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Abstract: A Mitochondrial dysfunction and oxidative stress are major contributors to the patho-
physiology of neurodegenerative diseases, including Alzheimer’s disease (AD). However, the
mechanisms driving mitochondrial dysfunction and oxidative stress are unclear. Familial AD (fAD)
is an early onset form of AD caused primarily by mutations in the presenilin-encoding genes. Pre-
viously, using Caenorhabditis elegans as a model system to study presenilin function, we found that
loss of C. elegans presenilin orthologue, SEL-12, results in elevated mitochondrial and cytosolic cal-
cium levels. Here, we provide evidence that elevated neuronal mitochondrial generated reactive
oxygen species (ROS) and subsequent neurodegeneration in sel-12 mutants are a consequence of the
increase of mitochondrial calcium levels and not cytosolic calcium levels. We also identify mTORC1
signaling as a critical factor in sustaining high ROS in sel-12 mutants in part through its repression
of the ROS scavenging system SKN-1/Nrf. Our study reveals that SEL-12/presenilin loss disrupts
neuronal ROS homeostasis by increasing mitochondrial ROS generation and elevating mTORC1
signaling, which exacerbates this imbalance by suppressing SKN-1/Nrf antioxidant activity.
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function; Nrf2

1. Introduction

Oxidative stress has emerged as a key driver of neurodegenerative disorders, includ-
ing Alzheimer’s disease (AD) [1]. The aging nervous system is particularly vulnerable to
damage induced by reactive oxygen species (ROS), such as superoxide and hydrogen per-
oxide [2]. Under normal physiological conditions, the balance between ROS generation
and ROS scavenging is tightly regulated. Disturbances to antioxidant scavenging systems
or excessive ROS production disrupt many cellular processes and protein homeostasis,
contributing to the protein misfolding and aggregation characteristic of neurodegenera-
tive diseases. Mitochondria are major producers of ROS through the byproduct of cellular
respiration. Maintaining mitochondrial quality is thus critical for neuronal health and un-
surprisingly mitochondrial dysfunction is also implicated in neurodegenerative diseases
[3]. Therefore, defining the factors connecting mitochondrial activity and ROS homeosta-
sis is essential to understand the relationship between these systems and neuronal health.

AD is a progressive neurodegenerative disorder without effective therapies. Mito-
chondrial dysfunction and oxidative stress are two key features of AD neurons, but what
causes these complications remains unclear [4]. Familial AD (fAD) is an early onset form
of the disease resulting from mutations in the presenilin encoding genes, PSENT and
PSEN?2. The presenilins are conserved transmembrane proteins located primarily on the
endoplasmic reticulum (ER) and function as the catalytic subunit of the gamma-secretase
complex, which cleaves single pass transmembrane proteins [5]. The presenilins have
been demonstrated to play an important phylogenetically conserved role in modulating
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intracellular calcium levels by influencing the rate of ER calcium efflux. Indeed, fAD pre-
senilin mutations or loss of presenilin have been shown to cause disruption of calcium
homeostasis by enhancing ER calcium release [6-12]. Calcium, as a second messenger, can
impact a diverse array of cellular functions and, thus, its role in AD has remained unre-
solved. Nevertheless, it has been postulated that the resulting elevation in cytosolic cal-
cium and loss of calcium homeostasis due to disrupted presenilin function is a primary
contributor to neuronal dysfunction by destabilizing neuronal signaling pathways [13]. In
the model system C. elegans, it has been demonstrated that loss-of-function mutations in
the gene encoding the presenilin ortholog, sel-12, result in a rise in mitochondrial as well
as cytosolic calcium levels [10, 14]. Moreover, reduction of ER calcium efflux or mitochon-
drial calcium uptake prevents the premature neurodegeneration phenotypes associated
with SEL-12/presenilin loss. Thus, these findings indicate a crucial role of calcium home-
ostasis in neuronal dysfunction when presenilin function is disrupted. However, the im-
pact that disrupted cytosolic and mitochondrial calcium homeostasis have on ROS pro-
duction and ROS scavenging is not clear.

