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hyperthermic stress after differentiation, associated with elevated levels
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Abstract
Purpose: Terminally differentiated neurones in the central nervous system need to be protected from stress. We ask here
whether differentiation of progenitor cells to neurones is accompanied by up-regulation of Hsp72, with acquisition of
enhanced thermotolerance.
Materials and methods: Human neuroblastoma SH-SY5Y cells were propagated in an undifferentiated form and subsequently
differentiated into neurone-like cells. Thermotolerance tests were carried out by exposure of cells to various temperatures,
monitoring nuclear morphology as index of cell death. Abundance of Hsp72 was measured in cell lysates by western
immunoblotting.
Results: The differentiation of SH-SY5Y cells was accompanied by increased expression of Hsp72. Further, in both cell
states, exposure to mild hyperthermic stress (43�C for 30 min) increased Hsp72 expression. After differentiation, SH-SY5Y
cells were more resistant to hyperthermic stress compared to their undifferentiated state, correlating with levels of Hsp72.
Stable exogenous expression of Hsp72 in SH-SY5Y cells (transfected line 5YHSP72.1, containing mildly elevated levels of
Hsp72), led to enhanced resistance to hyperthermic stress. Hsp72 was found to be inducible in undifferentiated 5YHSP72.1
cells; such heat-treated cells displayed enhanced thermotolerance. Treatment of cells with KNK437, a suppressor of Hsp72
induction, resulted in acute thermosensitisation of all cell types tested here.
Conclusions: Hsp72 has a major role in the enhanced hyperthermic resistance acquired during neuronal differentiation of SH-
SY5Y cells. These findings model the requirement in intact organisms for highly differentiated neurones to be specially
protected against thermal stress.
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Introduction

Neurones in the central nervous system are con-

stantly challenged by many kinds of stresses such as

hyperthermia, accumulation of abnormal proteins

and toxic stress [1]. Terminally differentiated neu-

rones, which no longer divide, have a high priority for

preservation in the central nervous system, unlike

their neuronal progenitor cells. Disturbances to

cellular defence mechanisms can lead to a variety of

acute and chronic conditions. Hyperthermia result-

ing from fever or heat stroke can seriously disturb the

central nervous system, leading to convulsion and

coma. Hyperthermia is associated with the degrada-

tion and aggregation of intracellular proteins, which

eventually leads to cytotoxicity [2].

Heat shock proteins (HSPs) are molecular chap-

erones that act as a cellular defence system

against cells exposed to elevated temperatures and
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other insults. They function by minimising the

accumulation of misfolded or damaged proteins

[3, 4]. Moreover, HSPs facilitate the correct folding

of partially misfolded proteins to preserve cell viabil-

ity. These molecular chaperones may play a signif-

icant role in some neurodegenerative diseases, which

represent protein disaggregation disorders, such that

misfolded proteins accumulate and aggregate to

eventually form inclusions within the body of neu-

rones [5].

Hsp72 has been found in the areas of the brain

under stress and may be expressed to protect

neurones from challenging stresses such as hyper-

thermia and neurodegenerative diseases [6–9].

Protection from hyperthermic stress has been

observed to correlate with induction of Hsp72 in

other tissues. For example, patients exposed to 39�C

air temperature, but without experiencing symptoms

of heat stroke, were found to have elevated blood

serum Hsp72 levels. In contrast, symptomatic heat

stroke patients were found to have low serum Hsp72

levels [10].

When cultured mammalian cells, and also intact

mice, are exposed to a pre-treatment of mild non-

lethal hyperthermic stress (thermal preconditioning)

they can acquire resistance to a subsequent more

severe stress that would otherwise be lethal [11–15].

Development of such thermotolerance is often

accompanied by the induction of Hsp72 under

mild hyperthermic stress [16, 17].

Thermally induced death of cells is sometimes

manifested as apoptotic death [18, 19]. Recent

studies have suggested that Hsp72 promotes the

survival of cells through direct or indirect interven-

tion with components of the apoptotic machinery

[20–22]. An apoptotic cell undergoes characteristic

morphological changes as well as alterations of the

nuclear chromatin including fragmentation of DNA.

How Hsp72 is able to inhibit the onset of apoptosis

and thus promote cellular survival is currently under

debate [23].

This study investigates the role of Hsp72 in the

protection of neuronal cells from hyperthermic

stress. Human neuroblastoma SH-SY5Y cells were

used in this study, since they provide a well estab-

lished model of neural differentiation [24]. These

cells can be propagated in an undifferentiated form

and can be differentiated into neurone-like cells with

the use of retinoic acid (RA) and brain derived

neurotrophic factor (BDNF) [24]. In the undiffer-

entiated form, SH-SY5Y cells can easily be trans-

fected with plasmid vectors (unlike primary neuronal

cells from intact animals) and subsequently they

can be differentiated into neurone-like cells that no

longer proliferate.

These features enabled us to test the relation-

ship between Hsp72 and the cellular response of

neurone-like cells to hyperthermic stress, particularly

to evaluate whether differentiation confers an altered

response to thermal stress. We found that after

differentiation SH-SY5Y cells were more resistant to

severe hyperthermic stress than their undifferentiated

counterparts. Moreover, upon differentiation, neu-

rone-like SH-SY5Y cells expressed and induced

higher levels of Hsp72. Undifferentiated SH-SY5Y

cells stably expressing exogenous Hsp72 displayed

a level of resistance to severe hyperthermic stress

equivalent to that of neurone-like SH-SY5Y cells

that were not transfected. Our results indicate that

there is a strong relationship between the resistance

to thermal stress in SH-SY5Y cells and the level of

expression of Hsp72 within neuronal cells.

