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Abstract 

Nerve growth factor (NGF) is well characterised as an important pro-survival factor in 

neuronal cells that can inhibit apoptotic cell death upstream of mitochondrial outer membrane 

permeabilization. Here we addressed the question of whether NGF can also protect against 

apoptosis downstream of caspase activation. NGF treatment promoted a rapid reduction in 

the level of the p17 subunit of active caspase-3 in PC12 cells that had been induced to 

undergo apoptosis by various cytotoxins. The mechanism involved TrkA-dependent 

activation of extracellular signal-regulated kinase (ERK1/2), but not phosphatidylinositol 3-

kinase (PI3K)/Akt, and de novo protein synthesis. Involvement of Inhibitor of apoptosis 

proteins (IAPs) and proteasomal degradation were ruled out. In contrast, inhibition of 

lysosome function using chloroquine and concanamycin A reversed NGF-induced removal of 

p17. Moreover, in NGF-treated cells active caspases were found to be localised to lysosomes. 

The involvement of macroautophagy and chaperone-mediated autophagy were ruled out. 

Taken together, these findings suggest an anti-apoptotic mechanism by which NGF induces 

removal of active caspase-3 in a lysosome-dependent manner. 

 

Introduction  

Apoptosis is important in the elimination of unwanted or damaged cells in multicellular 

organisms. A detailed understanding of the apoptotic pathway commitment point is crucial 

for development of new therapeutic strategies to combat undesirable apoptosis that occurs in 

certain degenerative diseases and in acute injury such as ischemia.1 Central to apoptosis is the 

activation of caspase proteases that drive cellular disassembly.2 In healthy cells caspases are 
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maintained as inactive zymogens. One of the main mechanisms of caspase activation is 

through mitochondrial outer membrane permeabilization (MOMP).3 Upon MOMP 

cytochrome c translocates into the cytosol to initiate formation of the apoptosome complex, 

leading to proximity-induced auto-activation of initiator caspase-9.4 Once activated caspase-9 

cleaves and activates executioner caspases such as caspase-3 and -7.5  

MOMP and cytochrome c release are commonly regarded as the commitment point in 

apoptosis, such that once it occurs the cell is irretrievably destined to die. Regulation of 

apoptosis occurs mainly upstream of mitochondrial changes, through the altered expression 

and/or post-translational modification of pro- and anti-apoptotic Bcl-2 family members.6,7 

However, there also exist mechanisms for the regulation of caspases downstream of 

mitochondria. The E3 ubiquitin ligase XIAP can directly interact with active caspases-9, -3 

and -7, inhibiting their enzymatic activity, although it remains controversial whether active 

caspases can be targeted for proteasomal degradation by this or other inhibitor of apoptosis 

protein (IAPs).8-10 

Nerve growth factor (NGF) is a potent pro-survival factor for sub-populations of neuronal 

cells during development and in post-mitotic neurons.11 Withdrawal of NGF from NGF-

dependent neurons results in apoptosis.12 The pro-survival effects of NGF are mediated by 

the receptor tyrosine kinase TrkA. We have previously shown that NGF activation of 

phosphatidylinositol 3-kinase (PI3K)/Akt signalling can protect cells upstream of MOMP 

through regulation of pro-apoptotic Bcl-2 family members.13 

Here, we explored whether NGF could also interfere with apoptosis downstream of MOMP, 

i.e., post-caspase activation, using the NGF-responsive cell line PC12. We show for the first 

time that NGF can protect cells post-caspase activation via ERK-dependent removal of active 

caspases to lysosomes.  
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Results 

NGF promotes long-term survival of PC12 cells downstream of caspase-3 activation  

To establish a suitable time for studying NGF treatment post-caspase activation, we 

investigated the kinetics of  thapsigargin (TG)-induced apoptosis in PC12 cells. Loss of ΔΨm 

was observed by 18 h as judged by reduction in TMRE staining (Fig. 1A). Activation of 

caspases-9, -3 and -7 was detectable by 16-18 h, at which time the processed fragments were 

visible (Fig. 1B). This was temporally associated with Poly-ADP ribose polymerase (PARP) 

cleavage (Fig. 1B). Annexin V labelling, another indicator of caspase activation, was 

observed after 20 h of TG treatment (Fig. 1C).  

To determine the effect of NGF addition at times pre- and post-caspase activation TG-treated 

PC12 cells were treated with NGF 2 h before TG, or 18 or 23.5 h after TG and DEVDase 

activity measured. Pre-treatment with NGF provided robust inhibition of DEVDase activity 

(Fig. 2A). Unexpectedly, NGF added at 18 h after TG also led to robust reduction in 

DEVDase activity (Fig. 2A). This effect was not observed with NGF addition 23.5 h after 

TG. Furthermore, addition of NGF at 18, but not 23.5 h, post-TG treatment caused almost 

complete reduction in the levels of active caspase-3 (Fig. 2B), indicating that the reduced 

DEVDase activity was due to removal of active caspases. NGF addition post-caspase 

activation caused a rapid loss in the active subunits of both executioner caspases-3 and -7 and 

initiator caspase-9, which was accompanied by a reduction in PARP cleavage (Fig. 2C).  