Here, to help resolve the relationship between dysregulated neuronal calcium signal-
ing and ROS production and to gain insight into the underlying molecular mechanisms
regulating ROS homeostasis, we investigated the contribution of cytosolic and mitochon-
drial calcium to ROS levels and neurodegeneration. We find evidence that neuronal dys-
function and increased susceptibility to oxidative stress observed in sel-12 mutants are
mediated through the elevation of mitochondrial calcium and not elevated cytosolic cal-
cium levels. Furthermore, we identify an important role of the mTORC]1 signaling path-
way in exacerbating neurodegeneration and oxidative stress in sel-12 mutants by sustain-
ing high neuronal ROS levels, which, in part, is likely due to mTORCI1 inhibition of SKN-
1/Nrf (Nuclear factor erythroid 2-related factor) antioxidant signaling. Overall, our study
indicates that SEL-12/presenilin loss disrupts the balance of neuronal ROS by elevating
mitochondrial generated ROS and increasing mTORCI1 signaling, which in turn disrupts
ROS scavenging by inhibiting SKN-1/Nrf.

2. Materials and Methods

2.1. C. elegans maintenance and strains

All C. elegans strains were grown at 20°C on NGM plates seeded with E. coli OP50.
To age synchronize the animals, gravid worms were bleached, then incubated in M9 for
24-48 hours to allow progeny to hatch. These L1 larvae were grown to adulthood on NGM
plates. All experiments were performed on day 1 adults.

The following strains were used in the study: N2 was the wild type, sel-12(ar131) X,
sel-12(ty11) X, egl-19(n2368) 1V, nprl-3(ku540) 1V, raga-1(0k386) 11, rsks-1(ok1255) 111, sesn-
1(0k3157) 1, skn-1(lax120) 1V, skn-1(lax188) IV, unc-2(zf35gf) X, bzls166 [mec-4p::mCherry],
dvls19 [(pAF15)gst-4p::GFP:NLS] 111, goels22 [mec-4p::SL1::GCaMP3.35::SL2::mKate2::unc-
54 3'UTR + unc-119(+)], jsIs609 [mec-4p::MLS::GFP], uthls248 [aak-2p::aak-2(genomic aal-
321)::GFP::unc-54 3'UTR + myo-2p::tdTOMATO], zcls4[hsp-4p::GFP], zcls9[hsp-60p::GFP],
zcls13[hsp-6p::GFP],  zdls5 [mec-4p:GFP + lin-15(+)] 1,  takEx641[mec-7p::mito-
GCaMP6f::SL2::mCherry], and zhsEx17 [mec-4p:MLS:ROGFP]. Genotypes were deter-
mined by PCR and DNA sequencing. sel-12(ty11) mutants were used as the canonical sel-
12 loss of function mutant unless otherwise indicated.

2.2. RNAi

The feeding method was used to deliver RNAi [15]. NGM plates were seeded with
HT115 bacteria that expressed skn-1 or sca-1 double stranded RNAi acquired from the
Ahringer library [16], or empty RNAi feeding vector. RNAi bacteria strains were verified
by PCR and DNA sequencing. L1 animals were grown on RNAi expressing plates until
adulthood
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2.3. Analysis of neuronal morphology

Animals expressing mec-7p::GFP(zdls5) were used to examine the structure of the
mechanosensory neurons. Aberrant ALM neurons were scored as either normal or aber-
rant. Aberrant neurons presented structural defects such as wave-like bending in the
axon, lesions sprouting off the axon, or sprouts stemming from the soma. To image the
neurons, worms were immobilized in 100 mM levamisole on 2% agarose pads, and then
imaged using the 60X oil objective on a Nikon A1R confocal microscope. The images were
compiled using Fiji software. Neuronal morphology was score as healthy by the lack of
ectopic sprouts emanating from cell bodies or abnormal projections or gaps in axons. If
the observed neuron possessed any abnormal projections, either in the soma or the axon,
it was scored as aberrant.

