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Abstract
Purpose: Hyperthermia can induce heat shock protein (HSP) expression in tumours, which will cause enhanced tumour
viability and increased resistance to additional thermal, chemotherapy, and radiation treatments. The study objective was
to determine the relationship of hyperthermia protocols with HSP expression kinetics and cell death and develop
corresponding computational predictive models of normal and cancerous prostate cell response.
Methods: HSP expression kinetics and cell viability were measured in PC3 prostate cancer and RWPE-1 normal prostate cells
subjected to hyperthermia protocols of 44� to 60�C for 1 to 30 min. Hsp27, Hsp60, and Hsp70 expression kinetics were
determined by western blotting and visualised with immunofluorescence and confocal microscopy. Based on measured HSP
expression data, a mathematical model was developed for predicting thermally induced HSP expression. Cell viability was
measured with propidium iodide staining and flow cytometry to quantify the injury parameters necessary for predicting cell
death following hyperthermia.
Results: Significant Hsp27 and Hsp70 levels were induced in both cell types with maximum HSP expression occurring at 16 h
post-heating, and diminishing substantially after 72 h. PC3 cells were slightly more sensitive to thermal stress than RWPE-1
cells. Arrhenius analysis of injury data suggested a transition between injury mechanisms at 54�C. HSP expression and injury
models were effective at predicting cellular response to hyperthermia.
Conclusion: Measurement of thermally induced HSP expression kinetics and cell viability associated with hyperthermia
enabled development of thermal dosimetry guidelines and predictive models for HSP expression and cell injury as a function
of thermal stress to investigate and design more effective hyperthermia therapies.
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Introduction

Prostate cancer is the second leading cause of cancer-

related deaths for males in the United States,

exceeded only by lung cancer, with one in six men

expected to contract the disease during their lifetime

[1]. Radical prostatectomy or radiation therapy are

primary treatments for prostate cancer. However,

both modalities are associated with urinary and

or bowel morbidity and erectile dysfunction.

Minimally invasive energy-based treatments, such

as thermal ablation [2, 3], local hyperthermia with

or without the aid of magnetic nanoparticles [4, 5],

hyperthermia sensitisation for use in conjunction

with radiotherapy [6, 7], chemotherapy [8, 9],

brachytherapy [10, 11], and thermally mediated

drug or gene therapy deliveries [12–14], may provide

superior alternatives to radical prostatectomy or

radiation therapy. The ability to enable a reasonable
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prediction of the outcome at the time of treatment

delivery is critical to the success of each of these

therapies.

Predictions of thermal necrosis in regions where

injury is severe can be achieved with knowledge of

the temperature history versus time during treat-

ment. However, in regions where temperatures are

insufficient to coagulate proteins, the results and

subsequent impact on therapy outcomes are difficult

to determine [15]. Applied thermal stress is often

considered a mediator for hyperthermic cell necrosis;

conversely, it also elicits an up-regulation of heat

shock proteins (HSPs) to protect cancer cells.

[16–20]. Thermally induced HSP expression can

enhance tumour cell viability and impart resistance

to chemotherapy and radiation when hyperthermia is

applied prior to these procedures [20–23].

Consequently, knowledge of the thermal dose

necessary to induce or de-activate HSP expression

in the prostate is essential for designing an effective

thermal therapy for hyperthermia alone or as an

adjuvant to radiotherapy or chemotherapy.

Molecular chaperons such as HSPs have been

implicated in many roles of therapeutic resistance

including multi-drug resistance [24–26], regulation

of apoptosis [27–31], and modulation of p53

functions [28, 32, 33] for a broad range of neoplastic

tissues. The present study focuses on characterising

the thermally induced kinetics of three dominant

HSPs associated with prostate cancer progression:

Hsp27, Hsp60, and Hsp70. Hsp27 is normally

expressed at low levels under non-stress conditions

within the cytosol of human cells. In prostate

cancers, over-expression of Hsp27 is a poor prog-

nostic marker for invasive prostatic carcinoma, but

the absence of Hsp27 is a reliable objective marker in

early prostatic neoplasia [22]. Elevated Hsp27 levels

have been associated with tumour cell protection by

inhibition of apoptosis [28, 33]. It has also been

suggested that Hsp27 and Hsp70 modulates

reactive oxygen species by means of a glutathione-

dependent pathway [34, 35], providing protection

for intracellular proteins and partially explaining

their protective effect against chemotherapeutic

agents [23, 33, 36, 37].

Hsp60 is in abundance within the majority of

mammalian cells under normal conditions [38],

where it functions primarily in chaperoning and

folding proteins [39]. Both Hsp60 and Hsp70 have

been identified for their roles in antigen processing,

presentation, and transportation of the tumour

rejection antigens on the membrane of tumour cells

[39, 40]. Thus, they enable cancer-specific immunity

due to chaperoning antigenic peptides [40–43].

Enhanced expression of Hsp60 has been observed

in breast carcinoma [38], myeloid leukaemia [44],

and early and advanced cases of prostate cancer [22].

Increased expression of Hsp70 protects proteins

from the damaging effects of stress [45, 46]. This has

been observed in several types of tumours, including

breast and cervical cancers [33, 47], and its

mechanism may be involved in cell proliferation,

prognosis, and drug resistance [26, 48, 49]. A study

performed by Beckham et al. illustrated that Hsp70 is

necessary for cell survival by comparing Hsp70

knockout murine embryonic fibroblasts (MEF) and

control MEF cellular responses to various mild heat

treatments [46]. Recent evidence suggests Hsp70

has a role in the control of cell cycling and growth

[37, 50, 51]. A positive correlation between Hsp70

levels and proliferative activity has been demon-

strated in immunohistochemical studies of breast

tumours [21].

Cellular studies have demonstrated the effective-

ness of thermal stress in enhancing HSP expression

and confirmed greater cellular resistance to injury

during subsequent exposure to radiation or chemo-

therapeutic agents. Human androgen-dependent

(LNCaP) and androgen-independent cells (PC3)

demonstrated increased expression of Hsp27 and

Hsp70 and significantly reduced chemical- and

radiation-induced apoptosis following incubator

heating at 42�C for 0, 60, and 120 min [28].