Materials and methods

Cell culture

Human neuroblastoma SH-SY5Y cells (ATCC cat-

alogue number CRL-2266) were cultured in DMEM

medium (Gibco, Carlsbad, CA) supplemented with

1 mM L-glutamate, 10 mM HEPES and 10% heat

inactivated foetal calf serum (Parkville, VIC). All

cells were cultured in a humidified incubator at 37�C

with 5% CO2. Human neuroblastoma SH-SY5Y

stable cell lines over-expressing Hsp72 (denoted

5YHSP72.1) were generated by transfecting

pCI-neo Hsp72 [21] using Lipofectamine Plus

(Invitrogen, Carlsbad, CA) reagent. Stably transfec-

tant clones were selected and maintained in medium

containing G418 (500 mg/mL).

To differentiate SH-SY5Y and 5YHSP72.1 cells,

they were seeded at a density of 7.5� 103 cells/cm2

and treated with 10 mM of all-trans retinoic acid

(Sigma-Aldrich, St Louis, MO) in DMEM. After

5 days, RA was removed and 5 ng/mL of BDNF

(Sigma-Aldrich) was added to the cells prior to

incubation in DMEM without serum for a further

2 days. This differentiation protocol, whereby

neurone-like cells are sustained by BDNF while

non-neuronal cells die in the absence of other serum

factors resulted in 97% of the culture population

being differentiated based on presence of neurites

longer than twice the length of its cell body, the

neuronal state confirmed by immunostaining with

anti-MAP-2 antibodies (data not shown). In our

hands, use of RA alone with SH-SY5Y cells enabled

no more than 90% of cells to express these differen-

tiation characteristics.

For heat shock treatments, cells were immersed

in a water bath (Memmert, Schwabach, Germany)

at the temperatures indicated below (�0.1�C) for
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30 min and then allowed to recover at 37�C for the

indicated times. Control cells were maintained at

37�C throughout.

Heat shock protein inhibitor, KNK437

KNK437 (N-formyl-3,4-methylenedioxy-benzyli-

dene-�-butyrolactam, EMD Biosciences, San

Diego, CA) was dissolved in DMSO to a final

concentration of 50 mM. KNK437 was added to

cells at the concentrations indicated, but keeping the

input of DMSO constant (equivalent to 0.1% of total

volume) equivalent to the total volume and cultures

returned to the incubator at 37�C for 1 h before

hyperthermic stress or thermal preconditioning

treatments.

Cell death assay

Nuclear morphology was analysed using propidium

iodide and fluorescence microscopy. Cells were

collected and resuspended in 200 mL of phosphate-

buffered saline containing 10 mg/mL propidium

iodide, 0.1% Triton X-100, and 0.1% sodium

acetate. Cells were incubated at room temperature

under darkened conditions for 10 min before being

examined for nuclear morphology using an Olympus

IX71 inverted fluorescence microscope. Cells con-

sidered undergoing cell death displayed either frag-

mented or condensed nuclei, readily distinguishable

from the normal rounded diffusely stained nuclei.

The mean percentage of cell death in each popula-

tion, from three independent experiments, was

determined.

Western immunoblotting and densitometry analysis

Cells were collected and resuspended in cell lysis

buffer (1% Triton X-100, 4 mM EGTA, 15 mM

MgSO4, 25 mM glycylglycine) and incubated on ice

for 5 min. Cells were centrifuged at 10 000 g for

5 min and the cell debris discarded. Protein concen-

tration in the cell lysates was determined using a

protein assay kit (BCA protein assay, Pierce,

Rockford, IL). Cell lysates containing equivalent

amounts of protein were then separated on a 12%

SDS-PAGE gel and resolved proteins transferred to

PVDF membrane. This membrane was probed with

antibodies specific for Hsp72 (SPA 810, Stressgen

Biotechnologies, Ann Arbor, MI) and actin

(Neomarkers, Fremont, CA). Secondary antibodies

conjugated to Alexa 488 or Alexa 568 (Invitrogen)

enabled visualisation of bands, and imaging of the

bands on the PVDF membrane was carried out using

a Typhoon Trio (GE Healthcare, Chalfont St Giles,

UK), excitation with Argon laser at 488 nm and

HeNe laser at 568 nm, as required. Band density

values were analysed using the ImageQuant TL

densitometry program (GE Healthcare). In some

cases, as specified, bands were alternatively detected

by use of secondary antibodies conjugated to horse-

radish peroxidise (GE Healthcare). Here, the

PDVF membrane was then treated with enhanced

chemiluminescence (ECL) substrate (Bio-Rad

Laboratories, Hercules, CA) for 5 min. Detection

was performed by exposing the PDVF membrane to

hyperfilm (GE Healthcare), which was then scanned

and band density values were analysed using

ImageQuant as above.

Statistical tests

Comparison of Hsp72 levels in cell culture, and

thermal killing outcomes at particular temperatures

was carried out using student’s t-test (P< 0.05 was

considered significant). Results were obtained from

at least three independent experiments on different

batches of cells on different days.

Results

Neurone-like SH-SY5Y cells show increased resistance

to severe hyperthermic stress relative to that of

undifferentiated SH-SY5Y cells

The resistance to hyperthermic stress at different

temperatures was compared in undifferentiated and

neurone-like SH-SY5Y cells, by measuring the

extent of heat-induced cell death. Cells were exposed

to different temperatures for 30 min and allowed to

recover at 37�C for 18 h before harvesting. Cells were

permeabilised, stained with propidium iodide and

the percentage of cells displaying fragmented or

Figure 1. Hyperthermic sensitivity in undifferentiated
and neurone-like SH-SY5Y cells. Cells were exposed to
the indicated temperatures for 30 min. After 18 h recovery
at 37�C, the percentage of cells undergoing cell death was
determined. Where indicated, cells were thermally pre-
conditioned (PC) by heating at 43�C for 30 min followed
by recovery at 37�C for 8 h before subsequent severe
hyperthermic stress at the temperatures shown. All results
are from three independent experiments. Error bars
indicate standard deviation.
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condensed nuclei determined using fluorescence

microscopy as described previously [20] (Figure 1).

