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Abstract: Although bone marrow-derived mesenchymal stem cells (MSCs) are an attractive cell
therapy candidate, their potential is limited by poor survival following transplantation. Over-
expression of anti-apoptotic heat shock proteins using viral vectors can improve the survival of
these cells under stressful conditions in vitro and in vivo. It is also possible to induce heat shock
protein expression in many cell types by simply exposing them to a transient, nonlethal elevation in
temperature. The response profile of MSCs to such a thermal stress has not yet been reported.
Therefore, this study sought to determine the kinetics of thermally induced heat shock protein
expression by MSCs in vitro. To determine if heat shock protein expression was a function of
thermal stress exposure time, MSCs were exposed to 42°C for 15, 30, 45, and 60 min and were
harvested 24 h later. To establish the time-course of heat shock protein expression, MSCs were
heat shocked for 60 min and harvested 2, 24, 48, 72, 96, and 120 h later. The cells were then
analyzed for Hsp27 and Hsp70 expression by Western blot. Densitometric analysis revealed that
exposure to a thermal stress induced expression of both Hsp27 and Hsp70 and that the level of
expression was dependant on stress exposure time. Following 60 min of heat stress, both Hsp27
and Hsp70 accumulated maximal expression after 48 h with both proteins returning to constitutive
expression levels by 120 h. This study demonstrates that heat shock protein expression can be

induced in MSCs by a simple thermal stress.
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Introduction

Adult bone marrow-derived mesenchymal stem cells
(MSCs) have attracted considerable attention as a
potential therapeutic moiety and have been used in
encouraging preclinical studies for numerous disease
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states.!™ However, one major obstacle that may
hinder their clinical translation is the poor survival
and viability of MSCs post-transplantation.'®! This
is thought to occur as cells are exposed to oxidative
stress, loss of matrix attachments, nutrient, and
serum deprivation and in some cases, are placed in
relatively hypoxic, ectopic environment to that in
which they usually reside.'?'® Given that MSCs are
susceptible, in part, to an apoptotic fate following
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transplantation,'! it follows that an antiapoptotic

strategy may yield improved cell survival thus
improving their candidacy for cell transplantation.
One such approach may be to over-express antiapop-
totic heat shock proteins in the cells prior to trans-
plantation.*¢~18

Although heat shock proteins are more widely
known for their protein chaperone role, literature
suggests that members of the Hsp27 and Hsp70
family are important regulators of the signal trans-
duction pathway leading to apoptosis.'® The intrinsic
mitochondrial apoptotic pathway is used extensively
in response to extracellular cues and internal insults
such as DNA damage. Formation of the apoptosome
(mitochondrial cytochrome c/Apaf-1/procaspase-9
complex) leads to cleavage and activation of caspase-
3, resulting in an ordered dismantling of the cell.
Hsp27 can bind cytochrome c, released from the mi-
tochondria to the cytosol, thereby preventing cyto-
chrome-c-mediated interaction of Apaf-1 with procas-
pase-9.2%2! Hgsp27 has also been shown to associate
with procaspase-3 thereby repressing its activa-
tion.2%22 Hsp70 also regulates the intrinsic apoptotic
pathway, binding the caspase-recruitment domain of
Apaf-1 thereby preventing recruitment of procas-
pase-9 to the apoptosome complex and blocking the
assembly of a functional apoptosome.?32* As well as
targeting the apoptosome, both Hsp27 and Hsp70
target several other components on the apoptotic
pathway. Hsp27 can antagonize Bax-mediated mito-
chondrial injury,?® as well as modulating the extrin-
sic death receptor apoptotic pathway by interacting
with Daxx thereby blocking Daxx-mediated apopto-
sis.28 Hsp70 can modulate apoptosis inducing factor
activity,2”2° interfere with the Bid-dependent apo-
ptotic pathway via inhibition of JNK,*° inhibit
release of Smac, a mitochondrial derived activator of
caspases®® and inhibit the death-associated perme-
abilization of lysosomes.?2 Taken together, there is a
considerable body of evidence to support the anti-ap-
optotic role of these heat shock proteins.

Indeed, the evidence that over-expression of
anti-apoptotic heat shock proteins is protective has
been reported for many cell types including bone
marrow-derived MSCs. Adenoviral mediated over-
expression of Hsp20 by MSCs protected against oxi-
dative stress-mediated apoptosis in vitro,'® through
Akt activation and increased secretion of growth fac-
tors. This increased Hsp20 expression also enhanced
the survival of the MSCs following direct cardiac
injection in a rat model of myocardial infarction.
Similarly, over-expression of Hsp70 in MSCs
resulted in higher cell viability under hypoxic condi-
tions in vitro,*® and exhibition of antiapoptotic prop-
erties, including an increase in Bcl2 and a reduction
of Bax and caspase-3 activity. Importantly, Hsp70
over-expression by the MSCs also resulted in an
improved outcome following their transplantation in
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a rat myocardial infarction model. Lentiviral medi-
ated over-expression of Hsp70 by MSCs has also
been reported to enhance MSC survival and increase
resistance to apoptosis in vitro under hypoxic and
ischemic conditions.”