In vivo studies in which prostate tumours were

treated with trans-rectal high-intensity focused ultra-

sound (HIFU) exhibited an intra-prostatic thermal

necrosis zone with the maximum temperature eleva-

tion of 100�C and a peripheral zone at the tumour

border characterised by sub-lethal temperatures (45–

50�C), massive up-regulation of Hsp27 expression,

and high cell viability [16]. Other studies have

utilised a bioluminescent reporter gene to measure

Hsp70 expression, determine the zone of thermal

damage [52], and provide more comprehensive

characterisation of cell death kinetics after heat

shock [46, 53]. This technique can be adapted to

in vivo models which is imperative in determining

effective thermal therapy protocols [54].

Although previous studies have documented

increased HSP expression in prostate cells following

hyperthermia, no characterisation of the thermally

induced HSP kinetics exists, which is essential for

dosimetry guideline development for prostate cancer

therapy [17]. Furthermore, no mathematical models

can predict HSP expression kinetics in response to

hyperthermia. Rieger et al. developed a mathematical

model for describing the critical steps in the

regulation of heat-shock transcription factor-1

(HSF1) activity which directly results in the elevated

expression of genes encoding molecular chaperones

[55]. However, this model is not capable of predict-

ing HSP expression dynamically in response to

thermal stress. A more comprehensive characterisa-

tion of thermally induced cell death kinetics for
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normal and cancerous prostate cells and subsequent

determination of Arrhenius injury parameters are

also needed critical components for predicting and

controlling the extent of tumour and healthy tissue

destruction associated with hyperthermia therapies.

Finally, the correlation between HSP expression and

cellular injury is required to accurately predict

tumour cell response.

This study was designed to measure thermally

induced Hsp27, Hsp60, and Hsp70 expression and

cell injury kinetics. The correlation between cell

viability and HSP expression in prostate cancer

(PC3) cells and normal (RWPE-1) cells for

temperatures and exposure durations typically

encountered in hyperthermia therapy was also

investigated. Visualisation of HSP expression in

PC3 and RWPE-1 cells following thermal stress was

performed to understand the localisation of specific

HSPs within the cell. The HSP kinetics data was

employed to develop a mathematical predictive

model for HSP expression based on a prescribed

thermal stress to control HSP expression and

optimise thermal therapies. Determination of

Arrhenius injury parameters based on cell viability

kinetics data enabled the prediction of cellular

injury for a wider range of heating protocols. A

correlation between thermally induced alterations in

cell viability and HSP expression was determined to

enable a more accurate prediction of the prostate

cell’s response to hyperthermia. This data should

support the investigation of advanced hyperthermia

protocols. For example, a protocol that minimises

HSP expression in the tumour region and elevates

expression in the healthy surrounding tissue to

produce maximum tumour destruction and pre-

servation of healthy tissue, respectively, may be

beneficial.

Materials and methods

Cell culture

PC3 cells (CRL-1435, ATCC, Manassas, VA) were

cultured with HAM’s F12 medium (30-2004,

ATCC) with 10% fetal bovine serum (30-2020,

ATCC) and 5% penicillin-streptomycin (15140-122,

Gibco, Carlsbad, CA). RWPE-1 cells (CRL-11609,

ATCC) were cultured with keratinocyte serum free

medium (BRL 17005-042, Gibco) supplemented

with 5 ng mL�1 human recombinant epidermal

growth factor and 0.05 mg mL�1 bovine pituitary

extract. Cultures were maintained in a 5% CO2

incubator in 250 mm2 phenolic culture flasks to

prevent contamination from leakage during the

heating process.

Hyperthermia protocol

A constant temperature circulating water bath

(NESLAB RTE-100, Thermo Electron

Corporation, San Jose, CA) was employed as the

hyperthermia source to produce a relatively short

thermal time constant of 4 seconds to heat experi-

mental specimens as calibrated in prior work [17].

The water bath, temperature monitoring devices,

and all other accessories remained in a sterile hood

throughout the experiment to prevent contamination

of the cells. Sterilised medium containing Eagle’s

Minimum Essential Medium (MEM) without

L-glutamite was added to a polyethylene bottle and

placed in the same bath used for cell heating. A

sterilised thermal probe was inserted into the bottle

to monitor media temperature and a thermocouple

measured water bath temperature. Water within the

bath and the heating medium were warmed until

they equilibrated to within 0.1�C of the target

temperature. Upon reaching confluence, cells were

rinsed with phosphate buffered saline (PBS) to

prevent cell damage caused by the degradation of

L-glutamite at high temperatures. The flask was filled

with 70 mL of heating medium with the bottle held in

the bath and the flask was submerged in the water

bath for a predetermined temperature and duration

in the ranges of 44–60�C for 1–30 min. The maxi-

mum experimental temperature caused complete cell

death for the shortest heating duration. Following

heating, cells were rinsed with PBS and the flasks

were returned to a 37�C incubator for subsequent

manifestation of injury and HSP expression.

Hsp27, Hsp60, and Hsp70 expression evaluation

After an incubation time of 16 h post-heating (shown

to be an effective evaluation period for measuring

Hsp70 expression in previous work [17, 56]), cells

were lysed in buffer solution (5M NaCl, 1% IGEPAL,

0.5% sodium deoxycholate, and 10% sodium dodecyl

sulfate were dissolved in 100 mL H2O). Protease

inhibitors consisting of leupeptin (10 mg mL�1 in

H2O), pepstatin (1 mg mL�1 in methanol), aprotinin

(10 mg mL�1 in PBS), and phenylmethylsulphonyl-

fluoride (PMSF) (10 mg mL�1 in isopropanol) were

also added to the lysis buffer to preserve protein

integrity. HSP expression in the PC3 cells was also

measured for post-heating durations of 24, 48, and

72 h. The total protein concentration for each sample

was evaluated using a spectrophotometer (DU 530,

Beckman, Irvine, CA) at 595 nm and a protein dye

assay (500-0002, Bio-Rad Labs, Hercules, CA) to

permit determination of correct volume for loading of

equal protein concentrations in gels. All wells of

Criterion Pre-cast Gels (345-0009, Bio-Rad Labs) for

gel-electrophoresis were loaded with 20mg of protein

with varying volumes to permit equal amounts of
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protein loaded for each sample. The separated

