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ABSTRACT:

A number of agents targeting cell death have been used extensively to establish cell-based assays
for testing new drugs designed to modulate various cellular functions in the nervous system. In
particular, S-nitrosoglutathione (GSNO) is known for endogenously producing anti-oxidative
compounds that control nitric oxide signaling as well as the function of a variety of proteins
through S-nitrosylation. Currently, a number of rodent cell lines are used to study the effects of
GSNO on apoptotic pathways. However, the mechanisms of action by which GSNO induces cell
death remains to be evaluated in human cells and in parallel with other agents commonly used to

study apoptosis.

In this study, we aimed to compare the pro-apoptotic effects of GSNO and staurosporine (STS)
on human neural progenitors (NT2, hNP1) and neuroblasts (SH-SYSY). We show that neural
progenitors and neuroblasts exhibit comparable levels of susceptibility to GSNO- and STS-
induced cell death. In particular, apoptosis was observed following treatment with either GSNO
or STS, as demonstrated by condensed nuclei and caspase-3 activation. Examination of BAX and
BCLXL levels revealed a differential pattern of activation between NT2 and hNP1 neural
progenitors and SH-SYSY neuroblasts, suggesting a potential mechanistic difference in apoptotic
responses related to development stage. Assessment of ERK and p-ERK levels after treatment
with GSNO or STS provided further evidence that these cells exhibit differential responsiveness
to apoptotic inducers. These results were complemented by mitochondrial membrane potential
analysis, revealing that NT2 and hNPI1 cells undergo mitochondrial hyperpolarization in
response to short-term exposure to STS prior to undergoing subsequent depolarization. However,

hyperpolarization was not observed in neuroblasts (SH-SY5Y).

This is the first study to report differences in the apoptotic responses to GSNO and STS in three

complementary human neural cell lines. Furthermore, these cells can be used as useful tools in
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cell pharmacological paradigms in which susceptibility to apoptotic-inducing agents needs to be

assessed at different stages of neural cell fate commitment and differentiation.

KEY WORDS:

caspase-3, apoptosis, S-nitrosoglutathione, staurosporine, NT2, hNP1, SH-SYS5Y
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INTRODUCTION:

Apoptosis or programmed cell death is a complex process that is known for its essential roles in
regulating cellular proliferation, tissue development and senescence in multicellular organisms.
While occurring routinely in all healthy tissues to maintain homeostasis, deregulation of
apoptosis is considered as a common feature in pathological conditions, including
neurodegenerative diseases. The apoptotic process can be initiated by a wide range of factors
such as hypoxia, UV irradiation, hyperosmolality and various chemical agents. Many of these
factors are known to mediate cell death in the nervous system, using well-established extrinsic
and intrinsic pathways. In particular, there is compelling evidence that extracellular and
intracellular redox environments serve as important regulators of apoptosis in the brain (Diers et
al. 2013; Federico et al. 2012). Indeed, the generation of reactive oxygen species is a well-known
component of certain apoptotic pathways and depletion of glutathione (GSH) is commonly

observed as an early event following exposure to apoptotic stimuli (Dukhande et al. 2013).

The apoptotic process itself is characterized by a series of morphological and biochemical
features including changes in mitochondrial membrane potential, mitochondrial transition pore
opening, phosphatidylserine translocation to outer cell membrane, caspase activity, cytoskeleton
disruption and breakdown, metabolic activity, chromatin condensation, DNA fragmentation,
endonuclease activation, cell shrinkage and ultimately cell fragmentation. From a molecular
mechanism standpoint, caspases 3, 6, and 7 are known to play a central role in the apoptotic
cascade, as their activation is a convergence point for intrinsic and extrinsic initiators and
represents the beginning of the execution phase (Franco and Cidlowski 2009). Once activated,
caspase 3 (CASP3) cleaves a plethora of proteins that containing its recognition motifs (Fang et
al. 2006; Han et al. 2013; Mahrus et al. 2008). Recent proteomic studies have led to the revision
of what is accepted to be the canonical CASP3 recognition motif (DEVD), with the identification
of a greater diversity of recognition sites (Mahrus et al. 2008) and cell type specificity of motif
prevalence (Han et al. 2013). The activation of CASP3 has been known to be at least partially
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mediated by the BCL2 family of proteins, which includes both pro- and anti-apoptotic members
(Chan and Yu 2004; Snigdha et al. 2012). Disruption of the balance of pro- and anti-apoptotic
protein levels tilts the system toward either apoptosis or survival. In particular, the BAX/BCLXL
ratio is considered as an important regulatory point for the apoptotic cascade (Renault et al.
2013). While the level of CASP3 and the ratio of BAX/BCLXL are viewed as defining
parameters of apoptosis, emerging evidence supports a complementary role for caspase-
independent apoptotic mechanisms. For instance, activation of extracellular signal-regulated
kirase 1-2 (ERK1-2), a molecule known for mediating growth factor stimulated proliferation and
differentiation, can cause cell death in the absence of CASP3 activation (Cheung and Slack
2004; Subramaniam and Unsicker 2010). Similarly, some mitochondrial factors are also known
to be capable of inducing apoptosis and DNA fragmentation, independent of CASP3 activation

