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Abstract

HSP70 is a member of the family of heat-shock proteins that are known to be up-regulated in
neurons following injury and/ or stress. HSP70 over-expression has been linked to neuroprotection
in multiple models, including neurodegenerative disorders. In contrast, less is known about the
neuroprotective effects of HSP70 in neuronal apoptosis and with regard to modulation of
programmed cell death (PCD) mechanisms in neurons. We examined the effects of HSP70 over-
expression by transfection with HSP70-expression plasmids in primary cortical neurons and the
SH-SY5Y neuronal cell line using four independent models of apoptosis: etoposide, staurosporine,
C2-ceramide, and p-Amyloid. In these apoptotic models, neurons transfected with the HSP70
construct showed significantly reduced induction of nuclear apoptotic markers and/or cell death.
Furthermore, we demonstrated that HSP70 binds and potentially inactivates Apoptotic protease-
activating factor 1, as well as apoptosis-inducing factor, key molecules involved in development
of caspase-dependent and caspase-independent PCD, respectively. Markers of caspase-dependent
PCD, including active caspase-3, caspase-9, and cleaved PARP were attenuated in neurons over-
expressing HSP70. These data indicate that HSP70 protects against neuronal apoptosis and
suggest that these effects reflect, at least in part, to inhibition of both caspase-dependent and
caspase-independent PCD pathways.

Keywords
AIF; Apaf-1; apoptosis; HSP70; neurons; neuroprotection

The 70-kDa heat-shock proteins (HSP70s) are stress-induced molecules that are expressed in
response to various types of central nervous system injuries including stroke, trauma, or
neurodegenerative disorders and appear to have neuroprotective actions (Turturici et a/.
2011; Gribaldo et al. 1999). HSP70 plays an important role in numerous processes including
folding, assembly, and stabilization of newly synthesized proteins, refolding of misfolded
proteins, degradation of abnormal proteins, and control of the activity of regulatory proteins
(Bukau et al. 2000; Hartl and Hayer-Hartl 2002; Young et al. 2003; Neupert and Brunner
2002; Ryan and Pfanner 2001; Pratt and Toft 2003). Recent findings have suggested that the
neuroprotective effects of HSP70 in neurodegenerative diseases such as Parkinson’s disease
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may be explained not only by its role as a chaperone that attenuates protein aggregation and
toxicity, but also through more direct anti-apoptotic effects (Turturici et al. 2011).

Studies using /n vitro cell models have shown that heat-shock proteins (HSPs) are
synthesized in response to stress and that cells with increased levels of HSPs, either as result
of previous stress (pre-conditioning) or after artificial over-expression, display increased
resistance to subsequent injury (Li 1983; Mailhos et a/. 1993). It has been suggested that
HPS70 may protect cells against various kinds of injury/ stress (Li ef al. 1992; Mosser et al.
1997; Bellmann et a/. 1996) through mechanisms that include stabilization of partially
denatured proteins as well as through removal of irreversibly damaged proteins before they
can aggregate and disrupt normal cell functions (Kelly et a/. 2001). Neurons may also
respond to various stressors by inducing the expression of multiple heat-shock proteins,
which have been shown to attenuate neuronal death induced by neurotoxic agents such as
glutamate (Lowenstein er a/. 1991; Rordorf et al. 1991). Mailhos et al. reported that prior
heat shock can attenuate neuronal apoptosis (Mailhos ef a/. 1993). Although these studies
have indicated a correlation between the degree of HSPs’ induction and survival for both
toxic and apoptotic neuronal programmed cell death (PCD), they did not demonstrate that
the neuroprotective effects were dependent on the increased HSPs expression (Amin et al.
1995; Mailhos et al. 1993). Mailhos et al. provided the first direct confirmation of the
neuroprotective effect of HSPs when they showed that HSP70 over-expression attenuates
thermal stress-induced neuronal death (Mailhos et a/. 1994). However, increased levels of
HSP70 were unable to protect against stimuli that induced neuronal apoptosis (Mailhos ef al.
1994). This difference between the ability of HSP70 to protect neurons against thermal or
ischemic stress, and the lack of protection against apoptotic stimuli, was subsequently
confirmed (Wyatt e al. 1996; Wagstaff ef a/. 1999; Zourlidou ef a/. 2004). Nonetheless, in
selected models such as an /n vitro model of amyotrophic lateral sclerosis, HSP70 over-
expression did attenuate neuronal apoptosis (Patel ef a/. 2005).

To better clarify the ability of HSP70 to modulate neuronal PCD and delineate the
mechanisms involved, we examined a number of well-established inducers of apoptosis
using a model of HSP70 over-expression in primary cortical neurons. To ensure that our
findings are not restricted to any particular apoptotic model, we produced cell death by four
distinct inducers of neuronal apoptosis including etoposide (topo-isomerase Il inhibitor)
(Nakajima et al. 1994), staurosporine (non-selective protein kinase inhibitor) (Koh et al.
1995), AB (25-35) (an /n vitro paradigm of B-Amyloid cytotoxicity) (Harada and Sugimoto
1999), and C2-ceramide (an /n vitro paradigm of ceramide cytotoxicity) (Movsesyan et al.
2002). Previous studies have shown that etoposide, as well as staurosporine, Ap (25-35)
(Movsesyan et al. 2004), and C2-ceramide (Stoica et al. 2005) activate both caspase-
dependent and caspase-independent (AlF-mediated) pathways of neuronal apoptosis. Studies
using non-neuronal cells have also demonstrated the ability of HSP70 to independently
interact and block Apoptotic protease-activating factor 1 (Apaf-1) (Beere et al. 2000; Saleh
et al. 2000) and apoptosis-inducing factor (AlIF) (Ravagnan et al. 2001), key components of
the caspase-dependent and -independent pathways, respectively. Thus, our work has focused
not only on examining the protective effects of HSP70 in neuronal PCD but also to confirm
its ability to interfere with these apoptotic pathways in neurons. Our data demonstrate that
HSP70 over-expression, achieved by transfecting neurons with HSP70-expression plasmids,
significantly protects against etoposide, C2-ceramide, staurosporine, and Ap (25-35)-
induced neuronal apoptosis. Furthermore, our results suggest that HSP70 inhibits apoptosis
by at least two mechanisms: (i) attenuation of caspase-independent pathways by interacting
with AIF and preventing its translocation to the nucleus, and (ii) inhibition of caspase-
dependent pathways by interacting with Apaf-1 and blocking caspase activation.
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Rat cortical neurons (RCN) were derived from rat embryonic cortices. Cells were seeded
onto poly-d-lysine-coated 96-well or 24-well plates or 100-mm Petri dishes (cell density 1 x
108/cm?2) and maintained in serum-free conditions using the B27 supplement as described
(YYakovlev et al. 2001). Cultures were maintained in Neurobasal medium supplemented with
25 .M Na-glutamate, 0.5 mM L-glutamine, and 2% B27 supplement. Transfection of RCN
was performed at 5 days /n vitro (DIV). RCN were transfected by using the ProFection®
Mammalian Transfection System (Pro-mega, Madison, WI, USA) according the
manufacturer’s protocol. The Pl assay required analysis of live cells, and to detect
transfected cells (Fig. 2) neurons were cotransfected with 2% green fluorescent protein
(GFP) and 98% V5-HSP70 plasmids (Hetman et a/. 2000). Immunostaining showed that all
GFP-cotransfected cells were transfected with V5-HSP70 plasmid (data not shown).
Apoptosis inductions were done at 6 DIV by applying Etoposide (Etop) at a final
concentration 50 M, Staurosporine (Staur) 0.5 uM, AB (25-35) (AB) 50 nM, or C2-
ceramide (C2cer) 50 M. Cell harvesting or immunostaining was performed at 7 DIV.

