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ABSTRACT  Caspase 3 activation is a hallmark of cell death and there is a strong 
correlation between elevated protease activity and evolving pathology in neuro-
degenerative disease, such as amyotrophic lateral sclerosis (ALS). At the cellular 
level, ALS is characterized by protein aggregates and inclusions, comprising the 
RNA binding protein TDP-43, which are hypothesized to trigger pathogenic activa-
tion of caspase 3. However, a growing body of evidence indicates this protease is 
essential for ensuring cell viability during growth, differentiation and adaptation 
to stress. Here, we explored whether caspase 3 acts to disperse toxic protein ag-
gregates, a proteostasis activity first ascribed to the distantly related yeast meta-
caspase ScMCA1. We demonstrate that human caspase 3 can functionally substi-
tute for the ScMCA1 and limit protein aggregation in yeast, including TDP-43 inclu-
sions. Proteomic analysis revealed that disrupting caspase 3 in the same yeast 
substitution model resulted in detrimental TDP-43/mitochondrial protein associa-
tions. Similarly, suppression of caspase 3, in either murine or human skeletal mus-
cle cells, led to accumulation of TDP-43 aggregates and impaired mitochondrial 
function.  These results suggest that caspase 3 is not inherently pathogenic, but 
may act as a compensatory proteostasis factor, to limit TDP-43 protein inclusions 
and protect organelle function in aggregation related degenerative disease. 
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INTRODUCTION 
Pathogenic mechanisms in neurodegenerative disease 
have been strongly associated with disruptions in proteo-
stasis control. One of the cardinal features of this proteo-
stasis failure is the accumulation of toxic protein aggre-
gates, where proteins or protein fragments accumulate in 
cytosolic space, overwhelming normal cell physiology and 
precipitating cell death [1, 2]. TAR DNA-binding protein 43 
(TDP-43), an RNA binding factor, forms pathologic aggre-
gates in all genetic and sporadic forms of amyotrophic lat-
eral sclerosis, and is a consistent pathologic feature in fron-
totemporal dementia (FTD) and progressive muscle atro-
phy [3–5]. TDP-43 aggregation has been suggested to dis-
rupt a plethora of cell functions, from sequestration of vital 
mRNAs and ribosomal machinery, to stalling proteosome 
activity [6–9]. Despite the variety of cell targets attributed 
to TDP-43, induction of apoptosis is the common end point 
that follows TDP-43 aggregation [10–12]. 

Apoptosis or caspase mediated cell death is a well-
studied phenomenon, where external ligand-based signals 
or internal mitochondrial derived signals engage sequential 
caspase proteolytic cascades (extrinsic vs intrinsic mediat-
ed cell death, respectively). These signal pathways con-

verge and terminate with the activation of effector caspa-
ses, such as caspase 3 and 7, which then target large num-
bers of vital protein substrates, leading to compromised 
cell integrity and eventual cell death [13, 14]. The intersec-
tion between protein aggregation and apoptotic signaling 
has led to a focus on reducing caspase activity as a tracta-
ble means to mitigate pathogenesis and cell death in TDP-
43 induced proteinopathies and in aggregation induced 
neuropathy more broadly [15–17]. 

Targeting effector caspase activity as a therapeutic in-
tervention for aggregate induced cell pathology is predi-
cated on the concept that caspase function during neuro-
degeneration is exclusively destructive. However, caspase 
signaling has been shown to be a broadly conserved induc-
tive cue for cell differentiation [18–21], with more recent 
observations suggesting that these proteases may also 
manage cellular adaptation to stress [22–24]. These con-
served nonapoptotic activities raise an interesting supposi-
tion, that caspase activation coincident to a proteostasis 
challenge may be a proteolytic compensatory response, to 
limit or degrade aggregated proteins. The corollary to this 
hypothesis is that effector caspase activation transits to a 
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true apoptotic state only when hyperactivated by unre-
strained protein aggregation. 

General proteostasis functions have not been de-
scribed for effector caspases, yet such a biologic role may 
be consistent with the variety of physiologic activities at-
tributed to these enzymes. Of note, related metacaspase 
proteases in yeast have been shown to be essential for 
limiting protein aggregation in response to stress [25, 26]. 
While effector caspase and metacaspase proteases are 
characterized by unique biochemistry, both protein types 
reside within the larger C14 protease clade, and share simi-
lar caspase fold structure and functional attributes [27–30]. 
Here, we tested whether the effector caspase, caspase 3 
retained a conserved aggregate control function. We ob-
served that human caspase 3 could functionally substitute 
for the single yeast metacaspase and maintain proteostasis 
function when challenged by overexpression of aggregat-
ing human TDP43 protein. Repression of caspase 3 activity 
in the heterologous yeast system resulted in a significant 
increase in TDP43 associations with mitochondrial proteins. 
This elevated TDP-43 mitochondrial protein association 
was also evident in murine and human skeletal muscle cells 
following caspase 3 inhibition and resulted in a collapse in 
mitochondrial function. Together, these results suggest 
that caspase 3 exerts a beneficial proteostasis activity, by 
limiting co-aggregation of toxic TDP43 with essential mito-
chondrial proteins.  