(Cheung and Slack 2004; Subramaniam and Unsicker 2010).

In recent years, significant progress has been made towards our understanding of the regulatory
mechanisms by which cytotoxic factors mediate apoptosis in the brain. However, only a few
studies have specifically focused on the effects of S-nitrosoglutathione (GSNO) on neural cell
death. GSNO is produced by the interaction of NO with reduced GSH (Broniowska et al. 2013)
and it is known to induce S-nitrosylation of both cell surface and intracellular proteins without
undergoing direct cellular internalization (Broniowska, Diers, and Hogg 2013; Yin et al. 2013;
D.-H. Liu et al. 2013; Qu et al. 2012). Furthermore, several groups have reported anti-
inflammatory and neuroprotective functions of GSNO in vitro and in vivo (Andoh et al. 2000;
Khan et al. 2009; Qu et al. 2012; Won et al. 2013; Yin et al. 2013), suggesting that GSNO has
the potential to be used clinically in the future. However, the limited findings from other
laboratories focusing on GSNO-mediating cell death have challenged this notion, proposing that
GSNO may work on a context- and dose-dependent manner (Franco and Cidlowski 2009; He et
al. 2004; Q.-B. Liu et al. 2010; Pannu and Singh 2006). Pannu and Singh (2006) have shown that

the NO generated from GSNO acts as second messenger, regulating the expression of specific
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proteins. Thus, the environment in which NO is produced may determine its beneficial and
detrimental effects. Furthermore, there is increasing recognition of the significant role of aberrant
S-nitrosylation in the development of a variety of neurodegenerative diseases (Nakamura et al.
2013). These multi-faceted aspects of GSNO make its therapeutic potential in neurodegeneration
and other diseases complicated without a careful examination of its effects on human cells

(Nakamura et al. 2012).

To properly assess the role of GSNO in vitro, cells need to be selected based on their origin,
physiological properties and applicability to relevant assays. Added to these considerations
should be an understanding of the cell-type specific differences in responses, as well as the
mechanisms underlying these differences. In this study, we aimed to compare the responses of
three complementary human neural cell types to GSNO and staurosporine (STS), which is a
potent non-specific protein kinase inhibitor known to induce apoptosis (Lopez et al. 2013;
McGinnis et al. 1999; Tamaoki and Nakano 1990). We were also interested in assessing the
degree of similarity in apoptotic responses to GSNO and STS between human neural progenitors
(Ntera2/D1 and hNP1) and human neuroblasts (SH-SY5Y cells), which represent different stages
of cell differentiation and possibly susceptibility to apoptosis. Our findings not only provide
novel information about the suitability of these cells to study apoptotic cell death mechanisms,
but also they facilitate developing strategies to design therapeutic approaches targeting

pathological conditions in the nervous system.
MATERIALS AND METHODS:

Cell Systems - Two human neural cell lines, human embryonal teratocarcinoma Ntera2/D1 (NT2)
cells (Stratagene, La Jolla, CA) and SH-SY5Y neuroblastoma cells (ATTC, Manassas, VA),
were maintained in high glucose Dulbecco’s Modified Eagles medium (HG-DMEM) (Life

Technologies, Burlington, ON) with 10% fetal bovine serum (Wisent, Saint Bruno, QC). Cells
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were trypsinized, plated in 12 well plates at a density of 50,000 cells/well and incubated for two

days prior to treatments.