To determine if this effect of NGF is specific to TG-induced apoptosis, cells were treated 

with other apoptosis inducers, etoposide (topoisomerase II inhibitor causing DNA damage), 

staurosporine (general protein kinase C inhibitor) and tunicamycin (inhibitor of N-linked 

glycosylation inducing endoplasmic reticulum (ER) stress). Addition of NGF post-caspase 
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activation resulted in reduction of p17 levels in all cases (Fig. 2D), demonstrating that the 

effect of NGF on active caspases is not limited to TG or to ER stress-induced apoptosis.  

We performed clonogenic assays to examine the effect of NGF treatment post-caspase 

activation on long-term survival of cells. Treatment with TG alone caused a 55% decrease in 

clonogenic survival compared with untreated cells (Fig. 3A). This was completely reversed 

upon pre-treatment with NGF. Surprisingly, addition of NGF 18 h after TG also completely 

restored clonogenic survival, while treatment with NGF 23.5 h after TG treatment provided 

no protection (Fig. 3A). These data suggest that NGF can rescue cells post-caspase activation. 

However, an alternative interpretation is that cells which display long-term survival had not 

yet initiated the death programme, and did not contain active caspases. To isolate cells with 

active caspases we used an Annexin V Microbead kit. As phosphatidylserine (PS) exposure is 

dependent on caspase activity, the isolated population should include only cells containing 

active caspases.14-16 Following isolation the PS-exposing cells were divided into two samples 

that were reseeded for a clonogenic assay, one of which was treated with NGF every 2 days 

and the other untreated. After 7 days we counted the numbers of colonies containing >10 

cells and cells with neurites (since prolonged treatment of PC12 cells with NGF causes them 

to differentiate and extend neurites17). The NGF-treated cells exhibited a 2.4+0.35-fold 

increase in survival compared with those without NGF (Fig. 3B). This experiment was 

repeated 6 times with a range of 850-10,000 Annexin V-selected cells seeded for individual 

experiments. For example: in one representative experiment 850 Annexin V-selected cells 

were seeded. Of these 564 were trypan blue positive, and thus beyond recovery, and the 

remaining 286 cells had the potential to recover. The number of surviving colonies ranged 

from 6-100 in the absence of NGF and 19-209 in the presence of NGF with a fold increase 

ranging from 1.6-4.2 fold. PS externalisation to the outer plasma membrane is a well known 

characteristic of apoptosis. However, several publications show that PS externalisation is not 
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necessarily due to caspase activity and that it can be a reversible event.18 Therefore, we 

further characterised the Annexin V-selected cells to determine their mitochondrial status and 

whether they had active caspases. TMRE staining revealed that 46.5% of TG-treated cells 

(whole population) had high ΔΨm, in contrast to just 0.95% of Annexin V-selected TG-

treated cells (Fig. 3C, D). Immunofluorescence showed that all of the Annexin V-selected 

cells contained active caspase-3 (Fig. 3E). These data confirm that the selection of the TG-

treated cells using Annexin V is a valid surrogate for caspase activity in these cells.  

To ask whether NGF could promote repair of the ΔΨm in the cells, we used the whole cell 

population because of low yield with Annexin V selection. Cells were treated with TG for 20 

h, at which time there is loss of ΔΨm and cytochrome c release from the mitochondria,13 

reseeded into fresh media with or without NGF and allowed to adhere for 6 or 20 h. TMRE 

staining revealed a significant increase in the proportion of cells with increased ΔΨm after 20 

h NGF treatment compared with cells left to recover without NGF (Fig 3F). Recovery of 

ΔΨm was time-dependent, with a larger number of cells exhibiting high ΔΨm after 20 h 

compared with 6 h recovery (Fig. 3G). Although this recovery in ΔΨm was higher in the 

NGF-treated population, it was also observed in the absence of NGF (Fig. 3G). These data 

support the hypothesis that NGF promotes long-term recovery of cells post-caspase 

activation. 

Role of TrkA/ERK signalling  

To investigate the signalling pathway that is involved in the removal of active caspase-3, we 

used several pharmacological inhibitors. The TrkA receptor inhibitor, K252a,19 revealed that 

this effect is dependent on TrkA signalling (Fig. 4A).   

TrkA can activate PI3K/Akt, MEK/ERK1/2 and phospholipase C (PLC) signalling 

pathways.20,21 Therefore, TG-treated PC12 cells were incubated with LY294002 (PI3K 



7 
 

inhibitor), U73122 (PLC inhibitor) or UO126 (MEK1/2 inhibitor), before NGF addition. 

Neither PI3K nor PLC inhibition affected NGF-induced removal of p17 (Fig. 4B, C). In 

contrast, ERK1/2 inhibition partially restored the level of p17 (Fig. 4D). Together these data 

indicate an involvement of ERK1/2 signalling, and a lack of involvement of PI3K in NGF-

induced regulation of active caspase-3.  