 
RESULTS 
Caspase 3 can functionally substitute for yeast ScMCA1 to 
maintain proteostasis 
Caspase and metacaspase proteases are characterized by 
unique biochemistry, yet both protein families share a 
range of biologic roles [29, 30]. The functional overlap be-
tween each protease family suggests that conserved 
caspase biology may be revealed using metacaspase specif-
ic organisms, where competing caspase function is absent 
and metacaspase activity is curtailed. To examine whether 
caspase 3 displayed a proteostasis function similar to the 
yeast metacaspase ScMCA1, we first expressed human 
caspase 3 in the endogenous ScMCA1 loci with a GFP tag, 
hCASP3-GFP (Figure 1A). hCASP-3-GFP yeast expressed 
robust levels of human caspase 3 protein, under basal and 
stressed conditions (Supplemental Figure S1). Utilizing this 
antibody (and others, data not shown) we could not identi-
fy actively processed or cleaved forms of caspase 3 (alt-
hough other methods indicated that hCASP-3-GFP was 
subject to standard enzymatic activation, see below). Next, 
we measured caspase 3 enzymatic activity directly in the 
yeast model system. Interestingly, the hCasp-3 strains dis-
play significant elevation in caspase 3 activity compared to 
the parent BY strain, which is then dramatically increased 
in extended stress conditions such as 22 hours of H2O2 ex-
posure (Figure 1B).” The observed distribution of hCASP-3-
GFP in yeast cells was similar to what has been reported 
for ScMCA1 in both ambient and stress conditions [25, 26]. 
For example, the hCasp3-GFP yeast strain subjected to 
hydrogen peroxide induced stress displayed a robust in-

crease in hCasp3-GFP expression at both 1.5hr and 21.5hr 
(Figure 1C). hCASP-3-GFP yeast were viable and had no 
alteration in cell survival compared to wildtype yeast cul-
tures following exposure to heat stress at 42°C (as moni-
tored by limiting dilution of cell number in a standard spot 
assay; Figure 1D). The capacity of hCASP-3-GFP to func-
tionally substitute for ScMCA1 in yeast was evident in the 
ability of the human protease to maintain basic proteosta-
sis function. Loss of ScMCA1, ∆ScMCA1, leads to a robust 
increase in autophagic vacuole formation, as a compensa-
tory mechanism to cope with elevated insoluble protein 
aggregates [25]. However, the robust vacuole response in 
ScMCA1 null yeast was completely attenuated in the strain 
expressing the hCASP-3-GFP insertion from the ScMCA1 
loci, suggesting that human caspase 3 can engage a prote-
ostasis response in distantly related eukaryotic species 
(Figure 1E). In addition, these results also suggest that the 
pro-form of hCASP-3 may exert a proteostasis limiting 
function on yeast protein aggregation, which is similar to 
the secondary aggregate moderating effect of the ScMCA1 
pro-domain [25]. 
 
Caspase 3 can limit human TDP43 aggregation in yeast 
The ability of caspase 3 to maintain yeast proteostasis im-
plies that this protease may perform a similar function in 
metazoan/human cells. A reasonable extension of this hy-
pothesis would then suggest the increased caspase 3 activi-
ty that typifies neurodegenerative disease, is simply a 
compensatory response to rid the affected cell of toxic 
insoluble proteins. For example, caspase cleavage of TDP43 
has been linked to generation of toxic aggregating frag-
ments [9, 15, 16, 31], although one study has suggested 
that this interaction may not be detrimental to normal cell 
function [32]. Therefore, we explored whether the yeast 
system would retain a caspase 3-TDP43 interaction, and 
whether this was proteostatic or proteotoxic. In addition, 
we reasoned that the yeast system may provide a tractable 
model to define conserved mechanisms by which TDP43 
accumulation causes cell pathology, an issue that remains 
unresolved with a number of competing hypothesis [6–9]. 

Human TDP43 (hTDP43-RFP) was expressed from a Gal-
sensitive promoter and monitored in the wildtype yeast 
BY4741, the ∆ScMCA1 and the hCASP-3-GFP strains. Inter-
estingly, the elevated baseline caspase 3 activity in the 
hCasp-3 strain is further augmented by the expression of 
the Gal-induced expression of TDP43, suggesting that 
caspase 3 is also activated in response to other proteosta-
sis challenges, such as the expression of a self-aggregating 
protein (Supplemental Figure S2A). hTDP43-RFP was ex-
pressed throughout the cytoplasm in the BY4741 strain, 
forming discrete perinuclear puncta within the cell (Figure 
2A). While hTDP43-RFP expression was similarly elevated 
and dispersed in the cytoplasm of the ∆ScMCA1 strain, the 
hCASP-3-GFP displayed minimal levels of the TDP43 fusion 
protein, implying a possible caspase related processing 
event (Figure 2A). This pattern of expression was similar in 
protein content as performed by western blot analysis 
(Figure 2B). In addition, spot assays revealed that hTDP43-
RFP  expression in the  various strains did not  alter cell sur- 
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FIGURE 1: Human caspase 3 compensates for ScMCA1 activity in yeast. (A) Schematic representation of yeast strain with hCasp3-GFP ex-
pression in the endogenous ScMCA1 gene locus. (B) Colorimetry assay was performed to detect Caspase 3 activity in BY4741 and hCasp3-GFP 
expressing strain subjected to H2O2 induced stress. Values are mean ± SEM of three independent experiments with p-value < 0.05. (C) Fluo-
rescence imaging showing hCasp3-GFP expression in yeast strain subjected to 5mM hydrogen peroxide for 1.5hr and 21.5hr. (D) Spot assay 
was performed to assess viability of three strains BY4741, ∆ScMCA1 and hCasp3-GFP subjected to heat stress (30°C & 42°C). The arrow above 
the panel indicates a 5-fold serial dilution of plated cells starting from left to right (1:1, 1:5, 1:25, 1:125). The colonies were counted across 
the three yeast strains as indicated in the graph. The data represents three independent experiments and are shown as mean ± SEM with p-
value < 0.05. (E) FM4-64FX staining (red) of vacuoles was performed in BY4741, ∆ScMCA1 and hCasp3-GFP yeast strain. The red fluorescence 
was detected using microscopy and the images were acquired using 63X objective under oil immersion. The graph represents vacuole count 
across three yeast strains performed in triplicates and represented as mean ± SEM with p-value < 0.05. 
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vival, suggesting that both ScMCA1 and hCASP3 can mod-
erate TDP43 in yeast (Supplemental Figure S2B). However, 
hTDP43-RFP expression in the ∆ScMCA1 strain was associ-
ated with an increase in vacuole formation compared to 
BY4741 and hCASP-3-GFP (Figure 2C) an increase in total 
insoluble protein aggregates (Supplemental Figure S2C), 
indicating that caspase 3 could effectively compensate for 
a proteostasis stress in yeast cells that developed in the 
absence of a functional metacaspase. 