Neurone-like SH-SY5Y cells were found to be

significantly more resistant to hyperthermic stress

between 45�C and 47�C compared to their undiffer-

entiated counterparts (P< 0.001 at 46�C). Thus, at

46�C, differentiated cells showed only half the extent

of death of the undifferentiated cells, about 35% of

which were killed.

It has been shown in several other studies that with

increasing heat stress cells switch from an apoptotic

death (fragmented nuclei) to a necrotic death (con-

densed nuclei) [25]. In this study it was observed that

at the highest temperatures applied (47�C in Figure 1

and up to 48�C in later experiments below) the

abundance of nuclei with condensed, rather than

fragmented, morphology increased. This suggests

necrosis may be occurring at these elevated temper-

atures in this study.

Applying the same procedure to five single-cell

colonies isolated from the original population of SH-

SY5Y cells, a similar differential in resistance to

hyperthermic stress between neurone-like cells and

their undifferentiated precursors was observed in

each case (data not shown).

Neurone-like SH-SY5Y cells display elevated Hsp72

expression and induction levels relative to those of

undifferentiated SH-SY5Y cells

To test for a possible relationship between Hsp72

levels and the hyperthermic response of SH-SY5Y

cells in undifferentiated and neurone-like states, the

expression of Hsp72 in SH-SY5Y cells before and

after differentiation was examined. Differentiation

was accompanied by elevated levels of Hsp72 (3.6-

fold, P< 0.001) (Figure 2A, Lane 3, and 2B). To test

for induction of Hsp72, a mild hyperthermic stress

of 43�C for 30 min was applied, followed by 8 h

recovery at 37�C. Under these conditions, in which

no loss of cell viability was observed (data not

shown), SH-SY5Y cells displayed up-regulated

Hsp72 levels (Figure 2A, Lane 1). The expression

of Hsp72 was increased 4-fold in the undifferenti-

ated cells and 10-fold in the differentiated cells

(P< 0.001, Figure 2B). Thus, neurone-like SH-

Figure 2. Hsp72 expression levels of SH-SY5Y and 5YHSP72.1 cells. (A) Undifferentiated and neurone-like SH-SY5Y
cells were heated at 43�C for 30 min and allowed to recover for 8 h at 37�C before harvesting. Cell lysates were obtained from
before and after differentiation with RA and BDNF, with or without mild hyperthermic stress at 43�C for 30 min (PC).
Lysates were subjected to western immunoblotting with anti-Hsp72 and actin antibodies. In this case secondary antibodies
conjugated to Alexa fluorochromes were used. (B) Levels of Hsp72 induction were quantified by densitometric analysis of
images in Figure 2A. (C) Undifferentiated and neurone-like 5YHSP72.1 cells were heated at 43�C for 30 min and allowed to
recover for 8 h at 37�C. Lysates were subjected to western immunoblotting as in Figure 2A. These were run on the same gel
as in panel A, hence the continuity in lane numbering. (D) Levels of Hsp72 induction were quantified by densitometric
analysis of images in Figure 2C. *Fold induction values from all densitometric analyses here were normalised to the levels
of Hsp72 in undifferentiated SH-SY5Y cells (Figure 2A, Lane 1). All results are from three independent experiments.
Error bars indicate standard deviation.
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SY5Y cells express higher basal levels of Hsp72 and

have greater capacity to up-regulate Hsp72

upon mild hyperthermic stress, compared to their

undifferentiated counterparts. The basal levels of

Hsp72 before and after differentiation of SH-SY5Y

cells correlated well with the acquisition of thermo-

tolerance following differentiation (Figure 1).

Thermal preconditioning of SH-SY5Y cells protects

against severe hyperthermic stress, with greater

protection manifested by neurone-like SH-SY5Y cells

In light of the inducibility of Hsp72 before and after

differentiation, we determined whether the mild

hyperthermic treatment effected reduced suscepti-

bility to a subsequent more severe hyperthermic

stress. Indeed, we found that such prior thermal

preconditioning protects undifferentiated SH-SY5Y

and neurone-like SH-SY5Y cells from a subsequent

severe hyperthermic stress at 46�C and 47�C com-

pared to cells not exposed to thermal precondition-

ing (Figure 1, broken lines, P< 0.001, for both the

respective comparisons involving undifferentiated or

neurone-like cells, at 46�C). Thus, undifferentiated

preconditioned cells show about half the extent of

cell death (about 16%) compared to untreated cells

(about 36%). The preconditioned neurone-like cells

show negligible death at 46�C, in contrast to the

killing of untreated neurone-like cells (about 16%).

Therefore, thermal preconditioning is associated

with greater hyperthermic resistance in both differ-

entiated and non-differentiated cells. The level of

hyperthermic resistance correlates with expression

of Hsp72, consistent with the idea that Hsp72 is

involved in the resistance to hyperthermic stress.

Further, Hsp72 is a candidate for being a key factor

in the thermal preconditioning that leads to thermo-

tolerance of SH-SY5Y cells.