proteins were transferred to polyvinylidene difluoride

(PVDF) membranes (162-0175, Bio-Rad Labs) by

immunoblot. Membranes underwent blocking in 3%

non-fat dry milk blotto for 1.5 h at room temperature

(RT) to remove non-specific proteins. Subsequently,

primary antibodies were diluted in 3% non-fat dry

milk blotto according to the following: anti-Hsp27

IgG1 mouse monoclonal (SPA-800, Stressgen

Biotechnologies, San Diego, CA) at a dilution of

1:1000, anti-Hsp60 IgG1 mouse monoclonal (SPA-

806, Stressgen) at a dilution of 1:40,000, anti-Hsp70

IgG1 mouse monoclonal (SPA-810, Stressgen) at a

dilution of 1:1000, and anti-actin goat IgG (sc-1616,

Santa Cruz Biotechnology, CA) at a dilution of

1:2000. Membranes were incubated with primary

antibodies for 1.5 h at RT. Next, membranes were

incubated with secondary antibodies: donkey anti-

goat IgG-HRP (sc-2020, Santa Cruz Biotechnology)

at a dilution of 1:10,000 and goat anti-mouse IgG1-

HRP (sc-2969, Santa Cruz Biotechnology) at a

dilution of 1:3000 both in 3% non-fat dry milk

blotto for 1 h at RT. Monoclonal antibodies were

employed to increase specificity for the three HSPs

and to decrease background effects. A polyclonal

antibody was used for actin because it produced a

stronger signal than its monoclonal counterpart.

Protein bands were visualised by incubating with a

chromogenic substrate tetramethylbenzidine (TMB)

(SK-4400, Vector Laboratories, Burlingame, CA)

and the protein bands were analysed quantitatively

with Image Pro Plus (Media Cybernetics, San Diego,

CA) in terms of size and mean density. The amount of

protein for each sample was represented as the area

under the intensity histogram of the corresponding

band. Protein concentration was calculated as

the product of the band area and mean density.

The ratios of Hsp27, Hsp60, and Hsp70 were

normalised to actin concentration to account for

possible variations in total protein measured for each

sample and for different background effects among

membranes.

Hsp27, Hsp60, and Hsp70 expression visualisation

Immunofluorescence permitted imaging of the

Hsp27 and Hsp70 distributions within the PC3

cells following heating using previously published

methods [57, 58]. After heating, cells were fixed with

methanol and permeabilised with 0.1% Triton

X-100 in PBS for 5 min in an incubator (T¼ 37�C

and 5% CO2). Cells then underwent blocking in

1.5% goat anti-mouse serum (sc-2043, Santa Cruz

Biotechnology) for 1 h. Next, cells were incubated

with the Hsp70 primary mouse monoclonal IgG2A

antibody (sc-24, Santa Cruz Biotechnology) at a 1:50

dilution in 1.5% goat anti-mouse serum for 1 h

followed by incubation with its secondary antibody

Rhodamine Red-X (IgG2A) (115-295-206, Jackson

ImmunoResearch, West Grove, PA) for a 1:50

dilution in PBS. Cells were then incubated with

biotinylated Hsp27 mouse monoclonal IgG1 primary

antibody (SPA-800B, Stressgen) for a 1:150 dilution

in PBS followed by incubation with its secondary

antibody, Cy2 conjugated streptavidin antibody,

(016-220-084, Jackson ImmunoResearch) for a

1:300 dilution in PBS. Observation of HSP expres-

sion levels were accomplished with a 3D laser

scanning confocal microscopy with a magnification

of 60X. An argon laser (�¼ 488 nm) was employed

for excitation of the Cy2 conjugated streptavidin

antibody to enable visualisation of Hsp27 expression.

A HeNe laser (�¼ 543 nm) was utilised for excitation

of the Rhodamine Red-X dye for visualisation of

Hsp70 expression.

HSP expression model

The measured thermally induced HSP expression

data from western blotting enabled determination of

the HSP expression kinetics associated with a

thermal stimulus. The objective was to determine a

mathematical formulation to represent the measured

in vitro data and yield insight into the thermally

induced HSP expression kinetics for a more exten-

sive set of conditions than were experimentally

measured. Elevated HSP expression is initiated by

the presence of denatured proteins caused by

exposure to thermal stress for extended time

[17–21]. HSP expression induction is dependent

on the temperature elevation, duration of stimulus

exposure, and other biological factors [59, 60]. A

model was developed that describes HSP expression

as a function of temperature, T, and heating

duration, t, normalised with respect to actin con-

centration and defined as H(t,T ) based on our

experimental data [61, 62]. Non-stressed cells

possessed a characteristic basal level of HSP expres-

sion that was unique for both RWPE-1 and PC3

cells. HSP expression was normalised with respect to

the basal level so that at t ¼ 0, Hðt, T Þjt¼0 ¼ 1.

Following heat shock, HSP expression rose with

increasing time initially and accumulation of dena-

tured proteins was observed. Eventually, HSP

expression dramatically declined as the injury to the

cell became so substantial that the cell machinery

could no longer synthesise additional HSPs and the

existing basal level of HSP was denatured. To

capture this phenomena, the mathematical form of

H(t, T ) must satisfy limt!1Hðt, T Þ ¼ 0, i.e., H(t, T )

needs to eventually vanish for extensive heating

durations due to extreme injury and protein dena-

turation, as shown in the results section, in Figures 3

and 4. This phenomenon occurred at each measured
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temperature; but with increasing temperatures, the

peak HSP expression and its subsequent decline

occurred earlier. Based on the measured HSP

expression data, it is evident that a more complicated

kinetic phenomenon transpires which cannot be

described by a first order chemical reaction, such as

the reaction embodied in the Arrhenius injury

equation described subsequently. It is postulated

that the rate of change of HSP expression based on a

transient thermal stress is proportional to the HSP

expression concentration itself according to a non-

linear proportional rate coefficient, C, dependent on

both heating duration and temperature referred to as

the function, C(t, T ). Thus, the general form of the

rate of HSP expression can be viewed as:

@tHðt, T Þ�Cðt, T Þ �Hðt, T Þ ð1Þ

where @t(�) denotes the partial derivative of H(t,T ).