To define a mechanism by which hCASP3 alters TDP43 
induced biology, we performed hTDP43 immunoprecipita-
tion in the hCASP3 strain, with and without exposure to a 
known caspase 3 proteolysis inhibitor, the caspase 3/7 
specific peptide z-DEVD-fmk, followed by MS/MS analysis 
to identify co-precipitating proteins. The rationale for this 
experiment was that any perturbation of caspase 3 func-
tion may reveal toxic TDP43 protein interactions and/or 
the preferred cellular protein targets for aggregating 
TDP43. To this end, we measured caspase 3 activity in the 
hCasp-3/TDP43 expressing strain subjected to the z-DEVD-
FMK inhibitor and a small molecule specific activator of 
caspase 3, PAC1 (Procaspase Activating Compound 1). 
PAC1 is a procaspase 3 specific zinc chelating compound, 
which relieves zinc mediated repression of the pro-form of 
the enzyme. Once activated by PAC1, derepressed pro-
caspase 3 can sequentially autoactivate pools of procaspa-
se 3 molecules, characterized by active caspase 3 dimer 
formation. As such, titration of PAC1 concentration can be 
used to drastically elevate caspase 3 activity, and usher in 
fulminant apoptosis in cancer cells (100µM). Alternatively, 
PAC1 use at lower concentrations (~25µM) can lead to 
lower levels of caspase activation which engage nondeath 
outcomes, such as muscle progenitor cell differentiation or 
cardiomyocyte hypertrophy [33–36]. Here, we noted that 
PAC1 treatment resulted in significantly elevated caspase 3 
activity, while z-DEVD-FMK treatment led to a moderate 
20% decrease in activity that did not achieve statistical 
significance (Supplemental Figure S2D). 

Although z-DEVD-FMK treatment was unable to 
achieve a global reduction in yeast expressed caspase 3 
activity, we reasoned that the inhibitor may be used to 
disrupt a specific subcellular fraction of the active protease, 
such as the caspase 3 pool that may target TDP43 in the 
yeast model. To this end we treated Gal induced caspase 
3/TDP43 expressing cells with or without z-DEVD-FMK 
treatment and then conducted TDP43 immunoprecipita-
tions coupled to LC-MS to identify a pool of TDP43 interact-
ing proteins that were sensitive to caspase 3 expression 
and/or activity. While DMSO and z-DEVD-FMK conditions 
identified many overlapping protein interactions, 27 pro-
teins were specifically upregulated in the z-DEVD-FMK 
condition, while 9 proteins were downregulated (as shown 
in volcano plot, Supplemental Figure S2E). Interestingly, 11 
of the 27 upregulated protein were mitochondrial proteins, 
some of which include AFG3 (AFG3L2 in humans), YTA12 
(SPG7 in humans), YME1 (I-AAA protease in humans), PHB1 
(prohibitin 1 in humans) and PHB2 (prohibitin 2 in humans) 
(Figure 2D; Supplemental Figure S2F; Table 1). Of note, 

alterations of the human homologues for each of these 5 
proteins have been shown to contribute to varied forms of 
neurodegeneration [37–40]. PHB2 is particularly relevant, 
as reductions in prohibitin expression have been linked to 
neurodegenerative conditions, such as Tau related aggre-
gation/pathology [41]. Indeed, IP/western blotting con-
firmed an elevated interaction between TDP43 and PHB2 
when hCASP3 was inhibited in yeast with z-DEVD-fmk 
treatment (Figure 2E). 
 