SH-SY5Y cells over-expressing Hsp72 show enhanced

resistance to hyperthermic stress

To test directly the proposition that Hsp72 is

involved in the protection against severe hyperther-

mic stress, SH-SY5Y cells over-expressing Hsp72

(5YHSP72.1) were generated. Whereas some sta-

bly transfected cells displayed grossly elevated

levels of Hsp72 (data not shown), 5YHSP72.1

cells were found to express enhanced levels of

Hsp72 (Figure 2C, Lane 5) comparable to the

Hsp72 level seen in non-transfected undifferentiated

SH-SY5Y cells following induction of thermotoler-

ance (Figure 2A, Lane 2). These mildly elevated

levels are thus at the upper end of the physiological

range. Hsp72 levels were further increased in

5YHSP72.1 cells following induction of thermoto-

lerance by exposure to 43�C (Figure 2C, Lane 6).

5YHSP72.1 cells could be differentiated into

neurone-like 5YHSP72.1 cells using the RA/BDNF

procedure at the same efficiency as the non-

transfected cells (data not shown). However, the

differentiated 5YHSP72.1 cells showed no further

increase in Hsp72 (Figure 2C, Lane 7) compared

to their undifferentiated precursors (Figure 2C,

Lane 5). Mild hyperthermic treatment of the

neurone-like transfected cells failed to induce

Hsp72 to a significant extent (Figure 2C, Lane 8).

Undifferentiated and neurone-like 5YHSP72.1

cells were heat stressed at different temperatures

for 30 min, without thermal preconditioning

(Figure 3A). Undifferentiated 5YHSP72.1 cells

were significantly more resistant to severe hyperther-

mic stress than undifferentiated SH-SY5Y cells

(P< 0.001 at 46�C). Undifferentiated 5YHSP72.1

cells and neurone-like SH-SY5Y cells which express

similar levels of Hsp72 (Figure 2) showed equivalent

tolerance to hyperthermic stress (Figure 3A).

Significantly, neurone-like 5YHSP72.1 cells were

more susceptible to hyperthermic stress (about 25%

cell death at 46�C) compared to both undifferen-

tiated 5YHSP72.1 cells (about 5% cell death at

Figure 3. Hyperthermic resistance of undifferentiated but
not neurone-like 5YHSP72.1 cells. (A) Cells were exposed
to the indicated temperatures for 30 min and after 18 h
recovery at 37�C, the percentage of cells undergoing cell
death was determined. Results from untransformed SH-
SY5Y cells are included for comparison. (B) Cells were
thermally preconditioned (PC) at 43�C for 20 min and
allowed to recover for 8 h at 37�C before subsequent
heating at the temperatures shown. Results for non-
preconditioned 5YHSP72.1 are included for comparison.
All results are from three independent experiments. Error
bars indicate standard deviation.
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46�C, P< 0.001) and neurone-like SH-SY5Y cells

(about 12% cell death at 46�C, P< 0.001). This

increase in thermal sensitivity correlated with the lack

of thermo-inducibility of Hsp72 in neurone-like

5YHSP72.1 cells (Figure 2C and 2D), whereby

Hsp72 levels do not rise after mild hyperthermic

treatment unlike the situation with differentiated

non-transfected cells (Figure 2A and 2B). However,

such neurone-like 5YHSP72.1 cells were still more

resistant to severe hyperthermic stress than undiffer-

entiated SH-SY5Y cells. This is probably due to

the elevated levels of Hsp72 in the transfected

neurone-like cells compared to the very low levels

in undifferentiated non-transfected SH-SY5Y cells.

Finally, we tested 5YHSP72.1 cells for levels

of expression of other HSP proteins other than

Hsp72 relative to non-transfected cells. In pair-wise

comparisons of undifferentiated SH-SY5Y and

5YHSP72.1 cells, level of expression of Hsp90,

Hsp73 (constitutive), Hsp60 or Hsp27 were very

similar in both cell types (data not shown). Hence,

the 5YHSP72.1 cell line over-expresses Hsp72 but

has relatively small changes in other HSP members.

Features of thermal preconditioning of undifferentiated

and neurone-like 5YHSP72.1 cells correlate with

cellular levels of Hsp72

Since undifferentiated 5YHSP72.1 cells were able to

express increased levels of Hsp72 following mild

hyperthermic treatment, we predicted that thermal

preconditioning of undifferentiated 5YHSP72.1 cells

should increase hyperthermic resistance. On the

other hand, in light of the lack of further elevation

of Hsp72 levels in neurone-like 5YHSP72.1 cells and

their poor ability to increase Hsp72 following mild

hyperthermic stress, we anticipated a much weaker

thermoprotective effect of the preconditioning dose.

Accordingly, we investigated the degree of protection

against severe hyperthermic stress following thermal

preconditioning of undifferentiated and neurone-like

5YHSP72.1 cells. As predicted, induction of ther-

motolerance in undifferentiated 5YHSP72.1 cells

increased their hyperthermic resistance at 47�C

(P< 0.001, Figure 3B). A small hyperthermic pro-

tection was found in neurone-like 5YHSP72.1

following induction of thermotolerance, but the

difference was not significant (P40.05, at 47�C).

Overall, thermal preconditioning achieved a greater

protective effect in undifferentiated 5YHSP72.1 cells

compared to neurone-like 5YHSP72.1 cells, as

predicted on the basis of their relative Hsp72 levels.