The duration of ERK activation can regulate various cell fate decisions. For example, 

sustained phosphorylation by NGF induces PC12 cell differentiation,17 while transient ERK 

phosphorylation by epidermal growth factor (EGF) stimulates their proliferation.22 To 

determine whether transient ERK activation could promote removal of active caspase-3 we 

compared the effect of EGF and NGF. NGF induced sustained ERK1/2 phosphorylation 

while that induced by EGF was transient (Supplementary Fig. 1). EGF did not stimulate the 

removal of p17 (Fig. 4E), suggesting that sustained ERK activation may be required for its 

removal. ERK signalling is known to lead to activation of gene transcription.23 Pre-treatment 

with either actinomycin D or cycloheximide inhibited NGF-induced removal of active 

caspase-3 (Fig. 4F, G), indicating the role of gene transcription and protein translation.  

Active caspase-3 is not targeted for proteasomal degradation  

IAPs have been implicated in ubiquitination and proteasomal degradation of caspase-324-26 

although this remains controversial.8,10 NGF treatment induced an increase in XIAP, cIAP1 

and cIAP2 mRNA levels (Fig. 5A). However, this induction did not correlate with increased 

cIAP1/2 protein levels (Fig. 5B) or with increased XIAP in the presence or absence of TG 

(Fig. 5C). To further test the role of the IAPs the SMAC mimetic BV6 was used. BV6 can 

bind to BIR2 and BIR3 domains of XIAP, inhibiting its ability to bind and antagonize 

caspases.27 BV6 can also bind to cIAP1 and cIAP2 leading to their auto-ubiquitination and 

proteasomal degradation.27 This can be seen in Fig. 5D which confirms that BV6 was active 

in these cells. Although BV6 slightly increased the levels of p17 due to TG treatment, it did 
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not block the ability of NGF to reduce p17 levels (Fig. 5E), suggesting that IAPs do not 

mediate NGF-induced removal of active caspase-3.  

We next determined whether the ubiquitin-proteasome degradation machinery is involved.28 

Proteasome inhibitors, MG132 or lactacystin, caused an increase in the cellular level of 

ubiquitinated proteins confirming their activity (Fig. 5F, and Supplementary Fig. 2). 

However, neither proteasome inhibitor could abrogate NGF-stimulated removal of p17 (Fig. 

5G and Supplementary Fig 2). In addition, Ub-EI, an inhibitor of ubiquitin-activating enzyme 

E1,29 had no effect on NGF-induced removal of p17 (Fig. 5H). Together, these data indicate a 

lack of involvement of the ubiquitin-proteasome degradation machinery in NGF-induced 

degradation of active caspase-3. 

NGF induces lysosomal localization and degradation of p17  

Lysosomes are membrane-bound organelles containing acid hydrolases that mediate the 

degradation of cellular components, including organelles, protein aggregates and specific 

proteins.30 Chloroquine (a lysosomotropic agent that accumulates within lysosomes and 

neutralises their acidic interior, thus inhibiting lysosomal enzymes)31 caused accumulation of 

p17, but not of active caspase-9, in apoptotic cells treated with NGF (Fig. 6A). Moreover, 

chloroquine treatment alone did not induce the cleavage of either pro-caspase-3 or -9 (Fig. 

6A). We also investigated whether antagonism of IAPs would produce an additive effect 

when used with chloroquine. However, the combination of BV6 and chloroquine did not have 

an additive effect on the accumulation of p17 (Supplementary Fig. 3B). Interestingly, it was 

observed that BV6 attenuated the effect of chloroquine on p17 levels (Supplementary Fig. 

3B). Another lysosome inhibitor, concanamycin A (ConA) which blocks vacuolar 

acidification through inhibition of V-type ATPases,32 had a less pronounced effect on the 

level of p17 than chloroquine, and although NGF-induced loss of cleaved caspase-3 was 

consistently observed at 2-4 h of NGF treatment, this effect was lost by 6 h (Fig. 6B). This 
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difference in the effect of chloroquine and ConA could be due to different efficacies of the 

drugs, chloroquine caused a more prolonged accumulation of LC3-II compared with ConA 

and the effect of ConA on LC3-II was no longer evident at 6 h (Supplementary Fig. 3A). 

Recently, chloroquine was reported to activate autophagy by inhibiting mTOR, which could 

contribute to the increase in LC3-II accumulation observed.33 Nevertheless, when considered 

together with the ConA and colocalisation experiments (below), the data support a role for 

lysosomes in NGF-induced clearance of cleaved caspase-3.  

Next, the lysosomal localization of active caspase-3 was assessed using LysoTracker red to 

visualize lysosomes in combination with FAM-DEVD-FMK (FLICA; a fluorogenic peptide 

that binds irreversibly to active caspases-3 and -7, used to visualize their localisation). In all 

treatment conditions, cells displayed punctate red fluorescence consistent with distribution of 

LysoTracker to lysosomes (Fig. 6C). FLICA staining was observed in cells treated with 1 µM 

TG indicating active caspase-3/7 (Fig. 6C). Similarly, TG-treated cells that were exposed to 

NGF for 4 h exhibited FLICA staining, some of which was co-localised with lysosomes (Fig. 