In addition to viral over-expression systems, a
simple physiologically relevant method to increase
heat shock protein synthesis and accumulation in
cells is to expose the cells to a transient, nonlethal
elevation in temperature.®>=2® This induces a state
of thermotolerance, thus rendering the cells resist-
ant to subsequent otherwise lethal insults. Although
documented for many cell types, the response profile
of MSCs to such a thermal stress has not been
reported. Therefore, this study sought to determine
the kinetics of thermal induction of heat shock pro-
teins by MSCs in vitro.

Results and Discussion

This experiment sought to determine whether expo-
sure to a thermal stress would induce expression of
the pro-survival proteins of interest, Hsp27 and
Hsp70, in MSCs. MSCs were heat shocked by expo-
sure to 42°C for 0 (i.e., control), 15, 30, 45, and 60
min followed by a 24 h recovery period in the 37°C
incubator. Densitometric analysis of the immunore-
active Western blot bands (normalised to beta actin)
revealed that MSCs constitutively expressed Hsp27
and relatively low levels of Hsp70 [Fig. 1(A)]. Expo-
sure to a thermal stress induced a significantly
increased expression of both Hsp27 (Time, F(4 15 =
7.90; P < 0.05) and Hsp70 (Time, F4 109y = 17.10, P
< 0.05) by MSCs over the 60 min time course com-
pared to control MSCs. In terms of fold change in
heat shock protein expression, 60 min exposure to
42°C induced a 4.8 fold increased expression of
Hsp27 (Time, F415 = 8.69, P < 0.05) and a 17.4
fold increased expression of Hsp70 (Time, F4 10y =
9.41, P < 0.05) in MSCs compared with control pop-
ulations. Corroborating the Western blotting data,
immunocytochemistry for Hsp27 and Hsp70 on cells
that had been exposed to a thermal stress for 60
min followed by a 24 h recovery period revealed
stronger immunopositive staining for both Hsp27
and Hsp70 compared to control cells [Fig. 1(C)].

To determine the duration of heat shock protein
expression by MSCs, the cells were heat shocked for
60 min and returned to a 37°C incubator for recov-
ery. Samples were then harvested 2, 24, 48, 72, 96,
and 120 h post-thermal stress for Western blot anal-
ysis. Results revealed a similar trend in sustenance
of heat shock protein expression for both Hsp27 and
Hsp70 (Fig. 2). By 2 h post-thermal stress, there
was an increase in both Hsp27 and Hsp70 protein
expression by the MSCs. This rapid increase in pro-
tein levels of heat shock proteins in response to a
stress is a characteristic heat shock response.?® By
48 h post-thermal stress, Hsp27 expression levels
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Figure 1. Heat shock protein expression in MSCs is dependent on thermal stress exposure time. MSCs were immersed in a
42°C water bath for 15, 30, 45, and 60 min and cells were harvested 24 h later. A: Western blot showing that MSCs
expressed both Hsp27 and Hsp70 after thermal stress. B: Densitometric analysis of the Western blots revealed that exposure
to a heat stress induced expression of both Hsp27 and Hsp70 with longer exposure times resulting in greater levels of protein
expression. *P < 0.05, **P < 0.01 vs. control. C: Immunocytochemistry reveals that following 60 min exposure to a thermal
stress, MSCs express greater levels of Hsp27 and Hsp70 compared to untreated controls. Scale bar = 200 um. These
experiments were repeated on three separate occasions with technical replicates within each biological replicate. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

reached their maximum level and were significantly
increased compared with the control population of
MSCs, which had not been heat shocked (Time,
Fe13 = 4.35, P < 0.05). By 120 h post-thermal
stress, Hsp27 expression was significantly reduced
compared with maximal levels seen at 48 h with the
expression levels seen at 120 h not significantly dif-
ferent to constitutive control levels. A similar pat-
tern was seen with Hsp70 expression profile. By 48
h post-thermal stress, Hsp70 expression levels
reached their maximum and were significantly
increased compared to the control population of
MSCs which had not been heat shocked (Time,
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Fei13 = 5.64, P < 0.05). By 120 h post-thermal
stress, Hsp70 expression was significantly reduced
compared with maximal levels seen at 48 h with the
expression levels at 120 h not significantly different
to constitutive levels.