2.4. Mitochondrial organization analysis

The organization of the mitochondria in the ALM mechanosensory neuronal soma
was observed in animals expressing mec-4p::MLS::GFP(js[s609). Animals were immobi-
lized in 100 mM levamisole on 2% agarose pads, then imaged using 60X oil objective on a
Nikon A1R confocal microscope. The images were compiled using Fiji software. Mito-
chondrial organization was scored as either continuous or discontinuous, where continu-
ous mitochondria had a linear structure without any breaks, while discontinuous mito-
chondria showed breaks and appeared fragmented. If the observed mitochondria mor-
phology was punctate, it was scored as discontinuous. Alternatively, if the mitochondria
morphology was connected, it was scored as continuous.

2.5. Paraquat treatment

Paraquat (Sigma-Aldrich, 856117) is freshly prepared in water and added to NGM
agars plates to the indicated final concentration. To induce hsp-6p::gfp, and hsp-60p::gfp
expression, L3 animals were moved to plates containing 2.5 mM paraquat until adulthood
and were imaged as day 1 adults. As a control for gst-4p::GFP expression, L4 animals were
grown on 2 mM paraquat plates overnight and were imaged as day 1 adults. To test gst-
4p::GFP (dvls19) expression and roGFP (zhsEx17) sensitivity in wild type and sel-12 mu-
tants, L3 animals were moved to plates containing the indicated concentration of paraquat
(0.01mM, 0.1mM, and 1.0 mM) until they reached adulthood (2 days) and were imaged as
day 1 adults.

2.6. Paraquat assay

Survival following paraquat exposure was determined by transferring day 1 adults
(50 per treatment group) to tubes containing either 0, 50, 100, or 150 mM paraquat for 24
hours. Animals were moved to fresh NGM plates and allowed to recover for one hour.
Animals were scored as dead if there was no response to repeated prodding with a plati-
num wire. These experiments were repeated three times.

2.7. Mechanosensation assay

Response to soft touch was performed by using an eyebrow hair attached to a Pasteur
pipette, as described [14]. Touches were alternated between the anterior half of the worm
(between the pharynx and the vulva) and to the posterior half (between the vulva and
tail), for a total of ten touches per worm. A positive response was scored when the animal
reversed its forward motion away from the hair and continued moving in the reverse di-
rection. The percentage of positive responses per worm was recorded and then averaged
for twenty worms per strain.

2.8. Mitochondrial redox measurement and GST-4/UPR reporter assay
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Animals expressing redox sensor roGFP targeted to the mechanosensory neurons
(zhsEx17 [Pmec-4::mitoLS:ROGFP]) were immobilized in 100 mM levamisole and
mounted on 2% agarose pads on glass slides, then imaged using a 63x oil objective on a
Zeiss Axio Observer microscope equipped with an Andor Clara CCD camera. Metamorph
software was used to compile images. Samples were sequentially excited with a 405 nm
light and 488 nm light with GFP emission detection. Exposure times were kept consistent
between samples. The ratio of 405 nm to 488 nm fluorescence intensity was quantified
using Fiji software. gst-4p::¢fp (dvls19) transgenic animals were used as a transcriptional
reporter of the SKN-1 target GST-4. hsp-6p::fp (zcls13) and hsp-60p::gfp (zcls9) transgenic
animals were used as reporters for the UPR™, and hsp-4p::¢fp (zcls4) animals were used as
a reporter for UPRER. For all animals, day 1 adults were imaged using a 10x objective lens
on a Zeiss Axio Observer microscope. Exposure times were kept consistent between sam-
ples.

2.9. Mitochondrial and cytosolic calcium imaging

Mitochondrial calcium was measured in the mechanosensory neurons in animals ex-
pressing mec-7p::mito-GCaMP6f::SL2::wrmScarlet. Cytosolic calcium was measured in the
mechanosensory neurons in animals expressing mec-4p::SL1::GCaMP3.35::SL2::mKate2. In
both cases, animals were immobilized on 100 mM levamisole on 2% agarose pads. Images
were taken using a 63X objective lens on a Zeiss Axio Observer microscope equipped with
an Andor Clara CCD camera, and images were compiled with Metamorph software. Flu-
orescence intensity of mito-GCaMP6 or GCaMP3.35 was normalized to mCherry or
mKate2 fluorescent intensity, respectively, as an expression control, and this ratio was
quantified using Image].