The human neuroblastoma SH-SY5Y cells were seeded in 96-well or 24-well plates or 100-
mm Petri dishes and maintained in Dulbecco’s modified Eagle’s medium (Life
Technologies, Grand Island, NY, USA) supplemented with 10% fetal calf serum, 100 U/mL
penicillin, and 100 U/mL streptomycin in a humid atmosphere of 5% CO, and 95% air at
37°C. Cells at 70% confluence were transfected with plasmids. Transfection of cells was
performed by using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA, USA)
according to manufacturer’s protocol. Apoptosis inductions were done 24 h after
transfection as described above. Cell viability was measured by retention and de-
esterification of calcein AM (Invitrogen). Briefly, culture medium in 96-well plates was
replaced with 5 M calcein AM in Locke’s buffer containing 154 mM NacCl, 5.6 mM
glucose, and 5 mM HEPES (pH 7.4). After incubation at 37°C for 30 min, fluorescence was
measured using a Biotek Synergy HT multidetection microplate reader at 485 nm excitation
and 560 nm emission wavelengths (BioTek, Winooski, VT, USA).

Plasmids encoding human HSP70 (Hspala) — pcDNA5/FRT/ TO HSPA1A, HSP70 with V5
tag on N-terminus (V5-HSP70) — pcDNAS/FRT/TO V5 HSPA1A, and HSP70 with His tag
on N-terminus (His-HSP70) — pcDNA5/FRT/TO His HSPALA, and control plasmids
encoding GFP — pcDNAS5/FRT/TO GFP and V5 —-pcDNAS5/FRT/TO V5 (Hageman and
Kampinga 2009) were obtained from Addgene (Cambridge, MA, USA). pmaxGFP plasmid
encoding CopGFP (GFP) was used as a control plasmid. Plasmids were purified using
EndoFree Plasmid Maxi Kit (Qiagen, Valencia, CA, USA).

Antibodies from different vendors were used in this study. Abcam: V5 (ab27674), Histone
H2A.X (ab11175); Evrogen: CopGFP (GFP) (ab501); Santa Cruz Biotechnology, Santa
Cruz, CA, USA: HSP70 (sc-24), AlF (sc-13116), Apaf-1 (sc-65890), cytochrome ¢
(sc-13560); Cell Signaling Technology, Inc., Danvers, MA, USA: Caspase-9 (#9506),
Cleaved Caspase-3 (#9661), Cleaved PARP (#9545); Enzo Life Sciences, Inc., Farmingdale,
NY, USA: GAPDH (ADI-CSA-335); and Sigma, St Louis, MO, USA: B-actin (A1978).

Cell lysates preparation and western blot

Whole-cell extracts were prepared as described previously (Stoica et a/. 2005). A portion of
the lysate (20 g of protein) was then fractionated by sodium dodecyl sulfate—
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polyacrylamide gel electrophoresis (SDS-PAGE). Western blot was performed as described
previously (Stoica et al. 2005). Membranes were washed and protein complexes were
visualized using SuperSignal West Dura Extended Duration Substrate (Pierce, Rockford, IL,
USA).

Subcellular fractionation

Subcellular fractionation was performed as described (Stoica ef a/. 2005) with some
modifications. RCN were harvested and washed in ice-cold phosphate-buffered saline
(PBS). Cell suspension was centrifuged at 500 g for 15 min at 4°C. Cell pellet was
resuspended for 10 min on ice in the digitonin lysis buffer (20 mM HEPES, pH 7.4, 80 mM
KCI, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 250 mM Sucrose, 200 pg/mL Digitonin and
Protease Inhibitor and Phosphatase Inhibitor (2, 3) cocktails (P8340; P5726 and P0044
Sigma-Aldrich). The lysate was centrifuged at 1000 g for 5 min at 4°C to pellet the nuclei.
The supernatant was transferred to a new tube and centrifuged again at 12 000 g for 10 min
at 4°C to pellet the mitochondria. The resulting supernatant, representing the cytosolic
fraction, was recovered. Nuclear and mitochondrial lysates were prepared in RIPA buffer
(Teknova) with Protease Inhibitor Cocktail (P8340 Sigma-Aldrich).