Human neural progenitor cells (hNP1, ArunA Biomedical, Athens, GA) were grown in AB2
Basal Neural Medium supplemented with ANS Neural Medium Supplement, 20 ng/ml bFGF, 2
mM L-glutamine, and 10 ng/ml LIF on 6 well plates coated with Matrigel (VWR, Mississauga,
ON). hNP1 cells were replenished with supplemented AB2 medium every two days, and were
maintained in culture until passage 9. Cells were dislodged by gentle trituration and were plated

at a 1:3 dilution in 12 well plates coated with Matrigel.

Drug Treatments - GSNO was prepared fresh for each experiment. Reduced glutathione (GSH)
(Sigma-Aldrich, Oakville, ON) was dissolved in 1 M NaNO, (VWR) to produce a 1 M GSNO
stock. NT2, SH-SYSY, and hNP1 cells were treated for 22 hrs with increasing concentrations of
GSNO or Staurosporine (STS) (Sigma) in complete medium with serum to determine which
concentrations resulted in approximately 50% cell death. These concentrations were used for all

subsequent experiments and are listed in Table 1.

Cell Viability Assays - The S-carboxyfluorescein diacetate (CFDA) assay was used to determine
cell viability in 22 hr control, GSNO-, and STS-treated cultures (Sandhu et al. 2005). Cells were
incubated with 2.5 pg/mL of CFDA (Molecular Probes) in Earle’s Balanced Salt Solution
(Sigma) at 37°C for 20 min. The fluorogenic CellEvent CASP3/7 detection assay (Molecular
Probes, Eugene, OR) was used to detect CASP3 activation after 22 hr in control, GSNO, and
STS treated cultures by adding 2 uL of the reagent to live cells and incubating for 30 minutes.
For both assays, cells were imaged using an Axiovert 200M microscope (Zeiss) and fluorescence
was quantified using a CytoFluor™ 2300/2350 fluorescence measurement system (Millipore,
Billerica, MA) with excitation filter 480 + 20 and emission filter 530 + 25. To examine nuclear
morphology of control, GSNO and STS treated cells, cultures were fixed for 8 minutes at room

temperature with Genofix (DNA Genotek Inc., www.DNAGenotek.com), stained with Hoechst
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33258 (Sigma) and mounted in DAKO fluorescent mounting medium. Cells were imaged using
an Axiovert 200M microscope (Zeiss). Images were taken with Axiovision 3.0 software (Zeiss,

Thornwood, NY) and were processed using Adobe Photoshop (Adobe Systems Incorporated).

Western blotting - Cells were treated with GSNO or STS for 4, 7, or 22h. Cells were lysed in
RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Deoxycholate,
1% triton X-100) and proteins were separated by 12% SDS-PAGE. Proteins were transferred to
nitrocellulose and membranes were probed with rabbit polyclonal BAX, rabbit polyclonal
BCLXL, rabbit polyclonal cleaved caspase, rabbit polyclonal Phospho-p44/42 MAPK (ERK1/2),
rabbit polyclonal p44/42 MAPK (ERK1/2) (all from Cell Signalling Technology, Danvers, MA)
or mouse monoclonal B-actin (Sigma), followed by HRP-conjugated secondary antibodies.

Membranes were developed with Immunstar ECL kit (Biorad, Mississauga, ON).

Mitochondrial permeability - Cells in 12 well plates were treated with GSNO or STS for 1, 4 or
22h in complete medium, and then loaded with TMRM (200nM from a 2mM stock in DMSO)
for 30 min in Earle’s Balanced Salt Solution (EBSS) at 37°C in a 5% CO2 incubator. Cells were
washed twice with EBSS and TMRM staining was quantitated by fluorescence intensity using a
CytoFluorTM 2300/2350 fluorescence measurement system with excitation filter 560 + 20 and

emission filter 620 % 40.

Statistical analysis - The data were expressed as mean £ S.E.M. and analyzed using a 2-way

ANOVA with Dunnett’s multiple comparisons post-hoc test to assess treatment effects.