One form to satisfy Equation 1 and fit the HSP data

accurately can be embodied in the following

expression:

Hðt, T Þ ¼ Aeð�ðT Þt��ðT Þt
� ðT ÞÞ ð2Þ

where �(T ), �(T ), and �(T ) are HSP expression

kinetics parameters that are independent of time, but

are dependent on temperature. We further impose

a restriction of �4 1 and frequent use of A¼ 1 (due

to normalisation of basal HSP expression at t¼ 0)

[61, 62]. These parameters were determined using

non-linear least square regression and are tabulated

in Table I in the results section. The accuracy of this

mathematical description for predicting HSP expres-

sion following laser irradiation of PC3 tumours has

been confirmed previously by comparing model

predicted and experimentally measured HSP expres-

sion using immunofluorescence staining and con-

focal microscopy [61].

Cell viability

Cell viability was assessed by propidium iodide

(P3566, Molecular Probes, Carlsbad, CA) staining

with a flow cytometer as previously described [63].

Following 72 h post-heating (shown to be an effective

evaluation period for measuring the extent of cell

death [17]), cells were trypsinised, pelleted, and

resuspended in 4 mL PBS. Prior to the cell viability

measurement, propidium iodide (1:1000 dilution in

PBS) was added to the cell suspension and the

percentage of dead cells was measured with a flow

cytometer (Beckman, Irvine, CA) using an argon

laser (�¼ 480 nm). WinMDI 2.8 software allowed

generation of histograms and analysis of data.

Samples of unheated controls and cells necrosed by

methanol treatment (70% methanol for 30 min) and

extreme heat shock (60�C, 5 min) were used to

calibrate regions of the histogram denoting live and

dead cell populations. The region of the histogram

occupied by the control (unheated) sample was

defined as the live cell population with low levels of

propidium iodide staining. The dead cell population

was defined as the region of the histogram occupied

by the methanol-treated and severely heat shocked

sample, which also corresponded to the region

excluding the control sample live population. The

percentage of dead cells were converted to live cell

values and normalised with the percentage of live

cells for the control. The normalised percentage of

live cells provided the value for C� characterised in

the injury calculations. Cells were also counter-

stained with calcein AM to confirm cell viability and

provide comparison to the converted live cell values

from propidium iodide staining.

Cell injury analysis

The availability of both thermal history and mea-

sured cell viability data enabled determination of

parameter values for an Arrhenius injury model. This

model permits prediction of cell injury for a wider

range of heating protocols than experimentally

measured [64]:

�ð�Þ ¼ ln
Co

C�

� �
ð3Þ

�ð�Þ ¼ A

Z �

0
e�

Ea
<T ðtÞ dt ð4Þ

where cell injury, �, is defined as the logarithm

of the ratio of the initial concentration of healthy

cells, Co, to the concentration of healthy cells

remaining after thermal stimulation, C�, for a dura-

tion of �(s). Important parameters are defined as

frequency factor which is associated with the activa-

tion entropy, A(s�1), activation energy of the thermal

injury process, Ea (J mol�1), which is associated

with activation enthalpy, universal gas constant, <

(8.315 J mol�1 K�1), and instantaneous absolute tem-

perature of the cells during stress, T(K), which is a

function of time, t (s). Equation 3 can be used to

directly calculate cell injury from measured cell

viability data and Equation 4 can enable prediction

of injury data based on known Ea and A parameters.

Results

Determination of HSP expression

Western blotting. A western blot for PC3 and

RWPE-1 cells heated at 44�C is shown in

Figures 1A and 1B, respectively, demonstrating

typical Hsp27, Hsp60, and Hsp70 expression levels

for both cell types. Increasing heating duration
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correlated with elevations in Hsp27 and Hsp70

expression as denoted by larger band size for longer

heating durations for both cell types. The basal and

thermally induced levels of Hsp27 and Hsp70

expression were higher for the PC3 cells. At

extended heating durations (15 min for Hsp70 and

8 min for Hsp27) the thermal injury to PC3 and

RWPE-1 cells was so extensive that the cell

machinery could no longer produce HSP expression

and the existing HSPs were also denatured, as

denoted by the diminishing band size. This phenom-

enon was characteristic for both cell types at all

temperatures. There was virtually no increase in

Hsp60 expression due to the hyperthermia therapy.

Immunofluorescence

The Hsp27 (green fluorescence) and Hsp70 (red

fluorescence) expression distributions for non-heated

(maintained at 37�C in incubator) and heated (44�C

for 5 min) PC3 (Figures 2A and 2B) and RWPE-1

cells (Figures 2C and 2D) were visualised using

immunofluorescence and confocal microscopy.

Higher basal and thermally induced levels of Hsp70

and Hsp27 expression were evident in the PC3 cells

compared to expression in the RWPE-1 cells. Also

the Hsp70 expression was concentrated in the

periphery of the cytoplasm, whereas Hsp27 expres-

sion was observed in more interior regions of the

cytoplasm for the PC3 cells. This distribution was

characteristic of PC3 cells for all hyperthermia

protocols considered. The localisation of Hsp27

and Hsp70 expression within the RWPE-1 cells

appeared rather variable with Hsp70 expression

accumulation in the periphery of some cells, while

localising more extensively in the nucleus of other

cells.

PC3 HSP kinetics

The normalised Hsp27, Hsp60, and Hsp70/actin

expression kinetics data for PC3 cells measured by

western blotting is shown in Figure 3 as a function of

heating time following 16 h post heating (PH). The

standard deviation values for measurement of HSP

expression were not shown for clarity, but were in the

range of 0.07–0.17 mg mL�1 with an average stan-

dard deviation of �0.12 mg mL�1. Each HSP had

a unique basal level of expression, as determined

for the unheated control sample, but all HSP/actin

values were normalised to ensure consistency of

interpretation. Significant increases in Hsp27 and

Hsp70 concentrations occurred following hyperther-

mia treatment, whereas Hsp60 elevation was mini-

mal. The Hsp27 expression levels for all

temperatures were more than twice that for Hsp70.