Caspase 3 activity protects mitochondrial function in skel-
etal muscle myocytes by limiting TDP43 aggregation 
Next, we examined whether a similar caspase 3/TDP43 
relationship existed in a disease relevant cell type. Here, 
we used skeletal muscle cells as a tractable model, as low 
levels of transient TDP43 aggregation are beneficial, acting 
as a repository for relevant mRNA molecules that guide cell 
differentiation [42]. In contrast, persistent or elevated lev-
els of aggregated TDP43 are noted in skeletal muscle fibers 
of ALS patients and contribute to evolving pathology of 
muscle tissue in animal models of ALS [43–45]. We validat-
ed caspase 3 activity in differentiated C2C12 muscle cells 
subjected to DMSO (control), z-DEVD-FMK and PAC1 
treatment for 3hr, 6hr and 12hr following differentiation, 
and as anticipated, z-DEVD-FMK treatment led to signifi-
cant decrease in activity at all timepoints examined. How-
ever, whereas PAC1 treatment led to a rapid and robust 
increase in caspase 3 activity, continued exposure to PAC1 
led to a significant decline in protease activity (Supple-
mental Figure S3). We have noted similar responses to 
PAC1 treatment in fully differentiated cell types such as 
cardiomyocytes, where caspase 3 dependent gene expres-
sion is rapidly and robustly engaged by PAC1, followed by a 
sequential decrease in the same caspase 3 dependent gene 
expression and caspase 3 activity during continued PAC1 
exposure [36]. Fully differentiated murine skeletal muscle 
cells that were subject to caspase 3 inhibition (z-DEVD-fmk) 
displayed elevated levels of TDP43 aggregates that co-
localized with PHB2 (prohibitin 2) (Figure 3A). Similar ob-
servations were noted in fully differentiated human skele-
tal muscle cells, where basal caspase 3 activity was re-
quired to prevent TDP43 aggregation and colocalization 
with PHB2, whereas excess caspase 3 activity resulted in an 
exaggerated aggregation phenotype (Figure 3B). This sug-
gests that caspase 3 activity must be carefully titrated, as 
early excessive caspase 3 activity/proteolysis itself may act 
as a TDP43 aggregate seeding event or to accelerate TDP43 
aggregate deposition. Alternatively, PAC1 may induce the 
loss of an accessible pool of active caspase 3, which allows 
the aggregate seeding event to initiate. Irrespective of the 
precise mechanism by which PAC1 inspires cell pathology, 
early excessive caspase activation is detrimental. Mito-
chondrial activity was also disrupted in differentiated mu-
rine muscle cells, where inhibition (z-DEVD-fmk) of caspase 
3 activity led to significant declines in mitochondrial mass 
and function (Figure 3C). Indeed, careful examination of 
the microscopy imaging revealed that the increased 
TDP43/PHB2  physical association following  caspase 3 inhi- 
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FIGURE 2: Human Caspase 3 inhibits TDP43 protein aggregation. (A) Representative fluorescence image showing TDP43-RFP expression (red) 
in three yeast strains BY4741, ∆ScMCA1 and hCasp3-GFP.  (B) Western blot of TDP43-RFP protein was performed in three yeast strain 
BY4741, ∆ScMCA1, and hCasp3-FP using anti-RFP antibody. The graph represents the difference in band intensities (normalized to control 
BY4741) across the three strains. Values are represented as mean ± SEM with p-value < 0.05. (C) Fluorescence image of ∆ScMCA1 strain 
showing TDP-43-RFP (red) staining and vacuole stained with FM4-43FX (green). The graph shows the difference in percentage of vacuoles (≥3 
vacuoles per cell) across the three yeast strains. Values are represented as mean ± SEM with p-value < 0.05. (D) Mass Spectrometry (MS/MS) 
analysis of proteins immuno-precipitated with TDP43 using anti-RFP magnetic beads in hCasp3-GFP yeast strain with and without z-DEVD-
FMK treatment. The graph represents proteins with high fold interaction (normalized to DMSO control) of TDP-43 post-z-DEVD-FMK treat-
ment. (E) Representative co-immunoprecipitation blot of PHB2 with TDP43 using anti-TDP43 antibody in hCasp3-GFP yeast strain treated with 
DMSO, z-DEVD-FMK, and AC-1 performed in triplicates. 
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FIGURE 3: Caspase 3 inhibits TDP43 protein aggregation in skeletal muscle cells. (A) Representative immunofluorescence image of C2C12 
cells treated with DMSO, z-DEVD-FMK and PAC1 showing protein PHB2 (green) and TDP43 (red) and their colocalization (yellow). The graph 
represents the percentage of TDP43 inclusions in C2C12 cells treated with DMSO, z-DEVD-FMK, and PAC1. The experiments were performed 
in triplicates and the values are represented as mean ± SEM with p-value < 0.05. (B) Representative immunofluorescence image of human 
primary myoblast treated with DMSO and PAC1 showing protein PHB2 (green) and TDP43 (red) and their colocalization (yellow). The graph 
represents the percentage of TDP43 inclusions in n primary myoblast cells treated with DMSO, z-DEVD-FMK, and PAC1. The experiments 
were performed in triplicates and the values are represented as mean ± SEM with p-value < 0.05 (C) Representative fluorescence image of 
C2C12 cells treated with DMSO and z-DEVD-FMK stained with MitoTracker Red CMXRos for assessment of mitochondrial function. The graph 
represents difference in mean fluorescence intensity of MitoTracker Red CMXRos (red) in C2C12 cells treated with DMSO and z-DEVD-FMK. 
The experiments were performed in triplicate with values represented as mean ± SEM with p-value < 0.05. 
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bition was cytoplasmic, suggesting that essential mito-
chondrial proteins were being sequestered in an off-target 
domain (Figures 3A, 4). 
 