6C). Notably, this co-staining was observed only in cells that were treated with both NGF and 

TG. Taken together, these data suggest that NGF-induced removal of p17 is dependent on 

lysosomal degradation of active caspases.  

Macroautophagy does not contribute to removal of p17 

Lysosomes are the terminal degradative compartment of several pathways including 

macroautophagy (a non-selective form of autophagy).30,34 We established a stable clone of 

PC12s with impaired autophagic degradation due to overexpression of functionally inactive 

Atg4 (DN-Atg4).35 Atg4 is required for conversion of LC3-I to LC3-II during elongation of 

the isolation membrane, an early step in autophagosome formation.35 Neo PC12 cells and 

DN-Atg4 PC12 cells were treated with chloroquine to compare basal autophagic flux. DN-

Atg4 PC12 cells exhibited decreased autophagosome formation as judged by reduced LC3-II 
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levels compared with Neo PC12 cells (Fig 7A). Treatment of DN-Atg4 PC12 cells with TG 

resulted in activation of pro-caspase-3 but to a lesser extent than in parental or Neo PC12 

cells (Fig. 7B). Nevertheless, NGF treatment induced the removal of cleaved caspase-3 (Fig. 

7B), suggesting that macroautophagy is not involved in this process.  

Lack of requirement for the catalytic activity of caspase-3  

It has previously been reported that the catalytic activity of caspase-3 is required for its rapid 

turnover in HeLa cells and that stabilisation of the active complex with caspase inhibitor 

abrogated the turnover of active caspase-3.36 Using the pan-caspase inhibitor carbobenzoxy-

valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (zVAD-fmk),  we investigated whether 

this was also the case for NGF-stimulated removal of p17.36 Inhibition of TG-induced 

DEVDase activity by zVAD-fmk was initially confirmed (Supplementary Fig. 4A). However, 

treatment of PC12 cells with zVAD-fmk prior to NGF addition did not prevent NGF-

dependent removal of p17 (Supplementary Fig. 4B), suggesting that the catalytic activity of 

caspase-3 is not required for this effect. 

Lack of involvement of chaperone-mediated autophagy  

Chaperone-mediated autophagy (CMA) is a form of selective autophagy whereby client 

proteins are targeted to lysosomes for degradation without the requirement for 

autophagosome formation.37 CMA client proteins uniquely contain a sequence biochemically 

related to KFERQ.37 The primary sequence of caspase-3 lacks any sequences that fit the 

requirements for a CMA client, but it does contain a KLFIIQ sequence within the p17 subunit 

(residues 156-161) which lacks only a required acidic residue (Supplementary Fig. 5). Since 

this sequence is next to the enzyme’s active site (Supplementary Fig. 5) we hypothesized that 

the cleavage site of caspase substrates (DEVD) could provide the acidic residues that are 

missing. Therefore, we next examined whether CMA played a role in the degradation of p17. 

We used shRNA lentiviral constructs to stably knockdown essential proteins in the CMA 
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machinery, heat shock cognate protein 70 (Hsc70) and lysosome-associated membrane 

protein type 2A (LAMP2a) (Supplementary Fig. 6A, B).37 CMA impairment in the generated 

clones was confirmed by monitoring the accumulation of α-synuclein, a known CMA 

substrate (Supplementary Fig. 6C).38 In contrast, Hsc70 or LAMP2A knockdown (KD) did 

not affect NGF-induced removal of p17 (Fig. 8A, B). Furthermore, immunoprecipitation of 

p17 did not reveal interaction between p17 and Hsc70 in NGF-treated cells (Fig. 8C). 

Together these data suggest that CMA is not involved in NGF-induced removal of p17.  

 

Discussion: 

It is commonly accepted that the commitment point for apoptosis is MOMP. Here we 

describe the ability of NGF to protect PC12 cells downstream of MOMP and post-caspase 

activation via a mechanism that involves the removal of active caspase-3 and requires 

functional lysosomes.  

Since most of the data presented were obtained using whole populations of cells one possible 

explanation is that NGF protected that portion of the population that had not yet initiated 

apoptosis and thus acts upstream of MOMP to reduce further production of active caspases. 

However, this explanation was ruled out based on two pieces of evidence. Firstly, NGF-

stimulated removal of active caspase was dependent on Ras/MAPK and independent of 

PI3K/Akt signalling. This is in contrast to what we have previously shown for NGF-mediated 

protection upstream of mitochondria which requires PI3K/Akt and is independent of ERK 

signalling.13 Secondly, clonogenic survival assays of PS-exposing cells showed that cells 

treated with NGF displayed greater long-term survival than cells not treated with NGF. 