The maximum expression levels for Hsp70 and

Hsp27 occurred for the same hyperthermia protocol

of 1 min at 50�C, with values of 2.7 and 8.8 times the

control, respectively. The maximum Hsp60 expres-

sion occurred at 46�C for 25 min with a value 1.3

times the control. At lower temperatures, the rates

Figure 2. Distribution of Hsp27 (green fluorescence) and Hsp70 (red fluorescence) in PC3 cells (A) unheated (maintained
at 37�C in incubator) and (B) heated (T¼ 44�C for 5 min) and RWPE-1 cells (C) unheated and (D) heated at T¼ 44�C
for 5 min.

Figure 1. Western blots depicting Hsp27, Hsp60, and Hsp70 and actin levels for (A) PC3 and (B) RWPE-1 cells heated
at 44�C for various heating durations, n¼ 3.
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of all HSP expression decreased progressively.

Temperatures greater than 50�C yielded minimal

HSP expression and dramatic declines in cell

viability.

RWPE-1 HSP expression kinetics

Normal prostate cells (RWPE-1) were exposed to the

same hyperthermia protocols as the PC3 cells to

determine whether there was a differential thermal

stress response in these two cell types that could be

manipulated advantageously for thermal therapy

design. The normalised Hsp27, Hsp60, and Hsp70/

actin expression kinetics data measured with western

blotting are shown in Figure 4 for RWPE-1 cells.

These cells were stressed for incremental heating

temperatures and times and measured at 16 h PH.

The Hsp27 and Hsp70 expression levels were much

lower than were induced in PC3 cells. Maximum

expression levels of 3.8, 1.5, and 2.3 times the

control occurred for Hsp27, Hsp60, and Hsp70,

respectively, for thermal stress at 50�C for 3 min in

all three cases. The standard deviation values for

HSP expression measurement were not shown for

clarity and ranged from 0.08–0.21 mg mL�1 with an

average standard deviation of �0.15 mg mL�1.

Time course of HSP expression

Although the period of stress requisite to elicit HSP

over-expression may be relatively short (measured in

minutes), the resultant HSP elevation in the affected

tissue may last up to several orders of magnitude

longer in time. This extended period can have

important consequences for clinical treatment pro-

tocols, such as subsequent thermal, chemotherapy,

or radiation treatments. Thus, the present experi-

ments were designed to measure the duration of

HSP expression elevation.

Hsp27, Hsp60, and Hsp70 concentrations were

measured at various post-heating times (16, 24, 48,

and 72 hours) following hyperthermia, as shown in

Figure 5, to characterise the time course of expression

in PC3 cells under hyperthermic conditions

(T¼ 44�C for 1–30 min). The HSP value was normal-

ised to 1, which was equivalent to the basal level of

expression for each HSP. The highest measured

expression typically occurred at 16–24 h PH, with

peak normalised values for Hsp27, Hsp60, and Hsp70

of 5.8, 1.2, 2.1 times the control, respectively. For

the majority of heating protocols, all HSP expression

had decreased significantly by 48 h PH and was nearly

absent at 72 h PH. The standard deviation values

for HSP expression measurement were in the range

of 0.05–0.18 mg mL�1 with an average standard

deviation of �0.12 mg mL�1.

HSP expression predictive model

HSP expression model parameters were identified to

fit the HSP expression predictive model to the Hsp27

and Hsp70 kinetics measured with western blotting

Figure 3. Normalised Hsp27/actin, Hsp60/actin, and Hsp70/actin expression ratios as a function of heating time and
temperature determined with western blotting and evaluated at 16 h PH, n¼ 3 for PC3 cells with an average standard
deviation in HSP expression measurement of �0.12 mg mL�1.
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for both PC3 and RWPE-1 cells. The model was not

formulated for Hsp60 expression since there was

minimal elevation in expression due to elevated

temperatures. The determined Hsp27 and Hsp70

expression model parameter values for both cell types

are shown in Table I. We observe that � is nearly

one, although the ranges of the other parameters

vary. The model predicted and measured Hsp27 and

Hsp70 kinetics for both PC3 and RWPE-1 cells were

compared in Figure 6.

The correlation coefficients for the fit between the

HSP expression curves generated for each tempera-

ture by the predictive model and the measured HSP

kinetics curve were calculated for both Hsp27 and

Hsp70 for each temperature considered. This per-

mitted determination of the goodness of the fit

between the measured and model predicted HSP

expression values. A perfect fit is denoted as a value

of one and the accuracy of the fit declines as the

correlation coefficient becomes smaller. The correla-

tion coefficient between the measured and model

predicted Hsp27 and Hsp70 expressions for PC3 and

RWPE-1 cells for all temperatures was greater than

0.9, confirming the accuracy of the model for HSP

prediction.

Cell viability

Figure 7 (adapted from [63]) shows histograms for

control, methanol treated, severely heat shocked

(complete cell death), and a typical heated sample,

with the marker M1 denoting the dead cell popula-

tion. The events label on the y-axis corresponds to

cell number. The cell viability values for PC3 cells at

72 h PH are shown in Figure 8A (adapted from [63]).

With increasing thermal stimulation temperature,

injury increases uniformly and more rapidly. The

highest measured temperature, 60�C, yielded less

than 1% live cells for the shortest heating duration of

1 min; whereas the lowest temperature of 44�C with

the longest duration of 30 min maintained a cell

viability of 10%. The standard deviation in the cell

viability measurement was in the range of 0.4–6.5%

with the average standard deviation of �3.5%.