DISCUSSION 
Collectively, our observations demonstrate that moderate 
caspase 3 activity is required to limit the formation of toxic 
TDP43 aggregates (Figure 4). These data extend the under-
standing of the nonapoptotic function of effector caspases, 
as prospective regulatory factors in proteostasis, a role 
that is shared with the yeast ScMCA1 metacaspase. Caspa-
se 3 and ScMCA1 are divergent proteins within the larger 
clade of caspase-like proteases, with unique biochemical 
characteristics. Nevertheless, caspase 3 and ScMCA1 also 
retain structural similarity in the caspase fold domain, sug-
gesting that these proteases may share particular cell func-
tions (proteostasis management) and/or substrate prefer-
ences. How caspase 3 is activated in this context remains 
unknown. Clearly, caspase 3 can be activated in the yeast 
system, yet these eukaryotic cells do not retain the se-
quential metazoan apoptotic signaling cascades that en-
gage effector caspase activity. One probable mechanism of 
activation for caspase 3 in the yeast system may occur 
through proximity induced autocatalysis. This is a well de-

scribed mechanism for the induction of initiator caspase 
activation (caspase 8, 9 and 10), where scaffolding of these 
enzymes through assemble of multiprotein complexes 
leads to elevated local concentration, allowing for dimeri-
zation and autocatalysis [13]. Effector caspase activation is 
considered to be the target of these scaffolding protease 
complexes, yet lipid raft dimerization of caspase 3 appears 
sufficient to induce protease activation independent of 
classic initiator caspase interactions [46]. In addition, pro-
caspase 3 itself retains an autoinhibitory peptide in the 
loop region between the large and small subunits, which 
when altered has been shown to provide for a caspase 3 
activation signal independent of full catalytic processing 
[47]. Alternatively, there is the example of PAC1 itself, as 
described above, PAC1 chelates inhibitory zinc ions from 
procaspase 3, which itself leads to activation of the pro 
form of the protease. This activation may then transition to 
a full autoactivation and cleavage processing of caspase 3, 
depending on the time and concentration of PAC1 expo-
sure [33, 34]. Whether there is an operative form of biolog-
ic chelation in yeast that leads to elevated activity of hu-
man pro-caspase 3 will require further investigation. Finally, 
it is germane to note that our observations do not exclude 
a role for the pro-form of caspase 3 in the management of 

 
FIGURE 4: Model depicting the role of caspase 3 in proteostasis and mitochondrial function. In normal physiological state, moderate activa-
tion of caspase 3 leads to the disaggregation of TDP43 protein inhibiting its association with PHB2 leading to normal mitochondrial function. 
On the contrary, caspase 3 inhibition will facilitate the association of TDP43 with PHB2 which will lead to impaired mitochondrial function and 
can act as a driver for pathologies such as ALS. 
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protein aggregation. Indeed pro and active forms of ScM-
CA-1 retain the capacity to manage protein aggregation, 
although the active form is more robust in this regard [25], 
suggesting that a similar division of labour may exist for 
caspase 3. 

There has been considerable debate as to the cellular 
target(s) of TDP43 aggregation, yet our observations sug-
gest that TDP43 inspired pathology originates (in part) 
from TDP43 driven cytoplasmic sequestration of critical 
mitochondrial proteins. Indeed, our observations are con-
sistent with a prior study demonstrating a toxic association 
between human TDP43 and yeast mitochondria [10]. In 
addition, it is probable, that TDP43 may engage other 
pathogenic protein interactions that can be mitigated by 
caspase 3 activity. For example, a recent report demon-
strated that TDP43 aggregates impair neuromuscular junc-
tion formation by binding to and inhibiting the translation 
of transcripts for nuclear encoded mitochondrial proteins 
[48]. Whether caspase 3 targeting of TDP43 is active in this 
scenario is unknown, yet a caspase 3 directed limitation of 
TDP43 to effect synapse maturation would be consistent 
with prior reports that describe an absolute requirement 
for this caspase protease in dendritic and axonal growth 
during neuronal differentiation [49–51]. 

Finally, it is interesting to consider how pervasive the 
proteostatic function is for caspase 3. Does this protease 
intersect with other regulatory pathways to moderate 
global protein turnover? Of note, the drosophila effector 
caspase Dcp-1, has been shown to traffic to mitochondria 
membranes and enhance autophagic flux through targeted 
suppression of SesB, an adenine nucleotide translocase 
that suppresses lysosomal mediated removal of cellular 
proteins [22]. While this is not a direct example of aggrega-
tion dissolution, this is an example of an effector caspase 
exerting direct control over a proteostasis related function. 
Secondly, it is of interest to determine whether caspase 3 
beneficially targets other aggregation prone substrates to 
maintain cell fitness. A wide variety of proteinopathies and 
neurodegenerative disease are characterized by insoluble 

protein aggregates of varying composition, with concurrent 
activation of caspase 3. Our observations suggest that co-
incident activation of caspase 3 may not be strictly patho-
genic and may simply reflect engagement of a proteostasis 
regulatory mechanism to disperse toxic aggregates in gen-
eral. If this latter mechanism is operative, then the sug-
gested targeting of this protease in ALS or other related 
neurodegenerative conditions should be approached with 
caution, as loss of caspase 3 activity may inadvertently lead 
to aggregate accumulation, exacerbating pathology rather 
than resolving disease progression. 
 
