Χirradiation and vice versa. We analyzed the susceptibility of the three hematopoietic cell lines
to apoptosis by monitoring morphological changes and using the Annexin V/propidium iodide
(PI) assay by flow cytometry. This was correlated with data obtained from analyzing the
Hsp70 and p53 mRNA expression by real-time PCR (polymerase chain reaction) and protein
detection by Western blotting after treatments.

Materials and methods
Cell cultures
The Acute lymphoblastic leukemic cell line HSB-2 was kindly provided by Dr. F Preyers
(Academic Hospital UMC Radboud, Nijmegen, The Netherlands). The Human promyelocytic
leukemic HL60 cell line and the human acute myeloid leukemic Kasumi-1 cell line were
obtained from the German Collection of Micro-organisms (Braunschweig, Germany). Cells
were cultured in RPMI-1640 medium (Roswell Park Memorial Institute (RPMI),
BioWhittaker, Verviers, Belgium) supplemented with 10% (v/v) heat-inactivated fetal calf
serum, 100 units/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine (RPMI+
medium). Supplements and antibiotics were obtained from Life Technologies (Grand Island,
NY, USA). Cell cultures were maintained in a 5% CO2 humidified atmosphere at 37°C. The
medium was refreshed every 3-4 days. For the experiments exponentially growing cells were
used. Tissue culture disposables were supplied by Corning (Badhoevedorp, The Netherlands).
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Apoptosis inducing treatments
Apoptosis was induced by heat using a thermostatically controlled water-bath filled with
distilled water to heat the cell suspension at 42.5°C during 1 hour. Previous experiments
showed that this moderate temperature and duration induced the most optimal effect to study
heat-induced apoptosis.13 Tissue culture flasks containing 10 mL cell suspension (0.5 ×106
cells/mL) were submerged into the water-bath. Temperature was monitored in all experiments
with a flask containing only medium and a temperature probe to ensure a temperature of
42.5±0.2 °C. For irradiation experiments, cells were exposed to 6 MeV X-rays at a rate of 5
Gy/min, to a total dose of 8 Gy with a Clinac600 6MV linear accelerator (Varian, Silicon
Valley, USA). In order to transport the cells to the radiation facilities, and during the
irradiation process, the tissue culture flasks were put into a box which kept the temperature
close around 37°C to avoid any artifacts.

Annexin V assay
Binding of Annexin V FITC (Fluorescein IsoThioCyanate; NeXins research BV, Hoeven, The
Netherlands) to phosphatidylserine (PS) as a measure of PS externalization and uptake of
propidium iodide (PI; Sigma, St. Louis, MO, USA) as a measure for membrane integrity,
were monitored by flow-cytometry.14 Cells (0.3 ×106) were washed twice with PBS
(phosphate buffered saline) and resuspended in fresh HEPES (4-(2-hydroxyethyl)-1piperazineethanesulfonic

acid)

buffer

(Brunschwig,

Amsterdam,

The

Netherlands)

supplemented with 147 mM CaCl2.5H2O. Cells were incubated with 0.01 µg/mL Annexin VFITC for 15 min at room temperature in the dark. Directly before measurements cells were
incubated with 0.2 µg/mL PI. Samples were analyzed within 1 hour by flow cytometry and
kept on ice till then.

Flow cytometry
Fluorescence of individual cells was measured with a Coulter Epics XL flow-cytometer.
Excitation was elicited at 488 nm with the Argon laser and emission was subsequently
analyzed by means of 3 fluorescence detectors; FL1 (530 nm band-pass filter), FL2 (585 nm
band-pass filter) and FL3 (650 nm band-pass filter). In each sample 10000 events were
measured. Annexin V-FITC and PI were detected in FL1 and in FL3 respectively. All data are
presented as % of cells, within the total population of 10,000 counted cells showing
fluorescence.
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RNA isolation and cDNA synthesis
RNA isolation was performed using QIAamp RNA Blood Mini Kit according to the
manufacturer’s instructions. The amount of total RNA and its purity were determined after
RNA isolation by respectively measuring the absorbance at 260 nm (A260) and the
A260/A280 ratio on a spectrophotometer. 1 µg of RNA was diluted in 20 µl RNase-free water
and incubated for 5 min at 65ºC to make sure that RNA secondary structures could not
interfere with the cDNA synthesis, after that RNA was cooled down on ice. 20 µl of reaction
mixture for the cDNA synthesis was prepared containing the following reagents at final
concentrations: 0.1 mg/ml random primers (Invitrogen, Paisley, UK), 10 mM each of dNTPs
(Amersham Pharmacia Biotech, Cambridge, UK), 100 mM Dithiothreitol (DTT) (Invitrogen,
Paisley, UK), 40 units RNase inhibitor (Roche, Basel, Switzerland), 200 units Moloney
Murine Leukaemia Virus (M-MLV) reverse transcriptase enzyme (Invitrogen, Paisley, UK)
and 5X First-Strand buffer (Invitrogen, Paisley, UK). To the 20 µL of RNA solution 20 µL of
reaction mixture was added to obtain a total volume of 40 µL. cDNA synthesis consisted of
the following steps: 10 min at 25ºC, 60 min at 37ºC, and 5 min at 95ºC by using the DNA
Thermal Cycler 480 PCR apparatus (Perkin Elmer, Massachusetts, USA).

Real-time PCR
mRNA expression levels were determined using the gene specific primer and probe sequences
for human Heat shock protein-70 (Hsp70), Tumor suppressor protein p53 and glyceraldehyde3-phosphate dehydrogenase (GAPDH) obtained from Applied Biosystems (Nieuwerkerk a/d
IJssel, The Netherlands). The probes were labeled at the 5’-end with the reporter dye
molecule VIC for GAPDH and FAM (6-carboxyfluorescein) for Hsp70 and p53. At the 3’end, the probes were labeled with the quencher dye molecule TAMRA (6-carboxyN,N,N’,N’-tetramethylrhodamine). The PCR reactions (25 µL total volume; 1.25 µL 20×
primer/probe mix, 12.5 µL 2× Taqman Universal PCR Master Mix (UMM, Applied
Biosystems, Nieuwerkerk a/d IJssel, The Netherlands), 5 µL cDNA) were heated to 50ºC for
2 min followed by 10 min at 95ºC and then amplified for 45 cycli at 95ºC for 15 sec and 1
min at 60ºC by using the ABI Prism 7900 HT Sequence Detection system (Applied
Biosystems, California, USA). PCR reactions were performed using 96-well reaction plates
(Applied Biosystems, Nieuwerkerk a/d IJssel, The Netherlands). Amplification reactions for
Hsp70, p53 and GAPDH were performed in separate wells and all reactions were performed
in duplicate. Relative quantification of gene expression was performed using the comparative
CT (threshold cycle) method. Hsp70 and p53 levels were normalized to GAPDH mRNA
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levels and presented as fold increase compared to control untreated cells. GAPDH was chosen
in this study as housekeeping gene of choice over PBGD and β-actin as it was the most
constant in evaluation test (R2 > 0.98 and slope -3.1 < -3.6).

Western blot analysis
Cells (1.5 × 106) were incubated at 37°C for 6 hours after induction of apoptosis (for
induction methods see figure legends). After harvesting, whole cell lysates were obtained by
washing cells twice in ice-cold PBS and then resuspending them in lysis buffer (10 mM TrisHCL (pH 7.6), 150 mM NaCl, 1% Triton X-100 and a cocktail of protease inhibitors (Roche
Diagnostics, Almere, The Netherlands) at 4ºC for 20 min. Insoluble material was removed by
centrifugation at 14,000 rpm for 6 min at 4ºC. Protein concentrations were determined with
the Bradford protein assay (Bio-Rad Laboratories BV, Veenendaal, The Netherlands).
Samples containing equal amounts of protein were mixed with 2X Laemmli sample buffer
(Bio-Rad Laboratories BV, Veenendaal, The Netherlands) and boiled for 5 min at 100ºC.
Proteins were subsequently fractionated by means of 10% SDS-PAGE (sodium dodecyl
sulfate - poly acrylamide gel electroforese) at room temperature and electrically transferred
from the gel to a nitrocellulose membrane (Bio-Rad Laboratories BV, Veenendaal, The
Netherlands). The surface of the membrane was blocked with 3% gelatin from the ImmunBlot Assay Kit (Bio-Rad Laboratories BV, Veenendaal, The Netherlands) according to
manufacturer’s instructions. After blocking, membranes were incubated with the following
mouse monoclonal antibodies; anti-Hsp70 (R&D systems, Mineapolis, USA), anti-p53 (R&D
systems, Mineapolis, USA). Antibody binding was visualized with commercially available
colorimetric substrates (Immun-Blot AP Assay Kit, Bio-Rad Laboratories BV, Veenendaal,
The Netherlands) after incubation with a goat anti-mouse alkaline phosphatase conjugate
(GAM-AP, Bio-Rad Laboratories BV, Veenendaal, The Netherlands). Proteins were also
detected by staining with Coomassie blue (Bio-Rad Laboratories BV, Veenendaal, The
Netherlands).

Microscopy
For light-microscopy 300 µl cell suspensions containing 0.5 x 106 cells/mL were centrifuged
at 700 rpm for 10 min with low acceleration using a cytospin3 micro-centrifuge (Shandon,
Pittsburg, USA). The cells were fixed with methanol, stained with May-Grunwald-Giemsa,
and examined with a 100× magnification.
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Results
Effects of heat treatment in combination with irradiation on cell morphology and
apoptosis induction.
We first investigated changes in cell morphology induced by heat treatment and Χ-irradiation
of the three leukemic cell lines HL60, HSB2 and Kasumi-1 (Figure 1A). Both heat treatment
(HT) and radiation exposure (RT) resulted in clear morphological changes characteristic for
apoptosis in all three cell lines. These morphological changes include cell shrinkage,
membrane blebbing and fragmentation into apoptotic bodies.
Figure 1: Effect of heat treatment and/or Χradiation on HL60, HSB2 and Kasumi-1
cells.
A. Morphological changes. Light microscope
images of cells were taken 44 hours after heat
treatment (HT), Χ-irradiation (RT), heat
treatment followed by Χ-irradiation (HT+RT)
and Χ-irradiation followed by heat treatment
(RT+HT).

The

cells

methanol,

stained

were

with

fixed

with

May-Grunwald-

Giemsa and examined at 100x magnification
with a light microscope. Representative
images of three independent experiments
were shown.
B.

Apoptotic cell fractions determined by

Annexin

V

(AV)

binding

assay

and

propidium iodide (PI) exclusion. Data shown
are the percentage of cell populations divided
in vital cells (light grey bars), early apoptotic
(dark grey bars) and late apoptotic (white
bars). The fraction of viable cells was AVand PI-, determined with the flow-cytometer
as described in materials and methods. Early
apoptotic cells were AV+ and PI-. In the late
stage of apoptosis cells loose plasma integrity
and become AV+ and PI+. Cells were
analyzed 48 hours after heat treatment (HT),
Χ-irradiation (RT), heat treatment followed
by Χ-irradiation (HT+RT) and Χ-irradiation
followed by heat treatment (RT+HT). The
results are the mean ± SEM (n=4) as
indicated by the error bars.
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Compared to control cells, treated cells had shrunk and apoptotic bodies appeared 44 hours
after the treatment. Notably, these changes clearly depend on the cell type. For the HSB2 cell
line that expresses p53, heating the cells up to 42.5°C had a similarly moderate effect as found
for the HL60 p53-null cell line. In contrast, all the wt-p53 Kasumi-1 cells presented
characteristic apoptotic features. This may indicate the presence of a non-functional p53
protein in HSB2 cells. Exposure of cells to Χ-radiation had most effect on the Kasumi-1 cell
line expressing the functional p53 protein.
Subsequently, we studied morphological changes induced by heat in combination with
radiation in different sequences, i.e. heat treatment followed by radiation and vice-versa
(Figure 1A). When using a combined therapy, the morphological changes seemed to be
increased compared to the modalities alone, indicating an additional or synergistic effect.
However, microscope-based observations might not be fully representative for the whole cell
population and do not yield quantitative data. Therefore, apoptotic cell fractions after heat
treatment and/or irradiation were also studied using flow cytometric Annexin-V binding and
PI assay exclusion (Figure 1B). After heat treatment there were differences in susceptibility of
cells to undergo apoptosis. Kasumi-1 cells expressing wt-p53 were seen to be particularly
sensitive to heat-induced apoptosis with a vital cell population of less then 5% after HT which
is in good agreement with the former observations made by using microscopy techniques. In
contrast, p53 expressing HSB2 cells seemed to be less sensitive to heat treatment (70% vital).
For p53-null HL60 cells, heat treatment alone caused 50% of the cells to be Annexin V
positive. Χ-irradiation of cells resulted in a small decrease of vital HL60 cells compared to the
more radio-sensitive HSB2 and Kasumi-1 cells.
Combining both treatments (heat treatment and Χ-ray exposure) resulted in more effective
induction of apoptosis in all cell lines. Especially for the cell lines HSB2 and Kasumi-1 this
resulted in more than 90% apoptotic cells. When combining both methods, exposure of cells
to radiation followed by heat (RT+HT) was found to be the most effective sequence to induce
apoptosis.
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Effects of heat treatment in combination with irradiation on Hsp70 expression
To determine whether the Hsp70 response mediates the susceptibility of cells to withstand
apoptosis mRNA expression levels were analyzed. In the cell line HSB2, Hsp70 mRNA
levels were increased 2-fold compared to that of untreated cells 6 hours after heat treatment
(Figure 2A). In HL60 cells mRNA levels were increased 8-fold after heat treatment and two
fold after exposure to Χ-radiation compared to control cells. The Hsp70 mRNA response after
the combined treatment shows that when radiation is followed by heat treatment the Hsp70
mRNA levels were not affected, in contrast to when heat treatment is followed by irradiation.

A)

C

B)

HT

RT

HT+RT

RT+HT

HL60
HSB2
Kasumi-1
Figure 2: Effect of heat treatment and/or Χ-radiation on expression of Hsp70.
A. Real-time PCR analysis of Hsp70 mRNA. HL60, HSB2 and Kasumi-1 cells were exposed to heat treatment (HT), Χirradiation (RT), heat treatment followed by Χ-irradiation (HT+RT) and Χ-irradiation followed by heat treatment (RT+HT).
mRNA expression levels of Hsp70 were determined using a semi-quantitative real-time RT-PCR method 6 hours after
treatment. Hsp70 mRNA levels were compared to untreated cells (=1) and normalized to mRNA expression levels of
GAPDH. The results are the mean ± SEM (n=3).
B. Western blot of Hsp70 protein expression. HL60, HSB2 and Kasumi-1 cells were exposed to heat treatment (HT), Χirradiation (RT), heat treatment followed by Χ-irradiation (HT+RT) and Χ-irradiation followed by heat treatment (RT+HT).
Hsp70 protein levels were analyzed 6 hours after treatment. A total of 100µg of total protein was analyzed by electrophoresis
per lane. Representative Western blot of three independent experiments are shown.

61

CHAPTER 4

Detection of Hsp70 protein by Western blot analysis showed increased levels of Hsp70
protein after heat treatment of HL60 and HSB2 cells as compared to untreated cells (Figure
2B). This is in agreement with mRNA expression levels (Figure 2A).
In Kasumi-1 cells there was an induction of Hsp70 protein after Χ-irradiation and the
combined treatments, compared to control cells, which was not detected on mRNA level.
Interestingly, heat treatment of Kasumi-1 cells did not result in increased Hsp70 protein
expression levels. In HSB2 Χ-irradiated cells the lack of Hsp70 protein response was
remarkable compared to the other cell lines. Furthermore, the basic level of Hsp70 protein
expression in proliferating healthy control cells depends on the cell type. For Kasumi-1 cells
Hsp70 protein was not detectable by Western blot, whereas HL60 and to lesser extent HSB2
cells already expressed Hsp70 protein without stress.

Analysis of p53 expression during heat- and radiation-induced apoptosis
In order to gain more information about cell line susceptibility to heat treatment alone or in
combination with radiation, we measured the regulation of p53 at the transcriptional level.
Figure 3A shows mRNA levels of p53 as measured 6 hours after the different treatments. As
expected no p53 mRNA could be detected in the p53-null cell line HL60. In HSB2 and
Kasumi-1 cell lines, p53 mRNA was detected by real-time PCR. The intracellular mRNA
levels, however, did not increase as a consequence of heating of the cells or their exposure to
a total amount of 8 Gy Χ-rays. The relative mRNA levels were comparable to that of
untreated cells (control set on 1), indicating no regulation at the transcriptional level.
Therefore, Western blot analysis was performed to determine the effect of the treatments on
the p53 protein expression. The cells were exposed to heat (42.5ºC during 1 hour) or radiation
(8 Gy total dose) and the combinations in a different sequence. After 6 hours post treatment
p53 protein levels were not detectable in HL60 cells (Figure 3B). In HSB2 and Kasumi-1
cells the p53 protein was detectable, however, the expression levels were significantly
different. Kasumi-1 cells had a high basic level of p53 whereas for HSB2 control cells almost
no p53 was expressed. The levels were slightly affected by the different treatments.
Especially after the combined treatments the p53 protein levels increased in the p53
expressing cell lines compared to untreated cells.