Immunoprecipitation

The following immunoprecipitation (IP) procedure was used: 50 pL of Protein A -
Sepharose® 4B beads (Invitrogen, cat10-1041) were coated with 1 g antibody, by
incubating for 2 h at 4°C in 1 mL of non-denaturing lysis buffer (20 mM Tris HCI pH 8, 137
mM NacCl, 1% Nonidet P-40 (NP-40), 2 mM EDTA) containing 0.1% bovine serum
albumin. Then, antibody-coated beads were washed three times in non-denaturing lysis
buffer and incubated overnight at 4°C with 500 g of lysate, in a final volume of 800 pL
non-denaturing lysis with Protease Inhibitor and Phosphatase Inhibitor (2, 3) cocktails
(P8340; P5726 and P0044; Sigma-Aldrich). Beads were finally washed four times with non-
denaturing lysis buffer and coimmunoprecipitated proteins were released by boiling in SB
(2% SDS, 10% glycerol, 62.5mM Tris-HCI pH 6.8, 100mM dithiothreitol), resolved by
SDS-PAGE, and then subjected to western blot analysis. All apoptosis IP experiments were
repeated three times. To maximize the number of outcomes per experiment, membranes
were stripped and repeatedly subjected to western blot analysis with different primary
antibodies. Quantification of data shown in Figs 3e and f and 4c represent pooled averages
from three independent experiments.

Immunostaining

Rat cortical neuronal were plated on glass coverslips in 24-well plates. After each
experiment, the cells were fixed by incubating with 4% paraformaldehyde in PBS, pH 7.5
for 10 min at room temperature. The coverslips were washed three times for 10 min each
time with PBS followed by incubation for 1 h at 21°C in blocking buffer (10% normal goat
serum (S-1000; Vector Laboratories, Burlingame CA, USA), 0.1% Triton X-100 in PBS).
The coverslips were incubated overnight at 21°C with the primary antibodies diluted in
blocking buffer. The coverslips were washed three times for 10 min, each time with PBS,
and incubated for 1 h at 21°C with the secondary antibodies Alexa Fluor® 546 Goat Anti-
Mouse IgG and Alexa Fluor® 633 Goat Anti-Rabbit IgG (A-11018, A-21070; Molecular
Probes, Eugene, OR, USA) diluted in blocking buffer solution. The samples were washed
three times for 10 min, each time with PBS, incubated for 0.5 h at 21°C with 5 pg/mL of 4”,
6-diamidino-2-phenylindole (DAPI) in saline solution, then washed again three times with
PBS for 10 min each. Cover slips were mounted on microscope slides and stored in the dark
at 4°C until examined. Microscopy imaging was performed using Zeiss Axiovert 135
microscope (Carl Zeiss, Peabody, MA, USA). All immunostaining experiments were
repeated three times. Each experiment included triplicate samples (wells containing

J Neurochem. Author manuscript; available in PMC 2013 August 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sabirzhanov et al.

Page 5

coverslips with RCN) and images were acquired from 10 random regions of each sample.
Data analysis was based on these images. Quantification of nuclear markers shown in Fig.
1b—e, caspase-3 activation shown in Fig. 5b, and PARP cleavage shown in Fig. 6b represent
pooled averages from three independent experiments.

Assessment of nuclear markers of apoptosis

4’ 6-diamidino-2-phenylindole staining was employed to determine chromatin condensation
and fragmentation, a specific nuclear marker of apoptosis (Nardi ef a/. 1997). Intact cells
displayed relatively large nuclei, uniform in size with oval shape, and chromatin
homogenously stained at low to moderate intensity. In contrast, the nuclei of apoptotic cells
appeared smaller, irregular, with more intense chromatin staining and ultimately showed
fragmentation in multiple bright, round spots (Nardi ef a/. 1997). As a measure of apoptosis
for each GFP- or HSP70-transfected/ treatment group, we normalized the percentage of
intact nuclei (from the total number of transfected cells in each group) to the percentage of
intact nuclei in control GFP-transfected cells.

Propidium iodide uptake assay

Propidium iodide (PI) is a fluorescent exclusion dye widely used as a vital stain in tissue
culture systems; PI penetrates only in cells that lack an intact membrane and labels the
nucleus (Brana et al. 2002). At the end of each experiment and without fixation, RCN were
incubated in conditioned media containing 25 pg/mL of PI for 20 min at 37°C, washed with
conditioned media, and then analyzed immediately using a fluorescent microscope using the
rhodamine filter (P1) and FITC filter (GFP). Pl-negative cells were considered intact,
whereas Pl-positive cells were considered dying cells. As a measure of survival for each
GFP- or HSP70-transfected/treatment group, we normalized the percentage of intact cells
(from the total number of transfected cells counted in each group) to the percentage of intact
cells in control GFP-transfected cells. The assay was performed as described above in
triplicate samples.

Statistical analysis

Results

Data were analyzed by Kruskal-Wallis One-Way ANOVA on Ranks followed by post hoc
adjustments using the Student—-Newman-Keul’s test. A p < 0.05 was considered statistically
significant. Statistical analyses were performed using Sigma Stat 3.5 (Aspire Software
International).

HSP70 over-expression is neuroprotective in multiple models of apoptosis in primary
cortical neurons

To test the ability of HSP70 to inhibit neuronal apoptosis, we transfected primary cortical
neurons with HSP70-expressing plasmids, induced apoptosis using four different agents
[etoposide, C2-ceramide, staurosporine, or Ap (25-35)], and examined markers of neuronal
apoptosis and cell death. By testing multiple independent apoptotic models, we ensure that
our findings are not limited to any one particular apoptosis inducer. All these apoptosis
models involve, to varying degrees, both caspase-dependent and AlF-dependent pathways.
HSP70 was previously shown to interact and inhibit these apoptosis pathways in non-
neuronal cells, but little is known about HSP70 effects on these mechanisms in neurons. The
HSP70-expressing plasmid included a V5 tag that allowed us to use V5 tag-specific
antibodies to detect the neurons expressing the transfected HSP70 construct; transfection
control was performed with GFP-expressing plasmids. In preliminary experiments, we
confirmed that V5 tag on N-terminus of HSP70 does not effect on its neuroprotective
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activity; V5-HSP70, His-HSP70, and non-tagged HSP70 were equally neuroprotective (data
not shown). We also verified that GFP-expressing plasmid is an appropriate control plasmid
for the study of neuronal cell death and showed that apoptotic neurons maintain GFP
expression in a similar manner with Lac-Z (data not shown). DAPI staining was employed
to determine chromatin condensation, a specific marker of apoptosis (Majdzadeh et a/. 2008;
Pfister et al. 2008). As described in the Methods, cells with intensely stained, condensed
and/or fragmented nuclei were scored as apoptotic. Cells with moderately stained and larger
nuclei were counted as intact. Our results show that in all four different in vitro models of
neuronal apoptosis, the proportion of intact non-apoptotic (normal chromatin staining) cells
is significantly increased in neurons that express V5-HSP70 as compared to control neurons
expressing GFP (Fig. 1).