In order to check in more detail this apparent

inability to further increase Hsp72 synthesis in the

differentiated 5YHSP72.1 cells on thermal stimula-

tion, we examined Hsp72 levels after 30 min expo-

sure of these cells to 44�C and 45�C, higher than the

43�C used above. The results indicated clearly that

at 44�C, while there is further induction of Hsp72

synthesis in undifferentiated cells, in neurone-like

5YHSP72.1 cells the Hsp72 levels were greatly

reduced (Figure 4A and 4B). This is indicative

of extensive degradation of Hsp72, rather than

its induction. Interestingly, the undifferentiated

5YHSP72.1 cells did show loss of Hsp72 after

treatment at 45�C. Such degradation of Hsp72 at

45�C (but not 44�C) also occurred in untransformed

SH-SY5Y cells (Supplementary Figure S1A).

The biological correlates of these 30 min pretreat-

ment conditions at different temperatures are shown

in the quantified death indices of cells subsequently

exposed for 30 min to elevated temperatures up to

47�C (Figure 4C). Significantly, when 5YHSP72.1

cells expressed increased Hsp72 levels following the

pretreatment, they showed enhanced survival at

higher temperatures. On the other hand, those with

greatly reduced levels of Hsp72 showed exacerbated

thermosensitivity, such that at secondary treatment

at 47�C close to 100% death of 5YHSP72.1 cells was

observed. Specifically, neurone-like 5YHSP72.1 cells

preconditioned at 44�C showed enhanced cell death

on secondary treatment at elevated temperatures,

consistent with their grossly reduced Hsp72 levels

(unlike the other cells tested which were more robust

after preconditioning at 44�C). Corresponding data

for untransformed SH-SY5Y cells (Supplementary

Figure S1) shows similar relationships between

Hsp72 levels and thermoresistance, except that the

untransformed cells do not degrade Hsp72 until a

threshold of 45�C. These findings, taken together,

explain why the transformed 5YHSP72.1 cells after

differentiation are (unexpectedly) less thermotoler-

ant than most other cells studied here.

KNK437 inhibits the induction of Hsp72 by

mild hyperthermic stress in undifferentiated and

neurone-like SH-SY5Y cells

KNK437 is a benzylidene lactam compound that

inhibits the induction of heat shock proteins includ-

ing Hsp72 and abrogates the acquisition of thermo-

tolerance after mild hyperthermic stress in various

human cancer cell lines [26, 27]. Thus KNK437

potentially provides a pharmacological means of

suppressing Hsp72 induction in SH-SY5Y cells

(notwithstanding its lack of specificity for this

particular heat shock protein). Therefore, we inves-

tigated whether KNK437 inhibits the heat-induced

up-regulation of Hsp72 in SH-SY5Y and

5YHSP72.1 cells (both undifferentiated and neu-

rone-like). With increasing KNK437 concentrations,

there was a progressively greater inhibition of Hsp72

induction in SH-SY5Y cells. At 50 mM, KNK437

completely inhibited the up-regulation of Hsp72
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in undifferentiated SH-SY5Y cells (Figure 5A).

In neurone-like SH-SY5Y cells, a higher concentra-

tion of KNK437 (75 mM) was required to inhibit the

up-regulation of Hsp72 (Figure 5B). The same

KNK437 concentrations were found for complete

suppression of Hsp72 induction in 5YHSP72.1 cells,

namely 50mM and 75mM for undifferentiated and

neurone-like cells, respectively (data not shown).

KNK437 sensitises SH-SY5Y and 5YHSP72.1 cells

to hyperthermic stress and blocks thermotolerance

Having shown that KNK437 inhibits Hsp72 up-

regulation in SH-SY5Y cells, we examined the

response to hyperthermia of SH-SY5Y and

5YHSP72.1 cells in the presence of 50 mM and

75mM KNK437, respectively. KNK437 itself did not

cause significant cell death 37�C (Figure 6); how-

ever, it sensitised SH-SY5Y cells to hyperthermic

stress (Figure 6A). In the presence of KNK437,

neurone-like cells were more heat sensitive than

undifferentiated precursors. Thus at 44�C there is

about 80% cell death for neurone-like cells compared

to approximately 20% for undifferentiated cells,

while at 46�C, cells in both states show more than

80% killing in the presence of KNK437 (Figure 6A).

As with SH-SY5Y cells, KNK437 markedly

increased the sensitivity of 5YHSP72.1 cells to

hyperthermic stress (Figure 6B).

Following exposure of cells to mild hyperthermic

stress (thermal preconditioning), KNK437 abrogates

the acquisition of thermotolerance in SH-SY5Y

(Figure 6C) and in 5YHSP72.1 cells (Figure 6D)

irrespective of their state of differentiation. Thus, in

Figure 4. Correlation of Hsp72 expression levels and thermotolerance in both undifferentiated and neurone-like
5YHSP72.1 cells. (A) Undifferentiated and neurone-like 5YHSP72.1 cells were heated at the temperatures (�C) indicated
for 30 min and allowed to recover for 8 h at 37�C before harvesting. Control cells (denoted C) were maintained at 37�C
throughout. Lysates were subjected to western immunoblotting with anti-Hsp72 and actin antibodies. In this case secondary
antibodies conjugated to horseradish peroxidise were used. (B) Levels of Hsp72 induction were quantified by densitometric
analysis of the image in Figure 4A. *Fold induction values were normalised to the levels of Hsp72 in undifferentiated
SH-SY5Y cells (denoted N) (see Supplementary Figure S1A). Note that the values for fold induction are relatively smaller
here than those shown for corresponding cells in Figure 2D because of systematic differences in the quantification of bands
using ECL techniques as opposed to fluorometric techniques. (C) Cells were exposed to the indicated temperatures for
30 min and after 18 h recovery at 37�C, the percentage of cells undergoing cell death was determined. Where indicated, cells
were thermally preconditioned (PC) at 43�C (PC43), 44�C (PC44) or 45�C (PC45) for 30 min before subsequent heating at
the temperatures shown. All results are from three independent experiments. Error bars indicate standard deviation.