Together these show that NGF can interfere with apoptosis events both upstream and 

downstream of MOMP via distinct signalling pathways (Supplementary Fig. 7). Thus, the 
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effect is not due to reduction in the number of cells initiating apoptosis, but rather due to 

protection downstream of mitochondrial events. This effect is independent of type of 

apoptotic stimuli. NGF-induced loss of cleaved caspase-3 was observed with a broad range of 

cytotoxins that activate the mitochondrial apoptosis pathway. The relatively weaker effect 

with staurosporine might be because it can also inhibit TrkA kinase activity and so may 

interfere with NGF’s protective signalling.39 

It still remains controversial whether cells can survive following MOMP even if caspases are 

inhibited and is generally accepted that cells with damaged mitochondria die in a caspase-

independent manner if caspase activity is inhibited.1,40 However, in sympathetic neurons 

caspase inhibition (by synthetic caspase inhibitors or XIAP) prevents cell death or 

significantly extends the commitment to death in cells exhibiting MOMP.41-43 In contrast to 

earlier studies,44 recent reports indicate that during apoptosis not all mitochondria undergo 

MOMP and the persistence of intact mitochondria confers long-term resistance to caspase-

independent cell death.45 On analysis of the PS-exposing cells we found that 99% of the 

population had undergone MOMP. However, the number of cells which clonogenically 

survived exceeded the number of cells which had maintained high ΔΨm, and therefore, must 

reflect recovery of the mitochondria. Thus, NGF-stimulated removal of active caspases could 

allow surviving mitochondria to repopulate the cell and promote long-term survival.45  

Several reports demonstrate that caspases participate in various non-apoptotic processes 

including long-term depression in hippocampal neurons,46 sperm maturation,47 erythroid 

differentiation48 and axon pruning.49 However, the mechanisms which restrict active caspases 

from causing complete apoptosis are poorly understood. One mechanism includes inhibition 

of specific caspases by endogenous inhibitors such as XIAP or decoys like cFLIP.10 There is 

some, albeit limited, evidence that the ubiquitin ligase activities of XIAP and cIAP1 may 

target active caspase-3 for proteasomal degradation.24-26 In the present study we investigated 
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this using several different approaches, none of which prevented NGF-stimulated removal of 

cleaved caspase-3. Although lysosomal inhibition blocked NGF-induced removal of active 

caspase-3, and active caspase-3 was co-localised to lysosomes macroautophagy did not 

appear to play a role in this effect. This is in contrast to a recent report concerning 

degradation of initiator caspase-8 via macroautophagy.50 Moreover, disruption of 

autophagosome formation with DN-Atg4 did not affect NGF-induced removal of p17. This 

excludes macroautophagy and also certain forms of selective autophagy such as aggrephagy 

and chaperone-assisted selective autophagy (which involve ubiquitin-dependent targeting of 

substrates to autophagosomes that subsequently fuse with lysosomes).51,52 In contrast, CMA 

entails direct delivery of the client protein to the lysosome lumen mediated by Hsc70 and 

LAMP2a.37 However, experiments to knockdown these key CMA regulators ruled out CMA 

in NGF-stimulated degradation of p17. 

We propose that protection by NGF is due to a combination of pre- and post-MOMP effects, 

i.e., inhibition of loss of cytochrome c from the mitochondria mediated by PI3K-dependent 

regulation of BH3-only proteins,13 and removal of active caspases by a lysosome-dependent 

mechanism. Given its importance for certain neuronal subpopulations, it is perhaps not 

surprising that NGF stimulates a dual block in the apoptosis pathway that includes careful 

regulation of caspase activity to prevent inadvertent cell death (Supplementary Fig. 7).  

These findings could have relevance to the development of therapeutics where there is a need 

to rescue cells that have already initiated death pathways, such as in stroke or spinal cord 

injury.1 The post-caspase activation activities of NGF may delay the commitment point of 

apoptosis and thus increase the long-term survival of damaged cells. In fact, NGF has 

previously been suggested as a possible neuroprotective therapy for Alzheimer’s disease.53,54 

Our data also have relevance to cancer cells which often display over-active Raf-MEK-ERK 

pathways.55,56 Sustained ERK signalling by overexpression of B-Raf is reported to protect 
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cells from apoptosis downstream of MOMP,57 with implications for the resistance of cancer 

cells to induction of apoptosis. A recent report suggests that cellular recovery from apoptosis 

is possible at late stages, even after DNA damage has occurred.58 However, it has been 

suggested that cells surviving a transient and reversible apoptotic response acquire permanent 

genetic changes and undergo oncogenic transformation.58 Further understanding of the 

regulation of active caspases, and how this could be exploited to yield new therapeutic 

strategies is an important goal in combating unwanted apoptosis in degenerative diseases as 

well as apoptosis resistance in tumour cells.  