62

CHAPTER 4

A)

C

B)

HT

RT

HT+RT

RT+HT

HL60
HSB2
Kasumi-1

Figure 3: Effect of heat treatment and/or Χ-radiation on expression of p53.
A. Real-time PCR analysis of Hsp70 mRNA. HL60, HSB2 and Kasumi-1 cells were exposed to heat treatment (HT), Χirradiation (RT), heat treatment followed by Χ-irradiation (HT+RT) and Χ-irradiation followed by heat treatment (RT+HT).
mRNA expression levels of p53 were determined using a semi-quantitative real-time RT-PCR method 6 hours after
treatment. p53 mRNA levels were compared to untreated cells (=1) and normalized to mRNA expression levels of GAPDH.
The results are the mean ± SEM (n=3).
B. Western blot of p53 protein expression. HL60, HSB2 and Kasumi-1 cells were exposed to heat treatment (HT), Χirradiation (RT), heat treatment followed by Χ-irradiation (HT+RT) and Χ-irradiation followed by heat treatment (RT+HT).
P53 protein levels were analyzed 6 hours after treatment. A total of 100µg of total protein was analyzed by electrophoresis
per lane. Representative Western blot of three independent experiments are shown.
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Discussion
In this study we investigated the importance of Hsp70 response and the p53 status of three
different cell lines (HSB2, HL60 and Kasumi-1) to determine the apoptotic outcome after heat
treatment alone or in combination with Χ-irradiation. In a previous study we showed that the
induction of apoptosis in the human promyelocytic p53-null cell line HL60 started by the
mitochondrial membrane transition and was executed in a caspase-dependent pathway.13
In these experiments we were interested in how the susceptibility of different cell lines to
apoptosis was mediated. Therefore, we looked into the Hsp70 response, as this is a highly
conserved ancient protection mechanism able to modulate apoptosis. According to the results
presented in this study there is a distinct correlation between Hsp70 mRNA/protein
expression and the apoptosis induced by heat. No up-regulation of Hsp70 mRNA and a low
basal expression of Hsp70 protein, as is the case in Kasumi-1 cells, results in high sensitivity
to heat-induced apoptosis. In contrast, HL60 and to a lesser extent HSB2 cells respond to heat
treatment by up-regulation of Hsp70 mRNA and protein, thus protecting cells against protein
aggregation and misfolding. This resulted in heat insensitive cells. When combining heat
treatment and Χ-irradiation, the order in which the treatments were given notably seem to
matter. First Χ-irradiation of cells directly followed by heat treatment resulted in the highest
population of apoptotic cells. A possible explanation is an impaired Hsp70 response due to
the exposure of cells by Χ-irradiation, resulting in the increase of the apoptotic effect by heat
treatment. The data above suggest a direct link between apoptosis and the Hsp70 antiapoptotic heat-shock response.
Furthermore, pro-apoptotic factors such as the tumor suppressor protein p53 also play an
important role in determining the apoptotic outcome after heat treatment and/or Χ-irradiation
of cells. Functional wild type p53 protein acts as a transcription factor involved in cell cycle
regulation, and loss of its function through mutation results in genetic instability and an
impaired induction of apoptosis.15 Absent or low-expression of p53 protein results in less
susceptibility to undergo apoptosis as can been seen in HL60 cells and HSB2 cells after heat
treatment. In contrast the wild type p53 expressing cell line Kasumi-1 was shown to be highly
sensitive to heat treatment. This indicates that the p53 status also plays a role in the
susceptibility of hematopoietic cells to undergo heat-induced apoptosis. Further experiments
to downregulate p53 by using RNA silencing supports our view concerning the role of p53
in heat-induced apoptosis (unpublished observation).
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Besides the chaperone function of Hsp70 that prevents cells from going into apoptosis, recent
evidence suggest that the Hsp70 protein serves as a key-signaling factor directly inhibiting
apoptosis.3 This indicates a coordinated interaction between the apoptotic pathway and the
stress response by Hsps, underlining their complex role in apoptosis. Hsp70 is able to inhibit a
variety of pro-apoptotic events such as Bax formation, cytochrome c release, apoptosome
formation, etc.10 In HL60 and HSB2 cells as indicated in this study, as well as in many tumor
cells known from literature, Hsp70 levels were elevated also under non-stressed conditions.
Although it is unclear why Hsp70 levels were elevated in these cells, the correlation between
Hsp70 over-expression and their heat insensitivity is likely due to the ability of Hsp70 to
directly inhibit apoptosis.
Another important issue concerns the interactions between Hsp70 and the p53 tumor
suppressor protein. In other studies it was shown that the function of p53 both in its wild type
and mutant forms is negatively regulated by Hsp70.16 Conversely, wild-type (but not mutant)
p53 down-regulates hsp70 expression.17-18 This might explain the low expression levels of
Hsp70 in Kasumi-1 cells.

Conclusion
The susceptibility of human hematopoietic cells to undergo apoptosis after heat treatment is
mediated by the p53 status and the Hsp70 expression in a complex interaction between the
apoptosis pathway and the heat-shock response. Functional p53 together with a low Hsp70
response in tumor cells are indicators for a balance shift towards apoptosis when exposed to
heat and/or Χ-radiation. In contrast, absence of p53 coupled with a fast Hsp70 response
represses heat- and irradiation induced apoptosis. Therefore, analysis of the p53 status and
Hsp70 response in tumor cells prior to clinical heat treatment can be important to predict the
efficacy of hyperthermia alone or in combination with irradiation.
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Abstract
Heat-induced apoptosis proceeds via mitochondria by permeabilization of the outer
mitochondrial membrane (MOMP), resulting in the release of cytochrome c. This essential
step is mediated by Bcl-2 family proteins, such as Bax. Recently, caspase-2 was assigned a
prominent role in regulating Bax. Therefore, we studied the initiation of heat-induced
apoptosis by monitoring Bcl-2 family members and the release of cytochrome c with or
without caspase-2 inhibition.
Three hematopoietic cell lines (HSB2, HL60 and Kasumi-1) were exposed to heat treatment
and/or X-radiation. Expression and localization of Bax and Bcl-2 proteins was investigated by
flow cytometry (FCM) and confocal microscopy respectively. Cytochrome c release was
measured with FCM as evidence for MOMP. In addition, the role of caspase-2 in heat- and
radiation-induced apoptosis was assessed using the specific caspase-2 inhibitor zVDVADfmk.
Here, we present evidence that heat treatment, and not irradiation, increases intracellular Bax
protein expression and subsequently stimulates MOMP, resulting in the release of cytochrome
c. Furthermore, by selective blocking of caspase-2 using zVDVAD-fmk less Bax was
expressed and subsequently a significant decrease in cytochrome c release was observed. In
conclusion, heat treatment of hematopoietic cells does require caspase-2 activation for the
initiation of Bax-mediated MOMP.

Introduction
Various cancer therapy-related inducers, such as hyperthermia and radiotherapy lead to
apoptosis. However, the precise mechanisms how apoptosis is initiated by these inducers are
still not completely elucidated. In order to map out therapeutic strategies to improve the antitumor effect, it is of primary importance to know how these modalities induce apoptosis. This
is especially the case when therapies are used in a multimodal way such as hyperthermia in
conjunction with radiotherapy.
The Bcl-2 family members and antagonists Bcl-2 and Bax are essential in inducing the
apoptotic process by regulating the mitochondrial outer membrane permeabilization
(MOMP).1-3 Once activated, the multidomain BH3 pro-apoptotic proteins Bax and Bak
permeabilize the mitochondrial outer membrane in order to release cytochrome c into the
cytosol.4-5 Cytochrome c, which normally resides exclusively in the intermembrane space of
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mitochondria, activates caspase-9 through Apaf-1. Caspase-9 in turn cleaves and thereby
activates executioner caspases, which in turn orchestrate apoptosis.
Anti-apoptotic Bcl-2 suppresses apoptosis whereas pro-apoptotic Bax counteracts Bcl-2
function to promote apoptosis. These proteins exert their activity via interactions, such as
homodimerization and heterodimerization via the BH (Bcl-2 Homology) domains. Based on
these interactions, the so-called rheostat model suggests that the balance between pro- and
anti-apoptotic Bcl-2 family members determines cell sensitivity to apoptotic triggers.6
How the Bcl-2 family proteins exactly regulate MOMP is unclear. There is no consensus yet
on the order in which actions occur. However, in the emerging view BH3-only proteins
appear to act upstream of the multidomain proteins (Bax and Bcl-2) to initiate apoptosis.7-8
Recently, the BH3-only protein Bid has been shown to be cleaved into truncated Bid (tBid) at
the same site not only by caspase-8 in the extrinsic pathway of apoptosis, but also by caspase2 during intracellular stimulation such as hyperthermia.9-11 This finding indicates an important
function of caspase-2 in stimulating MOMP through the cleavage of Bid after intracellular
activation. Although caspase-2 was the second caspase to be identified and the most
evolutionary conserved,12 there is a considerable debate as to whether it is an initiator or
effector caspase.13-14 Findings that caspase-2 resides upstream of mitochondria show that it
appears to function as an initiator caspase. Recently, a role for caspase-2 as initiator caspase
in heat-induced apoptosis has been suggested by Tu et al,.15
In our previous study it was indicated that the commitment to apoptosis in HL60
promyelocytic cells after heat treatment starts with the mitochondrial membrane transition
and is mainly executed in a caspase-dependent pathway.16 In addition, our results suggested a
key role for caspase-2 in heat-induced apoptosis. In the present study we investigated the
regulation of MOMP by Bcl-2 and Bax and the subsequent cytochrome c release in more
detail in several leukemic cell lines after heat treatment and/or X-irradiation. Furthermore, by
specific inhibition of caspase-2 with zVDVAD-fmk the role of this enzyme in Bax activation
and cytochrome c release was studied.
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Materials and Methods
Cell cultures
The Acute lymphoblastic leukemic cell line HSB-2 was kindly provided by Dr. F Preyers
(Academic Hospital UMC Radboud, Nijmegen, The Netherlands). The Human promyelocytic
leukemic HL60 cell line and the human acute myeloid leukemic Kasumi-1 cell line were
obtained from the German Collection of Micro-organisms (Braunschweig, Germany). Cells
were cultured in RPMI-1640 medium (BioWhittaker, Verviers, Belgium) supplemented with
10% (v/v) heat-inactivated fetal calf serum, 100 units/mL penicillin, 100 µg/mL streptomycin
and 2 mM L-glutamine (RPMI+ medium). Supplements and antibiotics were obtained from
Life Technologies (Grand Island, NY, USA). Cell cultures were maintained in a 5% CO2
humidified atmosphere at 37°C. The medium was refreshed every 3-4 days. For the
experiments exponentially growing cells were used. Tissue culture disposables were supplied
by Corning (Badhoevedorp, The Netherlands).

Apoptosis inducing treatments
Apoptosis was induced by heat using a thermostatically controlled water-bath filled with
distilled water to heat the cell suspension at 42.5°C during 1 h. Tissue culture flasks
containing 10 mL of cell suspension (0.5 ×106 cells/mL) were submerged into the water-bath.
Temperature was monitored in all experiments with a flask containing only medium and a
temperature probe to ensure a temperature of 42.5±0.2°C. For irradiation experiments, cells
were exposed to 6 MeV X-rays at a rate of 5 Gy/min, to a total dose of 8 Gy with a Clinac600
6 MV linear accelerator (Varian, Silicon Valley, USA). In order to inhibit caspase-2 activity,
the caspase-2 specific inhibitor zVDVAD-fmk (R&D systems, Mineapolis, USA) was added
to the cell suspension 1 h before the experiments at a final concentration of 10 µM.

Quantification of Bcl-2 and Bax protein levels
Intracellular Bcl-2 and Bax protein levels were determined by flow cytometry 2 h after
induction of apoptosis. Cells (0.3 ×106) were fixed and permeabilized using an Intraprep kit
(Immunotech, Marseille, France) and subsequently incubated with 1 µg anti-Bcl-2-FITC
(IgG1, Dako, Glostrup, Denmark) or 1 µg anti-Bax-PE (IgG1, Brunschwig, Amsterdam, The
Netherlands). Controls were performed by incubating cells with 1 µg mouse IgG1-FITC or
IgG1-PE to measure non-specific fluorescent signals. Incubations with antibodies were all
performed at room temperature for 20 min. Cells were then washed twice with Isoton and
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resuspended in 500 µL PBS. The mean fluorescent ratio (MFR), defined as the ratio of the
mean fluorescent intensity (MFI) of the primary antibody and the control isotype stained cells,
was used to measure Bcl-2 or Bax expression.

Monitoring cytochrome c release.
Cytochrome c release from mitochondria to the cytosol was monitored using flow cytometry
based on the technique reported by Campos et al,.17 In this technique the plasma membrane of
cells is selectively permeabilized by Digitonin or Saponin. The released cytochrome c is
thereafter quickly washed out from the cells and that what remained in the mitochondria is
immunolabeled after fixing the cells. This enables to distinguish between fractions of highly
fluorescent cells that retained their mitochondrial cytochrome c and cells that lost their
cytochrome c resulting in low fluorescence. Herefore, cells (0.5 ×106) were permeabilized and
fixed using an Intraprep kit (Immunotech, Marseille, France) with Saponin as permeability
agent. Thereafter, cells were incubated with 5 µg anti-cytochrome c (Santa Cruz
Biotechnology Inc, Santa Cruz, CA, USA) at room temperature for 30 min. Subsequently,
cells were washed twice and incubated with 1 µg polyclonal Goat Anti-Mouse FITC
conjugated secondary antibody (Dako, Glostrup, Denmark) at 4ºC for 1 h. Finally, cells were
washed twice, resuspended in 500 µL Isoton and immediately analyzed by flow cytometry.

Measurement of apoptosis
Binding of Annexin-FITC (Fluorescein isothiocyanate; NeXins research BV, Hoeven, The
Netherlands) to PS as a measure of PS externalization and the uptake of propidium iodide (PI;
Sigma, St. Louis, MO, USA) as a measure for membrane integrity, were monitored by flowcytometry.16 Cells (0.3 x 106) were washed twice with PBS and resuspended in freshly made
HEPES buffer (Brunschwig, Amsterdam, The Netherlands) supplemented with 147 mM
CaCl2.5H2O. Cells were incubated with 0.01 µg/mL Annexin V-FITC for 15 min at room
temperature in the dark. Directly before measurements cells were stained with 0.2 µg/mL PI.
Samples were kept on ice until flow-cytometric analysis and were measured within 1 hour.
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Flow cytometry
Fluorescence of individual cells was measured with a Coulter Epics XL flow cytometer.
Excitation was elicited at 488 nm with the Argon laser and emission was subsequently
analyzed by means of 3 fluorescence detectors; FL1 (530 nm band-pass filter), FL2 (585 nm
band-pass filter) and FL3 (650 nm band-pass filter). In each sample 10,000 events were
measured. Annexin V-FITC and PI were detected in FL1 and FL3 respectively. Cytochrome
c indirectly labeled with GAM-FITC and FITC-labeled Bcl-2 were detected using the FL1
channel, while PE-labeled Bax was detected in FL2. Data are presented as % change in MFR
of treated cells compared to MFR of untreated cells for Bcl-2 and Bax or as % cells with
cytochrome c release compared to untreated cells.

Localization of Bcl-2 and Bax
Intracellular localization of Bcl-2 and Bax proteins was investigated by means of confocal
microscopy 2 h after induction of apoptosis. Cells (106) were washed twice in PBS, fixed for
30 min with 2% formaldehyde and incubated 25 min at 4°C. Subsequently, cells were washed
in PBS and permeabilized for 5 min with 0.05% Triton X-100 in PBS. Non-specific antibody
binding was blocked by incubation with 1% BSA in PBS for 1 h at room temperature. AntiBcl-2-FITC (IgG1, Dako, Glostrup, Denmark) or anti-Bax-PE (IgG1, Brunschwig,
Amsterdam, The Netherlands) diluted in a 3% BSA/PBS to a final concentration of 1 µg/mL
were added to the cells for 1 h at room temperature in the dark in a humidified atmosphere at
37°C. Excess antibody was removed by washing the cells four times with PBS. Thereafter,
cells were spun down onto glass microscope slides with low acceleration (700 rpm for 10
min) using a cytospin3 micro-centrifuge (Shandon, Pittsburg, USA) and finally a coverslip
was mounted onto the glass microscope slides using a mounting reagent (Dako, Glostrup,
Denmark). Confocal laser scanning microscopy was performed with a Zeiss LSM 510-meta
system using a 63× oil immersion objective. Excitation wavelengths and filters used were the
following: FITC-stained Bcl-2, 488 nm excitation, emission BP 500-550 nm filter; PE-stained
Bax, 543 nm excitation, LP 560 nm filter. A multi-track configuration was used for
successive imaging of the two dyes. It should be noted that care was taken to decrease the
laser intensity as much as possible to limit bleaching of the dyes and it was set on 5% and
15% for FITC-Bcl-2 and PE-Bax, respectively. The imaging parameters were 1024 × 1024
pixels format for the pictures and a 6.40 µs pixel time for sample scanning. In this way, highresolution pictures with little fluorescent noise were obtained. For the semi-quantification of
the fluorescence intensities measured for Bcl-2 and Bax, the intensity of green and red
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fluorescence was measured per cell by using ImageJ software. The total intensity values were
corrected by the total surface area of the cell and compared to control cells in order to obtain
the intensity per surface unit.

Statistical analysis
Data represent mean ± standard error of the mean (SEM) of three independent experiments.
The effects of the different treatments (HT, RT, HT+RT and RT+HT) on Bax and Bcl-2
expression as well as cytochrome c release were analyzed by 1-way repeated-measures
ANOVA. After the between-groups analyses the post-hoc Student’s t-test was performed to
test for the significance between treated and untreated cells. Differences in relative Bax
increase and cytochrome c release in the presence of zVDVAD-fmk between experimental
groups were analyzed using an unpaired two-tailed Student’s t-test. Results were considered
significantly different at p values < 0.05.

Results
Bcl-2 and Bax expression after heat treatment and X-irradiation
To assess the role of Bcl-2 and Bax in the regulation of mitochondrial outer membrane
permeabilization, the expression of Bcl-2 and Bax was monitored after heat treatment and
irradiation. The hematopoietic cell lines HL60, HSB2 and Kasumi-1 were exposed to heat
and/or irradiation and samples were obtained 2 h after treatment. Heat treatment induced clear
quantitative changes in Bax protein expression compared to control cells as measured with the
flow cytometer (Figure 1A). The increase in Bax expression after heat treatment of the three
cell lines was dependent on the cell type ranging from 93% increase for HL60 cells to 228%
for the more heat sensitive Kasumi-1 cells.
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Figure 1: Intracellular Bcl-2 and Bax protein levels. A) Percentage increase in Bax MFR 2 h after treatment compared to
Bax MFR of untreated cells. B) Percentage decrease in Bcl-2 MFR 2 h after treatment compared to untreated cells. The
experiments were performed on three cell lines HL60, HSB2 and Kasumi-1. The treatments given were heat treatment (HT),
irradiation (RT), heat treatment directly followed by irradiation (HT+RT) and irradiation directly followed by heat treatment
(RT+HT) (See also Materials and Methods, Apoptosis inducing treatments). The MFR, defined as the ratio of the mean
fluorescent intensity (MFI) of primary antibody and the MFI of the isotype control stained cells, was used as a measure for
Bcl-2 or Bax protein expression. The results are the mean ±SEM of three independent experiments. † indicates a p<0.01
between the groups RT and HT, RT and HT+RT, RT and RT+HT as determined by 1-way ANOVA. * p<0.05, **p<0.01
relative to control cells as determined by Student’s t-test.