Hsp72 in neural differentiation and heat response 421



spite of elevated levels of Hsp72 in 5YHSP72.1 cells,

the presence of KNK437 generated a similar

extent of hyperthermic sensitivity to that shown by

non-transfected cells, regardless of the state of

differentiation. Overall, KNK437 increases basal

hyperthermic sensitivity of the SH-SY5Y cells as

well as inhibiting thermotolerance. Nonetheless, the

results are consistent with a role for Hsp72 in the

hyperthermic resistance of SH-SY5Y cells, as

KNK437 clearly abrogates the enhanced thermo-

tolerance that is acquired either by differentiation

into neurone-like cells or by expression of exogenous

Hsp72.

Discussion

Neurones are vulnerable to stresses that can lead to

a decline in viability. For terminally differentiated

neurones, the factors that ensure the long term

survival of these irreplaceable cells are critical for

normal brain function. Increases in core body

temperature (hyperthermia) can occur in a number

of conditions such as heatstroke, leading to dysfunc-

tion of the central nervous system. Consequences

include intracranial hypertension, cerebral hypoper-

fusion and cerebral ischaemia [2, 28]. HSPs are

stimulated by heat, and their expression, in particular

that of Hsp72, has been correlated with the acqui-

sition of thermotolerance [16, 17]. Elevated levels of

Hsp72 may lead to better patient outcome during

heatstroke by attenuation of central nervous system

damage. Therefore, it is important to understand the

contribution of the stress chaperone Hsp72 to

neuroprotection.

The degree of resistance of neuroblastoma cells to

hyperthermic stress correlates with levels of Hsp72

The protective effects of thermal preconditioning

have been well documented in many cell types since

the first observation three decades ago [15, 29–31].

In general, the degree of thermotolerance manifested

by a given cell type is a function of both the basal

level of heat shock proteins and the extent to which

levels of such proteins rise during exposure to heat.

Our data show that the degree of resistance to

hyperthermic stress correlates with Hsp72 levels in

SH-SY5Y cells, both before and after differentiation.

The increase in basal levels of Hsp72 following

differentiation of SH-SY5Y into neurone-like cells

correlates with their enhanced ability to survive after

severe hyperthermic stress. The induction of thermo-

tolerance in undifferentiated SH-SY5Y cells leads to

an equivalent extent of resistance to severe hyper-

thermic stress as shown by the neurone-like SH-

SY5Y cells. Thermotolerant SH-SY5Y cells express

similar levels of Hsp72 to those in the neurone-like

cells. Following induction of thermotolerance, neu-

rone-like SH-SY5Y cells express even more Hsp72

and show greater thermal resistance.

The increased expression and induction of Hsp72

that we observed in neurone-like SH-SY5Y cells is

contrary to some published reports. Other studies

using different cells types and differentiation agents

have shown differentiated cells to be less efficient

Figure 5. Inhibition of heat-induced expression of Hsp72
by KNK437. Cells were treated with various concentra-
tions of KNK437 1 h before heating at 43�C for 30 min
followed by 8 h recovery at 37�C (thermal preconditioning,
PC) before harvesting. Control cells (denoted C) were
maintained at 37�C throughout. Lysates were subjected to
western analysis with anti-Hsp72 and actin antibodies.
Levels of induction of Hsp72 were quantified by densito-
metric analysis of images. (A) Undifferentiated SH-SY5Y
cells. (B) Neurone-like SH-SY5Y cells. In both cases, fold
induction was normalised to the level of Hsp72 in the
respective control. Note that for all concentrations of
KNK437 applied, the input of DMSO was held constant;
vehicle DMSO alone at 0.1% as used here had no
measurable effect on Hsp72 levels. All results are from
three independent experiments. Error bars indicate stan-
dard deviation.
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inducers of Hsp72 following mild hyperthermic

stress, compared to their precursor cells [32–36].

In studies using human cell lines, human retinal

pigment ARPE-19 and D-407 neuroepithelial cells, a

time-dependent increase of basal Hsp70 expression

was seen after differentiation with fenretinide [37,

38]. ARPE-19 and D-407 cells also showed neuro-

nal-like characteristics upon differentiation with

fenretinide, although the authors did not test the

induction of Hsp72 upon hyperthermic stress.

In another study, a decrease of Hsp72 induction in

differentiated SH-SY5Y cells, compared to undiffer-

entiated SH-SY5Y cells, was observed upon treat-

ment with the drug celastrol that induces a range

of HSPs [36]. However, such Hsp72 decrement

was found to be due to higher concentrations of the

drug, which resulted in cell death. It is not possible

to generalise the reasons for the varying basal

expression and extents of inducibility of Hsp72 in

various neurone-like cells, which encompass differ-

ent cell lines and species, as well as the use of a range

of differentiating agents.

Thermal preconditioning up-regulates other stress

proteins such as Hsp27, Hsp90 and Hsp104 [15, 39].