Although chromatin condensation is a good indicator of apoptosis, it does not directly
demonstrate cell death. In contrast, it is generally accepted that loss of integrity of the
cellular membrane is an accurate indicator of irreversible cell death. To show that HSP70
over-expression not only attenuates apoptotic markers but also unequivocally inhibits cell
death and improves neuronal survival, we used PI staining of the ‘live’ unfixed cultures
(Brana et al. 2002). In these conditions, P1 is only able to penetrate cells that have lost
membrane integrity, a marker of irreversible cell death (Cordeiro et al. 2010). For the Pl
assay, the neurons were cotransfected with 2% pmaxGFP vector encoding GFP protein as a
marker for transfected cells (Hetman et a/. 2000).

Using the PI assay, we showed that following all four apoptotic stimuli the proportion of
live cells (Pl negative) is significantly increased in VV5-HSP70-transfected neurons
compared with GFP control (Fig. 2). Thus, our data demonstrate that HSP70 over-
expression is anti-apoptotic and neuroprotective in multiple neuronal apoptosis models.

HSP70 over-expression inhibits caspase-3 activation and PARP-1 cleavage in etoposide-
treated primary cortical neurons

We used fluorescent microscopy to characterize key apoptotic markers in transfected cells.
Primary cortical neurons were transfected with GFP-expression plasmids (control) or V5-
HSP70 and then either left untreated or treated with etoposide followed by
immunofluorescence with V5-HSP70, GFP, and cleaved (active) caspase-3 or cleaved poly
(ADP-ribose) polymerase (PARP1)-specific antibodies. We observed that in GFP-
transfected neurons, etoposide treatment greatly increased the number of double-positive
GFP/cleaved caspase-3 cells; these cells also showed signs of chromatin condensation. In
contrast, we detect significantly fewer V5-HSP70/cleaved caspase-3 cells following
etoposide treatment (Fig. 3a and b). PARP-1 is a well-described substrate of active
caspase-3, and the presence of cleaved PARP-1 fragments is a useful indicator of caspase
activation in apoptosis. Our data demonstrate that etoposide treatment significantly increases
the number of GPF/cleaved PARP1 neurons (these cells also showed signs of chromatin
condensation), whereas the increase in V5-HSP70/cleaved PARP1 neurons is significantly
attenuated (Fig. 4a and b).

HSP70 constitutively binds Apaf-1 in the cytosol of primary cortical neurons

Apoptotic protease-activating factor 1 is a cytosolic protein required for the formation of the
apoptosome (Apaf-1, cytochrome c, and caspase-9 complex) and initiation of the intrinsic
caspase activation pathway (cleavage and activation of caspase-9) (Li ef al. 1997). Based on
data from non-neuronal cells, it has been suggested that HSP70 inhibits cleavage of
caspase-9 by interacting with cytosolic Apaf-1. We investigated the HSP70-mediated
modulation of this pathway in various models of neuronal apoptosis. Primary cortical
neurons were transfected with V5-HSP70 and apoptosis was induced by etoposide,
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staurosporine, ceramide, and beta-amyloid. We prepared cytosolic and nuclear extracts for
IP and immunoblot.

Our results demonstrate the presence of Apaf-1 in VV5-HSP70 IP (Fig. 5a). The levels of V/5-
HSP70 and Apaf-1 are unchanged in the IP from untreated or apoptotic neurons, suggesting
the constitutive nature of their interaction in the cytosol. The total cytosolic expression of
both proteins is also unchanged in the treated versus untreated neurons (Fig. 5b). The
initiation of the Apaf-1-dependent, intrinsic caspase activation pathways in our apoptotic
models is suggested by caspase-9 cleavage: decreased levels of procaspase-9 and increased
levels of 40-kDa fragment (active) and 17-kDa fragment (Fig. 5b). We quantified cleaved
caspase-9 fragment levels in cytosolic fractions of untreated and etoposide-treated cells
(normalization by GAPDH expression) to demonstrate that apoptosis is associated with a
significant caspase-9 activation (Fig. 5b and c). Caspase-9 was not coimmunoprecipitated
with HSP70 (data not shown). These data are consistent with the hypothesis that HSP70
sequesters Apaf-1 and thus blocks the formation of the apoptosome and activation of the
intrinsic caspase pathway in neurons.

HSP70 binds AIF in the cytosol during apoptosis in primary cortical neurons

Apoptosis-inducing factor 1 is a mitochondrial protein, which initiates one of the key
mechanisms of caspase-independent apoptosis after its translocation, initially to the cytosol
and ultimately to the nucleus where it causes chromatinolysis (Artus et al. 2010). We
investigated the AIF apoptotic pathways and its regulation by HSP70 in multiple models of
neuronal apoptosis. Primary cortical neurons were transfected with V5-HSP70 and apoptosis
was induced by etoposide, staurosporine, ceramide, and A (25-35). We prepared cytosolic
and nuclear extracts to be used for IP and immunoblot. Our data show that AIF
coimmunoprecipitates with V5-HSP70 in cytosolic fractions; the V5-HSP70-AIF
interaction is increased following induction of apoptosis (Fig. 6a). Immunoblot shows that
the cytosolic levels of V5-HSP70 were similar in untreated and apoptotic cells, whereas
cytosolic AlF is increased by all apoptotic stimuli reflecting the release of AIF from the
mitochondria, a key step of the AlF apoptotic pathway (Fig. 6b). This may explain the
increased AIF-V5-HSP70 complex in neurons undergoing apoptosis. We quantified AIF
levels in untreated and etoposide-treated cells (normalization by GAPDH expression) to
demonstrate that apoptosis is associated with a significant increase in cytosolic AlF (Fig.
6f). One of the key final steps in the AlF pathway is translocation of AIF from the cytosol to
the nucleus; our data show that apoptotic stimuli greatly increase the levels of AlIF in nuclear
extracts (Fig. 6¢). We quantified AIF levels in untreated and etoposide-treated cells
(normalization by H2AX expression) to demonstrate that apoptosis is associated with a
significant increase in nuclear AlIF (Fig. 6g). Nuclear extracts from treated and untreated
cells show steady levels of H2AX, a nuclear marker and AlF partner (Artus et al. 2010) (Fig.
6¢ and d); the quality of subfractionation is demonstrated by absence of H2AX signal in
cytosolic fractions (Fig. 6d). Our observation that VV5-HSP70 is detected only in the
cytosolic and not nuclear fractions suggests that HSP70 may block nuclear translocation of
cointeracting AIF molecules by retaining them in the cytosol (Fig. 6e).