In contrast to the increase of Bax expression in response to a transient increase of
temperature, Bax expression after X-irradiation showed no increase in HL60 cells and a slight
increase in HSB2 and Kasumi-1 cells. Another aspect we were interested in was whether the
sequence of treatments in the multimodal application of heat treatment and irradiation had an
effect on the Bax and Bcl-2 expression levels. When heat and X-ray treatments were
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combined, an additive effect was observed for Bax expression and this was independent of the
order in which heat treatment and irradiation were applied. The Bax increase after heat
treatment alone or in combination with RT was significantly different in all three cell lines
compared to cells treated with X-irradiation alone (p<0.01, 1-way ANOVA). In contrast to the
significantly ( p<0.05) increased Bax expression levels compared to untreated cells, the
decrease of Bcl-2 expression levels after heat- and/or radiation treatment was constant and
independent of the treatment and order of treatments (Figure 1B). In addition, the decrease of
Bcl-2 protein expression due to heat treatment or irradiation was independent of the cell type
used.

Intracellular localization of Bcl-2 and Bax
A possible co-localization of Bcl-2 and Bax after heat treatment or X-irradiation was
investigated by confocal microscopy. In untreated HL60, HSB2 and Kasumi-1 cells Bcl-2 was
localized in the cytoplasm (Figure 2A, D and G). In contrast to HL60 and HSB2 cells,
untreated Kasumi-1 cells expressed very little Bcl-2. Bax was little or not expressed in
untreated cells or even absent. Two h after heat treatment, Bax expression homogeneously
increased 11.1, 6.4 and 3.0 fold in HL60, HSB2 and Kasumi-1 cells, respectively (Figure 2B,
E and H). Bcl-2 condensed in the cytoplasm of all three cell types as a result of cell shrinkage
due to apoptosis. However, this condensation did not result in the increase of Bcl-2 intensity
per surface unit. Furthermore, Bcl-2 and Bax co-localized after heat treatment as observed in
the overlay pictures (Figure 2B, E and H). All three cell types showed a small increase in Bax
expression after X-irradiation of 1.6, 4.0 and 4.1 fold for HL60, HSB2 and Kasumi-1 cells
respectively, as compared to untreated cells. Furthermore, Bax was homogeneously dispersed
in the cytoplasm and did not co-localize with Bcl-2 after X-irradiation (Figure C, F and I).
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Figure 2: Localization and expression of Bcl-2 and Bax. Images of Bcl-2 (green fluorescent) and Bax (red fluorescent)
proteins in HL60, HSB2 and Kasumi-1 cells. Samples were taken of untreated control cells and 2 h after heat treatment (HT)
or irradiation (RT). The cells were fixed and stained as described in Materials and Methods. Each confocal microscope image
(A-I) is built op by 4 pictures namely Bcl-2 alone, bright field, Bax alone and overlay of Bcl-2 and Bax (from left to right,
top to bottom). Bax and Bcl-2 fluorescence intensities were quantified using ImageJ software corrected for the surface area
and compared to the fluorescence intensities of control cells, see results. Images are representative of three independent
experiments.

Release of cytochrome c into cytosol
The release of cytochrome c through the outer mitochondrial membrane into the cytosol was
monitored by flow cytometry 6 h after heat treatment or X-irradiation. In control samples
maximum of 10% of the cells (within the total cell-population of 10,000 cells) showed
cytochrome c release into their cytosol. Heat treatment of HL60 and HSB2 cells resulted in
the release of cytochrome c in 50-60% of the cells, whereas approximately 90% of the
Kasumi-1 cells released cytochrome c from the mitochondria (Figure 3). This increased
release of cytochrome c was significantly different for all three cell types (p<0.01), as
compared to untreated cells. The difference in cytochrome c release correlates directly with
differences in Bax expression after heat treatment as shown in figure 1A.

78

CHAPTER 5

% cells cytochrome-c release

HL60

HSB2

Kasumi-1

†

100

**

†

†

80

**

60

**
**

40

*

*

20
0

control

HT

RT

Figure 3: Cytochrome c release into the cytosol. Percentage of cytochrome c release 6 h after heat treatment (HT) or
irradiation (RT) compared to untreated cells (For details see Materials and Methods, Apoptosis inducing treatments). The
results are the mean ±SEM of three independent experiments. † indicates a p<0.05 between the groups HT, RT and control
cells as determined by 1-way ANOVA. * p<0.05, **p<0.01 relative to control cells as determined by Student’s t-test.

Similar observations were made for X-ray treatment that led to a small increase of Bax
expression and consequently a relatively low but significant (p<0.05) increase in the
percentage of all three cell types releasing cytochrome c. The cytochrome c release after HT
was significantly different from the cytochrome c release after RT in all three cell lines
(p<0.05, 1way ANOVA).

Effect of zVDVAD-fmk on Bax expression, cytochrome c release and apoptosis
In order to investigate the role of caspase-2 in the initiation of heat- and radiation-induced
apoptosis, Bax expression levels and cytochrome c release were monitored after heat
treatment and X-irradiation in the presence of the specific caspase-2 selective inhibitor
zVDVAD-fmk. Blocking caspase-2 activation by adding zVDVAD-fmk 1 h prior to
treatments resulted for all three cell types in a significant inhibition of Bax expression after
heat treatment (Figure 4A). In contrast, Bax expression levels remained the same after
irradiation of cells in the presence of the inhibitor.
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Figure 4: Effect of caspase-2 inhibitor on Bax expression and cytochrome c release. A) Percentage increase in Bax MFR 2 h
after treatment compared to Bax MFR of untreated cells. The treatments given were heat treatment (HT) and irradiation (RT)
(For details see Materials and Methods, Apoptosis inducing treatments). The HL60, HSB2 and Kasumi-1 cells were
incubated with (+) or without (-) 10 µM zVDVAD-fmk for 1 h before treatment. The results are the mean ±SEM of three
independent experiments. * indicates a significant difference in relative increase in Bax expression compared to heat-treated
cells without zVDVAD-fmk (p<0.05, as determined by Student’s t-test). B) Percentage of cells with cytochrome c release 6 h
after heat treatment (HT) or irradiation (RT) compared to untreated cells. The HL60, HSB2 and Kasumi-1 cells were
incubated with (+) or without (-)10 µM zVDVAD-fmk for 1 h before treatment. The results are the mean ±SEM of three
independent experiments. ** indicates a significant difference in cytochrome c release compared to heat treated cells without
the presence of zVDVAD-fmk (p<0.05, as determined by Student’s t-test).

There was a significant decrease in cytochrome c release after heat treatment to nearly zero in
all cells in the presence of zVDVAD-fmk (Figure 4B). In addition, zVDVAD-fmk treatment
resulted in a decrease from 22% to 10% in the apoptotic population of HL-60 cells measured
by Annexin V binding 24 hrs after heat treatment (data not shown). On the other hand,
zVDVAD-fmk had no effect on radiation-induced cytochrome c release and this was in
agreement with the unaltered intracellular Bax levels in the presence of the inhibitor.
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Discussion
Apoptosis induced by mild hyperthermia proceeds via the mitochondrial pathway. A key step
in the mitochondrial pathway of apoptosis is the activation and subsequent interaction of the
multidomain BH3 proteins Bax and Bcl-2 in order to permeabilize the mitochondrial outer
membrane as indicated in several studies.18-21 In our previous study we showed that the
commitment to apoptosis of HL60 promyelocytic cells after heat treatment starts with the
mitochondrial membrane transition and is mainly executed in a caspase-dependent way.16 To
further elucidate the mechanisms involved in the induction of apoptosis by hyperthermia we
monitored Bax and Bcl-2 expression levels after heat treatment in three hematopoietic cell
lines. Furthermore we investigated the possible role of caspase-2 to activate Bax by inhibiting
caspase-2 activity before the treatment of cells.
We observed that the mitochondrial outer membrane permeabilization is mediated by Bax
expression resulting in the release of cytochrome c. Bax, and not Bcl-2, protein levels were
affected fast after exposing cells to a transient increase of temperature. This increase in Bax
expression shifts the balance between pro- and anti-apoptotic Bcl-2 family members towards
apoptosis and triggers the release of cytochrome c most probably by the ability of Bax to form
pores in the outer mitochondrial membrane.22-23 This correlation between Bax accumulation
and cytochrome c release was also observed in our study showing that more cytochrome c is
released into the cytosol in cells which accumulated more Bax after heat treatment.
When blocking activated caspase-2 by zVDVAD-fmk, Bax expression significantly inhibited
MOMP, as indicated by significantly less release of cytochrome c and 50% inhibition of the
Annexin V binding as an indication for apoptotic cell death. Our observations are in good
agreement with the current view that caspase-2 acts on the mitochondria by regulating Bax
via the BH3-only protein Bid, indicating that caspase-2 is essential for the cleavage of Bid
into tBid. Furthermore, this model is supported by the results of Green et al, in which Biddeficient mouse embryonic fibroblasts do not show any release of cytochrome c into the
cytosol after heat treatment.9 The present study is the first report to our knowledge in which
the role of caspase-2 in heat-induced apoptosis is assessed by specifically inhibiting caspase-2
activation and shows that this caspase has a role upstream of the mitochondrial pathway. In
contrast, another study in this field does not present any evidence in the depletion of caspase2 and the role of any other initiator caspases on heat-shock induced.24 This led to the to the
idea that initiator caspases might play a redundant role in promoting heat-induced apoptosis.
However, it must be stressed that these experiments were carried out with a more intense heat
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shock (45ºC during 2 h) which is fundamentally different from the mild hyperthermia used in
the present study (42,5 ºC during 1 h).
Although an increase in Bax expression levels after heat treatment was detected in all three
cell lines suggesting a general phenomenon, the amount of Bax increase was dependent on the
cell type. Cell type characteristics such as the presence of wild type tumor suppressor p53
protein determine the regulation of MOMP by inhibiting Bcl-2 or activating/up-regulating
Bax. As illustrated by the FCM data presented in this study, the wild type p53 expressing cell
line Kasumi-1 showed significantly higher Bax expression levels after heat treatment
compared to the HSB2 and HL60 cell lines which are depleted of functional p53. In addition,
heat treatment affects not only the expression levels of Bax, but is also well known to
modulate the expression levels of Heat shock proteins (Hsp) via activation of the transcription
factor heat-shock factor 1 (HSF-1).25 A member of these Hsp family proteins namely Hsp70,
together with its co-chaperone Hsp40, is known to prevent Bax translocation into the
mitochondria.26 In a different study, we investigated the role of Hsp70 on the apoptotic
response after heat treatment and found that increased levels of Hsp70 inhibited apoptosis,
and that in a cell type dependent way. These are only a few examples of interactions and
feedback loops common in a complex pathway as apoptosis, showing that Bax-mediated
permeabilization of the mitochondrial outer membrane is influenced by numerous endogenous
factors and is subsequently cell type dependent.
It is proven that in absence of Bax MOMP does not occur,27 stressing thereby the essential
role of this protein in the intrinsic apoptotic pathway. Moreover, the anti-apoptotic Bcl-2 can
prevent MOMP. The precise mechanism involved is controversial and several models have
been proposed in which Bcl-2 and Bax interact with each other via their BH3 domains.28
Therefore, heterodimeric interactions of Bcl-2 with pro-apoptotic Bax most probably occur in
order to initiate MOMP. In this study we have shown that in the case of heat treatment, and
not irradiation, Bcl-2 and Bax co-localize in the cytoplasm reinforcing the hypothesis of
heterodimerization of these proteins. Furthermore, confocal images in agreement with FCM
measurements (data not shown) showed differences in Bcl-2 expression for untreated cells
whereby the HL60 and HSB2 cells showed higher expression levels of Bcl-2 compared to
Kasumi-1 cells. Elevated Bcl-2 levels have been found in many types of cancers and promote
resistance to chemo- and radiotherapy29 and most probably also to hyperthermia. This is in
agreement with the finding that cell lines with a high basal Bcl-2 expression level (HSB2 and
HL60) showed less cytochrome c release as compared to the low Bcl-2 expressing cell line
Kasumi-1 after heat treatment.
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Hyperthermia is normally applied in the clinical setting together with other cancer treatment
modalities (multimodal oncological strategies) such as radiotherapy in order to obtain an
additive or synergistic interaction in vivo.30-31 For the combination of radiotherapy and
hyperthermia the highest synergistic effects were shown in literature by simultaneous
application,32 but this is not feasible in clinical practice. Therefore, the sequence of treatments
is very important. However, in this in vitro study the combination of heat treatment followed
by irradiation or vice-versa resulted in an additive effect with respect to Bax, but not Bcl-2,
expression. Based on our results no clear differences in Bax or Bcl-2 expression levels could
be detected when changing the sequence of treatments. The known synergistic effect
described in literature when hyperthermia and radiotherapy are combined is most probably
not achieved in the onset of apoptosis by the regulation of MOMP by Bax or Bcl-2, but more
likely downstream of mitochondria with the interaction of e.g. heat-shock proteins with
important players of the apoptotic pathway such as Apaf-1.33

Conclusion
As a response to mild heat treatment, such as used in hyperthermia in clinical settings, the
intrinsic mitochondrial pathway of apoptosis is triggered. The expression of pro-apoptotic
Bax is affected by heat treatment and plays a critical role in mediating the MOMP and the
release of cytochrome c. Caspase-2 is crucial for heat-induced apoptosis as indicated by the
inhibition of both Bax expression and cytochrome c release after blocking the caspase-2
activity. The results presented in our study are in good agreement with the current view that
cytotoxic stress causes activation of caspase-2, and that this caspase is required for the
permeabilization of the outer mitochondrial membrane. These understandings broaden our
knowledge about hyperthermia and this is needed to increase the anti-tumor effect of
hyperthermia alone or in multimodal strategies with radiotherapy.

Acknowledgments
This work was financially supported by the University of Twente as part of the strategic
research project NIMTIK (Non-Invasive Molecular Tumor Imaging and Killing).

83

CHAPTER 5

References
1.

Hsu YT, Wolter KG, Youle RJ. Cytosol-to-membrane redistribution of Bax and BclX(L) during apoptosis. Proc Natl Acad Sci U S A 1997;94: 3668-3672.

2.

3.

Goping IS, Gross A, Lavoie JN, Nguyen M, Jemmerson R, Roth K, Korsmeyer SJ,
Shore GC. Regulated targeting of BAX to mitochondria. J Cell Biol 1998;143: 207215.
Borner C. The Bcl-2 protein family: sensors and checkpoints for life-or-death
decisions. Mol Immunol 2003;39: 615-647.

4.

Gross A, Jockel J, Wei MC, Korsmeyer SJ. Enforced dimerization of BAX results in
its translocation, mitochondrial dysfunction and apoptosis. Embo J 1998;17: 38783885.

5.

Desagher S, Martinou JC. Mitochondria as the central control point of apoptosis.
Trends Cell Biol 2000;10: 369-377.

6.

Korsmeyer SJ, Shutter JR, Veis DJ, Merry DE, Oltvai ZN. Bcl-2/Bax: a rheostat that
regulates an anti-oxidant pathway and cell death. Semin Cancer Biol 1993;4: 327-332.

7.

Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, Lindsten T, Korsmeyer SJ.
BCL-2, BCL-X(L) sequester BH3 domain-only molecules preventing BAX- and
BAK-mediated mitochondrial apoptosis. Mol Cell 2001;8: 705-711.

8.

Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan BA, Green DR,
Newmeyer DD. BH3 domains of BH3-only proteins differentially regulate Baxmediated mitochondrial membrane permeabilization both directly and indirectly. Mol
Cell 2005;17: 525-535.

9.

Bonzon C, Bouchier-Hayes L, Pagliari LJ, Green DR, Newmeyer DD. Caspase-2induced apoptosis requires bid cleavage: a physiological role for bid in heat shockinduced death. Mol Biol Cell 2006;17: 2150-2157.

10.

Gao Z, Shao Y, Jiang X. Essential roles of the Bcl-2 family of proteins in caspase-2induced apoptosis. J Biol Chem 2005;280: 38271-38275.

11.

Lin CF, Chen CL, Chang WT, Jan MS, Hsu LJ, Wu RH, Tang MJ, Chang WC, Lin
YS. Sequential caspase-2 and caspase-8 activation upstream of mitochondria during
ceramideand etoposide-induced apoptosis. J Biol Chem 2004;279: 40755-40761.

12.

Kumar S, Kinoshita M, Noda M, Copeland NG, Jenkins NA. Induction of apoptosis
by the mouse Nedd2 gene, which encodes a protein similar to the product of the
Caenorhabditis elegans cell death gene ced-3 and the mammalian IL-1 beta-converting
enzyme. Genes Dev 1994;8: 1613-1626.

84

CHAPTER 5

13.

Paroni G, Henderson C, Schneider C, Brancolini C. Caspase-2-induced apoptosis is
dependent on caspase-9, but its processing during UV- or tumor necrosis factordependent cell death requires caspase-3. J Biol Chem 2001;276: 21907-21915.

14.

Slee EA, Harte MT, Kluck RM, Wolf BB, Casiano CA, Newmeyer DD, Wang HG,
Reed JC, Nicholson DW, Alnemri ES, Green DR, Martin SJ. Ordering the cytochrome
c-initiated caspase cascade: hierarchical activation of caspases-2, -3, -6, -7, -8, and -10
in a caspase-9-dependent manner. J Cell Biol 1999;144: 281-292.

15.

Tu S, McStay GP, Boucher LM, Mak T, Beere HM, Green DR. In situ trapping of
activated initiator caspases reveals a role for caspase-2 in heat shock-induced
apoptosis. Nat Cell Biol 2006;8: 72-77.