2.10. Western analysis

Day 1 adult worms were washed twice in PBS. Half the worm pellet was resuspended
in RIPA buffers with protease inhibitors (Roche), lysed via sonication, and then used to
determine protein concentration with a BCA assay (Pierce). The other half of the sample
was lysed via sonication in 2x Laemmli sample buffer (BioRad) containing 5% beta-mer-
captoethanol. From this lysate, 20 ug of each sample was loaded and separated with a 10%
tris-glycine gel (BioRad). The separated proteins were transferred to a 0.2 um nitrocellu-
lose membrane (Invitrogen), then incubated in primary antibodies (phospho-Drosophila
P70 S6 Kinase (Thr398), 1:500, Cell Signaling #9209, and beta-actin, 1:1000, MP Biomedicals
#8691002) in TBS overnight. The membrane was incubated for 1 hour in secondary anti-
bodies (IRDye 800CW Goat anti-rabbit (LI-COR), 1:20,000 and IRDye 680RD Goat anti-
mouse, 1:20,000 (LI-COR)). LiCor Odyssey CLx infrared imaging system was used to im-
age the blot and the Odyssey Image was used to quantify band intensity.

2.10. Statisical analyses

Statistical difference comparing two treatment groups was determine using a Stu-
dent's t test, and a one-way analysis of variance with a Tukey post hoc analysis was used
for multiple comparisons. Analysis of paraquat data was conducted using a two-way
analysis of variance and a Tukey post hoc analysis. For the mitochondrial and ALM neu-
ronal morphology analyses, a chi-square test was used to determine statistical difference
between genotypes. A p value of less than 0.05 is considered significant. Graph Pad Prism
software was used for all analyses.

3. Results
3.1. Increase in mitochondrial calcium results in mitochondrial redox imbalance in sel-12 mutants.

Mutations in presenilins have been shown to disrupt calcium signaling in a variety
of cell systems. Indeed, evidence in presenilin AD models examining fAD PSEN muta-
tions show enhanced ER calcium release and a rise in cytosolic calcium [7, 9, 12, 17, 18].
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Consistent with a phylogenetically conserved role of presenilin, mutations in the gene
encoding presenilin in C. elegans, sel-12, also show a sharp increase in cytosolic calcium
signaling ([10]; Figure 1A). It has been postulated that the increased release of ER calcium
and subsequent rise in neuronal cytosolic calcium is responsible for the profound defects
in neuronal function that define fAD [19]. However, the mechanism underlying calcium
dysregulation in neurodegeneration is not clear. To investigate the impact elevated cyto-
solic calcium has on neuronal fitness, we utilized two C. elegans mutants that have gain-
of-function mutations in the genes encoding the EGL-19 and UNC-2 voltage-gated cal-
cium channels (VGCC). Both the egl-19(n2368gf) and unc-2(zf35gf) mutations have been
shown to increase the activation state of the EGL-19 VGCC and UNC-2 VGCC, respec-
tively [20, 21]. First, to investigate whether these mutations cause elevated cytosolic cal-
cium levels, we employed a cytosolic calcium biosensor, GCaMP3.35::SL2::mKate that is
expressed in the touch receptor neurons (TRNs) [22]. The TRNs control the response to
soft touch and display distinct age-associated morphological and functional defects, and
thus provide an attractive system for modeling neurodegeneration [23-25]. Consistent
with the egl-19(n2368gf) gain-of-function mutation in egl-19 increasing the activity of the
EGL-19 VGCC, we found a ~4-fold increase in cytosolic calcium in egl-19(n2368gf) mutants
compared to wild type animals (Figure 1A). However, we did not observe an increase in
the cytosolic calcium levels in unc-2(zf35gf) mutants (Figure 1A).