To address the possibility that these other HSPs are

responsible for the protective effect against severe

hyperthermic stress, we over-expressed Hsp72 in the

SH-SY5Y cells, generating the stably transfected

cell line 5YHSP72.1. In this transfected cell line,

no evidence for up-regulation of HSPs other than

Hsp72 was obtained. We show clearly that in

undifferentiated cells, expression of exogenous

Hsp72 confers a significant degree of protection

from severe hyperthermic stress, to a level similar to

that seen in the neurone-like SH-SY5Y cells. Once

again, the extent of protection correlates with the

level of Hsp72. We attribute enhanced thermotoler-

ance to severe hyperthermic stress in neurone-like

SH-SY5Y and undifferentiated 5YHSP72.1 cells to

the common feature that they both have increased

basal levels of Hsp72. Further, since each was shown

to exhibit a strong up-regulation of Hsp72 upon mild

hyperthermic stress, we infer that this is an important

factor in enabling the cells to achieve resistance to

even higher temperatures. Thermal preconditioning

of 43�C and 44�C provided greater resistance to

severe hyperthermic stress in undifferentiated

Figure 6. KNK437 sensitises SH-SY5Y and 5YHSP72.1 cells to thermal stress. Cells (either undifferentiated or neurone-
like) were treated with or without KNK437 1 h before being heated at different temperatures for 30 min. Concentrations of
KNK437 were 50 mM and 75mM for undifferentiated and neurone-like cells, respectively. After the hyperthermic stress, cells
were allowed to recover at 37�C for 18 h before harvesting and the percentage of cells displaying apoptotic nuclei was
determined. Where indicated (PC), cells were treated with or without KNK437 1 h before being thermally preconditioned at
43�C for 30 min. After such thermal preconditioning (PC), cells were allowed to recover at 37�C for 8 h and then a secondary
insult of a severe heat stress at the indicated temperature was carried out for 30 min. After the secondary heat stress, cells
were allowed to recover at 37�C for 18 h before harvesting. (A) SH-SY5Y cells with and without KNK437. (B) 5YHSP72.1
cells with and without KNK437. (C) Thermally preconditioned SH-SY5Y cells with and without KNK437. (D) Thermally
preconditioned 5YHSP72.1 cells with and without KNK437. Control cells treated with equivalent concentrations of
KNK437 (without heat) or the vehicle DMSO alone, did not show measurable changes in cell viability relative to controls.
All results are from three independent experiments. Error bars indicate standard deviation. Note the different temperature
range adopted for the studies reported in each of the two rows.
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5YHSP72.1 cells compared to neurone-like

5YHSP72.1 cells.

It is interesting to note that 5YHSP72.1 cells

neither increase Hsp72 levels after their differentia-

tion nor do they express more endogenous

Hsp72 after preconditioning at 43�C (Figure 2C).

Furthermore, not only are neurone-like 5YHSP72.1

cells unable to switch on induction of Hsp72 at other

preconditioning temperatures (44�C and 45�C),

but they seem to actively degrade their Hsp72

content. This loss of Hsp72 from the neurone-like

5YHSP72.1 cells is reflected not only in failure of

these cells to show enhanced thermotolerance after

standard preconditioning, but in their manifestation

of enhanced killing when pretreated at mildly elevated

temperatures above 43�C. In addition, this indicates

that differentiation-dependent factors in neurone-like

SH-SY5Y cells are not involved in their increased

protection against severe hyperthermic stress; rather

it is the Hsp72 levels that determine thermotolerance.

Evidently, the neurone-like 5YHSP72.1 cells are

more thermosensitive than most other cells studied

here, contrary to expectation. We showed this is due

to at least two factors, lack of thermal induction

of Hsp72, and active degradation of this protein.

The basis is not yet clear for the impaired thermal

induction of Hsp72 in the stably transformed

5YHSP72.1 cells after differentiation to the neu-

rone-like state. Neither is it immediately obvious why

Hsp72 is degraded at elevated temperatures in these

cells (compared to undifferentiated 5YHSP72.1 cells

or untransformed SH-SY5Y cells). Whether these

are separate or related phenomena in relation to the

molecular biology of Hsp72 remains to be clarified.

The effects of KNK437 on thermotolerance

in neuronal cells

KNK437 is reported to inhibit thermotolerance by

blocking the up-regulation of Hsp72 [26, 27, 40].

We investigated whether KNK437 would abrogate

the thermotolerance observed in SH-SY5Y and

5YHSP72.1 cells. KNK437 inhibited the up-regula-

tion of Hsp72 and increased the hyperthermic

sensitivity of SH-SY5Y cells. Further, the neurone-

like SH-SY5Y cells, which display resistance to

hyperthermic stress, became highly sensitive to such

stress in the presence of KNK437. This is consistent

with the proposal that Hsp72 is involved in the

increased resistance seen in neurone-like SH-SY5Y

cells and that the protection against thermal stress

can be lost if Hsp72 is down-regulated.

Interestingly, the treatment of KNK437 in ther-

mally preconditioned SH-SY5Y or 5YHSP72.1 cells

subjected to a secondary insult of hyperthermic stress

resulted in an enhanced extent of killing, compared

to that in cells not thermally preconditioned.

In general, KNK437 caused an excessive amount

of cell death irrespective of whether Hsp72 was

explicitly up-regulated (up-regulation conditions

tested here include: differentiation, thermal precon-

ditioning or vector-driven over-expression of

Hsp72). In this context, it seems that the ability of

cells to synthesise heat shock protein after thermal

stress may be essential for resistance. KNK437

prevents acquisition of hyperthermic resistance in

cells exposed to a preconditioning heat treatment,

but KNK437 treatment also leads to loss of hyper-

thermic resistance in cells already with high levels of

Hsp72.

Another aspect is that KNK437 may be inherently

toxic to cells and this toxicity is enhanced in cells

exposed to hyperthermia. Thus, KNK437 may have

additional targets, other than Hsp72, which are

involved in conferring thermotolerance (for example,

other HSP molecules). This drug has been reported

to also inhibit expression of Hsp105 and Hsp40 [27].

In spite of these possible off-target effects, the data we

obtained using KNK437 are consistent with Hsp72

being an important factor in neuronal hyperthermic

resistance. In this light, data using KNK437 should

be interpreted cautiously, as we have done here.