RESULTS:

Comparative analysis of cell death in response to GSNO and STS

The CFDA assay was used to determine the effect of GSNO and STS on cell viability in NT2
and hNP1 neural progenitors and SH-SYSY neuroblasts (Figure 1). CFDA is a non-fluorescent
hydrophobic dye that is cleaved inside live cells forming a fluorescent hydrophillic anion, 5(6)-
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carboxyfluorescein. This compound remains inside the cytoplasm of live cells and exhibits
fluorescence (Petroski and Geller 1994). Representative CFDA staining is illustrated in Figure 1
for 22 hr control, GSNO and STS treated cells. The CFDA images were merged with the
corresponding phase contrast images to show the entire cell population. Labelling was consistent
for the three cell types examined, and for both types of treatments. In both control and GSNO-
or STS-treated cultures, cells with a normal morphology were labelled, whereas condensed
rounded dead cells lacked fluorescence (Fig. 1A, 1D, 1G). CFDA fluorescence was quantified
in the three cell types treated with increasing doses of GSNO or STS. All three cell types
demonstrated a dose-dependent reduction in cell viability in response to the treatments.
However, there were differential sensitivities among the cell types. Comparative analysis of
concentrations required to reduce cell viability by 50% showed that SH-SYS5Y cells were the
most sensitive to GSNO (0.25 mM for approx. 50% death) (Fig. 1E). Whereas, NT2 and hNP1
cells required double (0.5 mM) and quadruple (1 mM) this concentration for a similar reduction
in viability, respectively (Fig. 1B, 1H). In contrast, NT2 cells were the most sensitive to STS
treatment (10 nM for approx. 50% death) (Fig. 1C). SH-SYSY and hNP1 cells were somewhat
similar in their responses to STS (50 nM and 35 nM, respectively, for 50% cell death) (Fig. 1F,
1I). These results allowed for a careful selection of GSNO and STS concentrations for

subsequent experiments, as summarized in Table 1.

GSNO and STS induce apoptosis in neural progenitors and neuroblasts

The ability of STS to induce apoptosis in numerous cell lines is well known. However, it is
unclear if GSNO-induced cell death is mediated through apoptosis in neural progenitors and
neuroblasts. To address this issue, we performed Hoechst 33258 staining to examine the
morphology of chromatin after treatment of cells with GSNO or STS. Nuclei with classical
apoptotic morphology were observed in all three cell types following 22 hr treatment with either
GSNO or STS (Fig. 2A, 2D, and 2G). To further confirm that apoptosis is the mode of cell death
occurring, we examined the induction of active CASP3 under the same conditions. The
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CellEvent assay was used to identify individual cells with activated CASP3. The assay reagent
contains a peptide with the cleavage site for caspase3/7 (DEVD) conjugated to a nucleic acid
binding dye. While conjugated, the dye is non-fluorescent. Following cleavage, the dye is able
to bind to DNA, producing green fluorescence. Representative CellEvent images are shown in
Figure 2B, 2E and 2H for 22 hr control, GSNO- and STS-treated cells. The CellEvent images
were merged with their corresponding phase contrast images to show the entire cell population.
Both GSNO- and STS-treated cultures demonstrated cell populations exhibiting green
fluorescence, indicative of the presence of active CASP3. Moreover, it was the rounded
collapsed cells that fluoresced with the CellEvent assay, confirming that these cells were
apoptotic (Fig. 2A-B, 2D-E, 2G-H). We determined that both GSNO and STS significantly
elevated the levels of active CASP3 in all the three cell types, (1.5 fold for SH-SY5Y and 2 fold
for NT2 and hNP1, Figure 2C, 2F, 2I). These results confirmed that the GSNO and STS
concentrations chosen to induce 50% cell death produced comparable levels of CASP3 activation

in all three cell types.
GSNO and STS exhibit differential effects on apoptotic mediators

We aimed to identify potential mechanistic differences related to the involvement of BCL2
proteins in GSNO- and STS-induced apoptosis. We examined the effect of GSNO and STS on
the levels of the pro-apoptotic protein BAX and the anti-apoptotic protein BCLXL. Due to the
complex nature of the interactions among BCL2 proteins in controlling apoptosis, it has been
demonstrated that the absolute levels of individual proteins are less important than the interplay
among various family members (Shamas-Din et al. 2013). Therefore we assessed BAX and
BCLXL levels in order to determine the BAX/BCLXL ratio, which is more indicative of the state
of apoptotic regulation. Figure 3 shows that 22 hr STS treatment resulted in decreased BAX and
BCLXL levels in NT-2 cells (Fig. 3A), whereas GSNO treatment did not alter the levels of these
proteins. A similar trend was also observed in SH-SYS5Y (Fig. 3B) and hNP1 (Fig. 3C) cells.
Interestingly, the BAX/BCLXL ratio was reduced by GSNO and STS treatment in NT2 and
10
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hNP1 cells, but not in SH-SY5Y cells. These results suggest that neural progenitors mount an

anti-apoptotic response that is not observed in neuroblast cells.