16.

Nijhuis EHA, Poot AA, Feijen J, Vermes I. Induction of apoptosis by heat and γradiation in a human lymphoid cell line; role of mitochondrial changes and caspase
activation. Int J Hyperthermia 2006;22: 687-698.

17.

Campos CB, Paim BA, Cosso RG, Castilho RF, Rottenberg H, Vercesi AE. Method
for monitoring of mitochondrial cytochrome c release during cell death:
Immunodetection of cytochrome c by flow cytometry after selective permeabilization
of the plasma membrane. Cytometry A 2006;69: 515-523.

18.

Hildebrandt B, Wust P, Ahlers O, Dieing A, Sreenivasa G, Kerner T, Felix R, Riess H.
The cellular and molecular basis of hyperthermia. Crit Rev Oncol Hematol 2002;43:
33-56.

19.

Li WX, Chen CH, Ling CC, Li GC. Apoptosis in heat-induced cell killing: the
protective role of hsp-70 and the sensitization effect of the c-myc gene. Radiat Res
1996;145: 324-330.

20.

Moroi J, Kashiwagi S, Kim S, Urakawa M, Ito H, Yamaguchi K. Regional differences
in apoptosis in murine gliosarcoma (T9) induced by mild hyperthermia. Int J
Hyperthermia 1996;12: 345-354.

21.

Yonezawa M, Otsuka T, Matsui N, Tsuji H, Kato KH, Moriyama A, Kato T.
Hyperthermia induces apoptosis in malignant fibrous histiocytoma cells in vitro. Int J
Cancer 1996;66: 347-351.

22.

Green DR. At the gates of death. Cancer Cell 2006;9: 328-330.

23.

Kuwana T, Mackey MR, Perkins G, Ellisman MH, Latterich M, Schneiter R, Green
DR, Newmeyer DD. Bid, Bax, and lipids cooperate to form supramolecular openings
in the outer mitochondrial membrane. Cell 2002;111: 331-342.

85

CHAPTER 5

24.

Milleron RS, Bratton SB. Heat shock induces apoptosis independently of any known
initiator caspase-activating complex. J Biol Chem 2006;281: 16991-17000.

25.

Pirkkala L, Nykanen P, Sistonen L. Roles of the heat shock transcription factors in
regulation of the heat shock response and beyond. Faseb J 2001;15: 1118-1131.

26.

Gotoh T, Terada K, Oyadomari S, Mori M. hsp70-DnaJ chaperone pair prevents nitric
oxide- and CHOP-induced apoptosis by inhibiting translocation of Bax to
mitochondria. Cell Death Differ 2004;11: 390-402.

27.

Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T, Thompson CB. Growth
factor regulation of autophagy and cell survival in the absence of apoptosis. Cell
2005;120: 237-248.

28.

Tan C, Dlugosz PJ, Peng J, Zhang Z, Lapolla SM, Plafker SM, Andrews DW, Lin J.
Auto-activation of the apoptosis protein Bax increases mitochondrial membrane
permeability and is inhibited by Bcl-2. J Biol Chem 2006;281: 14764-14775.

29.

Kirkin V, Joos S, Zornig M. The role of Bcl-2 family members in tumorigenesis.
Biochim Biophys Acta 2004;1644: 229-249.

30.

Bull JM. An update on the anticancer effects of a combination of chemotherapy and
hyperthermia. Cancer Res 1984;44: 4853s-4856s.

31.

Wust P, Hildebrandt B, Sreenivasa G, Rau B, Gellermann J, Riess H, Felix R, Schlag
PM. Hyperthermia in combined treatment of cancer. Lancet Oncol 2002;3: 487-497.

32.

Overgaard J. The current and potential role of hyperthermia in radiotherapy. Int J
Radiat Oncol Biol Phys 1989;16: 535-549.

33.

Beere HM. Death versus survival: functional interaction between the apoptotic and
stress-inducible heat shock protein pathways. J Clin Invest 2005;115: 2633-2639.

86

CHAPTER

6

Inhibition of Heat shock protein 70 (Hsp70)
increases heat-induced apoptosis

CHAPTER 6

Abstract
Heat shock proteins are upregulated in cells exposed to higher than physiological
temperatures and subsequently inhibit intracellular apoptotic pathways. Therefore, therapies
targeting heat shock factors may increase the efficacy of hyperthermia in cancer treatment. In
the present study we investigated two strategies to increase heat-induced apoptosis of human
promyelocytic leukemic HL60 cells by decreasing the expression of the 70 kDa heat shock
protein Hsp70.
Incubation of HL60 cells with the naturally occurring flavonoid quercetin resulted in downregulation of Hsp70 expression, both in cells cultured at 37oC and in cells exposed to 43oC
during one hour. Incubation of HL60 cells with quercetin by itself triggered apoptosis, which
further increased after heat treatment of these cells. HL60 cells not incubated with quercetin
showed less increase of apoptosis after heat treatment because in this case Hsp70 expression
was not down-regulated but up-regulated.
Transfection of HL60 cells with short interfering RNA (siRNA) against various heat shock
proteins (heat shock factor 1 (HSF1), Hsp70 or the cognate protein Hsc70) resulted in downregulation of Hsp70 expression in cells cultured under standard conditions, but not in heattreated cells. Moreover, heat-induced apoptosis of HL60 cells did not significantly increase
after cell transfection with these siRNAs.
In conclusion, therapeutic strategies effectively down-regulating Hsp70 expression, as shown
in this study using quercetin, may provide approaches to tumor cell killing through
enhancement of heat-induced apoptotic cell death.

Introduction
Apoptosis is controlled by the expression of evolutionary conserved genes, which either
mediate or suppress the process of cell death. Impaired apoptosis signalling is common in
cancer cells and plays an important role in tumor initiation and progression.1 Resistance of
cancer cells to apoptosis is especially deleterious because it not only enhances the
spontaneous growth of tumors but also renders them resistant to various forms of therapy.
Mild hyperthermia is known to induce apoptosis as well as a cell protective heat shock
response in many cell lines. In our previous study we showed that the upregulation of heat
shock protein 70 (Hsp70) after heat treatment attenuates the susceptibility of haematopoietic
cancer cells to undergo apoptosis.2 Other studies also indicate that the major stress-inducible
Hsp70 protein is an important anti-apoptotic protein in cancer cells.3-4
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Hsp70 is abundantly expressed in malignant tumors of various origins, whereas in normal
cells its expression is mainly stress inducible.5 Under normal conditions, Hsp70 proteins
function as ATP-dependent molecular chaperones by assisting the folding of newly
synthesised polypeptides, the assembly of multiprotein complexes and the transport of
proteins across cellular membranes. Under various stress conditions the accumulation of the
inducible Hsp70 protein enhances the ability of stressed cells to cope with increased
concentrations of unfolded proteins. In addition to the stress-inducible Hsp70 protein all cells
constitutively express a 70 kDa heat shock cognate protein (Hsc70), which is highly
homologous to Hsp70. Hsp70 is known to effectively inhibit both the intrinsic and extrinsic
pathway of apoptosis by its protein chaperone activity.6 However, the function of Hsps has
been shown to be broader depending not only on their chaperone activity. Mechanisms are
beginning to be revealed by which Hsps modulate multiple events within apoptotic pathways
by inhibiting pro-apoptotic Bcl-2 family proteins and preventing apoptosome formation.7
Induction of Hsp70 expression in response to stress is primarily regulated at the
transcriptional level.5 The transcriptional activation of heat shock genes is dependent on
positively regulatory DNA motifs, the heat shock elements (HSEs), present in the 5′-flanking
region of heat shock genes. HSEs serve as binding sites for heat shock transcription factors
(HSFs), whose activation is essential for the transcriptional regulation of the heat shock
genes. Although three distinct HSFs have been identified in mammalian cells (HSF1, HSF2
and HSF4), only one of them (HSF1) is activated in response to stress stimuli.8 Upon
activation, HSF1 undergoes trimerization and hyperphosphorylation, localizes in the nucleus,
where it interacts with HSEs of the heat shock promoters, and induces transcription of the
target genes.9
Theoretically, inhibition of Hsps offers therapeutic potential to increase the apoptosis
inducing capacity of hyperthermia by blocking the natural defence mechanisms. In the present
study, two strategies were used to decrease the intracellular Hsp70 concentration. The first
strategy was to block Hsp70 synthesis by using quercetin. Quercetin is a natural occurring
flavonoid, which has been shown to effectively decrease intracellular Hsp70 levels by
inhibiting the trans-activating potential of HSF1.10-11 The second strategy was to specifically
block Hsp70 protein synthesis by using short interfering RNA (siRNA). Both siRNA against
the major stress inducible Hsp70 protein and siRNA against the constitutively expressed heat
shock cognate protein Hsc70 were used. Furthermore, siRNA against HSF1 was used as a pan
Hsp inhibitor.

89

CHAPTER 6

We analyzed the efficacy of the two strategies to deplete Hsp70 by monitoring the Hsp70
protein levels by Western Blotting. The susceptibility of the cells to undergo apoptosis after
heat treatment, measured by Annexin V binding to phosphatidyl serine, was investigated with
or without quercetin or siRNA treatment.

Materials and methods
Cell culture
Human promyelocytic leukemic HL60 cells were obtained from the German Collection of
Micro-organisms (Brauschweig, Germany). Cells were cultured in RPMI-1640 medium
(BioWhittaker, Verviers, Belgium) supplemented with 10% (v/v) heat-inactivated fetal calf
serum, 100 units/mL penicillin, 100 µg/mL streptomycin and 2mM L-glutamine (RPMI+
medium). Supplements and antibiotics were obtained from Life Technologies (Grand Island,
NY, USA). Cell cultures were maintained at 37°C in a humidified air atmosphere with 5%
CO2.
Quercetin treatment
Cells were cultured at a density of 0.5 × 106 cells/mL RPMI+ and kept overnight. Thereafter,
cells were plated in a 24 wells plate at a density of 0.5 × 106 in 1 mL RPMI+ per well.
Quercetin dissolved in dimethyl sulfoxide (DMSO) was added in a final concentration of 20,
50 or 100 µmol/L. Cells incubated with an equivalent amount of DMSO served as controls.
All cells were incubated 48h with quercetin before treatment with heat.

Cell transfection
For HL60 cell transfection, Hsp70 siRNA (Santa Cruz, CA, USA), Hsc70 siRNA (Qiagen
Alameda, CA, USA), HSF1 siRNA (Ambion, Texas, USA), and as a negative control a non
targeting siRNA (Invitrogen, Breda, The Netherlands) were introduced into the cells using
Oligofectamine Reagent (Invitrogen, Breda, The Netherlands). One day before transfection,
cells were cultured at a density of 0.05 × 106 cells/mL RPMI+ without antibiotics. The cells
were centrifuged, resuspended in serum-free Opti-MEM medium (Invitrogen, Breda, The
Netherlands) and plated into a 24 wells plate with 0.05 × 106 cells/mL Opti-MEM per well.
Oligofectamine was added in an amount of 6.5 µL to 22.5 µL Opti-MEM and incubated at
room temperature for 5 min. siRNA duplexes in amounts of 10µL (75 pmol) and 96.8 µL
Opti-MEM were incubated for 15 minutes. After 15 min, 29 µL Lipofectamine/Opti-MEM
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was added to the siRNA samples. The transfection reagent/siRNA complex was incubated for
another 15 min and 135.8 µL was added to 864.2 µL cell suspension. The siRNA cell
suspension mix was incubated during 4 h after which 500 µL RPMI+ containing 30% FBS
without antibiotics was added to the wells. Thereafter, the cell culture was incubated for 48 h
at 37ºC before further treatment.

Heat treatment
Apoptosis was induced by heat treatment using a thermostatically controlled water-bath filled
with distilled water to heat the cell suspension at 43°C during 1 h. Tissue culture flasks
containing cell suspension (0.5 × 106 cells/mL for quercetin treatment and 0,05 × 106 cells/mL
for transfection experiments) were submerged into the water-bath. Temperature was
monitored in all experiments with a flask containing only medium and a temperature probe to
ensure a temperature of 43±0.2°C.

Western blot analysis
After heat treatment, HL60 cells were incubated at 37°C for 6 hours. As control, cells were
not treated with heat and kept in the incubator at 37°C. Cell lysates were obtained by washing
the cells twice in ice-cold PBS and resuspending them in lysis buffer (10 mM Tris-HCL (pH
7.6), 150 mM NaCl, 1% Triton X-100 and a cocktail of protease inhibitors (Roche
Diagnostics, Almere, The Netherlands) at 4ºC for 20 min. Insoluble material was removed by
centrifugation at 14.000 rpm for 6 min at 4ºC. Protein concentrations were determined by a
BCA Protein Assay (Pierce, Rockfort, USA). Samples containing equal amounts of protein
were mixed with 2X Laemmli sample buffer (Bio-Rad Laboratories BV, Veenendaal, The
Netherlands) and boiled for 5 min at 100ºC. Proteins were subsequently fractionated by
means of 10% SDS-PAGE (sodium dodecyl sulfate - poly acrylamide gel electroforesis) at
room temperature and electrically transferred from the gel to a nitrocellulose membrane (BioRad Laboratories BV, Veenendaal, The Netherlands). The surface of the membrane was
blocked with 3% gelatin from the Immun-Blot Assay Kit (Bio-Rad Laboratories BV,
Veenendaal, The Netherlands) according to the manufacturer’s instructions. After blocking,
the membranes were incubated with mouse monoclonal anti-Hsp70 antibody (R&D systems,
Mineapolis, USA). Antibody binding was visualized by chemiluminescence using the
supersignal West Femto kit (Pierce, Rockford, USA) and images were acquired using Kodak
Image station 4000MM (Eastman Kodak Company, Rochester, USA) after incubation with a
goat anti-mouse GaM-HRP (Abcam, Cambridge, UK). Finally, the membranes were
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extensively washed in PBS and reprobed with rabbit anti-human anti-β-actin (Abcam,
Cambridge, UK ) and goat anti-rabbit GaR-HRP (Abcam, Cambridge, UK ) as a control for
equal loading of protein. Relative amounts of Hsp70 protein were determined by densitometry
and corrected with β-actin protein loading.

Annexin V assay
Binding of Annexin V-Fluorescein isothiocyanate (FITC) (Bender Med Systems, Vienna,
Austria) to phosphatidyl serine (PS) as a measure of PS externalization was monitored by
flow-cytometry.12 Cells (0.3 x 106) were washed twice with PBS and resuspended in 185 µL
binding buffer (Bender Med Systems, Vienna, Austria) followed by incubation with 5 µL
Annexin V-FITC during 10 min at room temperature in the dark. Thereafter, the cell
suspension was washed in binding buffer and resuspended in 300 µL binding buffer before
flow-cytometric analysis.

Flow cytometry
Annexin V-FITC fluorescence of individual cells was measured with a FACSCalibur System.
Excitation was elicited at 488 nm with an argon laser and emission was subsequently
analyzed by means of the fluorescent detector FL1 (515-545 nm). In each sample, 10.000
events were measured. The data are presented as percentage of cells, within the total
population of 10.000 cells, showing fluorescence.

Statistical analysis
Data represent mean ± standard error of the mean (SEM) of three independent experiments.
Differences in Hsp70 protein expression and Annexin-V positive cells between experimental
groups were analyzed using an unpaired two-tailed Student’s t-test. Results were considered
significantly different at p values < 0.05.

Results and discussion
Hsp70 inhibition by quercetin
Incubation of human promyelocytic leukemic HL60 cells in medium supplemented with
various concentrations of the flavonoid quercetin led to a dose dependent inhibition of Hsp70
expression, both with or without heat treatment (figure 1). Incubation of cells with an
equivalent concentration of DMSO, used to dissolve the quercetin, did not significantly affect
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Hsp70 levels. After heat treatment of HL60 cells the expression of Hsp70 increased.
Incubation of the cells with 50 or 100 µM quercetin resulted in a significant inhibition of
Hsp70 expression, even after heat treatment. Quercetin has been shown to downregulate the
expression of Hsp70 by inhibiting the DNA binding capacity of HSF1.10-11
Incubation of HL60 cells with quercetin induced apoptosis in a dose dependent manner
(figure 2). At a quercetin concentration of 100 µM, approximately 60% of the cells was
Annexin V positive after 48 hours. Heat treatment of cells incubated with 50 or 100 µM
quercetin resulted in a 15-20% increase of apoptosis. At a quercetin concentration of 50 µM
this increase was statistically significant. Moreover, this increase was more than the 7%
increase of apoptosis measured after heat treatment of control HL60 cells. This can be
explained by the effective downregulation of Hsp70 expression in heat-treated HL60 cells
incubated with 50 or 100 µM quercetin.
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Figure 1. Effect of quercetin on Hsp70 expression of HL60 cells.
Cells were incubated with DMSO or quercetin (Q, 20, 50 or 100 µM) during 48 hours. Heat-treated cells (+HT)
are depicted as dark grey bars and cells without heat treatment (-HT) as light grey bars. Hsp70 protein was
detected by Western Blotting 6 hours after heat treatment. Protein expression was corrected with β-actin
expression and normalized against Hsp70 expression of HL60 cells without heat treatment ( = 1). The results are
the mean +/- SEM (n = 3) as indicated by the error bars. * (p < 0.05) and ** (p < 0.01) indicate a significant
inhibition of Hsp70 expression compared to HL60 cells (within +HT or -HT group) without the presence of
DMSO or quercetin.