MATERIALS AND METHODS 
Yeast strains 
All Saccharomyces cerevisiae strains used in this study 
were derived from the wildtype haploid BY4741 (MATa 
his3∆1 leu2∆0 met15∆0 ura3∆0) strain as previously de-
scribed [25, 52]. The ScMCA1 strain was obtained from 
Open Biosystems. To generate the human procaspase 3 
GFP fusion gene, an eGFP tag was amplified from ScMCA1-
GFP gDNA [25] and inserted in frame as a C terminal fusion 
with h-procaspase 3 (plasmid pLM109), then inserted into 
the endogenous ScMCA1 gene locus with Leu2 as a proto-
trophic marker, as described previously [25]. The resulting 
yeast strain was YLM5000. The Gal1 promoter was ampli-
fied from BY4741 gDNA and inserted into pRP1186 (gift 
from Roy Parker, University of Colorado, AZ) resulting in 
plasmid pLM101. Human TDP43 was then amplified from 
HEK-293 cDNA lacking a stop codon and inserted into vec-
tor pLM101. Plasmid pLM103 (hTDP43) was then used to 
form combinatorial yeast expression strains on the follow-
ing backgrounds YLM4006 (ScMCA1), YLM4004 (BY4741), 
and YLM5010 (YLM5000, h-procaspase 3). Genomic and 
plasmid integrants were constructed using standard LiAc 
transformation methods [53]. 

 
Yeast media and growth conditions  
For all experiments, yeast cultures were grown in normal 
YP media with glucose (2%) overnight at 30°C, before dilu-

TABLE 1. Mitochondrial proteins upregulated in DEVD treated group compared to DMSO control. 
 Proteins Fold Change p-value 

1 Mitochondrial External NADH-ubiquinone oxidoreductase NDE1 5.6 0.0001 

2 Putative cysteine synthase YGR012W 5.3 0.0005 

3 Mitochondrial Ketol-acid reductoisomerase ILV5 4.0 0.0001 

4 Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex, LAT1 2.6 0.0001 

5 Mitochondrial respiratory chain complexes assembly protein AFG3 2.4 0.0001 

6 Mitochondrial inner membrane i-AAA protease supercomplex YMEI 2.1 0.0096 

7 Mitochondrial respiratory chain complexes assembly protein YTA12 1.8 0.0001 

8 Prohibitin 2 PHB2 1.8 0.0001 

9 Ubiquinol-Cytochrome C reductase complex COR1 1.7 0.0002 

10 Mitochondrial ATP synthase subunit beta ATP2 1.4 0.0001 

11 Prohibitin 1 PHB1 1.2 0.0022 
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tion to OD660=0.2, unless otherwise indicated. Cultures 
were then maintained for 3 hours incubation to ensure 
logarithmic growth, with the following experimental specif-
ic conditions: For immunoprecipitation MS/MS experi-
ments, media was switched to normal YP with Galactose 
(2%) containing either DMSO (2µL/ml) or z-DEVD-FMK 
(20µM, 1009-20c, Biovision) and cell pellets were collected 
5.5 hours post induction; for western blotting of procaspa-
se 3, half of each culture was treated with hydrogen perox-
ide (9.8mM) for 1 hour before cell pellets were collected; 
for microscopy of procaspase 3-GFP, cultures were treated 
with hydrogen peroxide (5mM) and imaged on the micro-
scope after 1.5 hours and 22 hours; for western blotting of 
TDP43, the media was switched to normal YP with Galac-
tose (2%) and cell pellets were collected following 5.5 
hours; for yeast TDP43 microscopy, the media was 
switched to normal YP with Galactose (2%). After 22 hours 
of induction the cells were fixed with 4% PFA (in PBS) for 
15min at RT followed by microscopic imaging; for PHB2 co-
immunoprecipitation experiments the media was switched 
to normal YP with Galactose (2%) for 5.5 hours containing 
either DMSO (2µL/ml), z-DEVD-FMK (20µM), or PAC1 
(25µM, S2738, Selleck Chemicals LLC); for yeast Caspase 3 
activity assay involving hydrogen peroxide treatment, half 
of the cultures were treated with hydrogen peroxide 
(5mM) and cell pellets of all cultures were collected 22 
hours later; for yeast Caspase 3 activity assay with TDP43 
expressed, half of the culture had media switched to nor-
mal YP with Galactose (2%) for 6 hours containing either 
DMSO (2µL/ml) or PAC1 (25µM) before cell pellets were 
collected. The corresponding YP with glucose (2%) culture 
was treated with either DMSO (2uL/ml) or PAC1 (25µM) 
and cell pellets were collected 6 hours later. 
 
Yeast spot assays 
Yeast cultures were grown as above. For strains without 
TDP43 expression the culture concentrations were deter-
mined by spectrophotometer and then diluted to an 
OD660=0.1. Then 200µL was added to 800µL sterile ddH2O 
for C1 (1280 cells/5µL). 3 more serial dilutions of 1:5 were 
performed (C2=256 cells, C3=51 cells, C4=10 cells). 5µL of 
each dilution were then spotted onto a YPD agar plate. 
Once spots were dried one plate was placed in the humidi-
fied 30°C incubator. For HS conditions one plate was 
placed into the humidified 42°C incubator for 2 hours and 
then placed in 30°C incubator. All plates were incubated 
for 48 hours then photographed. For strains containing the 
TDP43 expression plasmid, the YPD agar plates were sub-
stituted with YPGR agar plates. Photos were quantified 
using Image J. 

 
Yeast vacuole stains 
Cultures were grown in acidic YP (pH3.5) with glucose (2%) 
overnight at 30°C, before dilution to OD660=0.2. After 3 
hours of incubation to attain logarithmic growth phase, the 
cultures were pelleted and resuspended in 2ml's of acidic 
YPD containing FM4-64FX (17µM, F34653, Invitrogen). 
After 40min of staining the cells were fixed with 4% PFA (in 

PBS) for 15min at RT followed by microscopic imaging 
(25,28). Fluorescence was detected by microscopic obser-
vation using a Zeiss Observer Z1, with a Plan Apochromat 
63X objective under oil immersion with a 1.0X camera 
adapter. Red fluorescence (emission, 599nm) images were 
used to score the percentage of cells per field displaying 
vacuoles (one or more). 