Over-expression of HSP70 attenuates apoptosis in SH-SY5Y neuronal cell line

The low transfection efficiency of primary cortical neurons did not permit detection of
changes at the level of the entire cell population, such as cell viability assays or western blot.
To address this limitation, we used the SH-SY5Y neuroblastoma cell line to examine the
protective effect of HSP70 over-expression. SH-SY5Y cell line is common model to study
neuronal cell death and neurodegeneration (Bhat et a/. 2000) and has high efficiency of
transfection (more than 50% in our hands).
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To test the ability of HSP70 to inhibit apoptosis, SH-SY5Y cells were transfected with
GFP-, V5-, or V5-HSP70-expressing plasmids. Apoptosis was induced by using etoposide,
C2-ceramide, staurosporine, or A as described above. Cell viability of SH-SY5Y cells was
examined using the Calcein AM assay. Our results show that in all four apoptotic models,
the cell viability of VV5-HSP70-transfected cells was significantly increased (Fig. 7a). We
observed no differences in the percentage of survival between control cells and cells
transfected by GFP- or VV5-expressing plasmids (data not shown).

We also used the SH-SY5Y cells to investigate the mechanisms of HSP70 neuroprotection.
SH-SY5Y cells were transfected with V5-HSP70 and apoptosis was induced by etoposide.
Cellular subfractionation into cytosolic and nuclear extracts was performed and these
extracts were used for IP and immunoblot analysis.

We observed the same level of V5-HSP70 in cytosol in untreated and apoptotic samples.
Our data show that the levels of cytosolic AlF and Cytochrome c were increased by the
same extent following etoposide treatment in non-transfected or GFP- and V5-transfected
cells versus V5-HSP70-transfected samples suggesting that HSP70 over-expression does not
regulate the release of these pro-apoptotic molecules from mitochondria. However, just like
in primary cortical neurons, AIF coimmunoprecipitates with V5-HSP70 in the cytosolic
fractions of SHSY-5Y following etoposide induction of apoptosis (Fig. 7b). In contrast,
when we evaluated level of cleaved caspase-9 fragments in cytosolic fractions (a marker of
cytochrome c-dependent apoptosis), we demonstrate that over-expression of HSP70 inhibits
caspase-9 activation. Our results also demonstrate the presence of Apaf-1 in V5-HSP70
immunoprecipitates from SHSY-5Y cytosolic fractions. Similar to the primary cortical
neurons, there are no differences in the levels of Apaf-1 in V5-HSP70 immunoprecipitates
from apoptotic and untreated SH-SY5Y cells, suggesting the constitutive nature of the
HSP70-Apaf-1 interaction in the cytosol of SHSY-5Y cells (Fig. 7b). These data support the
suggestion that HSP70 sequesters Apaf-1 and thus blocks the formation of the apoptosome
and activation of the cytochrome c-dependent intrinsic caspase pathway in neurons.

We also examined and quantified AlF translocation to the nucleus in etoposide-treated and
untreated cells. Etoposide treatment causes elevation of AIF level in nuclear fraction of non-
transfected or GFP- and/or V5-transfected cells. Importantly, over-expression of HSP70
significantly attenuated the etoposide-dependent increase in nuclear AIF compared with
etoposide-treated controls (Fig. 7¢). These data support the suggestion that HSP70 binds
AIF and prevents its translocation to the nucleus, a key step in AlF-dependent apoptosis.

Discussion

This work demonstrates the neuroprotective effects of HSP70 and its modulation of caspase-
dependent and caspase-independent pathways in four well-established models of apoptosis
in primary cortical neurons. HSPs are molecular chaperones that play a vital physiological
role enabling correct folding of freshly synthesized proteins. HSPs are up-regulated in many
acute and chronic neurodegeneration models including cerebral ischemia/stroke, trauma, and
Parkinson’s disease. It is believed that they have various cytoprotective functions through
mechanisms that include refolding of proteins impacted by stress-induced denaturation and
inhibition of apoptotic molecules (Turturici ef a/. 2011). It has been speculated that HSP70-
mediated inhibition of cell death may involve two distinct mechanisms: in the case of
stimuli that cause stress-induced necrosis associated with protein damage, the key role
appears to reflect a chaperone function in repairing the protein machinery, whereas separate
and distinct mechanisms appear to be responsible for inhibition of apoptosis when protein
damage is not a main feature (Steel ef a/. 2004). The protective effects of HSP70 in the CNS
have been shown in multiple /n vivo (Matsumori et al. 2005; van der Weerd ef a/. 2005; Sinn
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et al. 2007) and /n vitro models (Papadopoulos et al. 1996; Xu and Giffard 1997). Although
various /n vitro studies have analyzed HSP70 neuronal functions, the interpretation and
generality of the results has often been obscured by the multitude of the neuronal cell types
and injury conditions employed. In both primary neuronal cell cultures and neuronal cell
lines, prior exposure to mild heat or ischemic stress results in protection against later
exposure to either toxic conditions (heat, ischemia, or excitotoxins) (Amin et al. 1995;
Lowenstein et a/. 1991; Rordorf et al. 1991) or apoptotic stimuli (trophic factor withdrawal)
(Mailhos et al. 1993, 1994; Wagstaff ef al. 1999). The neuroprotective effects appear to be
correlated with elevated expression of HSPs, including HSP70, but studies designed to
directly link single HSPs over-expression to neuroprotection have provided conflicting
results. HSP70 over-expression was neuroprotective following thermal or ischemic stress in
primary cultures, such as dorsal root ganglion (Wyatt et a/. 1996) or hippocampal (Fink et
al. 1997) neurons, as well as in neuronal cell lines (ND7) (Mailhos et a/. 1994). HSP70 was
also shown to protect primary hippocampal neurons from glutamate and oxidative stress
(Kelly et al. 2001). In contrast, HSP70 over-expression in the same cell types did not
provide protection against apoptotic stimuli such as trophic factor deprivation (Fink et al.
1997; Mailhos et al. 1994; Wyatt et al. 1996). Other authors also confirmed that HSP70
over-expression in ND7 cells fails to attenuate serum withdrawal or stauro-sporine-induced
apoptosis despite effective inhibition of necrotic cell death (Zourlidou et a/. 2004). One
possible explanation is that additional HSPs, which are induced by pre-conditioning
treatments, are essential HSP70 cofactors. However, this possibility is contradicted in at
least one study that shows that HSP70 performance was not improved by coexpression of its
partner chaperone HSP40 (Zourlidou et al. 2004). Alternatively, HSP70 may be unable to
regulate neuronal apoptotic machinery or HSP70 activity may be cell and/or apoptotic-
inducer specific. This latter hypothesis is supported by data showing that in HSP70-over-
expressing transgenic mice, hippocampal, but not cortical neurons, are protected against
oxygen—glucose deprivation and glutamate toxicity (Lee ef a/. 2001).