Apparently, quercetin induces apoptosis of HL60 cells by more than one mechanism. In
addition to inhibition of HSF1 activation and subsequent downregulation of Hsp70
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expression, which results in increased apoptosis after heat treatment, quercetin has been
shown to decrease the expression of the anti-apoptotic Bcl-2 protein.13 In our previous study
we showed that heat-induced apoptosis of HL60 cells involves a decrease of the intracellular
Bcl-2 protein concentration accompanied by an increase of the amount of pro-apoptotic Bax
protein.14 Therefore, incubation of HL60 cells with quercetin may also enhance heat-induced
apoptosis by decreasing the expression of Bcl-2. Moreover, since Hsp70 inhibits the activity
of both Apoptosis activating factor-1 (Apaf-1) and Apoptosis inducing factor (AIF)15,
depletion of Hsp70 by incubation of HL60 cells with quercetin may trigger apoptosis.
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Figure 2. Effect of quercetin on apoptosis of HL60 cells.
Cells were incubated with DMSO or quercetin (Q, 20, 50 or 100 µM) during 48 hours. Heat-treated cells (+HT)
are depicted as dark grey bars and cells without heat treatment (-HT) as light grey bars. Apoptotic cell fractions
were determined by Annexin V (AV) binding to phosphatidyl serine. Data shown are the percentage of AV
positive cells within the total HL60 cell population. Cells were analyzed 24 hours after heat treatment. The
results are the mean +/- SEM (n = 3) as indicated by the error bars. * (p < 0.05) and ** (p < 0.01) indicate a
significant induction of apoptosis compared to HL60 cells (within +HT or -HT group) without the presence of
DMSO or quercetin. † indicates a significant difference between +HT and -HT groups of HL60 cells incubated
with 50 µM quercetin (p < 0.05).

Hsp70 inhibition by siRNA
The second strategy comprised siRNA transfection to inhibit Hsp70 protein synthesis.
Whereas transfection of HL60 cells with control siRNA did not affect Hsp70 expression, a
downregulation of the expression of Hsp70 was found after transfection with siRNA against
HSF1, Hsp70 (p<0.05) or Hsc70 (p<0.05) (figure 3). However, this strategy did not result in
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downregulation of Hsp70 expression after heat treatment. Probably, intracellular siRNA
levels were too low to effectively inhibit de novo synthesis of HSF1 and Hsp70 triggered by
heat treatment.
Interestingly, Hsc70 siRNA was as effective as Hsp70 siRNA to inhibit Hsp70 protein
synthesis in HL60 cells not treated with heat. Probably, the homology between these proteins
is so high that Hsc70 siRNA is capable to target Hsp70 mRNA as well. It must be noted that
Western Blotting analysis only showed Hsp70 protein levels, because the antibody used did
not cross-react with Hsc70.
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Figure 3. Effect of siRNAs on Hsp70 expression of HL60 cells.
Cells were incubated with control, HSF1, Hsp70 or Hsc70 siRNA during 48 hours. Heat-treated cells (+HT) are
depicted as dark grey bars and cells without heat treatment (-HT) as light grey bars. Hsp70 protein was detected
by Western Blotting 6 hours after heat treatment. Protein expression was corrected with β-actin expression and
normalized against Hsp70 expression of HL60 cells without heat treatment ( = 1) The results are the mean +/SEM (n = 3) as indicated by the error bars. * (p < 0.05) indicates a significant inhibition of Hsp70 expression
compared to HL60 cells (within -HT group) without the presence of siRNAs.

Next, we determined the effect of siRNA transfection on the induction of apoptosis in HL60
cells. As shown in figure 4, transfection of cells with control siRNA or target siRNAs against
HSF1, Hsp70 and Hsc70 did not induce apoptosis. Heat treatment of control HL60 cells
resulted in a small induction of apoptosis, which was not significantly higher in cells
transfected with the target siRNAs and treated with heat. This can be explained by the finding
that transfection of HL60 cells with the target siRNAs did not result in down-regulation of
HSP70 expression after heat treatment (figure 3).
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Figure 4. Effect of siRNAs on apoptosis of HL60 cells.
Cells were incubated with control, HSF1, Hsp70 or Hsc70 siRNA during 48 hours. Heat-treated cells (+HT) are
depicted as dark grey bars and cells without heat treatment (-HT) as light grey bars. Apoptotic cell fractions were
determined by Annexin V (AV) binding to phosphatidyl serine. Data shown are the percentage of AV positive
cells within the total HL60 cell population. Cells were analyzed 24 hours after heat treatment. The results are the
mean +/- SEM (n = 3) as indicated by the error bars. † indicates a significant difference between +HT and -HT
groups of HL60 cells transfected with Hsp70 siRNA (p < 0.05).

Conclusion
In this study we investigated two strategies to increase heat-induced apoptosis of HL60 cells
by decreasing the expression of Hsp70. Incubation of HL60 cells with quercetin resulted in
down-regulation of Hsp70 expression, both in cells cultured under standard conditions and in
heat-treated cells. Incubation of HL60 cells with quercetin by itself triggered apoptosis, which
further increased after heat treatment of these cells. HL60 cells not incubated with quercetin
showed less increase of apoptosis after heat treatment because in this case Hsp70 expression
was not down-regulated but up-regulated.
Transfection of HL60 cells with siRNA against HSF1, Hsp70 or Hsc70 resulted in downregulation of Hsp70 expression in cells cultured under standard conditions, but not in heattreated cells. Moreover, heat-induced apoptosis of HL60 cells did not significantly increase
after cell transfection with these siRNAs.
In conclusion, therapeutic strategies effectively down-regulating Hsp70 expression, as shown
in this study using quercetin, may provide approaches to tumor cell killing through
enhancement of heat-induced apoptotic cell death.
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Abstract
Controlled cavitation of mircobubbles can possibly be used for drug delivery in cancer
treatment and in this way increase the therapeutic effect of other therapies such as
hyperthermia. This study aims to elucidate the complex interactions between bubble
cavitation and cells on a rigid surface with respect to trans-membrane transport and viability
as well as cell death.
By using a well-controlled single bubble system the cavitation effect on cells can be
monitored without the hindering interference of multiple bubble cavitation fluid flows. In this
unique study we found that cavitation bubble dynamics close to a rigid surface gave rise to a
rapid and transient fluid flow. A single bubble was created with a laser pulse at different
stand-off distances from the rigid surface. When the surface was covered with adherent cells,
molecular delivery and cell detachment after single cavitation activity were observed at
different locations. We found a maximum of cell detachment when the distance of the bubble
above the surface normalized with the bubble radius, referred to as stand-off distance ratio γ,
reached 0.65. In contrast, the maximum of the molecular uptake was found when γ
approached 0. The single cavitation event had only little effect on the viability of cells in the
non-detached area. We found apoptosis of cells only very close to the area of detachment and,
additionally, the metabolism of the non-detached cells showed no pronounced difference
compared to control cells according to an MTS assay. Thus, although the cavitation event is
responsible for the detachment of cells, only few of the remaining cells undergo a permanent
change and show a transient cell membrane permeabilisation.

Introduction
There has been a substantial interest in developing controlled mechanisms for drug delivery
the last years. Numerous experiments have been conducted in which microbubbles are being
used to transiently permeabilize the membrane of cells, also known as sonoporation, thereby
allowing molecules to enter the cells.1-2 Based on this local increased drug susceptibility a
potential wide range of practical therapeutic applications in the consisting field of anti-cancer
therapies is feasible.3-4 The combination of (micro) bubbles with hyperthermia can be used to
non-invasively introduce molecules locally into tumor cells which may enhance the apoptotic
effect of hyperthermia. Molecules that can be used are either pro-apoptotic or antiproliferative. This sonoporation technique is based on the physical effects of oscillation or
cavitation of bubbles in the vicinity of cells.2 Therefore, the underlying physical phenomena
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leading to sonoporation must be understood in order to integrate this technique into clinical
therapies such as hyperthermia.
In vitro sonoporation by (micro) bubbles has extensively been studied and described in
literature. However, these studies were always performed with multiple cavitation bubbles
created by pulsed or continuous ultrasound resulting in a complex physical phenomenon that
hinders our understanding of the underlying mechanism. Here, we make use of a single,
temporary and spatially controlled cavitation bubble in each separate experiment. This bubble
has a diameter of approximately 1 mm and is created using an intense and focused laser pulse
at a variable distance above the surface of adherent cells. The stand-off distance γ used in this
study is defined by γ = h/Rmax with h the initial distance and Rmax the maximum bubble radius.
The dynamics of the bubble and the subsequent response of the cells were recorded with highspeed photography. To study the interaction of the cavitation-bubble with cells, the viability
of the cells was monitored using dyes for viability and apoptosis (programmed cell death).
Furthermore, the uptake of a small molecule calcein was studied as a function of distance of
the projected bubble center to the surface. The use of a focused laser pulse allows control of
the start of the bubble pulsation, its position and its maximum size. This method enables
parameter studies on the fluid dynamics and the effect on the cells. In particular we report
here on the radius of cell detachment, cell morphology, molecular delivery, induced apoptosis
and cell viability. All of the data presented are from well controlled and repeatable
experiments involving a single cavitation event.
This study is organized as follows: firstly, the experimental set-up to generate and photograph
single cavitation events is presented. Secondly, cell cultivation, staining, confocal laser
microscopy and the cell viability assay are introduced. In the results we give an overview on
the details of the bubble dynamics and related flow phenomena. Subsequently, the celldetachment area and the amount of molecular uptake as a function of the stand-off distance
are discussed. This section is succeeded with biological relevant studies on cavitation-induced
apoptosis and cell viability. In the discussion the origin and the importance of the high speed
flow generated close to the boundary on the observed biological effects are emphasized.

Materials and Method
Cell culture and preparation for cavitation experiments
Epidermal HeLa cells (derived from human cervix carcinoma) were grown in Iscove's
modified Dulbecco's medium supplemented with 10% of fetal calf serum (FCS) and 1%
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antibiotic-antimycotic (all supplements were obtained from Invitrogen, Breda, The
Netherlands). Cell culturing was performed in a humidified incubator with a temperature of
37°C and a CO2 level of 5%. Tissue culture equipment was purchased from Nalge Nunc
(Fisher Scientific B.V, Landsmeer, The Netherlands). Before the experiments cells were
detached from the culture flask using Trypsin (Invitrogen, Breda, The Netherlands) at 0.05%
(w/v) in PBS buffer and seeded into the small wells of 8-well plates (µ-Slide 8 well, ibidi,
Martinsried, Germany). The amount of cells introduced in the small chambers was adjusted to
result in a 80-90% confluency after one night in the incubator. The 8-well plate was gently
submerged into a container filled with serum-free and pre-heated culture medium.
Experimental set-up to create single cavitation bubbles
Single millimeter sized cavitation bubbles were created by focusing pulsed laser light into a
liquid. Therefore, we used an infrared Nd:YAG laser (New Wave Solo, Fremont, Ca, USA) at
the fundamental wavelength of 1064 nm with a pulse duration of 7 ns and a pulse energy of
approximately 16 mJ. The laser light enters a container from the top through an aberration
minimized lens system, see figure 1. The container was filled with cell culture medium
(Iscove’s modified Dulbecco’s medium, see above). The lens system was partly submerged
and attached to a z-positioning stage. Thereby, the distance between the laser focus where the
bubbles were created and the surface covered with adherent cells could be precisely adjusted.
Adherent cells were plated onto the bottom surface of open 8-well plates arranged on a single
microscope slide which was submerged into the container. This procedure allows, due to
geometrical constraints, cavitation experiments in the central 4 wells while keeping the
chamber slide submerged. The remaining outer wells were used as controls.
All walls (cell culture chambers, bottom of the container and its side walls) were transparent
to facilitate visual control and recording. Therefore, the set-up was equipped with two
cameras. A double frame camera (Sensicam QE double shutter, PCO, Kehlheim, Germany)
allowed viewing from the side as illustrated in figure 1 to record the position of the bubble
with respect to the cell layer. The second camera, a digital 4 megapixel still camera, was
connected to the camera port of the inverted microscope (Axiovert CF 40, Zeiss, Goettingen,
Germany) supporting the container, and was used for fluorescence imaging.
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Figure 1: Experimental set-up used to generate single laser-induced cavitation bubbles close to adherent cells. The cavitation
bubble was generated with an infrared laser pulse coming from the top into the medium-filled container and focused with a
lens system. The upper dichroic mirror reflects the laser pulse but lets pass some light for illumination from the top. Cameras
1 and 2 record the bubble dynamics from aside and below, respectively. Side illumination was achieved with a bright lightemitting diode. Cells were grown in 8-well plates on a slide which was positioned on the transparent bottom of the container.
An Hg lamp was also placed below the container for fluorescence measurements; this light source was used to excite the cells
that had taken up a fluorescent dye.

Calcein dye uptake
We investigated cell membrane permeabilisation using the small fluorescent molecule calcein
(623 Da; maximum absorption at wavelength λexc= 490 nm and wavelength at maximum
emission λem= 515 nm) (Merck, Darmstadt, Germany). Calcein at a concentration of 1 mg/ml
in medium was gently injected into the wells after the slide had been submerged into the non
supplemented culture medium. After the cavitation experiment, the cells were thoroughly but
also carefully washed with fresh medium to remove the remaining calcein which causes a
high level of background fluorescence.
Three-dyes cell staining
We studied apoptosis using three cell staining dyes giving information on the cell state,
namely TMRE (TetraMethylRhodamine Ethyl ester, perchlorate) (λexc= 550 nm; λem= 590
nm), Annexin V-Alexa Fluor 647 (λexc= 650 nm; λem= 665 nm) and YOPRO-1 (λexc= 491 nm;
λem= 509 nm) (all from Molecular Probes, Invitrogen, Breda, The Netherlands). Cell staining
was performed in a calcium-enriched medium (2.5 mM CaCl2) (calcium is required for
binding of Annexin V to phosphatidylserine, PS) supplemented with the dyes at
concentrations of 300 nM, 0.5 % w/v and 500 nM for TMRE, Annexin V-Alexa Fluor 647
and YOPRO-1, respectively. We performed the experiments in a calcium-enriched culture
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medium (the container was filled with calcium-enriched but not supplemented culture
medium) and added the dyes at the end of the experiment.
Fluorescence microscopy
We used a microscope (Axiovert CF40, Carl Zeiss, Göttingen, Germany) with a 5x objective
to photograph the calcein uptake. Fluorescence was excited with a mercury lamp (HBO 50,
Carl Zeiss) and observed with an appropriate filter block (No. 09, Carl Zeiss, band pass BP
excitation filter 450 nm < λ < 490 nm, long pass LP emission filter λ>510 nm).
Confocal laser scanning microscopy (CLSM)
Confocal laser scanning microscopy was performed on a Zeiss LSM 510-meta system.
Excitation and filters were as follows: TMRE, λexc= 543 nm, LP 560 nm; Alexa Fluor 647,
λexc= 633 nm, LP 650 nm; YOPRO-1, λexc= 488 nm, BP 500 nm - 550 nm. A multi-track
configuration was used in case of imaging with several dyes. Laser intensity was decreased to
limit photo-bleaching; it was set at 5%, 4% and 10 % of the maximum for 488 nm, 543 nm,
and 633 nm, respectively.
Image analysis
The size of the bubble and its distance from the wall were determined from pictures taken
during the maximum expansion with the side viewing camera. The size of the cell depleted
area was measured with image processing techniques. For this, bright field illumination of the
individual wells gave the best contrast. The position of the laser focus was determined from
bright continuum emission of the bubble plasma. The magnification of the picture was
obtained from geometrical features of the individual plastic wells.
Calcein uptake was measured from the fluorescent micrographs taken with a still color
camera. After suitable image processing the area in each picture with positive cells (green
fluorescent) and the average level of dye uptake as a function of the radial distance from the
projected laser focus were determined. Image processing was done with the MATLAB/IP
toolbox (The Mathworks, Natick, MA, USA).
MTS viability assay
Cell viability after exposure to a cavitation event was assessed through an MTS (3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner
salt) assay. Directly following the cavitation experiment wells were washed. MTS was added
according to the CellTiter 96 AQueos 96 proliferation assay protocol (Promega, WI, USA) 1
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h before recording the absorbance. The MTS cell proliferation assay was performed 0, 2, 4
and 24 h after cavitation exposure. During this time the plates were incubated at 37°C and 1 h
before recording the absorbance the MTS reagent was added. The MTS reagent is converted
by dehydrogenase enzymes in metabolically active cells into soluble formazan whose
absorbance is read at 492 nm using an automated Victor plate reader. This absorbance value is
directly proportional to the amount of viable cells. Similar measurements were concomitantly
conducted on control cells that had undergone the same treatment, i.e. seeded in 8-well
chambers, taken out of the incubator for a while, submerged into the same growth medium,
but not exposed to cavitation bubbles.
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Results
Bubble dynamics
In order to study the effect of sonoporation on cells, the bubble dynamics must be understood.
Therefore the behavior of the single bubble created by the laser was monitored with a high
speed camera. One of the most important experimental parameters for the cavitation-cell
interaction is the distance between the bubble center and the substrate on which the cells are
grown. A bubble which expands as a hemisphere close to the boundary will not develop a jet
flow as seen in figure 2a. On the other hand a bubble collapsing very far from the boundary
will also not develop a jet or the jet has died out before it reaches the wall (figure 2c). In
between these boundaries the stand-off distance γ is intermediate and creates the maximum
impact velocity as seen in figure 2b. Indeed, the measurements of Philipp and Lauterborn5
showed a maximum impact velocity at a stand-off distance of γ ~ 0.7. Thus, as we assume that
the cell detachment and the impact velocity of the jet are correlated we would expect a
maximum in the detachment area for γ ~ 0.7 as well.

Figure 2: Series of frames showing the collapse of a cavitation bubble for various stand-off distances and illustrating the
influence of the stand-off distance on the bubble oscillation regime and the calcein uptake (last picture on the right). (A) γ =
0.1, (B) γ = 0.9 and (C) γ = 2.0. Pictures were taken from the side using a high-speed camera (250kfps) starting from the
creation of the bubble at time 8 µs. The rigid boundary was located at the bottom of the individual frames. The two bars both
with a length of 1 mm display that both the frames from the high-speed recording and the fluorescence have the same
magnification.
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Area of cell detachment
We found no cell detachment for stand-off distances larger than γ > 2.0. Therefore, the
reported γ values in this work are limited to the range between 0 and 2.0. All the bubbles had
an average maximum radius of 1.0 mm ± 15%. The three fluorescent micrographs in figure 2
illustrate the areas of cell detachment together with the high-speed sequence as a function of
the stand-off distance. When the bubble was created far from the cell layer little or no cell
detachment was observed. With decreasing distance the cell detachment area increased. The
average radius of the cell detachment area is plotted as a function of the stand-off distance in
figure 3. Notably, the detachment reached a maximum at γ ~ 0.65, and then the area decreased
again yet to a finite area as γ approached 0. Interestingly, both the detachment area and the
impact velocity of the jet obtained a maximum at approximately the same stand-off distance
of γ ~ 0.7. This agrees with the previous findings of Junge et al.6 and Ohl et al.2,7 that the jet is
responsible for a strong boundary layer flow able to detach the cells. Interestingly,
detachment was still found for bubble cavitation at the surface (γ = 0) thus when no flowfocusing phenomenon was expected. Here, presumably the boundary layer breaks the
symmetry of the hemispherical inflow during the last collapse phase and a net flow from the
top prevails which might be responsible for the observed cell detachment.