Conclusions

Hsp72 has been shown here in a cellular model to be

a key factor in the acquisition of thermal resistance

of neural cells following differentiation. In a broader

biological context, it is attractive to consider the

notion that during neuronal differentiation in the

central nervous system, additional survival mecha-

nisms are acquired to ensure the long-term survival

of these irreplaceable cells. It is conceivable that

neuronal precursor cells have less Hsp72 but retain

proliferative capacity and hence are ‘disposable’.

On the other hand, fully differentiated neurones

need greater protection from prevailing stresses.
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Allan DJ, Kerr JF. Cell death induced in a murine

mastocytoma by 42–47�C heating in vitro: Evidence that the

form of death changes from apoptosis to necrosis above a

critical heat load. Int J Radiat Biol 1990;58:845–858.

26. Yokota S, Kitahara M, Nagata K. Benzylidene lactam com-

pound, KNK437, a novel inhibitor of acquisition of thermo-

tolerance and heat shock protein induction in human colon

carcinoma cells. Cancer Res 2000;60:2942–2948.

27. Ohnishi K, Takahashi A, Yokota S, Ohnishi T. Effects of a

heat shock protein inhibitor KNK437 on heat sensitivity and

heat tolerance in human squamous cell carcinoma cell lines

differing in p53 status. Int J Radiat Biol 2004;80:607–614.

28. Sucholeiki R. Heatstroke. Semin Neurol 2005;25:307–314.

29. Spiro IJ, Sapareto SA, Raaphorst GP, Dewey WC. The effect

of chronic and acute heat conditioning on the development of

thermal tolerance. Int J Radiat Oncol Biol Phys 1982;8:53–58.

30. Kampinga HH. Thermotolerance in mammalian cells. Protein

denaturation and aggregation, and stress proteins. J Cell Sci

1993;104:11–17.

31. Gerner EW, Schneider MJ. Induced thermal resistance in

HeLa cells. Nature 1975;256:500–502.

32. Dwyer DS, Liu Y, Miao S, Bradley RJ. Neuronal differenti-

ation in PC12 cells is accompanied by diminished inducibility

of Hsp70 and Hsp60 in response to heat and ethanol.

Neurochem Res 1996;21:659–666.

33. Hatayama T, Takahashi H, Yamagishi N. Reduced induction

of HSP70 in PC12 cells during neuronal differentiation.

J Biochem 1997;122:904–910.

34. Yang J, Oza J, Bridges K, Chen KY, Liu AY. Neural

differentiation and the attenuated heat shock response. Brain

Res 2008;1203:39–50.

35. Oza J, Yang J, Chen KY, Liu AY. Changes in the regulation of

heat shock gene expression in neuronal cell differentiation.

Cell Stress Chaperones 2008;13:73–84.

36. Chow AM, Brown IR. Induction of heat shock proteins

in differentiated human and rodent neurons by celastrol. Cell

Stress Chaperones 2007;12:237–244.

37. Chen S, Fariss RN, Kutty RK, Nelson R, Wiggert B.

Fenretinide-induced neuronal differentiation of ARPE-19

human retinal pigment epithelial cells is associated with the

differential expression of Hsp70, 14-3-3, pax-6, tubulin beta-

III, NSE, and bag-1 proteins. Mol Vis 2006;12:1355–1363.

38. Chen S, Samuel W, Fariss RN, Duncan T, Kutty RK,

Wiggert B. Differentiation of human retinal pigment epithelial

cells into neuronal phenotype by N-(4-hydroxyphenyl)retina-

mide. J Neurochem 2003;84:972–981.

39. Parsell DA, Taulien J, Lindquist S. The role of heat-shock

proteins in thermotolerance. Philos Trans R Soc Lond B Biol

Sci 1993;339:279–285; Discussion 285-276.

40. Koishi M, Yokota S, Mae T, Nishimura Y, Kanamori S,

Horii N, Shibuya K, Sasai K, Hiraoka M. The effects of

KNK437, a novel inhibitor of heat shock protein synthesis,

on the acquisition of thermotolerance in a murine transplant-

able tumor in vivo. Clin Cancer Res 2001;7:215–219.

Hsp72 in neural differentiation and heat response 425



Supplementary Figure S1. Correlation of Hsp72 expression levels and thermotolerance of SH-SY5Y cells upon various
pretreatment conditions. (A) Undifferentiated and neurone-like SH-SY5Y cells were heated at the temperatures (�C)
indicated for 30 min and allowed to recover for 8 h at 37�C before harvesting. Control cells (denoted C) were maintained at
37�C throughout. Lysates were subjected to western immunoblotting with anti-Hsp72 and actin antibodies. In this case
secondary antibodies conjugated to horseradish peroxidise were used. (B) Levels of Hsp72 induction were quantified by
densitometric analysis of the image in Figure S1A. *Fold induction values were normalised to the levels of Hsp72 in
undifferentiated SH-SY5Y cells (denoted N); this reference value was likewise used for normalisation of data in Figure 4B
(N). Note that the values for fold induction are relatively smaller here than those shown for corresponding cells in Figure 2B
because of systematic differences in the quantification of bands using ECL techniques as opposed to fluorometric
techniques. (C) Cells were exposed to the indicated temperatures for 30 min and after 18 h recovery at 37�C, the percentage
of cells undergoing cell death was determined. Where indicated, cells were thermally preconditioned (PC) at 43�C (PC43),
44�C (PC44) or 45�C (PC45) for 30 min before subsequent heating at the temperatures shown. All results are from three
independent experiments. Error bars indicate standard deviation.
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