Considering that, in addition to an increase in cytosolic calcium levels, sel-12 mutants
have a significant increase in basal mitochondrial calcium levels that impacts mitochon-
drial and neuronal function [14, 26], we investigated mitochondrial calcium levels in egl-
19(n2368gf) and unc-2(zf35gf) mutants. Using a mitochondrial calcium biosensor (mito-
GCaMP6f::SL2::mCherry) expressed in the TRNs [14, 26], we found that unlike the ele-
vated mitochondrial calcium levels observed in sel-12 mutants, both egl-19(n2368gf) and
unc-2(zf35¢f) mutants were indistinguishable from wild type animals and thus do not
show an increase in mitochondrial calcium (Figure 1B). These data indicate that a rise in
cytosolic calcium levels does not correlate with a rise in mitochondrial calcium levels.

Next, since sel-12 mutations cause neuronal degeneration as well as mitochondrial
morphological abnormalities [10, 14], we investigated whether elevated cytosolic calcium
results in neuronal or mitochondrial morphological defects. We used transgenic animals
expressing soluble GFP within their TRNs, and analyzed the morphology of the ALM
TRN soma and axon. Healthy ALM neurons display round soma and linear axonal pro-
cesses, whereas aged neurons present neurite sprouts stemming off their soma, and le-
sions and branching along their axons [14, 23-25]. Whereas there is a higher frequency of
structurally aberrant ALM neurons present in sel-12 mutants, we did not observe struc-
tural defects in the age-matched egl-19(n2368gf) or unc-2(zf35¢f) mutants (Figure 1C,D). To
investigate mitochondrial morphology, we examined animals expressing GFP targeted to
the mitochondria of TRNs [27]. Mitochondria in the soma of wild type animals show a
continuous, linear mitochondrial network, whereas sel- 12 mutants display a fragmented,
discontinuous appearance (Figure 1E,F). Similar to the analysis of neuronal morphology,
egl-19(n2368gf) or unc-2(zf35gf) mutants did not show defects in mitochondrial morphol-
ogy (FigurelE,F).

Since mutations in sel-12 are associated with elevated mitochondrial ROS generation
[14], we next examined whether the increased cytosolic calcium observed in egl-
19(n2368gf) mutants disrupts redox homeostasis. To accomplish this, we analyzed animals
expressing roGFP1, a redox sensitive GFP, targeted to the mitochondria in TRNs [28]. Ox-
idation of roGFP results in a shift in its peak excitation from 488 to 405 nm [29]. Thus, the
405/488 nm ratio indicates the extent of roGFP oxidation. Unlike other ROS biosensors,
such as HyPer, roGFP1 is highly independent of pH and thus is a reliable indicator of
mitochondrial redox behavior [30-33] and has been shown to detect oxidative stress in C.
elegans [34, 35]. Consistent with previous observations [14], we found that sel-12 null mu-
tants had a significant increase in neuronal oxidation, as measured by the increased ratio
of oxidized to reduced GFP fluorescence, which is rescued by the application of
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Figure 1. Mitochondrial and neuronal abnormalities in sel-12 mutants are mediated through mito-
chondrial calcium. (A) Quantification of cytoplasmic calcium levels in animals expressing GCaMP
and mKate in the mechanosensory neurons. (n > 25). (B) Quantification of mitochondria calcium
levels in animals expressing mitochondrial-targeted GCaMP6 and mCherry (n >21). (C) Representa-
tive image of healthy and aberrant ALM neurons (scale bar =10 @ m) and (D) quantification of the
frequency of aberrant or health neurons. (n > 20). (E) Representative image of continuous and dis-
continuous mitochondrial organization in the ALM soma (scale bar =10 © m) and (F) quantification
of the frequency of continuous and discontinuous mitochondria. (n = 20). (G) Ratio of oxidized to
non-oxidized roGFP1 in the mitochondria of ALM neurons as a quantitative measure of oxidation
levels. (n > 20). ns P>0.05, *P<0.05, ***P<0.001, ****P<0.0001 using one-way ANOVA with Tukey’s
multiple comparison test (A,B,G) or chi-square test (D and F). Comparisons are made to wild type
unless otherwise indicated. Error bars indicate mean +/- SEM.