To better understand the process involved in GSNO- and STS-induced apoptosis, we assessed
the levels of these apoptotic markers at time points that preceded the frank apoptosis observed at
22 hrs. The maximal CASP3 activation observed in this study occurred with a 7 hr treatment
duration (Fig. 4A — F), with no changes observed at 4 hrs (data not shown). Interestingly, GSNO
and STS had no discernible effects on BAX and BCLXL levels in all cell types at 7 hrs, with the
exception of a reduction in BCLXL levels observed in STS-treated hNP1 cells (Fig. 4). This is in
stark contrast to the elevated cleaved CASP3 levels observed at 7 hrs. Consistent with the
observations at 22 hrs, all cell types responded to GSNO and STS treatment with elevated
cleaved CASP3 levels (Fig. 4D — F).

Additionally, we examined the levels of ERK and P-ERK to assess the effects of GSNO and STS
on MAPK signaling and the potential contribution of caspase-independent apoptotic
mechanisms. Figure 4G — I shows reduced P-ERK levels in both NT2 and hNP1 cells following
GSNO or STS treatment. Notably, GSNO treatment produced a much larger effect on P-ERK,
compared with that of STS. Furthermore, ERK level were not appreciably altered by either
GSNO or STS treatment. These results suggest that GSNO and STS may differ significantly in

the mechanisms employed in producing apoptosis.

Effect of GSNO and STS on mitochondrial polarity

Cell viability is dependent on normal mitochondrial function, as mitochondria mediate oxidative
phosphorylation and disruption of the mitochondria results in the release of pro-apoptotic factors.
Mitochondrial depolarization is an early event indicative of imminent cell death. Thus, we
examined the effects of GSNO and STS on mitochondrial membrane potential using TMRM
staining. We examined three time points in an attempt to discern a sequence of events. Figure §
shows that significant mitochondrial depolarization was observed at the 22 hr time point in all
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cell lines with both GSNO and STS. The magnitude of the depolarization is consistent with the
observed degree of cell death (Fig. 1) produced by these treatments. Examination of time points
prior to peak CASP3 activation at 7 hrs revealed the absence of mitochondrial depolarization.
Interestingly, significant STS-induced hyperpolarization was observed in hNP1 cells at 1 and 4
hrs, with a similar tendency observed in NT2 cells, suggesting cell-type specific responses. In
comparison, SH-SY5Y cells did not exhibit hyperpolarization. Furthermore, no evidence for

GSNO induced hyperpolarization was observed in the three cell types.

DISCUSSION:

The objective of this study was to characterise the susceptibility of human neural cells to GSNO-
and STS-induced apoptotic cell death. The project was undertaken for two reasons. First, very
little information is available regarding GSNO toxicity in neuroblasts and neural progenitor cells.
Secondly, the lack of information on the responses of these cells toward S-nitrosylating agents
represents a considerable gap in our understanding of the potential applications. An
understanding of these responses is particularly important considering the fact that GSNO is
currently employed in human clinical trials (Broniowska et al. 2013). While the majority of these
trials focus on the effects of GSNO on platelets and the regulation of vascular parameters, off
target effects need to be considered as well. Hence, an understanding of potential adverse effects
with respect to progenitor cells is vitally important. Furthermore, this study aims to inform the
application of human neural cells in pharmacological paradigms with respect to cell-specific

signaling and responses to apoptotic stimuli.

GSNO is an endogenous S-nitrosothiol (SNO) that is an important component of the nitric oxide
signalling pathway. NO is generated by the nitric oxide synthase (NOS) enzymes and exists in
cells as a pool of SNOs and NO. SNOs act as endogenous NO carriers and donors, and GSNO in
particular serves as a stable and mobile pool of NO capable of transducing NO signalling. Thus

GSNO, and other NO donors, constitute a redox-responsive signalling system capable of
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modulating the activity of a plethora of proteins through S-nitrosylation of cysteine residues

critical to their function.