Cultures were grown in YP with glucose (2%) overnight 
at 30°C, before dilution to OD660=0.2. After 3 hours of incu-
bation to attain logarithmic growth phase, the media was 
switched to normal YP with Galactose (2%) for 22 hours. 
The cultures were then pelleted and resuspended in 2ml's 
of YP with Galactose (2%) containing FM1-43FX (18µM, 
F35355, Invitrogen). After 40min of staining the cells were 
fixed with 4% PFA (in PBS) for 15min at RT followed by mi-
croscopic imaging [25, 28]. Fluorescence was detected by 
microscopic observation using a Zeiss Observer Z1, with a 
Plan Apochromat 63X objective under oil immersion with a 
1.0X camera adapter. Green fluorescence (emission, 
488nm) images were used to score the percentage of cells 
per field displaying vacuoles (three or more). 

 
Yeast western blots and co-immunoprecipitations  
Protein was extracted in modified RIPA buffer (50mM Tris-
HCl, 1% Nonidet P-40 substitute, 150mM NaCl, 1mM EDTA, 
and 1% glycerol supplemented with 20µg/mL each apro-
tinin, pepstatin, leupeptin, and PMSF) through glass-bead 
disruption, separated by PAGE, and blotted onto a PVDF 
membrane. Immunodetection was performed using anti-
Procaspase 3 1:1000 (ab32499, Abcam), for TDP43-RFP, 
anti-RFP 1:2000 (M155-3; MBL Medical Biological Labora-
tories Co.), and anti–β-tubulin 1:25 (E7, Developmental 
Hybridoma Ban, Iowa State University) primary antibodies. 
Secondary antibodies were as follows, goat anti-Rb-HRP 
1:10,000 (170-6515, BioRad) to detect Pro-caspase 3, and 
goat anti-Ms-HRP 1:10,000 (170-6516, Bio-Rad) to detect 
TDP43-RFP or tubulin were applied. 

For PHB2 co-immunoprecipitation (co-IP), proteins were 
extracted in IP buffer (20mM HEPES pH7.4, 2mM MgCl2, 
300mM NaCl, 0.1% Tween-20 supplemented with 20µg/mL 
each aprotinin, pepstatin, leupeptin, and PMSF) through 
glass-bead disruption. Co-IP was accomplished using 500µg 
of total protein extract (volumes normalized) with 5µL anti-
TDP43 (ab190963, Abcam) and 50µL anti-Rb Dynabeads 
(11203D, Invitrogen). Following separation by PAGE, and 
blotting onto a PVDF membrane, immunodetection of 
PHB2 was performed using anti-REA 1:1000 (ab181838, 
Abcam) primary antibody and secondary antibody goat 
anti-Rb-HRP 1:10,000 (170-6515, Bio-Rad).  

 
Mass spectrometry analysis of yeast TDP43 co-
immunoprecipitation 
Protein was extracted in IP buffer as indicated above. Co-IP 
was accomplished using 875µg of total protein extract 
(volumes normalized) with 50µL anti-RFP magnetic beads, 
directed against TDP43-RFP (M165-11, MBL Medical Bio-
logical Laboratories Co.). Following separation by PAGE and 
silver staining, individual lanes were divided into 5 equal 
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fragments and digested in-gel using trypsin (Promega) ac-
cording to the method of Shevchenko [54]. The resulting 
peptide extracts were concentrated by vacufuge (Eppen-
dorf) then dissolved in 1% formic acid (Fisher). 

Peptides were analyzed by LC-MS/MS (liquid chroma-
tography tandem mass spectrometry) using an UltiMate 
3000 RSLC nano HPLC, an LTQ Orbitrap XL hybrid mass 
spectrometer, and a nanospray ionization source and Xcal-
ibur software version 2.0.7 (Thermo Scientific).  Samples 
were loaded by autosampler onto a C18 trap column 
(Thermo) in 3% acetonitrile, 0.1% formic acid and washed 
at a flow rate of 15 microlitres per minute for 5 minutes. 
Peptides were eluted over a 60-minute gradient of 3% - 
45% acetonitrile at a flow rate of 300 nanolitres per minute 
to a 10-cm long column with integrated emitter tip (Picofrit 
PF360-75-15-N-5 from New Objective packed with Zorbax 
SB-C18, 5 micron from Agilent), and nanosprayed into the 
mass spectrometer. MS scans were acquired in FTMS mode 
at a resolution setting of 60,000. MS2 scans were acquired 
in ion trap CID mode using data-dependent acquisition of 
the top 5 ions from each MS scan. 

MASCOT software version 2.5 (Matrix Science, UK) was 
used to infer peptide and protein identities from the mass 
spectra. The observed MS/MS spectra were matched 
against human and yeast sequences from SwissProt (ver-
sion 2014-08) and also against a database of common con-
taminants.  Mass tolerance parameters were MS ±10 ppm 
and MS/MS ±0.6 Da. Enzyme specificity was set to ‘Trypsin’ 
with <=2 miscuts. Oxidation of methionine, protein N-
terminal acetylation, pyrocarbamidomethlyation of N-
terminal cysteine, and conversion of glutamine to pyroglu-
tamate were allowed as variable modifications. Carbami-
domethylation of cysteine was set as a fixed modification.  