 

Materials and Methods: 

Materials 

All chemicals were obtained from Sigma-Aldrich unless otherwise indicated. Rat adrenal 

phaeochromocytoma PC12 cells were obtained from European Collection of Cell Cultures 

(ECACC). Mouse NGF 2.5S was from Alomone Labs. Rabbit polyclonal antibodies against 

cleaved caspase-3 and actin were purchased from Cell Signalling Technology. Two caspase-3 

antibodies were used form Cell Signalling Technology. The first is the polyclonal total 

caspase-3 antibody, Cat. No. 9662, that recognizes residues surrounding the cleavage site of 

human caspase-3. The second is the monoclonal cleaved caspase-3 specific antibody, Cat. No 

9661, that recognizes the amino-terminal residues adjacent to Asp175 of the caspase-3 active 

site. Anti-XIAP mouse monoclonal and anti-cIAP1/2 goat polyclonal antibodies were from 

Santa Cruz Biotechnologies. All secondary antibodies conjugated to horseradish peroxidase 

were from Jackson ImmunoResearch Laboratories. Ac-Asp-Glu-Val-Asp-a-(4-

methylcoumaryl-7-amide) (DEVD-MCA) was obtained from Peptide Institute. U0126 was 

supplied by Calbiochem. BV6 was a gift from Genentech. Lysotracker red DND99 and 
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Image-iT ™ LIVE Green Caspase Detection Kits containing FAM-DEVD-FMK reagent 

were purchased from Invitrogen. Ub-E1 inhibitor was obtained from Biogenova.  

Cell culture 

PC12 cells were cultured in Dulbecco's Modified Eagle's medium (DMEM) supplemented 

with 5% heat-inactivated fetal bovine serum, 10% heat-inactivated horse serum, 50 units/ml 

penicillin and 50 μg/ml streptomycin. Cells were seeded at a density of 7 x 104 cells/cm2 on 

poly-L-lysine (PLL, 10 μg/ml)-coated plates. Cells were left overnight before treatments. 

Unless otherwise stated, PC12 cells were incubated with 1.5 μM TG for 20 h to induce 

caspase activation followed by treatment with NGF (at 100 ng/ml) for up to 6 h before 

harvesting. 

Flow cytometry analysis of cell death markers 

Cells were treated as described and harvested by trypsinisation. For tetramethylrhodamine, 

ethyl ester (TMRE) staining the cells they were incubated with 100 nM TMRE for 30 min in 

the dark. Fluorescence was measured at 582 nm by flow cytomerty. For Annexin V-FITC 

staining the cells were centrifuged at 1000 x g for 5 min and washed once in PBS. The cell 

pellet was then resuspended in 50 μl calcium buffer (10 mM HEPES pH 7.5, 140 mM NaCl, 

2.5 mM CaCl2) containing Annexin V-FITC. The cells were then incubated in the dark for 15 

min after which 300 μl of calcium buffer was added t. Fluorescence was measured at 495 nm 

by flow cytometry. All flow cytometry analysis was carried out using Cyflogic 1.2.1 

software. 

Western blot analysis 

Following experimental treatments cells were scraped from the culture flasks and centrifuged 

at 150 x g for 5 min at 4 oC. After washing in PBS cells were lysed using whole cell lysis 

buffer (20 mM HEPES pH 7.5, 350 mM NaCl, 1 mM MgCl2, 0.5 mM 
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ethylenediaminetetraacetic acid (EDTA), 0.1 mM ethylene glycol tetraacetic acid (EGTA), 

1% Nonidet P-40 (NP-40), 0.5 mM dithiothreitol (DTT), 0.1% phenylmethylsulphonyl 

fluoride (PMSF), 1% aprotinin, 5 mM NaF, and 1 mM Na3VO4). Cellular debris was 

centrifuged at 20,000 x g for 1 min and protein content of the supernatant was determined 

using Bradford reagent with bovine serum albumin (BSA) as the standard.  

40 µg of proteins were denatured using Laemmli’s sample buffer (62 mM Tris-HCl, pH 6.8, 

2% sodium dodecyl sulphate (SDS), 5% β-mercaptoethanol, 4% glycerol, 1 mM PMSF, 

0.01% bromophenol blue) and boiled at 95 oC for 5 min. Proteins were separated by SDS-

polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes 

(Whatman). Membranes were probed with antibodies (1:1,000) overnight at 4 oC followed by 

appropriate HRP-conjugated secondary antibody. Protein bands were visualized using 

Immobilon Western Chemiluminescent HRP substrate (Millipore). 

Detection of DEVDase activity 

The activity of caspase-3-like enzymes (DEVDase activity) was determined fluorometrically 

as reported previously.59 Briefly, cells were scraped and centrifuged at 300 × g at 4 oC for 5 

min. Pellets were washed in ice-cold PBS, re-suspended in PBS and then flash-frozen in 

liquid nitrogen. 50 μM of DEVDase-substrate (DEVD-MCA) in reaction buffer (100 mM N-

2-hydroxyethyl-piperazine-N-2-ethanesulphonic acid (HEPES) pH 7.5, 10% sucrose, 0.1% 3-

[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 5 mM DTT, 0.01% 

NP-40) was added to the lysates. The release of free AMC was monitored at 37 oC at 60 s 

intervals over a 30 min period using a Wallac Victor multilabel counter (excitation 355 nm, 

emission 460 nm). Fluorescent units were converted to nanomoles of AMC released per 

minute per mg of enzyme using a standard curve generated with free AMC and subsequently 

related to protein concentration. 
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Clonogenic assay 

Following treatments with TG and NGF, cells were reseeded into 78 cm2 dishes at a density 

of 7.8 x 102 cells/cm2 and allowed to proliferate for 14 days. Colonies were fixed and stained 

with 0.25% methylene blue in 50% ethanol/50% distilled water for 30 min, then rinsed with 

dH2O. Colonies containing greater than 50 cells were counted.    