Here, we demonstrated that the cytotoxic effects of GSNO and STS on neural cells were
observed at millimolar and nanomolar concentrations, respectively. While a minor degree of
variability in the ECsy values was observed, no dramatic differences in susceptibility to either
GSNO or STS was observed among the cell types examined (Table 1, Figure 1). Furthermore,
the hallmarks of apoptosis, condensed nuclei and CASP3 activation, were observed in all cell
types (Figure 1 & 2). These observations indicate that CASP3 activation is a central event in the
apoptotic cascades induced by both STS and GSNO. Furthermore, this data is consistent with
previous reports of the effect of STS on a variety of cell types (Posadas et al. 2007; Yuste et al.

2002), and represents new information with respect to the effects of GSNO on neural cells.

The BCL2 family of proteins play a prominent role in the regulation of intrinsic apoptosis. We
therefore assessed the effects of GSNO and STS on the status of two key members of the BCL2
family. We examined BAX and BCLXL levels using western blot during a period where
activated caspase is observed (22 hr). We found that NT2 and hNP1 cells responded similarly
with an apparent anti-apoptotic BCL2 response (decreased BAX/BCLXL ratio). Conversely, no
evidence for an anti-apoptotic response was observed in SH-SYSY cells (Figure 3). However, in
comparison to the time point where the greatest levels of activated CASP3 was observed, 7 hrs,
no anti-apoptotic alterations in BCL2 proteins were observed (Figure 4). If anything, the
reduction in BCLXL levels observed at 7 hrs would contribute to the apoptotic signalling. Given
that CASP3 activation occurs long before the presumed anti-apoptotic BCL2 response observed
at 22 hrs, the alterations in BCL2 proteins seems to be insufficient to protect NT2 and hNP1 cells
from ongoing apoptotic signalling. Furthermore, these results suggest that cell-type specific
differences exist in the molecular mechanisms elicited in human neural progenitor cells versus

neuroblasts.
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The effect of GSNO and STS on ERK signalling, which is typically involved in proliferation and
differentiation, were also examined. We found that GSNO produced a very strong reduction in P-
ERK levels in NT2 and hNPI cells, and a much less pronounced effect on SH-SY5Y cells
(Figure 4). This observation is consistent with the report by Feng et al (2013), who reported that
P-ERK levels are decreased following treatment with the S-nitrosylating agent SNP.
Furthermore, these authors demonstrated that SNP treatment produced S-nitrosylation of ERK,
which results in reduced ERK activity. Additionally, STS produced a similar, yet less
pronounced, pattern on P-ERK levels. When the effects of GSNO and STS are compared, it
appears that STS produces a larger effect on CASP3 activation, while GSNO produces a more
pronounced effect on P-ERK levels. This suggests that the GSNO and STS produce discreet

effects on cellular signalling and elicit apoptosis in a mechanistically distinct manner.

The role of the mitochondria in mediating apoptotic signals is well established. Therefore, we
assessed the effects of GSNO and STS treatment on mitochondrial polarity as a marker of the
participation of mitochondrial-derived factors on apoptotic signalling. We found that neither
GSNO nor STS induced mitochondrial depolarization prior to or during peak CASP3 activation
(Figure S). However, by 22 hours, both GSNO and STS had produced varying degrees of
mitochondrial depolarization. This indicates that mitochondrial depolarization was not required
to elicit CASP3 activation and apoptosis. This is consistent with previous reports that indicate
that mitochondrial depolarization is not required for, nor necessarily precedes apoptosis (Budd et
al. 2000; Krohn et al. 1999). Indeed, Budd et al (2000) reported that mitochondrial depolarization
was not necessary for STS-induced cytochrome C release, which was dependent on caspase 8
and Bid activation. Furthermore, we observed that STS treatment produced a significant
hyperpolarization of hNP1 cells at 1 and 4 hrs. Mitochondrial hyperpolarization is a known
indicator of mitochondrial reactive oxygen species (ROS) generation (Sanderson et al. 2013) and
STS-induced ROS generation has been previously reported (Ribeiro et al. 2013). This supports a

role for ROS in mediating STS activation of CASP3, which is consistent with reports of CASP3
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and CASP9 activation upon H,0, treatment (Nomura et al. 2013). Furthermore, the lack of
evidence for GSNO-induced ROS production is consistent the report of Diers et al. (2013), who
reported that treatment with the nitrosylating agent CysNO impaired mitochondrial respiration
but did not induce ROS production. Therefore, it appears that ROS generation contributes to the
early stages of STS-induced cellular injury in neural progenitor cells, but not neuroblasts.