 
Muscle cell culture 
Cells of the immortalized murine skeletal muscle cell line, 
C2C12, were grown on non-collagen coated cell culture 
plates in Dulbecco’s Modified Eagle’s medium (DMEM) 
with 10% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin (growth medium). Once confluent, the 
cells were differentiated in DMEM supplemented with 2% 
horse serum and 1% penicillin/streptomycin (differentia-
tion medium). Human primary myoblasts were isolated, as 
described [55]. Following isolation, myoblasts were cul-
tured in 1:1 (v/v) of Ham’s F10:DMEM, supplemented with 
20% FBS, 1% penicillin/streptomycin, and 10 ng/mL basic 
fibroblast growth factor on collagen coated coverslips (see 
below). Myoblasts were differentiated in DMEM supple-
mented with 5% horse serum and 1% penicil-
lin/streptomycin. For immunofluorescence experiments, 
muscle cells were grown on coverslips with or without col-
lagen as indicated (Fisherbrand glass coverslips 1.0 thick-
ness, 25mm circles). For assessing the caspase activity in 
C2C12s, the cells were differentiated for 48 hours prior to 
treatment with z-DEVD-FMK and PAC1. The cells were 
treated with either DMSO (2µL/ml) as a negative control, z-
DEVD-FMK (20µM), and PAC1 (25µM). Differentiated sam-

ples were collected before treatment and then 3, 6, and 12 
hours later. 

 
Muscle cell immunofluorescence  
Following low serum induction of differentiation (post 48 
hours), C2C12 cells and human primary myoblasts were 
treated with either DMSO (2µL/ml) as a negative control, z-
DEVD-FMK (20µM), or a 3-hour pulse of PAC1 (25µM). 
Treatments were refreshed at four days post low serum 
induction of differentiation. After six days of differentiation 
conditions, cells were fixed with 4% PFA (in PBS) for 10min 
at RT, then treated with 0.3% Triton X100 (in PBS) for 10 
min at RT. TDP43 was detected using anti-TDP43 1:500 
(ab104223, Abcam) and PHB2 using anti-REA 1:250 
(ab181838, Abcam). Secondary antibodies used were goat 
anti-mouse Alexa 568 1:2000 (A11031, Invitrogen) to de-
tect TDP43, and goat anti-rabbit Alexa 488 1:2000 (A11008, 
Invitrogen) to detect PHB2. Cells were also co-stained with 
DAPI (20ng/ml in PBS) for 10min at RT. Coverslips were 
prepped for microscopy using DAKO mounting medium. 
The resulting fluorescence was detected by microscopy 
using a Zeiss Observer Z1, with a Pan Apochromat objec-
tive 20X, or 63X under oil immersion with a 0.63X camera 
adapter. TDP43 inclusions were counted visually. 
 
Mitochondrial membrane potential  
Mitochondrial membrane potential was evaluated in live 
myotubes by use of MitoTracker Red CMXRos (M7512, 
Invitrogen). Following low serum induction of differentia-
tion (post 48 hours), C2C12 cells were treated with either 
DMSO (2µL/ml) as a negative control, or z-DEVD-FMK 
(20µM). Treatments were refreshed at four days post low 
serum induction of differentiation. At six days cells were 
treated with MitoTracker (200nM) for 30min at 37°C. Cells 
were then fixed with 4% PFA (in PBS) for 10 min at RT. They 
were then treated with 0.3% Triton X100 (in PBS) for 10min 
at RT and then stained with DAPI (10ng/ml in PBS) for 
10min at RT and mounted on a slide using DAKO mounting 
medium. The resulting fluorescence was detected by mi-
croscopic observation using a Zeiss Observer Z1, with a 40X 
Pan Apochromat objective under oil immersion with a 
0.63X camera adapter.  Red fluorescence (emission, 
599nm) was quantified by use of ImageJ software. 
 
Caspase 3 activity assay  
Caspase 3 activity was determined using the colorimetry 
based Caspase-3 Assay Kit (ab39401) according to the 
manufacturer”s instruction. Briefly, protein was isolated 
from yeast and C2C12 cells and the concentration was de-
termined using the Bradford assay. 100µg of protein lysate 
was incubated with a specific substrate, Ac-DEVD-pNA at 
37°C for 4 hours, and caspase activity was measured spec-
trophotometrically at 405nm.  

 
Filter trap assay for insoluble protein quantification 
Filter trap assay was conducted using the same conditions 
and insoluble protein concentrations as previously de-
scribed [25]. Quantification was performed using Image J. 
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Differential protein expression analysis  
The proteomic mass spectra data obtained from MS/MS 
analysis were visualised using Scaffold (version Scaf-
fold_4.8.4, Proteome Software Inc., Portland, OR). For pro-
tein identification to be considered valid, it needed to 
meet the following criteria: a protein threshold 99%, a pep-
tide threshold of 95% and at least one identified peptide. 
Fischer’s exact test with multiple testing by Benjamini-
Hochberg method with an adjusted p-value of 0.05 was 
used to extract significantly enriched proteins. 

 
Statistical Analysis 
The statistical analysis was performed using GraphPad 
Prism version 9.4.1. The statistical significance between the 
means of the three yeast strains was evaluated using the 
one-way ANOVA with Tukey’s and Bonferroni’s multiple 
comparison test. Student t-test was performed for analysis 
of MitoTracker Red CMXRos relative fluorescence intensity 
measurements.  All the experiments were performed in 
triplicates and p-value < 0.05 was considered to indicate a 
statistically significant difference. 
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