The corresponding data for RWPE-1 cells are

shown in Figure 8B (adapted from [63]). The

standard deviation for the cell viability measurement

was in the range of 0.4–6.3%, with the average

standard deviation �2.9%. The higher viabilities for

identical temperature histories showed that the

RWPE-1 cells were slightly less sensitive to thermal

stress. However, the largest difference between the

PC3 and RWPE-1 cell viabilities was in the range of

1–13%, with the largest variation in cell viabilities

only twice the largest standard deviation value.

Correlation of HSP expression with cell viability

Understanding and predicting the relationship

between HSP expression and cell viability is

Figure 4. Normalised Hsp27/actin, Hsp60/actin, and Hsp70/actin expression ratios as a function of heating time and
temperature determined with western blotting and evaluated at 16 h PH, n¼ 3 for RWPE-1 cells with an average standard
deviation in HSP expression measurement of �0.14 mg mL�1.
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important when designing adequate hyperthermia

protocols. The HSP expression and cell viability data

for PC3 cells are plotted together in Figures 9A–B

(for Hsp70) and 9C–D (for Hsp27) to facilitate

direct comparison as a function of stress temperature

and time. Decreases in cell viability were observed

for conditions less stressful than those required to

achieve the largest increase in HSP expression. The

cells demonstrated a greater sensitivity to injury than

to an increment in HSP expression elevation with

higher stress temperatures. At temperatures above

52�C, the level of HSP expression remained below

the preheating value, and the cell viability plum-

meted precipitously. The responses at 58� and 60�C

were indistinguishable and were presented as a single

plot for T¼ 58�C. Data were not shown for Hsp60

because the absolute magnitude of expression eleva-

tion in response to thermal stress is minimal.

Arrhenius injury model

The cell viability data was employed to calculate the

Arrhenius injury parameters to characterise the cells’

injury response to hyperthermia. At each tempera-

ture the threshold time (�) was determined for �¼ 1

for which C�¼ 1/e of Co. For isothermal stress

conditions, when �¼ 1 the cell injury, Equation 4

simplifies to the logarithmic form:

lnð�Þ ¼ Ea=Rð Þ �
1

T

� �
� lnðAÞ ð5Þ

Figures 10A and 10B present the relationship

between ln(�) and 1/T for PC3 and RWPE-1 cells.

The thermal injury kinetic coefficients of A and Ea

were determined from the intercept and slope,

respectively, of the best-fit linear function for the

experimental data. It is evident from the plots of

ln(�) and 1/T for both cell types that there exists a

discontinuity in the data, requiring two linear

functions to be used with a breakpoint at 54�C.

The experimental parameters for T¼ 44��54�C and

T¼ 56��60�C were fitted more accurately by

independent functions having dissimilar slopes.

Table I. Hsp27 and Hsp70 expression model parameters for PC3 and RWPE-1 cells calculated by
Hðt, T Þ ¼ Aeð�ðT Þt��ðT Þt

�ðT ÞÞwhere H(t, T ) represents Hsp27 and Hsp70 expression normalised with respect to actin
concentration.

Temperature (oC)

PC3 cells RWPE-1 cells

HSP27 parameters HSP70 parameters HSP27 parameters HSP70 parameters

� � � � � � � � � A � �

44 0.91 0.23 1.54 2.43 2.2 1.03 0.1 0.01 1.98 0.18 0.06 1.34

46 6.89 5.83 1.07 0.38 0.12 1.39 0.23 0.07 1.43 0.09 0 2.55

48 64.48 62.75 1.02 9.39 8.72 1.04 20.29 19.68 1.01 1.16 0.77 1.19

50 10.64 8.46 1.32 174.15 173.32 1.01 66.92 66.04 1.01 20.47 19.91 1.01

52 �1.91 0.29 2.76 12.36 12.32 1.01 0.71 0.51 1.41 0.32 0.08 2.12

54 �4.56 12.64 0.94 �0.09 0 10.6 �0.2 3.36 11.61 0.19 0.02 3.25

56 23.18 23.41 1.01 23.18 23.41 1.01 1.36 2.74 2.34 18.89 20.4 1.24

58 0.99 22.01 1 �0.49 0.06 4.15 1 22.01 1 �0.17 2.59 2.15

60 0.99 22.01 1 �7.77 �4.39 1.1 1 22.01 1 0.61 3.4 1.69

Figure 5. Normalised (A) Hsp27/actin, (B) Hsp60/actin,
and (C) Hsp70/actin levels for PC3 cells as a function of
heating time at T¼ 44�C and evaluation at various post-
heating (PH) periods with an average standard deviation in
HSP expression measurement of �0.12 mg mL�1, n¼ 3.
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Figure 6. Comparison between measured and model-predicted (A) Hsp27 expression and (B) Hsp70 expression for PC3
cells and (C) Hsp27 expression and (D) Hsp70 expression for RWPE-1 cells.

Figure 7. Flow cytometric analysis of cell viability (adapted from Feng et al. [63]). The dead cell population was defined by
the marker (M1) as the region of the histogram occupied by both the methanol-treated and severely heat shocked
samples (this region excluded the live population defined by the control sample). Cell viability determination is shown for
(A) control (unheated), (B) methanol treated, (C) severely heat-shocked (52�C, 6 min), and (D) typical heated sample
(44�C, 15 min).
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Thus, separate Ea and A values were determined for

the two regimes of thermal injury for both cell types.

Table II presents the Arrhenius injury model

constitutive parameter values for PC3 and RWPE-1

cells for the two thermal regimes of T¼ 44��54�C

and T¼ 56��60�C. The values of Ea in the

T¼ 44��54�C are nearly identical for both cell

types; however, the A values are considerably larger

for the RWPE-1 cells. In the T¼ 56��60�C regime

the Ea and A values for the PC3 cells are 2.1 and

1.2� 1010 times larger than the RWPE-1 values,

respectively.

Figure 9. Comparison of measured cell viability with (A, B) Hsp70 and (C, D) Hsp27 in PC3 cells as a function of
temperature and heating duration.