Determination of long-term cell survival of phosphatidylserine-exposing PC12 cells 

Cells exposing phosphatidylserine (PS) on the outer leaflet of the plasma membrane were 

separated from the rest of the cell population using the Annexin V MicroBead Kit (Miltenyi 

Biotec Headquarters, UK). Following treatment with 1 μM TG for 20 h, PC12 cells were 

trypsinised and resuspended in magnetic Annexin V MicroBeads as per manufacturer’s 

instructions. The cells were then applied to the Miltenyi Biotec MS MACS column and 

placed in a magnetic field to allow cells exposing PS to bind to the magnetic Annexin V 

beads. The beads were washed to remove any unlabeled cells and the MS MACS column was 

removed from the magnetic field. The magnetically labelled PS-exposing cells were eluted 

and were divided evenly into two 1.9 cm2 dishes. This experiment was repeated 6 times and a 

range of 850-10,000 cells were seeded. One dish was treated with 100 ng/ml NGF every 

second day and the other was left untreated. Prolonged treatment of PC12 cells with NGF 

causes them to differentiate and extend neurites.17 Therefore, to assess long-term survival of 

the cells, the numbers of surviving colonies (defined as colonies containing >10 cells on 

untreated plates and cells that had extended neurites that were longer than twice the diameter 

of the cell body on the NGF-treated plates) were counted after 7 days. On the NGF treated 

plates  the number of cell colonies plus cells with neurites (longer than twice the diameter of 

the cell body) which indicate surviving cells was expressed as the fold change relative to the 

number of cell colonies that were present on the untreated plate. 
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Immunofluorescence of cleaved caspase-3 

PC12 cells were treated as described and cytospun at 200 rpm for 5 min onto PLL coated 

microscope slides. The cells were then washed in PBS and fixed in 4% paraformaldehyde for 

20 min. The cells were then permeabilised using 0.2% Triton X-100 for 5 min. After washing 

the cells in washing buffer (1% BSA in 0.05% PBS-Tween), the cells were blocked for 30 

min with 3% goat serum, 1% BSA in 0.05% PBS-Tween. Then a 1/200 dilution of cleaved 

caspase-3 specific antibody was incubated with the cells overnight at 4 oC. The antibody was 

then removed and the cells were washed 3 x 5 min washes with rocking. A 1/1000 dilution of 

anti rabbit Alexa Fluor 488 was then incubated on the cells for 1 h at room temperature. The 

secondary antibody was removed and the cells were washed 3 x 5 min washes with rocking, 

The cells were then mounted in VECTASHIELD mounting media containing DAPI and 

visualised using the DeltaVision core system (Applied Precision) which controlled an 

interline charge-coupled device camera (coolsnap HQ2;Roper) mounted on an inverted 

microscope (1X-71;Olympus). Images were collected using a 60X oil objective at 0.2 µm z 

sections. All images were deconvolved and maximum intensity was projected using 

SoftWoRx software programme (Applied Precision). 

RNA extraction and RT-PCR 

Poly(A)+ RNA extraction from cells was performed according to the protocol for the Total 

mammalian RNA extraction kit (Sigma). Reverse transcription was carried out with 2 μg total 

RNA and oligo(dT) (Invitrogen)  using 20 U Superscript II Reverse Transcriptase 

(Invitrogen). cDNAs for genes of interest were amplified during 33 cycles with the following 

primers: XIAP 5’-primer (5’-GACAGGCCGTCGGAGACTC-3); XIAP 3’-primer (5’- 

GTGCTCTGACCAGGCACGG); IAP1 5’-primer (5’-TGGCTACTTCAGTGGCTCCT-3’); 

IAP1 3’-primer (3’-GCAGGCCACTCTATCTCCAG-5’); IAP2 5’-primer (5’-

GCCCTCTTAATTCTAGAGCAG-3’); IAP2 3’-primer (5’-
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ACATCTCAAGCCACCATCACA-3’); GAPDH 5’-primer (5’-

ACCACAGTCCATGCCATC-3’):  and GAPDH 3’-primer (5’- 

TCCACCACCCTGTTGCTG-3’). GAPDH was used as an endogenous control. 