In summary, this study has shown that Hsp27
and Hsp70 upregulation by MSCs in response to a
simple, non-lethal elevation in temperature occurs
as a function of the duration of the thermal stress
exposure time as well as post-stress recovery time.
Since, we”!! and other®®®” have shown that the
majority of MSCs die days after transplantation, it
is conceivable that the transient (up to 4 days) heat

Heat Shock Protein Expression in MSC
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Figure 2. Time-course of heat shock protein expression after heat stress. MSCs were heat shocked for 60 min and
harvested 2, 24, 48, 72, 96, and 120 h later. A: Western blot showing the time-course Hsp27 and Hsp70 expression by MSCs
after thermal stress. B: Densitometric analysis of the Western blots revealed that protein expression was maximal 48 h
following the thermal stress with return to baseline levels within 120 h for both Hsp27 and Hsp70. *P < 0.05, *P < 0.01 vs.
control. These experiments were repeated on three separate occasions with technical replicates within each biological

replicate.

shock protein expression displayed by MSCs follow-
ing a thermal heat shock may be sufficient to equip
the cells to survive the initial apoptotic insults that
follow transplantation.

This method could easily be adopted by other
researchers investigating the potential of antiapop-
totic heat shock protein expression as an approach to
improve the survival of MSCs after transplantation in
vivo. Moreover, this simple, thermal stress approach
may not have the disadvantages associated with viral
and nonviral gene transfer techniques thus providing
a more widely acceptable approach to heat shock pro-
tein expression in these potentially therapeutic cells.

Methods

Cell isolation and characterization

Isolation and characterization of the MSCs has been
described in more detail elsewhere.?® In brief, MSCs
were isolated from the bone marrow of 8-12 week old
Sprague Dawley rats and subsequently cultured in
complete medium composed of 44.5% Alpha MEM,
44.5% F12, (Gibco, The Netherlands), 10% FBS (Ther-
moScientific Hyclone, Fisher, Ireland), 1% penicillin/
streptomycin (Sigma-Aldrich, Ireland), and incubated
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at 37°C in 5% COq at 90% humidity. The MSCs were
characterized by differentiation to adipogenic, chon-
drogenic, and osteogenic lineages. The MSCs were
also analyzed by flow cytometry for surface markers
associated with MSCs including the presence of CD71
and CD172, and the absence of CD45.

Heat shock protocol

MSCs were seeded at 3 x 10* cells em 2 in culture
vessels and allowed to adhere overnight. Flask necks
were wrapped with Parafilm® and the flasks were
heat sealed into plastic bags. Flasks were submerged
in a water bath set at 42°C for up to 60 min. Follow-
ing treatment, the waterproof protection was removed
and the cells were returned to a 37°C incubator.

Immunocytochemistry

Immunocytochemistry was performed for rat Hsp27
and rat Hsp70 on paraformaldehyde fixed -cells
adhered to poly-L-lysine coated plastic culture ves-
sels. Nonspecific binding was blocked by incubating
the cells in blocking solution for 1 h at room temper-
ature (1% bovine serum albumin, 5% normal goat
serum, 0.3% Triton-X 100, 0.01% sodium azide in
TBS, Sigma-Aldrich, Ireland) followed by overnight
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incubation at room temperature in primary antibody
(rabbit anti-Hsp25, 1:500; rabbit anti-Hsp70, 1:500,
Stressgen) diluted in 1% BSA-TBS with 0.01% so-
dium azide. Cells were washed three times with
TBS followed by 3 h incubation with an appropriate
fluorophore-labeled secondary antibody (Alexa Fluor
546, goat anti-rabbit, 1:200, Invitrogen, UK) diluted
in TBS with 1% normal goat serum. Cell nuclei were
counterstained by incubation with 4’-6-diamidino-2-
phenylindole (DAPI, 1 pg ml™') for 5 min. Immuno-
labeled cells were viewed using an Olympus IX81
fluorescent microscope (Olympus UK, London, UK).

Western blotting

Cells pellets were lysed using 2% sodium dodecyl
sulfate (SDS) containing a protease inhibitor cocktail
(1 pl ml~Y; Sigma-Aldrich, Ireland). The extracts (10
ug protein) were subjected to SDS polyacrylamide
gel electrophoresis (SDS-PAGE) on a 12% acrylam-
ide gel and transferred onto nitrocellulose mem-
branes. After blocking in 5% nonfat milk in TBS con-
taining 0.05% Tween-20, blots were incubated with
rabbit polyclonal antibodies to Hsp27 (1:500; Stress-
gen), Hsp70 (1:500; Stressgen), and mouse monoclo-
nal antibody to beta actin (1:10,000; Sigma-Aldrich,
Ireland). Horseradish peroxidase-conjugated second-
ary antibodies (1:10,000) were obtained from Pierce.
The protein bands were detected by the SuperSignal
West Pico Chemiluminescent Substrate (Pierce),
according to the manufacturer’s protocol.

Statistical analyses

All data are expressed as mean * s.e.m. Data was
analyzed by one-way ANOVA followed by a post-hoc
Newman Keuls.
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