Figure 8. (A) PC3 cell viability in response to variable thermal stress duration as measured at 72 h PH with the average
standard deviation in cell viability measurement of �3.5%, n¼ 3, (B) RWPE-1 cell viability in response to variable thermal
stress duration as measured at 72 h post heating with the average standard deviation in cell viability measurement of �2.9%,
n¼ 3.
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Injury model verification

To illustrate the accuracy of the model, the

determined injury parameters, A and Ea, were

employed to calculate the injury for all hyperthermia

protocols. The calculated injury was then compared

to the measured cell injury values, as shown in

Figures 11A and 11B. The correlation coefficients

between the model-predicted injury and measured

injury data for both cell types and all temperatures

were greater than 0.9, confirming the validity of the

model.

Discussion

HSP expression

Significant Hsp27 and Hsp70 expression was

induced following thermal stress, whereas Hsp60

elevation was minimal. The most dramatic increase

in expression was associated with Hsp27, indicating

that it may play a major role in protection following

thermal stress in prostate cells. Enhanced Hsp70

expression was associated with a more dramatic

decline in cell viability, requiring longer exposure

periods at a given temperature. Despite the lower

levels of Hsp70 expression, its persistence exceeded

that of Hsp27. Hsp60 elevation in response to

thermal stress was minimal, and therefore was

considered an insignificant contributor to tumour

protection induced by thermal therapy.

HSP expression in PC3 cells

Higher basal and thermally induced levels of Hsp70

and Hsp27 expression was induced in the PC3 cells.

Following hyperthermia, Hsp70 expression was

concentrated in the periphery of the cytoplasm,

whereas Hsp27 expression was observed in more

interior regions of the cytoplasm for PC3 cells. This

localisation of Hsp70 to the periphery of the

cytoplasm corresponds with studies conducted by

Mambula et al.; however, they also observed the

accumulation of Hsp70 in the nucleus of both PC3

and androgen-sensitive human prostate adenocarci-

noma (LNCaP) cells [65]. A difference in heating

protocols may contribute to the observation of

Hsp70 accumulation in the nucleus. An additional

study suggests that HSPs re-locate in response to

hyperthermia; specifically, Hsp70 and Hsp27 move

from the cytoplasm to the nucleolus and nucleus of

fibrosarcoma (WEHI-S) cells [66]. Localisation

of Hsp70 is thought to play a major role in

contributing to cell proliferation; therefore targeting

this accumulation may aid in enhanced cell

necrosis [67].

The maximum expression levels for Hsp70 and

Hsp27 were observed at a hyperthermia protocol of 1

min at 50�C, and the measured values were 2.7 times

and 8.8 times the control, respectively. Longer

durations at this temperature caused significant cell

injury, leading to a decline in HSP expression.

Temperatures greater than 50�C induced dramatic

cell injury and protein denaturation. At lower

temperatures, the rates and magnitudes of all HSP

expression diminished proportionally.

Figure 10. Natural logarithm of time as a function of 1/T for �¼ 1 for (A) PC3 and (B) RWPE-1 cells.

Table II. Values of activation energy, Ea, and frequency
factor A, for cell injury calculated by fitting the Arrhenius
damage model to measured cell viability data for both cell
types.

Cell type

Ea ( J/mole)

T� 54�C

A (s�1)

T� 54�C

Ea ( J/mole)

T454�C

A (s�1)

T454�C

PC3 2.38� 105 1.8� 1036 1.24� 105 7.0� 1017

RWPE-1 2.49� 105 1.03� 1038 5.88� 104 5.65� 107
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Although our study focused on higher heating

temperatures (44��60�C) than prior studies, our

results correspond closely to previous studies where

Hsp70 expression was elevated in PC3 cell mono-

layer following mild heat shock (43�C) [68, 69]. Very

few papers exist that investigate thermally induced

Hsp27 or Hsp60 expression in PC3 cells. However, a

study performed with breast cancer cells showed that

mild hyperthermia (42�C) will induce Hsp27 and

Hsp70 levels 6-fold and 30-fold, respectively [70].

Variations in expression levels between the studies

may be a result of heating technique (incubator

versus water bath), heating temperature (mild versus

severe hyperthermia), cell type (PC3 versus MDA

MB231), and measurement technique (ELISA

versus western blot).

If hyperthermia protocols that elicit HSP elevation

are implemented in conjunction with subsequent

thermal, radiation, or chemotherapy, knowledge of

the duration of HSP expression up-regulation is

critical to determining whether thermally induced

cellular protection will diminish the benefit of

combinatorial therapies. Therefore, the duration of

Hsp27, Hsp60, and Hsp70 expression was measured

for varying PH intervals. The peak expression level

for all HSPs heated at 44�C occurred at approxi-

mately 16–24 h PH for PC3 cells. Following 48 h

PH, all HSP expression began to diminish, and by

72 h, HSP expression was at the basal level. The

implication is that any subsequent treatments imple-

mented before 72 h may be compromised due to the

residual elevations of Hsp27 and Hsp70. Previous

studies by Wang et al. have measured the endogen-

ous Hsp70 kinetics for bovine aortic endothelial cells

following heating with an incubator at 42�C for

30 min to 5 h and recovery for 0 to 48 h at 37�C. This

study also demonstrated sustained Hsp70 expression

elevation for up to 48 h with Hsp70 concentration

eight times greater than the basal level at 24 h

post-heating [71].

Future studies will be necessary to determine the

impact of varying amounts of HSP expression on the

level of protection and enhanced tumour survival

afforded against subsequent therapies, such as

chemotherapy, radiation, or repeated thermal treat-

ments, before predictions can be made regarding the

tumour response. Based on determining the relation-

ship between threshold levels of HSP expression and

tumour recurrence, new dosimetry guidelines and

computational models for predicting patient prog-

nosis to hyperthermia therapies could be developed.

HSP expression in RWPE-1 cells

The localisation of Hsp27 and Hsp70 expression

within the RWPE-1 cells was variable, with Hsp70

expression accumulation in the periphery of some

cells and in the nucleus of other cells. The observed

Hsp70 localisation corresponds with previous studies

conducted by Mambula et al. for their LNCaP

control cells which were exposed to two different

heat treatments (43�C for 30 min and 40�C for 6 h)

[65]. Exposure to hyperthermia conditions elicited

much lower Hsp27 and Hsp70 expression and higher

Hsp60 elevation in RWPE-1 cells compared to the

PC3 cells. Maximum expression levels of 3.8, 1.5,

and 2.3 times the control occurred for Hsp27,

Hsp60, and Hsp70, respectively, at 50�C for 3 min.