Figure 3: Plot of the averaged non-dimensionalized radius Rdet/Rmax of the cell detachment area (πR2det) as a function of the
stand-off distance γ. The filled circles are individual experiments and the dashed line is a fitted parabola with a correlation
coefficient of 0.95. The error in the detachment radius is obtained from the variations in the radius of the detached area along
the circumference. The averaged maximum bubble radius is 1.0 mm ± 15%.
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Molecular delivery into cells
In order to investigate the effect of the bubble jet on cell membrane function, the uptake of
foreign small molecules into the cytosol was investigated. This uptake was monitored by the
fluorescent molecule calcein (623 Da, Stokes-radius 2-3 nm) which was added to the medium
before the cavitation event. After cavitation exposure cells were carefully washed and the
calcein uptake quantified with fluorescence microscopy.
The patterns of molecular uptake for the three representative stand-off distances (0.1, 0.9, and
2) are depicted besides the corresponding bubble series in figure 2. The green fluorescence
originates from the interior (cytosol) of the adherent HeLa cells. Thus, the laser-induced
cavitation bubble was able to permeabilize the cell membrane very similar to shock-wave
induced cavitation. The optimum stand-off distance can be extrapolated by plotting the total
area of calcein fluorescence for various γ-values; this area was normalized by the crosssection of the bubble see Fig 4. Although the scatter of the data is large a clear trend is visible:
with decreasing stand-off distance more cells show uptake. In contrast to the finding of a
maximum cell detachment when γ = 0.65, we find monotonically increasing uptake when the
bubble is created closer to the cells.

Figure 4: Plot of the measured area (normalized by the cross-section of the bubble at maximum radius, πRmax2) with calcein
uptake as a function of the stand-off distance γ. The error in the measured area of uptake was obtained by varying the
threshold value during image analysis by ± 10%. Additionally, we performed a rank correlation test (Spearman) which gives
a correlation coefficient of -0.77, supporting the large negative correlation between the stand-off distance and the uptake area.
The dashed line is linear least square fit to the data. The averaged maximum bubble radius is 1.0 mm ± 15%.
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Cavitation-induced cell death
Previous results show that the jet velocity as a result of the bubble cavitation is capable of
direct cell detachment and poration of the cell membrane. The question remains whether the
poration is transient and the cells remain vital or that uptake of calcein is due to irreversible
permeabilisation of the cell membrane as in the case of instant cell death (necrosis) or
programmed cell death (apoptosis). Effects on cell viability and especially the induction of
apoptosis have been reported for cancerous human lymphocytes exposed to cavitation bubbles
driven with a continuous ultrasound wave.8
In order to differentiate between transient or irreversible permeabilisation, fluorescent
compounds were used and for quantitative analysis of cell metabolism an MTS assay was
employed. For this study and the below reported MTS assay we fixed the stand-off distance of
the bubble to γ =1.
The fluorescent staining agents for the apoptosis studies consisted of a set of three apoptotis
and viability markers which allowed for detecting cell death and for distinguishing between
apoptosis and necrosis. The first marker is a mitochondrial staining, TMRE (or
TetraMethylRhodamine Ethyl ester, perchlorate) which is dependent on the inner
mitochondrial membrane potential. Vital cells are positive to TMRE, whereas they become
TMRE-negative when entering apoptosis as a result of the depolarization of the inner
membrane of the mitochondria. Later in the process of apoptosis, the phospholipid
composition of the cell membrane changes, notably with the externalization of
phosphatidylserine (PS) which is targeted by the specific apoptosis marker, Annexin V-Alexa
Fluor 647.9 The third dye is a nuclear probe, YOPRO-1 that enters cells only after disruption
of their membrane (in late stages of apoptosis). By using these three dyes, one can distinguish
between viable cells (TMRE-positive), cells entering apoptosis (TMRE-negative), early
apoptotic cells (Annexin V-positive) and late apoptotic cells (Annexin V and YOPRO-1
positive).
As depicted in figure 5, cells positive to both Annexin V and YOPRO-1 were randomly
dispersed in the well, both above the detached area as well as above the viable cells, as these
dead cells were free to move in the solution. Apoptosis was mainly detected at the border of
the detachment area and not in cells further away. This is visible in figure 5 by the twocolored ring located around the detachment area detected by confocal microscopy.
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Figure 5: Reconstituted picture of the detachment area and its surrounding part, showing four zones on the surface. Cells
were stained with the set of three markers for detecting apoptosis after exposure to the cavitation bubble. TMRE (red) stains
viable cells, while blue (Annexin V-Alexa Fluor 647) and green (YOPRO-1) stain dead cells. TMRE-positive cells were
found everywhere in the monolayer except in the detached area (zone 1) and just around it (zone 2), where cells had been
affected by the cavitation bubble. Annexin V- and YOPRO-1-positive cells were found floating in the medium above the
monolayer and the detached area as well as at the border of the detachment area (zone 2) where cells are dying at a slow timescale.

We imaged cells over time at one particular location at the border of the detachment area for 3
h (starting circa 30 min after the cavitation experiment) with a 10 min interval between
pictures. Two confocal microscope images were been selected depicting the area 30 min and 3
h after the cavitation event as shown in figure 6. The number of apoptotic cells increased with
time. At the beginning, figure 6 top, mainly Annexin V-positive cells were found, whereas the
amount of YOPRO-1-positive cells increased in the first hours. The shape of the cells evolved
as well, cell blebbing became larger and hollow structures appeared into which apoptotic cells
leaked, see figure 6 bottom. Both the morphology of the cells (eg. blebbing) and the
consecutive expression of Annexin V and YOPRO-1 characterized these cells as apoptotic
and not necrotic. In the case of necrosis the cell membranes and nucleus would be
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permanently porated and Annexin V and YOPRO-1 expressed simultaneously. Moreover,
necrosis is instantaneous and cell blebbing doesn’t take place.

Figure 6: Two views from a time-lapse imaging sequence recorded at the border of the detachment area illustrating changes
in cells and induction of apoptosis as a result of the cavitation bubble-induced flow. In both views the cells were stained with
3 dyes, TMRE, Alexa Fluor 647 (coupled to Annexin V) and YOPRO-1. The upper view was taken 30 min after exposing the
cells to the cavitation event. At t = 30 min, there were a few dead cells at the center of the viewing area (enlarged in insert 2)
and at the left (insert 1). After 2 h (data not shown), a new group of dead cells appeared right to the center. Also blebbing
structures, characteristic for apoptosis, appeared on the cytoplasmic membrane in these three groups of cells. 3 h after the
cavitation event the blebs became larger (inserts 1 and 2). Also DNA staining is shown by the bright spots illustrating the
condensation of chromatin and fragmentation of the DNA inside the nucleus.

We performed additional time–lapse imaging up to 24 h after the cavitation experiment. After
24 h, no significantly more dead cells were found (data not shown). Cells located close to the
detachment area grew again and adopted a flat and stretched shape, indicating that cell growth
was not inhibited by the cavitation event (figure 7). In this figure cells located close to the
detachment area are compared 1 and 24 h after cavitation exposure. The two pictures reveal
that cells adopt a round shape just after the cavitation event whereas they reshape back to a

111

CHAPTER 7

flat monolayer morphology one day after the experiment. Longer viability tests were due to
the limited size of the wells not feasible.

Figure 7: Enlarged views of the border of the detachment area. Left: 1 h after exposure to the cavitation bubble the cells
along the detachment area obtained a rounded shape. Right: 24 h later, the cells grew again into the former cell-denuded area
and possessed a flat shape.

Cell viability
Viability of HeLa cells after their exposure to a single bubble was concomitantly assessed
using an MTS assay over a time-window of 24 h so as to determine whether cells were
functioning properly or whether they were impaired by the cavitation event. This was
compared to control samples, plated in similar micro chambers but not submitted to a
cavitation event. Figure 8 presents the results as averaged values of formazan absorbance (for
4 independent samples) for both series of samples (treated and control) at 0, 2, 4 and 24 h.
These values were corrected for the amount of cells in each well taking into account the 5%
loss of cells observed directly after the cavitation event (detachment area). These detached
cells were removed by washing the samples prior to addition of the MTS reagent. From the
data presented in figure 8 we can conclude that the overall viability of cells within two hours
after exposure to a cavitation event was comparable to that observed in the control wells.
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Figure 8: Cell viability and metabolic activity assessed with an MTS assay. Samples were taken at t = 0, 2, 4 and 24 h for
cells exposed to a cavitation bubble (gray) (at t = 0) and for control cells (white) that underwent the same treatment except for
the exposure to a cavitation event. Data correspond to the absorbance intensity measured at 492 nm for the production of
formazan by cells. The values were averaged over 4 samples and corrected for the amount of cells remaining in the wells,
thereby taking into account cell detachment following the cavitation event.

A small decrease in cell viability (1-5 %) was subsequently observed for the treated samples
(at 4 and 24 h); this can be explained by the apoptosis of cells in the direct vicinity of the
detachment area. The incidence that a single cavitation bubble had on a monolayer of HeLa
cells with respect to the cell viability was in good agreement with the data collected using
CLSM techniques that showed a small increase in apoptosis within a few hours following the
cavitation event close to the location of bubble oscillation whereas the overall amount of dead
cells remained constant at longer time-scales (e.g., 24 h). The initial lower abundance
measured for formazan production, at t = 0, shows a lower metabolic activity of cells just after
the experiment for both the control and treated samples which can be explained by the stress
these cells have undergone. They had been taken out of the incubator and their medium was
changed. After two hours, the cells were recovered as indicated by the higher metabolic
activity.

Discussion
After exposure to a cavitation bubble the monolayer of cells could be divided in four distinct
regions. The first region was located directly below the center of the bubble and corresponded
to the spot of jet impact and radial spreading. In this region cells were suddenly detached. The
second region was located around the detachment zone and consisted of a 1-3 cell wide ring
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where cells died on a time-scale of 1-2 h. These cells had greatly experienced the jet-induced
flow, but they had not been detached, and became porated in a permanent way, resulting in
apoptosis. In an earlier study by Ohl et al., 2006 it was found that when fixing the cells within
a few minutes after the cavitation exposure, large pores were visible in the SEM pictures of
those cells.2 The third zone was composed of cells which were porated but to a lesser extent
and in a transient way. This region was the area where viable drug delivery occurred. The
fourth zone consisted of the rest of the monolayer and was composed of cells which were
unaffected by the cavitation event; they were located too far away from the bubble-induced
flow.
We assumed that the pore size and/or the number of pores in the membrane decreased with
increasing distance of the cells from the bubble center. Cells located very close to the bubble
(region 1 and 2) were literally perforated; they were lysed or died by apoptosis. Cells located
in region 3 were also porated but pores were smaller or less frequent, and they enabled the
entry of foreign substances (region 3) or were too small for that. It might be possible to decide
if either the number of pores or the size of the pores decreases with distance by using particles
of different sizes with different fluorescent markers and evaluating their uptake pattern as a
function of the distance from the jet impact.
As already mentioned, exposure to a cavitation event led to cell death in given zones in the
monolayer. Either immediate cell lysis or slow apoptotic death was observed 1-3 h after
cavitation exposure in the first ring of cells around the detachment area. On a longer timescale no further change was observed and the remaining cells were viable and functioning
properly according to the MTS assay. Moreover, according to confocal studies, cells in region
2 died by apoptosis and not by necrosis as indicated by the Annexin V-positive staining. This
finding is similar to the reported cell death following ultrasound exposure with
microbubbles.10 However, it is not clear in the ultrasound experiments if similar but smaller
scale bubble dynamics is present.11
Sonoporation leads to death of cells according to two mechanisms, either by lysis

12-13

or

apoptosis.14 If in vivo cell killing is the goal, then apoptosis would be the preferred modality
as fewer immune reactions are expected from the organism while cell lysis evokes an
inflammatory response.15
In our experiments, we observed apoptotic bodies floating in solution (data not shown); this
demonstrates that cells are detached from the surface upon bubble expansion and collapse as
suggested by Ohl and Wolfrum.16 Yet, cell lysis can not be excluded especially for cells close
to the stagnation point
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The number of cells showing molecular uptake increased with decreasing the stand-off
distance, which is in contrast to the area of detached cells. It was expected that the wall shear
stress contributed mostly to the trans-membrane transport. Yet, only cells in a certain range of
exposure conditions showed uptake. For too high or too long lasting shear, the cell becomes
detached and too little shear does not affect the cell membrane. Here, the results indicate that
not only the jet but other flow features contribute to the pore formation. High levels of wall
shear stress can be generated not only by the spreading jet flow, but also by the
expanding/collapsing bubble interface when the bubble is close enough to the boundary.13
In summary the following scenario is suggested. When the bubble oscillates far from the
boundary (γ > 2) the jet flow is too weak to create sufficient shear once it impacts on the
boundary. In the intermediate regime (γ between 0.5 and 2) the jet impacts with sufficient
strength such that the radial spreading leads to the most important contribution. In this regime
the bubble is too far from the boundary to harm the cell membrane by its rapid expansion.
However, when the bubble is generated closer to the boundary (γ < 0.5 mm) the expansion of
the bubble dominates while the jet flow strength decreases and vanishes for γ ~ 0.

Conclusion
We have demonstrated drug delivery in a monolayer of HeLa cells by means of a single
cavitation bubble created in close vicinity to the surface covered with cells. The efficiency of
the drug delivery process depends on the stand-off distance at which the bubble is created
with respect to the wall: the closer the bubble to the wall the higher the yield, together with
little cell loss by cell detachment. Moreover, the studies of cell viability after exposure to a
single cavitation event demonstrate that cells survive the cavitation event, although a small
amount of cells located just at the border of the detachment area die by apoptosis within a few
hours. This apoptotic ring is a few cells wide.
With the knowledge obtained by this study the interaction between bubble cavitation and cells
is better understood. These understandings might be helpful to create therapeutic applications
for the use of bubbles in medicine. Bubble cavitation for example might be used to introduce
therapeutic molecules into cells in a blood vessel where the bubble collapses near the surface.
In combination with hyperthermia the introduction of pro-apoptotic or anti-proliferative
molecules into tumor cells increases the therapeutic effectiveness with minimal side effects to
healthy surrounding tissues. However, in order to translate the bubble cavitation from a
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controlled laboratory setting into biological systems is a tremendous step in which many
hurdles must be overcome.

References
1.

Li YJ, Haga JH, Chien S. 2005. Molecular basis of the effects of shear stress on
vascular endothelial cells. J. Biomech. 38:1949-1971.

2.

Ohl CD, Arora M, Ikink R, de Jong N, Verlsuis M, Delius M, Lohse D. 2006.
Sonoporation from Jetting Cavitation Bubbles. Biophys. J. 91:4285-4295.

3.

Unger R, Matsunaga TE, McCreery T, Schumann P, Sweitzer R, Quigley R. 2002.
Therapeutic applications of microbubbles. Eur. J. of Rad. 42: 160-168.

4.

Tsutsui JM, Xie F, Porter T. 2004. The use of microbubbles to target drug delivery.
Cardiovascular Ultrasound.2:1-7.

5.

Philipp A, Lauterborn W. 1998. Cavitation erosion by single laser-produced bubbles.
J. Fluid Mech. 361:75-116.

6.

Junge L, Ohl CD, Wolfrum B, Arora M, Ikink R. 2003. Cell detachment method using
shock-wave-induced cavitation. Ultrasound Med. Biol. 29:1769–1776.

7.

Ohl CD, Arora M, Dijkink R, Janve V, Lohse D. 2006. Surface cleaning from laserinduced cavitation bubbles. Appl. Phys. Lett. 89:074102.

8.

Feril Jr LB, Kondo T, Cui Z, Tabuchi Y, Zhao Q, Ando H, Misaki T, Yoshikawa H,
Umemura S. 2005. Apoptosis induced by the sonomechanical effects of low intensity
pulsed ultrasound in a human leukemia cell line. Cancer Letters 221:145-152.

9.

Vermes I, Haanen C, Steffensnakken H, Reutelingsperger C. 1995. A novel assay for
apoptosis—Flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein-labeled annexin-V. J. Immunol. Methods 184:39 –51.

10.

Feril Jr. LB, Kondo T, Zhao QL, Ogawa R, Tachibana K, Kudo N, Fujimoto S,
Nakamura S. 2003. Enhancement of ultrasound-induced apoptosis and cell lysis by
echo-contrast agents. Ultrasound Med. Biol. 29:331-337.

11.

van Wamel A, Kooiman K, Harteveld M, Emmer M, ten Cate FJ, Versluis M, de Jong
N. 2006. Vibrating microbubbles poking individual cells: Drug transfer into cells via
sonoporation. J. Controlled Release 112:149-155.

12.

Kondo T, Fukushima Y, Kon H, Riesz P. 1989. Effect of shear stress and free radicals
induced by ultrasound on erythrocytes. Arch. Biochem. Biophys. 269:381-389.

116

CHAPTER 7

13.

Rau KR, Quinto-Su PA, Hellman AN, Venugopalan V. 2006. Pulsed laser microbeaminduced cell lysis: time resolved imaging and analysis of hydrodynamic effects.
Biophys. J. 91:317-329.

14.

Ashush H, Rozenszajn LA, Blass M, Barda-Saad M, Azimov D, Radnay J, Zipori D,
Rosenschein U. 2000. Apoptosis induction of human myeloid leukemic cells by
ultrasound exposure. Cancer Research 60:1014-1020.

15.

Muoz-Pinedo C, Green DR, van den Berg A. 2005. Confocal restricted height imaging
of suspension cells (CRISC) in a PDMS microdevice during apoptosis. Lab Chip
5:628-633.