Furthermore, GSNO-induced apoptotic cell death does not appear to involve ROS generation.

The observations presented here led us to develop a model of the potential mechanism for
GSNO-induced apoptosis (Figure 6A-B). Under normal conditions, the levels of active CASP3
are maintained at sub-apoptotic levels, in part, by the action of inhibitors of apoptosis (IAP)
proteins, such as the X-linked inhibitor of apoptosis (XIAP) (Figure 6A). XIAP acts as an E3
ubiquitin ligase that efficiently targets active CASP3 for proteasome degradation, thereby
preventing the accumulation of active CASP3 (Nakamura et al. 2012). S-Nitrosylaiton of XIAP
(SNO-XIAP) results in inhibition of its E3 ligase activity and consequently inhibition of active
CASP3 degradation (Nakamura and Lipton 2013). Interestingly, the S-nitrosylated form of active
CASP3 (SNO-aCASP3) and is capable of transnitrosylating XIAP (Nakamura et al. 2010), which
effectively enables the accumulation of active CASP3. Thus, the observed GSNO-induced

activation of CASP3 is likely due to the inhibition of active CASP3 degradation (Figure 6B).

Cell-based assays of are commonly used to evaluate a wide variety of pharmacological agents,
particularly in the field of neurodegenerative diseases. The choice of cell line is typically based
upon the relevance to the disease being investigated; however, such choices may also be based
on the utility of a cell line in specific assays. While practical considerations will always be part
of the decision process, knowledge of cell-type specific responses needs to be employed to
ensure that the model is appropriate from a mechanistic standpoint. The results of our study are
an illustration of this concept. We found that there were clear mechanistic differences between
neural progenitors and neuroblasts in their responses to STS and GSNO (Figure 6C). STS
induced mitochondrial hyperpolarization in neural progenitor cells, but not in neuroblasts,
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indicating that the generation of ROS is a component of STS-induced apoptosis in progenitor
cells. Similarly, we found that the effect of GSNO treatment on ERK signaling was far more
pronounced in neural progenitors than in neuroblasts (Figure 6C). Again, this notion indicates
that GSNO-induced toxicity also displayed cell-type specificity. In the present examples, agents
that directly affect ROS or ERK signaling would be expected to produce differential effects in

neuroblasts when compared to neural progenitors.

Previous studies have demonstrated that the *NO donor GSNO is not cytotoxic or pro-apoptotic
at 30 uM, and can counteract serum deprivation induction of *OH damage (Andoh et al. 2000).
Here, we have demonstrated that GSNO can induce apoptosis in human neural cells in the low
mM range. Furthermore, we have also shown that the apoptotic signalling mediated by GSNO is
distinct from that of STS and that the apoptotic signalling pathways are not dependent on
mitochondrial depolarization. Additionally, we have presented evidence that the susceptibility of
human neural cells to GSNO and STS is likely to be affected by their state of differentiation.
Taken together, this report informs the suitability of these in vitro models as tools in cell

pharmacological paradigms focusing on apoptosis.
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Cell Death (ECs)
Cell Type GSNO STS
NT2 0.5 mM 10 nM
hNP1 1.0 mM 35nM
SH-SYS5Y 0.25 mM 50 nM

Table 1. Concentrations of GSNO and STS found to induce 50% cell death in neural progenitor
and neuroblast cells after 22 hours of drug treatment. Drug concentrations were derived from

data presented in Figure 1, and were used in all subsequent experiments (Figures 2 — 5).
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Figure 1. Dose-dependent GSNO- and STS-induced cytotoxicity in human NT2, SH-SYS5Y, and
hNP1cells. CFDA staining is depicted in panels A, D and G for NT2, SH-SYSY and hNP1 cells,
respectively (scale bar represents 20 pm). Quantitation of CFDA staining performed after 22 hrs
of GSNO or STS treatment demonstrates that cell viability decreased in a dose dependent
manner with both compounds in all cell types. NT2 cells were differentially susceptible to
GSNO (B) and STS (C), with a slight reduction in cell viability in the presence of STS. In
comparison, SH-SY5Y cells were more susceptible to GSNO (E) than STS (F). In contrast,
hNP1 cells were less susceptible to GSNO (H) and exhibited STS (I) susceptibility comparable
to SH-SYSS5Y cells.