The lower sensitivity of the RWPE-1 cells to

hyperthermia enabled them to prolong the HSP

expression process longer than the PC3 cells, which

demonstrated a decline in HSP expression and cell

viability after only 1 min of heating at 50�C. Due to

the lower HSP expression in the normal prostate

cells, the corresponding thermo-tolerance associated

with hyperthermia would be expected to be lower.

HSP expression model

The thermally induced HSP kinetics data measured

by western blotting facilitated the development of an

Figure 11. Comparison between measured and Arrhenius model-predicted damage for (A) PC3 and (B) RWPE-1 cells.
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empirical mathematical model for prediction of HSP

expression in PC3 and RWPE-1 cells due to a wide

range of temperatures. Only Hsp27 and Hsp70 data

were incorporated into the formulation of the model

since induction of Hsp60 expression was insensitive

to thermal stress. This is the first predictive model for

thermally induced HSP expression. Utilisation of the

mathematical formulation of the empirical model

and the expression parameters permitted prediction

of the HSP expression phenomena with high

accuracy, providing insight into the expected tissue

response due to hyperthermia.

Cell viability

The rate of cell viability decline is more rapid as the

stress temperature is increased. PC3 cells exhibited

a slightly greater sensitivity to thermal stress than the

RWPE-1 cells, demonstrated by their lower cell

viabilities following heating. A more drastic differ-

ence in cell viability between the PC3 and RWPE-1

cells was expected due to the sensitivity of prostate

tumour tissue to hyperthermia treatment. Although

our in vitro studies did not reflect significant

differences in cell viability between the two cell

types, previous studies have demonstrated a much

lower thermal threshold for destruction of AT-1 and

PC3 tumours in vivo compared to their in vitro

counterparts under similar conditions [68, 72, 73].

Specifically, work conducted by Tang et al. suggests

that while heat shock response of in vivo PC3

tumours is significantly less than the in vitro

response, targeting Hsp70 may still aid in the success

of subsequent thermal or chemotherapeutic treat-

ments [68]. This differential response is most likely

due to the presence of the vascular network in vivo,

which is easily destroyed during thermal therapy

leading to hypoxia, ischaemia, and accelerated

tumour death [73, 74]. Thus, further investigation

of the hyperthermia induced HSP expression kinetics

and cell viability modifications for PC3 tumours

in vivo will be essential before final dosimetry

guidelines are developed for prostate cancer therapy.

Cell viability and HSP expression design protocols

The success of the combined thermal therapy and

subsequent radiation or chemotherapy treatments

rely on identifying and avoiding hyperthermia pro-

tocols that induce HSP expression elevation. This

study has determined temperature–time combina-

tions for typical hyperthermia therapies, where HSP

expression is elevated and cell viability is high.

Designing hyperthermia protocols that minimise

both HSP expression and cell viability in the

tumour will improve the effectiveness of subsequent

therapies. Table III shows suggested hyperthermia

protocols to reduce Hsp70 and Hsp27 expressions

below the basal level, decreasing thermally induced

tumour protection. The thermal stress conditions

that cause Hsp70 expression to decline are more

severe than necessary for Hsp27 degradation. As a

result, the Hsp70 protocol guidelines define the most

rigorous criteria for hyperthermia protocol design.

Cell injury

Arrhenius injury parameters were determined to

permit prediction of cell injury for a wider range of

hyperthermia protocols than were measured. A

breakpoint in the thermal injury rate process was

identified at 54�C for both cell types, yielding distinct

Ea and A values above and below this temperature.

The breakpoint may occur as a consequence of

different thermal injury mechanisms for temperatures

above and below 54�C. Conversely, the breakpoint

may result from non-isothermal heating due to the

water bath time constant (longer than 1 min at

temperatures greater than 52�C) for brief heating

duration protocols (1–3 min) employed in determin-

ing injury parameters for T454�C. In a similar study,

AT-1 cells were described as having an injury process

breakpoint at 55�C, where it was hypothesised to be a

consequence of a change in the mechanism of thermal

injury [75]. In order to confirm the breakpoint as

a legitimate phenomenon, sources with a shorter

thermal equilibration constant should be employed,

such as ultrasound, microwaves, radiofrequency, and

lasers. The Arrhenius injury parameters determined

for PC3 and RWPE-1 cells in this study compare well

with the parameters presented for AT-1 cells in which

injury was measured using calcein leakage and

propidium iodide staining performed by Bhowmick

et al. [72]. This group reported parameters of

81.33 kJ mol�1 and 5.069� 1010 s�1 for Ea and A

(calcein leakage), and 244.8 kJ mol�1 and

2.99� 1037 s�1 for Ea and A (propidium iodide),

respectively, for temperature ranges from 40 to

70�C [72].

Table III. Minimum threshold heating pro-
tocols to diminish Hsp27 and Hsp70 expres-
sion below the basal level.

Temperature

(oC)

Hsp70 heating

duration (min)

Hsp27 heating

duration (min)

44 25 15

46 20 12

48 7 6

50 4 3

52 2 1

54 1 1

56 1 1

58 1 1

60 1 1
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Hyperthermia protocols were identified that pro-

duced Hsp27, Hsp60, and Hsp70 elevation in both

normal and prostate cancer cells. The HSP expres-

sion kinetics data enabled development of the first

thermally induced HSP expression predictive model.

Injury model parameters were determined to predict

cell injury at elevated temperatures. Utilisation of the

HSP expression model and injury parameters deter-

mined in this study should facilitate the design of

more effective treatment protocols for prostate

cancer. The dosimetry guidelines developed will

redefine the required thermal dose standards to

permit minimal HSP induction following hyperther-

mia therapy. This HSP expression predictive model

can be integrated into current treatment planning

models to predict the thermally induced HSP

expression and related tumour recurrence for poten-

tial hyperthermia therapies.
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