16.

Ohl CD, Wolfrum B. 2003. Detachment and sonoporation of adherent HeLa-cells by
shock wave-induced cavitation. Biochim. Biophys. Acta Gen. Subj. 1624:131–138.

117

CHAPTER

8

Summary and Future Perspectives

CHAPTER 8

Summary
This thesis describes a number of studies that investigated several aspects of heat-induced
apoptosis in human lymphoid malignancies. Cells harbour both pro- and anti-apoptotic
proteins and the balance between these proteins determines whether a cell is susceptible to
undergo apoptosis. In this tightly regulated process of apoptosis numerous proteins are
involved which either stimulate or inhibit apoptosis, depending on intra- or intercellular
signals. Most treatment strategies for cancer induce malignant cells to die by causing different
types of cellular stress (e.g. DNA damage) that activate the apoptotic cell death program. In
addition, cellular stress is known to induce an ancient heat-shock protein response that
functions to sustain survival by limiting cellular damage and accelerating recovery. Recent
evidence indicates that a coordinated interaction between these two functionally opposing
pathways, apoptosis and the heat-shock response, result in an extremely complex response of
which the mechanism is not yet elucidated.
To get a better understanding of inducing apoptosis in cancer cells and the endogenous
protection systems these cells harbour, we need to unravel the basic mechanisms that control
apoptosis. Mitochondria play a critical role in the apoptotic pathway that is initiated in
response to intracellular signals. Bcl-2 family members are the principal regulators of the
mitochondrial pathway of apoptosis that control the release of apoptogenic factors from the
mitochondria into the cytosol. However, the exact mechanisms by which Bcl-2 family
proteins regulate this release are not fully understood.

Chapter 2 gives a literature overview of the physiological effects of hyperthermia on cells.
Furthermore, induction of apoptosis and the subsequent apoptotic process are described.
Although more and more fundamental questions about heat-induced apoptosis currently are
being addressed, mostly the investigations are being performed in an in vitro experimental
setting. The challenge will be to translate in vitro data to the in vivo situation and to
implement techniques into clinical settings.

In Chapter 3 first steps towards the role of mitochondrial changes and caspase activation upon
heat treatment are described. Here, apoptosis of HL60 cells was induced by heat treatment at
43°C during 1 hour or by X-irradiation of 8 Gy. After heat treatment or irradiation a
decreased mitochondrial membrane potential (∆ψm) was detectable after 8 hours indicating

120

CHAPTER 8

initiation of the intrinsic apoptotic pathway. This resulted in the expression of
phosphatidylserine (PS) on the exterior of the cell membrane as a marker for the execution
phase of apoptosis. The presence of a pan-caspase inhibitor did not influence the decrease of
∆ψm both after heat treatment and X-irradiation. However, the addition of the specific
caspase-2 inhibitor zVDVAD-fmk prevented the mitochondrial breakdown after heat
treatment. Inhibition of caspase-2 had no effect on the X-irradiation induced apoptosis. This
suggests that the commitment to apoptosis in HL60 cells after heat treatment is started by a
mitochondrial membrane transition involving the Bcl-2 family members, and is executed in a
caspase-dependent pathway, whereas irradiation induces apoptosis by caspase-dependent and
caspase-independent pathways. Our results suggest that caspase-2 plays a key role in heatinduced apoptosis.

Since apoptosis is influenced by endogenous factors the next step was to investigate whether
intrinsic differences between three human hematopoietic cell lines would imply a distinction
in susceptibility towards heat-induced apoptosis. Chapter 4 focussed on the relation between
differences in expression of the p53 tumour suppressor protein and the Hsp70 heat shock
protein in association with the occurrence of programmed cell death. From the results
obtained we could conclude that cell lines with a low p53 status and a rapid response to heat
treatment accompanied with Hsp70 over-expression (HL60 and HSB2 cells) are less
susceptible to heat-induced apoptosis compared to cells with wild-type p53 protein and no
Hsp70 response (Kasumi-1 cells). The combination of first applying Χ-irradiation followed
by heat treatment resulted in the most effective induction of apoptosis due to impairment of
the Hsp70 response in all three cell lines. These results indicate that the Hsp70 response and
p53 status mediate the susceptibility of hematopoietic cells to undergo heat-induced
apoptosis. Therefore, these parameters can be used as markers to predict the effectiveness of
hyperthermia in cancer treatment.

As indicated in Chapter 3 caspase-2 is important in the induction of the intrinsic apoptotic
pathway involving the mitochondria. To further assess the role of caspase-2 as initiator
caspase, studies were performed in which capase-2 was selectively blocked as described in
Chapter 5. The effect of caspase-2 inhibition on Bcl-2 and Bax protein expression after heat
treatment and X-irradiation was investigated. By monitoring the Bcl-2 and Bax expression
and intracellular localization, it was revealed that heat treatment but not X-irradiation resulted
in the increase of Bax expression which subsequently stimulated mitochondrial outer
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membrane permeabilization (MOMP), resulting in the release of cytochrome c after heat
treatment. By selectively blocking caspase-2 less Bax was expressed and a significant
decrease in cytochrome c release was observed in heat-treated cells. Hence, hematopoietic
cells require caspase-2 for the initiation of Bax-mediated MOMP. This insight provides tools
to interfere with the apoptotic process in order to increase the cell death effectiveness of
hyperthermia.

In Chapter 6 we investigated two strategies to increase heat-induced apoptosis of human
promyelocytic leukemic HL60 cells by decreasing the expression of the 70 kDa heat shock
protein Hsp70. Incubation of HL60 cells with quercetin by itself triggered apoptosis, which
further increased after heat treatment of these cells. HL60 cells not incubated with quercetin
showed less increase of apoptosis after heat treatment because in this case Hsp70 expression
was not down-regulated but up-regulated. Transfection of HL60 cells with short interfering
RNA (siRNA) against various heat shock proteins (heat shock factor 1 (HSF1), Hsp70 or the
cognate protein Hsc70) resulted in down-regulation of Hsp70 expression in cells cultured
under standard conditions, but not in heat-treated cells. Moreover, heat-induced apoptosis of
HL60 cells did not significantly increase after cell transfection with these siRNAs.

In order to introduce therapeutic compounds into cells of interest a vector is needed for
transport through the cell membrane. This requires controlled release of molecules in the
target area, transient permeabilisation of the cell membrane and uptake of functionally active
molecules into the cytosol where it can interfere with cellular pathways as desired. A
technique which is recently more and more of interest is the use of microbubble sonoporation.
This sonoporation effect is based on the physical effects of oscillation or cavitation of bubbles
in the vicinity of cells. Therefore, the underlying physical phenomena leading to sonoporation
must be understood in order to integrate this technique into clinical therapies such as
hyperthermia. Chapter 7 aims to elucidate the complex interactions between bubble cavitation
and cells on a rigid surface with respect to trans-membrane transport and viability as well as
cell death. Using a well-controlled single bubble cavitation system in combination with a
small fluorescence molecule calcein we found molecular delivery into the cells in close
proximity to the area where cells detached due to transient fluid flow caused by the cavitation
of the bubble. We found apoptosis of cells only very close to the area of cell detachment and
overall viability of cells showed no profound differences. The effects observed were
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dependent on the distance of the bubble above the cells and an optimum distance existed
where maximum fluid flow was created.

Future perspectives
This thesis contributes to the increasing knowledge obtained in the last years that unravel the
process of heat-induced apoptosis. The obtained knowledge offers new targets that may be
beneficial for improving the efficiency of currently used hyperthermia. As we indicated in this
thesis the Bcl-2 protein family members play a crucial role in the initiation of the intrinsic
apoptotic pathway. Furthermore, it is well known that the Bcl-2 protein family is intrinsically
connected to cancer and haematological malignancies in particular.1-2 Therefore manipulating
this group of proteins is an obvious approach for cancer treatment. The current dogma of the
role of Bcl-2 proteins in apoptosis is based on the so-called rheostat model suggesting that the
balance between pro- and anti-apoptotic Bcl-2 family members determines cell sensitivity to
apoptotic triggers.3 This is also seen in our study where differences in cell lines regarding
expression of the anti-apoptotic Bcl-2 protein and the pro-apoptotic Bax protein were
observed, mediating the apoptotic outcome after a transient heat treatment. Determining the
Bcl-2 to Bax protein ratio of the tumor cells before treatment might provide predictive
information about the effectiveness of heat treatment as anti-cancer therapy.
Novel insight in the activation of members of the Bcl-2 protein family provides us with more
targets at which a therapy can be based. Our results indicate a prominent role for caspase-2 in
the initiation of Bax-mediated mitochondrial membrane permeabilization. This finding is in
line with the current view that caspase-2 functions as initiation caspase to activate apoptosis
upstream of the mitochondria by the cleavage of Bid into tBid.4 Strategies to enhance the
efficiency and specificity of chemotherapeutic agents could also be used to improve the cell
killing properties of hyperthermia. Oblimersen sodium is an antisense oligonucleotide that is
developed to cause degradation of the Bcl-2 mRNA and thus reduce Bcl-2 protein expression.
This oligonucleotide can induce apoptosis of cancer cells both in vitro and in vivo and is
proven to potentiate the effect of several chemotherapeutic drugs.5 A relatively new approach
for cancer therapy is the use of small molecules that mimic the BH3 domain that can inhibit
anti-apoptotic Bcl-2 family members, mainly Bcl-2 and Bcl-xL. Some of these “BH3 mimics”
are naturally occurring product, like antimycin A which are capable of inhibiting Bcl-2 and
induces mitochondrial permeabilization.6
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Because the function of tumor suppressor protein p53 is lost in many tumors, another obvious
approach for cancer treatment would be restoration of the p53 pathway. Reinstatement of the
p53 function e.g. by a functional copy of the p53 gene may increase the sensitivity of cells for
cytotoxic stimuli like hyperthermia.
Another target to increase the effectiveness of hyperthermia is inhibition of the cellular
protective effect as a result of heat-shock proteins. Our study indicates a major role for the
heat shock protein Hsp70 in the apoptotic resistance to hyperthermia. Therapies can be based
on using specific inhibitors for Hsp70, the main heat shock protein, or pan Hsp inhibitors
which block heat shock factor-1 (HSF-1). In the trimeric state, HSF-1 has a high affinity for
cis-acting DNA sequence elements called heat shock elements (HSEs) in the promoter region
of heat shock protein genes. Gene silencing of Hsp and/or HSF-1 by using short interfering
RNA’s (siRNA) offers new opportunities to circumvent the apoptotic resistance.
Another strategy is not only to activate the intrinsic apoptotic mitochondrial pathway but also
to simultaneously activate the extrinsic pathway of apoptosis. Receptor-mediated apoptosis
can be induced by the interaction of certain members of the TNF receptor (TNFR)
superfamily with specific ligands of the TNF superfamily.7 As a result of crosstalk with the
intrinsic pathway, caspase-8 and -10 are activated by the death-induced signaling complex
(DISC) upon engagement of the death receptors resulting in cleavage of the Bcl-2 family
member Bid. The truncated Bid protein (tBid) translocates to the mitochondria, where it can
initiate the mitochondrial apoptotic process mediated by the Bcl-2 family.8-9 TNF-related
apoptosis-inducing ligand (TRAIL) is a promising anti-cancer agent because it specifically
triggers apoptosis in cancer cells and not in healthy cells.10
Above mentioned strategies are mostly based on targeting one regulator as improvement of
cancer therapy. However, when targeting multiple regulators of the apoptotic process the
effect may be additional or synergistic and contribute to increased susceptibility to initiation
of apoptosis. Inhibiting heat shock response together with activating pro-apoptotic proteins is
likely to enhance apoptosis in such a way that the total apoptotic effect is larger compared to
the apoptotic effect of the individual treatments.
In order to target these intracellular processes there is a need for efficient carriers such as viral
vectors or polymersomes. Other less developed strategies such as microbubble sonoporation
oppose new possibilities to introduce small molecules into the cell. In our study it was shown
that bubble cavitation is indeed capable to transiently permeabilize the cell membrane and by
doing so to introduce small molecules into the cell.
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Although new insights in heat-induced apoptosis and new developments in applying
hyperthermia offer great potential to improve the efficiency of cancer treatment, one of the
biggest hurdles will be to translate in vitro obtained data to in vivo settings. As homeostasis is
a powerful survival mechanism of the body, overheating of tissue will be counteracted with
many regulating processes on molecular, cellular and physiological levels. Our understanding
of heat-induced apoptosis together with other recently found insights in literature will
contribute to elucidate the complex mechanisms involved and by doing so provide new
research possibilities. Further investigations to implement these innovative possibilities into
clinical settings must be performed by means of in vivo studies to understand the complete
mechanism of heat-induced apoptosis.
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Kanker ontstaat wanneer er ongecontroleerde celgroei plaatsvindt in het lichaam en een
ophoping van identieke cellen ontstaat. Deze afwijkende cellen zijn een resultaat van één of
meerdere veranderingen in het genetische materiaal die het normale functioneren van de cel
verstoren. Bij normale celdeling in het lichaam wordt de aanmaak en afbraak van cellen onder
strikte controle gehouden door verschillende regelmechanismen in de cel. Door deze op elkaar
afgestemde mechanismen wordt voorkomen dat een cel te hard groeit en dat cellen vernietigd
worden als deze niet meer goed functioneren. Bij kankercellen zijn deze regelmechanismen
echter verstoord en kunnen deze cellen zich oneindig vaak delen, onafhankelijk van signalen
die de celgroei normaal gesproken onder controle houden. Een andere belangrijke eigenschap
is tevens dat kankercellen minder snel doodgaan dan normale cellen, doordat hun
celdoodmechanisme is verstoord. Dit mechanisme, bekend als apoptose, zit ingebouwd in alle
cellen en zorgt ervoor dat cellen na een signaal, gecontroleerd in geprogrammeerde celdood
gaan en opgeruimd worden. Tijdens apoptose worden cellen van binnenuit afgebroken,
waardoor ze uiteenvallen en hun restanten opgenomen kunnen worden door andere cellen,
zonder dat dit schadelijk is voor omliggend weefsel. Het apoptose-mechanisme kan
ingeschakeld worden als een cel bijvoorbeeld te oud is, geïnfecteerd is met een virus of
beschadigd is door straling. In de cel zijn eiwitten aanwezig die in staat zijn om apoptose te
induceren, of het celdoodmechanisme juist tegengaan, en zodoende apoptose onder controle
houden. Het is erg belangrijk dat er in de cel een evenwicht is tussen eiwitten die apoptose
stimuleren en eiwitten die apoptose remmen. Als er teveel apoptose optreedt kunnen er cellen
verloren gaan die nog nodig zijn voor het functioneren van het lichaam. Dit gebeurt
bijvoorbeeld met hersencellen bij de ziekten van Alzheimer en Parkinson. Als er te weinig
apoptose optreedt kan er juist een ophoping van cellen ontstaan die het normale functioneren
van het lichaam verhindert, zoals het geval is bij kanker.

De meeste behandelmethoden tegen kanker veroorzaken celdood van tumorcellen door
verschillende soorten celstress toe te dienen, zoals DNA-schade door bestraling.
Hyperthermie, oftewel het tijdelijk verhogen van de lichaamstemperatuur boven de
fysiologische waarde, is een therapie die gebruikt wordt om niet-herstelbare, lethale schade
aan cellen toe te brengen. Deze vorm van therapie wordt in de huidige klinische setting
gebruikt als additionele therapie naast radio- of chemotherapie om het celdoodeffect te
vergroten. Hyperthermie biedt echter veel voordelen boven de traditionele kanker therapieën
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omdat het veel minder bijwerkingen heeft. Door ontbrekende kennis over deze vorm van
therapie, en door de moeilijkheden weefsel voldoende en gecontroleerd te verwarmen, is deze
techniek min of meer op de achtergrond komen te staan. Om de effectiviteit van hyperthermie
te vergroten is het nodig wetenschappelijke kennis op te doen over het mechanisme waarmee
warmte apoptose activeert.
Een belangrijke groep van eiwitten die apoptose reguleert is de Bcl-2 familie. De
verschillende eiwitten van de Bcl-2 familie lijken qua bouw op elkaar. Sommige van deze
eiwitten remmen apoptose (zoals Bcl-2 en Bcl-xL), terwijl andere apoptose stimuleren (Bax,
Bid en Bak). Hoe deze eiwitten precies werken is nog niet helemaal duidelijk, maar het is
waarschijnlijk dat hun functioneren iets te maken heeft met de onderdelen van de cel die
zorgen voor de energievoorziening: de mitochondriën. Aanwezigheid van eiwitten, zoals het
tumor remmende eiwit p53 en de heat-shock eiwitten Hsp’s, beïnvloeden de balans van proapoptotische en anti-apoptotische Bcl-2 familie eiwitten en hebben daarmee een controlerende
rol op de uitkomst van apoptose activatie en de uitvoering hiervan door caspase eiwitten.

Om meer te weten te komen over de rol van apoptose bij hyperthermie hebben we een aantal
studies gedaan waarin verschillende aspecten van apoptose in leukemie cellijnen zijn
onderzocht.

Hoofdstuk 2 geeft een literatuur overzicht van de fysiologische effecten als gevolg van
hyperthermie op celmembranen en effecten op eiwit regulatie, in het bijzonder de heat-shock
eiwitten. Tevens wordt het apoptotisch proces en de activatie van apoptose beschreven.
Ondanks dat meer en meer fundamentele vragen tegenwoordig zijn beantwoord, zijn deze
studies meestal uitgevoerd in cellijnen (in vitro). De grote uitdaging zal dan ook liggen in het
vertalen van deze resultaten naar de situatie in het lichaam (in vivo).