Figure 2. Comparative analysis of the effects of GSNO- and STS-treatment on apoptosis and
CASP3 activation in NT2, SH-SYS5Y, and hNPIcells. In all cell types, apoptotic nuclei were
clearly visible, using Hoechst 33258 staining, following 22 hr treatment with either GSNO or
STS (Panels A, D and G). The microscopic images presented in Panels B, E and H demonstrate
alterations in active CASP3 staining resulting from GSNO and STS treatment (scale bar
represents 20 pm). CellEvent staining demonstrated that both GSNO and STS significantly
increased CASP3 activation in all cell types (Panels C, F and I). The concentrations of GSNO

and STS used are as listed in Table 1.

Figure 3. Analysis of the effects of GSNO and STS treatment on the expression of apoptosis-
regulating proteins in NT2, SH-SY5Y, and hNP1cells. Western blot analysis indicated that BAX
and BCLXL levels were reduced following 22 hr STS and to a lesser extent GSNO treatments.
Marked reductions in BAX were observed in NT2 (A) and hNP1 (C) cells, while effects in SH-
SY5Y (B) cells were minor. BCLXL levels were moderately reduced from control levels in all

cell types.

Figure 4. Analysis of the effects of GSNO and STS treatment on the expression of BAX and
BCLXL expression in NT2, SH-SYSY, and hNP1cells. Western blot analysis indicated that BAX
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and BCLXL levels were largely unchanged following 7 hr GSNO and STS treatment. In contrast,
active CASP3 levels were markedly increased in NT2 (A), SH-SYS5Y (B), and hNP1 (C).
Quantitative analysis of cleaved CASP3 levels indicated that significantly elevated levels were
observed in the presence of GSNO or STS (Panels D - F). The effects of 7 hr GSNO and STS
treatment on ERK and P-ERK levels were assessed using western blot analysis (Panels G - I).
GSNO treatment resulted in depletion of P-ERK in NT2 and hNP1 cells, but not in SH-SY5Y
cells. STS treatment moderately inhibited P-ERK levels in all cell types. ERK levels did not

appear to be altered as a result of GSNO or STS treatment.

Figure 5. Analysis of the effects of GSNO and STS treatment on mitochondrial polarity. TMRM
staining was assessed following 1, 4 and 22 hrs of GSNO or STS treatment. GSNO induced
mitochondrial depolarization at 22 hrs in all cell types (Panels A, B, and C; NT2, SH-SYS5Y, and
hNPI cells, respectively), but not at prior time points. Similarly, STS induced mitochondrial
depolarization in all cells at 22 hrs. However, STS treatment produced mitochondrial
hyperpolarization in NT2 and hNP1 cells at 1 and 4 hours, but not in SH-SY5Y cells. * p <0.085,
** p <0.001, **** P <0.0001.

Figure 6. Schematic depiction of S-nitrosylation regulation of CASP3 mediated apoptosis and
cell-type specific aspects of the induction of apoptosis by STS and GSNO. (A) Under normal
conditions, the inhibitor of apoptosis proteins XIAP, which possesses E3 ubiquitin ligase
activity, interacts with and ubiquitinates active caspase (CASP3). Ubiquitinated CASP3 is then
degraded, thereby preventing its accumulation and participation in apoptosis. (B) In the presence
of nitrosative stress (GSNO), both XIAP and CASP3 can undergo S-nitrosylation (SNO). XIAP
E3 ligase activity is decreased upon S-nitrosylation, while SNO-CASP3 is capable of shedding
its nitrosylation by transnitrosylating XIAP. The net effect of these events is to enable the
accumulation of CASP3 and the development of apoptosis. (C) STS-induced apoptosis is
characterized by cytochrome C (CytC) release from the mitochondria and the activation of
CASP3. Based on our data, STS treatment increases CASP3 levels and apoptosis. In addition,
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STS produces mitochondrial hyperpolarization (TAW,) in hNPI1, but not SH-SY5Y cells,
suggesting that reactive oxygen species (ROS) are involved in STS-induced apoptosis in neural
progenitors. While the induction of apoptosis by GSNO involves the potent activation of CASP3
altered ERK signalling is likely contributing to GSNO-induced apoptosis in NT2 and hNP1 cells,

but not SH-SYSY cells. Orange boxes indicate effects specific to neural progenitor cells.
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