Fluorescence microscopy  

Cells were seeded onto 8 well PLL coated µ-slides (Ibidi) at a seeding density of 3.5 x 

104/cm2. The cells were treated with 1 µM TG for 20 h followed by treatment with 100 ng/ml 

NGF for 3 h. The 1X FAM-DEVD-FMK reagent (from the Image-iT ™ LIVE Green 

Caspase Detection Kit) was added for 1 h, along with 50 nM Lysotracker red DND99 for the 

final 0.5 h. 4 h after NGF treatment the cells were washed with DMEM. The nuclei were 

stained using 1 nM Hoechst 33258 for 5 min after which the cells were washed twice with 1X 

apoptosis wash buffer (from the Image-iT ™ LIVE Green Caspase Detection Kit). The cells 

were maintained in DMEM and visualised immediately using a DeltaVision core system 

(Applied Precision) which controlled an interline charge-coupled device camera (coolsnap 

HQ2;Roper) mounted on an inverted microscope (1X-71;Olympus). Images were collected 

using a 100X oil objective at 0.2 µm z sections. All images were deconvolved and maximum 

intensity was projected using SoftWoRx software programme (Applied Precision). 

Plasmids 

ATG4B(C74A) cDNA was cloned from an expression plasmid encoding mStrawberry 

(Addgene) into the lentiviral vector pWPT (Addgene) in which the GFP was removed. To 

amplify the mStrawberry-ATG4B(C74A) sequence from the expression vector, the primers 

were designed with a mluI restriction site sequence in the forward primer 5’-

CGCGTATGGTGAGCAAGGGCCGAGGAG-3’ and salI restriction site in the reverse 

primer 5’-GTCGACTCAGAGGGATAAGATTTCAAAGTC-3’. The PCR product was 

ligated into a TA-TOPO vector (Invitrogen). Both the TA-TOPO vector containing PCR 

product and the pWPT vector were digested with restriction enzymes mluI and SalI. T4 DNA 
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ligase (NEB) was used to ligate the mStrawberry -ATG4B(C74A) insert into the pWPT 

vector to generate pWPT-mStrawberry-ATG4B(C74A) lentiviral vector named dominant 

negative (DN)-Atg4. Mouse GIPZ lentiviral shRNAmiR individual clones V2LMM_15767 

and V3LMM_429629 (Open Biosystems) were used to evaluate the functional effects of 

silencing of Hsc70 and LAMP2a respectively. The plasmid expressing human α-synuclein 

under the synapsin promoter was kind gift from Dr. Eilís Dowd, National University of 

Ireland, Galway, Ireland. 

Transient trasfection of PC12 cells 

PC12 cells were seeded at a density of 3.5 x 104 cells/cm2 into a 10 cm dish, and allowed to 

recover overnight. The cells were then transfected with 2 µg of plasmid DNA using 

Lipofectamine 2000 transfection reagent (Invitrogen) and a DNA to lipid ratio of 1:2.5. The 

media was removed 6 h after transfection. Typical transfection efficiency was ~60%. 

Generation of stable PC12 cell lines by lentiviral infection  

Lentivirus was made by transfection of plasmid constructs along with a second generation 

lentivirus packaging system (pMD2.G, pAX2 and pRSC-Rev from Addgene) into HEK293T 

cells using JET PEI transfection reagent (Polyplus Transfection). Transduction efficiency of 

DN-Atg4 construct was >90% and was monitored by fluorescence microscopy and quantified 

by flow cytometry analysis using mStrawberry fluorescent tag as a marker for transduced 

cells. Stable cell lines containing LAMP2a and Hsc70 shRNA constructs were selected with 

0.5 μg/ml puromycin (Sigma) for 1 week. The transduction efficiency was >70% as judged 

by fluorescence microscopy using GFP as a marker for transduced cells 

Immunoprecipitation of cleaved caspase-3  

Cells were seeded into 75 cm2 flasks at a seeding density of 3.5 x 104/cm2. Following 

experimental treatments cells were scraped from the culture flasks and centrifuged at 150 x g 
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for 5 min at 4 oC. The cells were then washed in ice cold PBS and lysed using lysis buffer (20 

mM Tris (pH 7.5), 150 mM NaCl, 1 mM EGTA, 1% NP-40) containing EDTA free protease 

inhibitor cocktail tablet (Invitrogen). The lysate was the centrifuged at 14,000 rpm for 10 min 

and the supernatant was incubated with 1.5 mg of pre-prepared Dynal beads (Invitrogen). The 

Dynal beads were prepared as per manufactures guidelines and conjugated overnight with a 

1/100 dilution of cleaved-caspase-3 antibody at 37 oC. The lysates were incubated with the 

conjugated beads for 12 h at 4 °C. Then the beads were collected by magnetic separation, the 

supernatant was removed and the beads were washed 4 times in lysis buffer. The beads were 

then resuspended in 40 µl of elution buffer for 5 min at room temperature and collected by 

magnetic separation. The eluate was removed and subjected to Western blotting for cleaved 

caspase-3 and Hsc70. 

Statistical analysis 

Statistical analysis was carried out using SPSS software. Values are expressed as means ± 

SEM of at least 3 separate experiments. All data were analysed using repeated-measures 

ANOVA followed by LSD or Bonferroni multiple comparisons post hoc tests as indicated. 

Differences were considered statistically significant at p<0.05. 
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