In hoofdstuk 3 worden de mitochondriale effecten en de activatie van caspases beschreven na
hyperthermie. Hierbij zijn leukemische HL60 cellen behandeld met warmte van 43°C
gedurende 1 uur of met X-bestraling van 8 Gy. Na blootstelling van de cellen aan warmte of
bestraling, was een permeabilisatie van het mitochondriale membraan (MOMP) aantoonbaar
binnen 8 uur, wat de inductie van apoptose aangeeft. Dit resulteerde in de expressie van
phosphatidylserine (PS) fosfolipiden aan de buitenkant van de celmembraan als een marker
van de uitvoerende fase van het apoptotisch proces. Toevoeging van caspase remmers had
geen effect op de MOMP na zowel warmte behandeling als bestraling. Toevoeging van een
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specifieke caspase-2 remmer z-VDVAD-fmk voorkwam de MOMP stimulatie na warmte
behandeling. Deze resultaten wijzen erop dat de apoptose na warmte behandeling gestart
wordt door veranderingen in de mitochondriën waarbij Bcl-2 eiwitten betrokken zijn en
uitgevoerd wordt in een caspase afhankelijke pathway, in tegenstelling tot de caspase
onafhankelijke en afhankelijke pathways in cellen blootgesteld aan X-bestraling. Verder
geven deze resultaten een belangrijke rol weer voor caspase-2 in apoptose d.m.v.
hyperthermie.

Omdat het proces van apoptose wordt beïnvloed door factoren van binnenuit de cel was de
volgende stap om te bepalen of genetische verschillen in cellijnen een onderscheid zou geven
in de gevoeligheid voor warmte geïnduceerde apoptose. In hoofdstuk 4 ligt de nadruk op
verschillen in eiwit expressies van het Hsp70 en het p53 eiwit en de correlatie met het
voorkomen van geprogrammeerde celdood. Uit de resultaten kunnen we concluderen dat
cellen met een lage p53 eiwit expressie gecombineerd met een snelle Hsp70 eiwit toename,
als antwoord op de stress door warmte, minder ontvankelijk zijn voor apoptose dan cellen met
een normaal functionerende p53 eiwit expressie en geen Hsp70 eiwit toename. Het
combineren van bestraling direct gevolgd door warmte behandeling resulteerde in de meest
effectieve inductie van apoptose als gevolg van de gehinderde heat shock response door Xbestraling De data van dit onderzoek laten zien dat de p53 eiwit status en de Hsp70 eiwit
productie na stress, de gevoeligheid van cellen voor warmte geïnduceerde apoptose bepalen.
Hierdoor kunnen deze parameters gebruikt worden om de gevoeligheid van cellen voor
hyperthermie te voorspellen.

Zoals in hoofdstuk 3 wordt beschreven heeft caspase-2 een zeer belangrijke rol in de inductie
van de intrinsieke apoptotische pathway, waarbij de mitochondriën betrokken zijn. Om deze
rol als initiator caspase verder te onderzoeken hebben we in hoofdstuk 5 caspase-2 selectief
geremd. Het effect veroorzaakt door de selectieve remming van de caspase-2 eiwit activiteit
op de Bcl-2 en Bax eiwit expressie is bestudeerd op hematopoietische cellen na blootstelling
van de cellen aan warmte of bestraling. Door middel van het monitoren van de intracellulaire
Bcl-2 en Bax expressie en lokalisatie in de cel konden we waarnemen dat behandeling van de
cellen met warmte, in tegenstelling tot bestraling, een toename van het Bax eiwit
veroorzaakte. Bovendien had warmte behandeling van de cellen stimulatie van de MOMP tot
gevolg en dit resulteerde in het vrijkomen van cytochrome c in het cytosol. De Bax eiwit
expressie werd verhinderd door de toevoeging van de selectieve caspase-2 remmer en dit
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resulteerde in significant minder vrijgekomen cytochrome c in cellen behandeld met warmte.
Uit deze resultaten kunnen we concluderen dat hematopoietische cellen caspase-2 nodig
hebben voor de initiatie van Bax afhankelijke MOMP na warmte behandeling. Deze nieuwe
inzichten maken het mogelijk om in te grijpen in het apoptotische proces om zodoende de
effectiviteit van warmte behandeling te verhogen.

Hoofdstuk 6 beschrijft experimenten om de apoptose als gevolg van hyperthermie te
verhogen door middel van het blokkeren van de Hsp70 eiwit expressie. Hierbij is gebruikt
gemaakt van twee verschillende technieken namelijk toediening van het natuurlijk
voorkomende flavonoid quercetin en de short interfering RNA techniek (siRNA) om de
translatie van het Hsp70 mRNA te voorkomen. Quercetin op zichzelf bleek in staat te zijn
apoptose te induceren en apoptose nam toe wanneer daarnaast ook hyperthermie werd
toegepast. Transfectie van HL60 cellen met siRNA’s tegen verschillende heat shock eiwitten
gaf wel een afname in Hsp70 expressie te zien, maar dit resulteerde niet in een verhoogde
apoptose na warmte behandeling van de cellen. Uit onze resultaten kunnen we vaststellen dat
quercetin meer efficiënt de Hsp70 eiwit expressie tegen gaat met als gevolg een verhoogde
warmte-geïnduceerde apoptosis.

Om therapeutische stoffen te introduceren in kankercellen is het noodzakelijk gebruik te
maken van zogenaamde vectoren die de eigenschap bezitten om deze stoffen te transporteren
door het celmembraan. Dit vereist een gecontroleerde vrijlating van de therapeutische
“lading” in de gewenste cel, een tijdelijke permeabilisatie van het celmembraan en de opname
van functioneel actieve moleculen in het cytosol, waar ze kunnen interfereren in het
apoptotische proces zoals gewenst. Een techniek die recentelijk veel aandacht geniet is het
gebruik van microbubbel sonoporatie. Dit sonoporatie effect is gebaseerd op de fysische
effecten van oscillerende of caviterende (exploderende) bubbels in de nabijheid van cellen.
Voordat deze techniek kan worden gebruikt in klinische toepassingen, zoals hyperthermie,
moet eerst het onderliggende fysische fenomeen worden begrepen. Hoofdstuk 7 beschrijft de
interactie tussen bubbel cavitatie en cellen op een vast oppervlak met betrekking tot
transmembraan transport en viabiliteit als ook celdood. Door gebruik te maken van een zeer
gecontroleerde enkelvoudige bubbel cavitatie techniek kon worden aangetoond dat de opname
van fluorescerende moleculen plaatsvond in de nabijheid van de bubbel cavitatie, waarbij de
cel viabiliteit niet aantoonbaar was veranderd. De opname van fluorescerende moleculen in de
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cel was afhankelijk van de hoogte van de bubbel boven de cellaag en een optimale afstand is
vastgesteld waarbij een maximale vloeistof stroom gecreëerd werd.

Hoofdstuk 8 geeft een samenvatting van dit proefschrift en in dit hoofdstuk wordt nader
ingegaan op toekomst perspectieven ter verbetering van de hyperthermie-geïnduceerde
apoptose als onderdeel van de behandeling van kanker.
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Het proefschrift is klaar! Rest mij nu nog een ieder te bedanken die zich in meer of mindere
mate heeft ingezet om dit mede voor elkaar te krijgen. Een aantal van hen wil ik graag bij
name noemen:

Allereerst, en in het bijzonder, wil ik mijn beide promotoren bedanken voor de mogelijkheid
om dit promotieonderzoek uit te voeren en af te kunnen ronden.

Prof. Vermes, beste Istvan, dit promotieonderzoek is voor mij een grote uitdaging geweest
met als resultaat dit boekje. Het was niet altijd gemakkelijk, maar u weet als geen ander
mensen te motiveren en het beste uit zichzelf te halen. Uw directe aanpak, uitgebreide kennis
en enthousiasme voor het vak waren een enorme steun voor mij. Verder maakte uw humor en
uw persoonlijkheid het zeer prettig met u te mogen samenwerken.

Prof. Feijen, bedankt voor uw kritische kijk op mijn wetenschappelijke input. Uw inzichten en
kennis zijn onuitputtelijk en hebben er toe bijgedragen dat ik mijn promotieonderzoek heb
kunnen afronden. U heeft de vakgroep PBM jarenlang succesvol begeleid en uw afscheid
einde van dit jaar van de Universiteit Twente zal daarom een groot verlies zijn voor de
Universiteit. Ik wens u alle succes toe in de toekomst.

Verder ben ik veel dank verschuldigd aan mijn assistent promotor André Poot. Beste André,
jouw aandeel in het promotieonderzoek was aanzienlijk en daarvoor wil ik je nadrukkelijk
bedanken. Je oog voor detail in zowel behaalde resultaten als verslaglegging is
bewonderenswaardig. Het was altijd mogelijk om even bij je langs te komen voor vragen of
suggesties. Ook in de periode dat ik niet meer werkzaam was bij de Universiteit Twente was
je een enorme steun. Bedankt voor de prettige samenwerking.

Natuurlijk heb ik veel tijd doorgebracht met collega’s en zijn deze erg belangrijk geweest
gedurende mijn promotieonderzoek. Feitelijk heb ik twee werkplekken gekend met
verschillende collega’s. In de eerste helft van mijn promotie heb ik op het Medisch Spectrum
Twente mijn experimenten uitgevoerd.
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Paula bedankt voor de leuke tijd en de tips voor de promotie toen we nog kamergenoten
waren. Daarna in het zogenaamde kippenhok gezet samen met Judith, Floor, Henriëtte en
Marloes. Veel vrouwenpraat en soms moeilijk te concentreren, maar het was toch vooral een
gezellige plek. Vooral de therapeutische origamitijd en de foute souvenirs die we meenamen
na een vakantie zal ik niet vergeten.

Andere collega’s van het Lab Bijzonder Onderzoek, bijzonder bedankt voor alle hulp bij het
opzetten van nieuwe experimenten en de goede samenwerking. Maurizio en Robert, altijd
leuk om even bij te praten. Martin, wasmiddelverpakking staat je goed. Natuurlijk erg
bijzonder om een collega op busrondreis in Mexico tegen te komen en dit pas 1 week van te
voren te weten. Ine (en natuurlijk Jos) we hebben veel gelachen op vakantie. Gelukkig hebben
we de foto’s nog. Zo kan ik nog wel even doorgaan, maar kortom iedereen bij Lab Bijzonder
Onderzoek, maar zeker ook bij de andere afdelingen van het Klinisch Chemisch
Laboratorium, bedankt voor de plezierige tijd. Tevens had ik mijn experimenten niet kunnen
uitvoeren zonder de vakkennis van de afdeling Radiologie, bedankt voor de tijd die jullie voor
mij vrij maakten om kweekflesjes te bestralen, ondanks jullie drukke schema.

Verder was het was erg bijzonder om samen met mijn zwager, Marcel Hengeveld, toen nog
werkzaam als labhoofd Bijzonder Onderzoek, daar te mogen werken. We hadden inhoudelijk
wel niet veel met elkaar te maken, maar ik kon altijd langskomen voor een praatje (kwam
natuurlijk voor het snoep in de bovenste la) en het was gezellig in de koffiekamer.

Na het voltooien van de bouw van de Zuidhorst aan de Utwente zijn we (Marloes, Henriette
en ondergetekende) verhuist naar ZH111. Dit betekende voor Andries van der Meer het einde
van de rust in ‘zijn’ kantoor. Tevens was dit het begin van eindeloze zinloze (soms zinvolle)
gesprekken en we eindigden daarom samen dan ook hoog in de opmerkelijke uitspraken top
10. Samen hebben we het ook (tevergeefs) opgenomen tegen de vrouwen van ZH111 om van
ze te winnen met kolonisten met continu veranderende spelregels. Ik hoop dat je eindelijk een
keer je briljante idee zal krijgen en je post-it kunt weggooien. Andries, bedankt dat je mijn
paranimf wil zijn en voor het delen van je kennis en ideeën.

Ik kan, en wil, er natuurlijk niet om heen om Marloes te bedanken voor de samenwerking en
dat je mijn paranimf wilt zijn. Door jouw kennis op labgebied en praktische hulp heb ik veel
data kunnen verzamelen voor mijn proefschrift. Zonder jou was dit niet gelukt. Daarnaast ben
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Dankwoord

je een geweldige collega. Altijd vrolijk en opgewekt en met een erg duidelijke lach vrij
(prettig) aanwezig. Dankzij jou heb ik ook een (helaas misgelopen) zweefvliegvlucht
gewonnen met tennis en is mijn illusie dat ik kon squashen om zeep geholpen. Ik wens je al
het geluk in de toekomst en heel veel plezier straks in Melbourne.

Verder alle collega’s van PBM bedankt voor de fijne tijd tijdens de koffiepauzes en de
inzichten in de Polymeer technologie verkregen tijdens de maandagochtendpresentaties.

Gedurende mijn promotieonderzoek heb ik ook veel samengewerkt met andere vakgroepen
binnen de Universiteit Twente. Séverine, merci voor de aangename tijd die we door hebben
gebracht in de confocaal ruimte en de totstandkoming van het artikel over bubbel cavitatie.
Zonder jou inbreng en kennis was dit niet gelukt. Claus-Dieter en Rory het was prettig en
leervol om met jullie te discussieren en experimenten uit te voeren. Juist omdat we totaal
verschillende aandachtsgebieden hadden waren we in staat verder te kijken dan ons eigen
vakgebied. Bedankt voor de samenwerking.

Daarnaast wil ik natuurlijk alle studenten, die ik heb begeleid bedanken voor hun hulp en
inzet. Simone, Hilde en Corianne ik wens jullie allen het beste in jullie verdere carrière.

Een goed thuisfront is natuurlijk belangrijk om te kunnen ontspannen, voor steun en adviezen.
Pa en Ma jullie hebben me altijd onvoorwaardelijk gesteund in alle beslissingen die ik heb
genomen en interesse getoond in alles wat ik doe. Hoe kan ik jullie bedanken?
Mijn zus(je) Ilse + kids (Marcel heb ik eerder al bedankt natuurlijk) altijd fijn om bij jullie
langs te komen en dat zullen we met veel plezier blijven doen, vooral aan het einde van dit
jaar. Mijn schoonfamilie wil ik hierbij zeker ook niet vergeten, jullie waren altijd
geïnteresseerd in mijn vorderingen van mijn promotie, bedankt voor alle steun. Natuurlijk alle
vrienden bedankt voor de broodnodige ontspanning in de kroeg of op sportief gebied.

Tot slot, Leonie, ik kan natuurlijk niemand meer bedanken voor de steun de afgelopen 12 jaar
dan jij. We gaan straks onze grootste uitdaging tot nu toe aan met onze kleine op komst en
met veel plezier kijk ik uit naar onze toekomst als gezin.

Erwin
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List of Abbreviations
AIF

apoptosis-inducing factor

HSB-2

acute lymphoblastic

ANOVA

analysis of variance

Apaf-1

apoptosis-activating factor

HSE

heat shock element

AV

annexin-V

HSF

heat shock factor

Bak

Bcl-2 antagonist / killer

Hsp

heat shock protein

Bax

Bcl-2 associated x protein

Kasumi-1

acute myeloid leukemic

Bcl-2

B-cell lymphoma 2

Bcl-xL

Bcl-2-related protein,

MFI

mean fluorescence intensity

long isoform

MFR

mean fluorescence ratio

BH

Bcl-2 homology

MOMP

mitochondrial outer

Bid

BH3-interacting domain

leukemic cells

cells

membrane permeabilisation

death agonist

NIR

near infrared

death-inducing signaling

PCR

polymerase chain reaction

complex

PE

phycoerythrin

DMSO

dimethylsulfoxide

PI

propidium iodide

EM

electromagnetic

PS

phosphatidylserine

FCM

flow-cytometer

siRNA

short interfering RNA

FITC

fluorescein isothiocyanate

tBid

truncated Bid

FLICA

fluorochrome-labelled

TMRE

tetramethyl rhodamine ethyl

DISC

ester

inhibitor of caspases
FSC

forward scatter

TNF

tumor necrosis factor

GAPDH

Glyceraldehyde 3-phosphate

TNFR

TNF receptor

dehydrogenase

TRAIL

TNF-related apoptosisinducing ligand

Gy

Gray

Hela

Henrietta Lacks cells

zVAD

pan caspase inhibitor

HL60

human promyelocytic

zVDVAD

caspase-2 inhibitor

leukemic cells

∆ψm

mitochondrial membrane
potential
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Currucilum Vitae

Curriculum Vitae
Op 3 februari 1977 ben ik geboren in Hengelo. Vier jaar later ben ik begonnen met mijn
opleidingscarrière en zo’n 27 jaar later ben ik dan eindelijk klaar. In de tussentijd ging ik van
de basisschool ’t Eimink in Hengelo naar de Fatima MAVO. Na dit met succes te hebben
afgerond heb ik de HAVO en het VWO doorlopen aan het Lyceum de Grundel te Hengelo.
Vanwege mijn interesse in de Biologie en het menselijk lichaam heb ik mijn vervolg gekozen
door aan de Saxion Hogeschool te Enschede het Hoger Laboratorium onderwijs
Microbiologie te gaan studeren (na een korte omzwerving in de Fysiotherapie). Tijdens deze
studie werd het duidelijk dat de moleculaire en biochemische vakken mij het meest
interesseerden. Na mijn HBO studie te hebben afgerond heb ik dan ook besloten om aan de
Universiteit van Wageningen de opleiding Medische Biotechnologie te gaan volgen. Tijdens
mijn afstudeeropdrachten op de Virologie afdeling van de Universiteit Wageningen en
vervolgens aan de afdeling Experimentele Reumatologie van het UMC St. Radboud te
Nijmegen heb ik mij bekwaamd in verscheidende laboratorium technieken voor gen expressie
studies en gentherapie. Vervolgens kreeg ik tijdens het einde van mijn afstudeeronderzoek te
horen dat er een interessant promotieonderzoek vacant was aan de Universiteit Twente bij de
vakgroep Polymeerchemie en Biomaterialen. Onder leiding van Prof. Dr. J. Feijen, Prof. Dr.
I. Vermes en Dr. A.A. Poot heb ik mij toen verdiept in het apoptose proces van leukemische
cellijnen na het toedienen van hyperthermie. De resultaten van dit onderzoek zijn beschreven
in dit proefschrift. Momenteel ben ik werkzaam als DNA specialist bij het Independent
Forensic Services (IFS) te Hulshorst alwaar ik me verder kan verdiepen in het boeiende
vakgebied van de forensische wetenschap.
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I didn’t kill him! He
died from apoptosis. Not
of necrosis. He even let a
note saying he couldn’t
take the heat
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We will verify that by
checking whether there
are activated caspases
in his system