The aim of this study was to directly examine the anti-apoptotic effects of HSP70 in a well-
established /n vitro model of primary cortical neurons using four independent apoptosis
stimuli. Our data demonstrate that primary cortical neurons showing selective over-
expression of HSP70 are not only significantly protected against late apoptotic features such
as chromatin condensation, but also ultimately show improved survival following etoposide,
ceramide, staurosporine, or beta-amyloid treatment compared with control. Independently,
we showed that HSP70 over-expression increased survival following apoptosis induction in
the SH-SY5Y neuroblastoma cell line. It was previously shown that in the ND7 cell line,
based on peripheral nervous system neurons, HSP70 did not protect against staurosporine-
induced cell death (Zourlidou et a/. 2004). One possible explanation for this discrepancy
may be the intrinsic differences between their /n vitro model and the CNS neuronal model
(primary cortical neurons) or the SH-SY5Y cells we employed. Nonetheless, it is significant
that we validated the HSP70 anti-apoptotic effects in four independent models of neuronal
cell death using both primary cortical neurons and the SH-SY5Y cells. We conclude that, at
least within the parameters of our models, HSP70 can modulate neuronal apoptotic
machinery resulting in significant inhibition of neuronal cell death.

Most data regarding the mechanisms of HSP70-mediated inhibition of apoptosis originate
from studies performed in non-neuronal cells. HSP70 modulates caspase-dependent
apoptotic pathways through binding apoptotic protease activating factor-1 (Apaf-1) and
preventing the formation of a functional apoptosome, the Apaf-1/cytochrome c/caspase-9
activation complex (Saleh et a/. 2000; Beere et al. 2000). The interaction between HSP70
and Apaf-1 prevents the recruitment of caspase-9 to the apoptosome, thereby inhibiting
procaspase-9 cleavage and activation (Saleh et a/. 2000; Beere et al. 2000). The binding of
HSP70 to Apaf-1 requires the N-terminal ATP-binding domain (ABD) of HSP70, and over-
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expression of a HSP70 construct without the ABD fails to interact with Apaf-1 and to
attenuate cell death following stimuli that induce caspase-dependent apoptosis, such as
etoposide (Ravagnan et al. 2001). Not all studies support this mechanism for HSP70-
dependent inhibition of caspase pathways. Steel et a/. 2004 found no HSP70/apoptosome
interaction and instead suggested that HSP70 acts upstream of the mitochondria and inhibits
several models of caspase-dependent apoptosis by blocking cytochrome c release from the
mitochondria (Steel et al. 2004). Interestingly, in their system, HSP70 did not attenuate
etoposide-induced cytochrome c release/apoptosis. Clemons et a/. 2005 also demonstrated
the ability of HSP70 to attenuate apoptosis by acting upstream of the mitochondria through
inhibition of the release of cytochrome ¢ and potentially of other mitochondrial pro-
apoptotic proteins (Clemons et al. 2005). Stankiewicz et al. 2005 proposed that HSP70 acts
upstream of the mitochondria through inhibition of Bax activation and prevention of release
of pro-apoptotic factors from the mitochondria intermembrane space, and that HSP70 does
not influence apoptosis once the mitochondrial events have occurred (Stankiewicz et al.
2005). Our data provide the first evidence that HSP70 constitutively interacts with Apaf-1 in
primary cortical neurons and SHSY-5Y neuroblastoma cell line. Active caspase-9 amplifies
the caspase cascade by caspase-3 cleavage and activation (Li et a/. 1997; Srinivasula et al.
1998) followed by cleavage of caspase substrates, such as PARP, and ultimately cell death
(Le Rhun et al. 1998). Although we detect the translocation of cytochrome ¢ from the
mitochondria to the cytosol and the cleavage of caspase-9 in all tested apoptotic primary
cortical neuronal models, the low transfection efficiency in primary neurons does not permit
observation of HSP70-mediated effects in homogenous cell extracts. To address this issue,
we used SH-SY5Y cells where higher transfection efficiencies can be achieved. Our data
show that although HSP70 over-expression does not attenuate release of cytochrome c, it
significantly attenuates caspase-9 activation following treatment with etoposide. This
suggests that the HSP70-dependent neuroprotective mechanisms are downstream of
cytochrome c release and may instead involve the HSP70-Apaf-1 interaction, which
prevents the formation of the apoptosome. Examination of individual primary cortical
neurons by immunostaining reveals that over-expression of HSP70 inhibits cleavage of both
caspase-3 and PARP in etoposide-induced apoptosis. On the basis of these data, we propose
that HSP70-dependent attenuation of etoposide-induced neuronal cell death is explained at
least in part through binding and blocking of Apaf-1 and inhibition of the caspase-dependent
apoptosis pathway.

Apoptosis-inducing factor is an inducer of caspase-independent PCD and is released from
mitochondria early in the apoptotic process (Susin et a/. 1999). Ravagnan et al. 2001
showed, using non-neuronal cells, that HSP70 specifically interacts with AIF and that
HSP70 over-expression protects cells from AlF-dependent cell death (Ravagnan er a/. 2001).
In contrast to the HSP70-Apaf-1 interaction, which is dependent on the ABD, the HSP70—
AIF interaction required the HSP70 C-terminal peptide-binding domain; an HSP70 construct
lacking ABD preserves interaction with AIF and is protective in AlF-dependent models of
apoptosis such as induced by staurosporine (Ravagnan et al. 2001b). Significantly, it was
shown that HSP70 constructs without ABD and/ or impaired chaperone function are able to
attenuate apoptosis in response to both proteotoxic (heat) and/or non-proteotoxic (TNF
alpha) provided they have a functional peptide-binding domain, suggesting the importance
of this domain for HSP70 cell-protective role (Chow et a/. 2009). We demonstrate AlF
release and translocation to the nucleus in cortical neurons and SHSY-5Y neuroblastoma
cells following all apoptotic stimuli examined. We also show that in all tested apoptotic
models, HSP70 binds AIF in the cytoplasm. Therefore, our data suggest that the
neuroprotective effects of HSP70 reflect intervention downstream of mitochondria
permeabilization and the release of apoptotic factors. Importantly, we never detected HSP70
signal in the nucleus, suggesting that in neurons, as in other cell types (Ravagnan et al.
2001), the AIF —HSP70 complex cannot be translocated to the nucleus, a key step in the
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AlF-mediated PCD pathway. Because the low transfection efficiency in primary cortical
neurons, we were not able to detect the HSP70-dependent inhibition of AlF translocation to
the nucleus in homogenous extracts by western blot. Again, the SH-SY5Y cells allowed us
to perform a more direct biochemical analysis of HSP70 effects on the AlF-dependent
neuronal cell death. Our data show that similarly with cytochrome ¢, HSP70 over-expression
does not attenuate the release of AIF from mitochondria into the cytosol. We also
demonstrate that AIF coimmunoprecipitates with V5-HSP70 in the cytosolic fractions of
SH-SY5Y cells following induction of apoptosis. Importantly, HSP70-transfected cells show
a significant inhibition of AIF translocation from the cytosol to the nucleus, a key step in
AlF-dependent apoptosis. Taken together, our results suggest that HSP70 modulates
caspase-independent pathway apoptosis in primary cortical neurons and SH-SY5Y cells
through interaction with AIF and by preventing its translocation to the nucleus.

Our data show that in primary cortical neurons, all tested apoptosis inducers lead to
activation of both caspase-dependent and -independent pathways. Previous studies have
suggested that selective blockage of a specific cell death pathway, such as caspases, may
only temporarily improve survival (Volbracht er al. 2001). Therefore, it is possible that the
robust neuroprotective effects of HSP70 over-expression are at least in partly because of its
capacity to inhibit multiple PCD pathways.

In summary, our results show that in primary cortical neurons and SH-SY5Y cells, HSP70
modulates both Apaf-1 caspase-dependent and AlF caspase-independent pathways resulting
in attenuation of apoptosis and ultimately inhibition of neuronal cell death. The lack of
success of other studies to demonstrate HSP70-dependent inhibition of apoptosis may reflect
differences between the cell types and apoptosis models used. The demonstrated ability of
HSP70 to block both caspase-dependent and caspase-independent PCD pathways in primary
cortical neurons underscores the potential for developing selective HSP70 over-expression
methods to provide neuroprotection for conditions associated with cortical neuronal
apoptosis.
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Fig. 1.

HSP70 over-expression attenuates nuclear markers of apoptosis. (a) The effect of V5-HSP70
over-expression on nuclear markers of apoptosis following treatment with etoposide was
evaluated by 4”,6-diamidino-2-phenylindole (DAPI) staining and fluorescent microscopy.
Rat cortical neurons (RCN) transfected with GFP or HSP70-V5 plasmids, and 24 h later
were treated with etoposide (Etop). After an additional 24-h time interval, cells were fixed
and stained with DAPI. For the analysis of nuclear markers of apoptosis, transfected cells
were visualized by GFP fluorescence (green) or by immunostaining with V-5 antibody (red).
Transfected cells with intensely stained, condensed, or fragmented chromatin were scored as
apoptotic (red arrow). Transfected cells with regular shape, larger and moderately stained
chromatin were counted as intact non-apoptotic (white arrow). (b—e) - RCN were
transfected, treated with (b) etoposide 50 M (Etop); (c) Staurosporine 0.5 .M (Staur); (d)
AB (25-35) 50 .M (AB); (e) C2-ceramide 50 M (C2cer), and nuclear markers of apoptosis
in transfected cells were visualized and quantified as described above and in the Methods.
The per cent neurons with intact nuclei were normalized to untreated (control) GFP-
transfected RCN. Scale bar, 25 pum. Data represent the mean + SD. *p < 0.05, **p < 0.01
***n < 0.001 versus GFP-transfected RCN treated with apoptotic inducers. Analysis by
Kruskal-Wallis one-way ANOVA on ranks, all pairwise multiple comparison procedures,
followed by post hoc adjustment using Student-Newman-Keul’s Method.
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HSP70 over-expression improves neuronal survival. Rat cortical neurons (RCN) cells were
transfected with GFP alone or V5-HSP70/GFP and treated for 24 h with (a) etoposide 50
KM (Etop); (b) Staurosporine 0.5 M (Staur); (c) AR (25-35) 50 .M (AB); (d) C2-ceramide
50 iM (C2cer). Cell survival of transfected neurons (detected by GFP fluorescence) was
quantified by propidium iodide uptake as previously described. The per cent surviving
neurons (Propidium iodide negative) was normalized to untreated (control) GFP-transfected
RCN. Data represent the mean £ S.D; 7= 3 samples. *p < 0.05, **p < 0.01, ***p < 0.001
versus GFP transfected-RCN treated with apoptotic inducers. Analysis by Kruskal-Wallis
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one-way ANOVA on ranks, all pairwise multiple comparison procedures, followed by post
hoc adjustment using Student—-Newman—Keul’s Method.
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Fig. 3.

HSP70 over-expression inhibits caspase-3 activation in etoposide-treated neurons. (a) Rat
cortical neuronal were transfected with GFP or V5-HSP70 and treated with etoposide 50
LM (Etop) as described above. Transfected cells were visualized by immunostaining with
GFP or V-5 antibodies. GFP- and VV5-HSP70-transfected neurons are shown in red. Cleaved
(active) caspase-3 was visualized by immunostaining with cleaved caspase-3 antibody
(green). 47 ,6-diamidino-2-phenylindole (DAPI) chromatin staining identified nuclear
markers of apoptosis as previously described. Apoptotic nuclei were indicated by red arrows
whereas intact non-apoptotic nuclei were indicated by white arrows. (b) The numbers of
transfected neurons with cleaved caspase-3 in each group were expressed as per cent control
GFP transfected. Scale bar, 25 pm. Data represent the mean £ SEM. *p < 0.05; versus GFP-
transfected Etop-treated RCN. Analysis by Kruskal-Wallis one-way ANOVA on ranks, all
pairwise multiple comparison procedures, followed by post hoc adjustment using Student—
Newman-Keul’s Method.
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Fig. 4.

HSP70 over-expression inhibits PARP-1 cleavage in etoposide-treated neurons. (a) Rat
cortical neuronal were transfected with GFP or V5-HSP70 and treated with etoposide 50
KM (Etop) as described above. Transfected cells were visualized by immunostaining with
GFP or V-5 antibodies. GFP- and VV5-HSP70-transfected neurons are shown in red. Cleaved
PARP was visualized by immunostaining with cleaved PARP antibody (green). 4,6-
diamidino-2-phenylindole (DAPI) chromatin staining identified nuclear markers of
apoptosis as previously described. Red arrows indicate apoptotic nuclei whereas white
arrows indicate intact non-apoptotic nuclei. (b) The numbers of transfected neurons with
cleaved PARP-1 in each group were expressed as per cent control GFP transfected. Scale
bar, 25 pum. Data represent the mean £ SEM. *p < 0.05, versus GFP transfected Etop-treated
RCN. Analysis by Kruskal-Wallis one-way ANOVA on ranks, all pairwise multiple
comparison procedures, followed by post hoc adjustment using Student-Newman-Keul’s
Method.
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Fig. 5.

HSP70 constitutively interacts with Apoptotic protease-activating factor 1 (Apaf-1) in
neuronal cytosol. Rat cortical neuronal transfection with VV5-HSP70, apoptosis induction and
subcellular fractionation to generate cytosolic extracts were performed as described. (a)
Cytosolic fractions were subjected to immunoprecipitation (IP) with V-5 antibody and
immunoblotted with antibodies against V5 and Apaf-1 to demonstrate the HSP70/Apaf-1
interaction. (b) The expression of V5-HSP70 and Apaf-1, as well as the cleavage
(activation) of caspase-9, was examined in cytosolic extracts by immunoblot. (c) Levels of
cleaved caspase-9 in etoposide 50 .M (Etop)-treated neurons were quantified as fold change
to control levels after measurement of band intensity by densitometry in cytosolic fractions
and normalization to levels of GAPDH. Data represent the mean + SD. *p < 0.05, **p <
0.01, versus control neurons (7= 3). Analysis by Kruskal-Wallis one-way ANOVA on
ranks, all pairwise multiple comparison procedures, followed by post hoc adjustment using
Student-Newman-Keul’s Method.
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Fig. 6.

HSP70 interacts with apoptosis-inducing factor (AIF) in the cytosol during neuronal
apoptosis rat cortical neuronal transfection with V5-HSP70, apoptosis induction and
subcellular fractionation to generate cytosolic, nuclear, and mitochondrial extracts were
performed as described. Cytosolic fractions were subjected to immunoprecipitation with V-5
antibody and immunoblotted with antibodies against V5 and AIF (a). Cytosolic (b) and
nuclear fractions (c) were fractioned on sodium dodecyl sulfate—polyacrylamide gel and
immunoblotted with antibodies against V5 and AIF. Equal loading was demonstrated using
GAPDH (cytosolic marker) and Histone H2A.X (nuclear marker). Cytosolic fractions
showed no Histone H2A.X contamination (d). V5-HSP70 signal was not present in the
nuclear fraction (e). Levels of AIF protein in etoposide 50 .M (Etop)-treated neurons were
quantified as fold change to control levels after measurement of band intensity by
densitometry in cytosolic (f) and nuclear (g) fractions and normalization to levels of
GAPDH for cytosolic and Histone H2A.X for nuclear fraction. Data represent the mean +
SD. *p < 0.05, **p < 0.01, versus control neurons (/7= 3). Analysis by Kruskal-Wallis one-
way ANOVA on ranks, all pairwise multiple comparison procedures, followed by post hoc
adjustment using Student-Newman-Keul’s Method.
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Fig. 7.

Over-expression of HSP70 attenuates apoptosis in SH-SY5Y cells. (a) V5-HSP70 over-
expression improves viability of SH-SY5Y cells following exposure to multiple inducers of
apoptosis. Cells were transfected with GFP, V5, or HSP70-V5 plasmids and 24 h later
treated with etoposide 50 M (Etop); Staurosporine 0.5 uM (Staur); A (25-35) 50 M
(ApB); C2-ceramide 50 M (C2cer). After an additional 24-h time interval, cell viability was
evaluated by Calcein AM assay. (b) V5-HSP70 over-expression does not change
cytochrome c and apoptosis-inducing factor (AlIF) release from mitochondria to the cytosol,
but does attenuate caspase-9 cleavage/activation. HSP70 interacts with Apoptotic protease-
activating factor 1 (Apaf-1) and AlF in the cytosol of SHSY-5Y cells. SH-SY5Y
transfection with GFP, V5, and VV5-HSP70, apoptosis induction, subcellular fractionation,
immunoprecipitation, and immunoblot were performed as described. (¢) V5-HSP70 over-
expression attenuates AIF translocation to the nucleus. Cytosolic and nuclear fractions were
fractioned on sodium dodecy! sulfate—polyacrylamide gel and immunoblotted with
antibodies against cytochrome ¢, AlF, V5, caspase-9, GAPDH, and Histone H2A.X. Equal
loading was demonstrated using GAPDH (cytosolic marker) and Histone H2A.X (nuclear
marker). Levels of AlF, Cytochrome c, cleaved caspase-9 were quantified as fold change to
control GFP-transfected cells levels after measurement of band intensity by densitometry in
cytosolic (b) and nuclear (c) fractions and normalization to levels of GAPDH for cytosolic
and Histone H2A.X for nuclear fraction. Data represent the mean + SD. *p < 0.05, **p<
0.01, ***p < 0.001 versus control GFP-transfected cells. Analysis by Kruskal-Wallis one-
way ANOVA on ranks, all pairwise multiple comparison procedures, followed by post hoc
adjustment using Student—-Newman-Keul’s method.
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