mitoTEMPO, a mitochondrial targeted superoxide scavenger (Figure 1G). In contrast, egl-
19(n2368gf) mutants had neuronal oxidation levels indistinguishable from wild type ani-
mals (Figure 1G). Together, these data suggest that the elevated mitochondrial calcium
levels observed in sel-12 mutants and not in egl-19(n2368¢f) mutants may be the cause of
the elevated oxidative stress and neuronal degeneration observed in sel-12 mutants. To
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test this notion, we introduced a null mutation in the mitochondrial calcium uniporter,
encoded by mcu-1, which we and others have previously shown reduces mitochondrial
calcium uptake in wild type and sel-12 mutants ([14, 36]; Figure 1B). Analysis of roGFP
fluorescence in mcu-1; sel-12 double mutants demonstrates that reducing mitochondrial
calcium uptake prevents the increase in neuronal oxidation observed in sel-12 mutants
(Figure 1G). These data specifically implicate mitochondrial calcium uptake in the in-
creased mitochondrial oxidation levels caused by SEL-12 loss.

Lastly, considering a major function of SEL-12/presenilin is its role as the aspartyl
protease subunit of the gamma-secretase complex, we investigated whether sel-12 mu-
tants that carry a CRISPR/Cas9 induced point mutation, which alters a conserved aspar-
tate residue (D226 A) that is required for aspartyl protease activity [37], have elevated neu-
ronal mitochondrial oxidation. Unlike sel-12 null mutants, we did not observe an increase
in neuronal mitochondrial oxidation in the sel-12 mutants carrying the D226 A mutation
(Figure 1G). Thus, the protease activity of SEL-12/presenilin does not impact redox home-
ostasis as is observed in sel-12 null mutants. This result is consistent with previous obser-
vations that the loss of SEL-12 protease activity does not phenocopy the elevated mito-
chondrial calcium levels or neurodegeneration observed in sel-12 null mutants [14, 26, 37].

3.2. Loss of SEL-12/presenilin does not induce the mitochondrial unfolded protein response.

Previously, it has been demonstrated that an increase in mitochondrial ROS triggers
the mitochondrial unfolded protein response (UPR™) [38]. The UPR™ is a phylogenet-
ically conserved adaptive response that functions to maintain mitochondrial proteostasis
during mitochondrial dysfunction. Since sel-12 mutants show disrupted mitochondrial re-
dox homeostasis, we investigated whether sel-12 mutants have activated UPR™. To ac-
complish this, we utilized two UPR™ reporters, hsp-6p::GFP and hsp-60p::GFP [39, 40]. As
previously shown, using the mitochondrial superoxide inducer, paraquat [41, 42], both
UPR™ reporters demonstrated robust activity (Figure 2A-C). Surprisingly, despite the in-
creased mitochondrial oxidative status observed in sel-12 mutants, the hsp-6p::GFP and
hsp-60p::GFP reporter activity in sel-12 mutants was indistinguishable from wild type an-
imals (Figure 2A-C). These data indicate that UPR™ is not active in sel-12 mutants despite
the elevated mitochondrial oxidative status.

Since SEL-12, as well as presenilin in mammalian cells, has been shown to be local-
ized to the ER and mediate ER calcium signaling [10, 18, 43-45], we examined the ER un-
folded protein response (UPRER) in sel-12 mutants. Similar to UPR™, UPRER is a phyloge-
netically conserved adaptive pathway that maintains ER proteostasis during ER dysfunc-
tion. Using the UPRER reporter, hsp-4p::GFP [46], we found no difference in the activity of
the UPRER reporter in sel-12 mutants compared to wild type animals (Figure 2D). This is
in contrast to animals treated with sca-1(RNAi), which knocks down the expression of the
sarco-endoplasmic reticulum calcium ATPase and induces a robust UPRER response (Fig-
ure 2D). Together, these results indicate that neither the UPR™ nor the UPRER are active in
sel-12 mutants.

3.3. Inhibition of mTORC1 improves mitochondrial redox homeostasis and improves oxidative
stress survival in sel-12 mutants.

We previously found that elevated mitochondrial calcium in sel-12 mutants contrib-
utes to neurodegeneration by hyperactivating the mechanistic target of rapamycin 1
(mTORC1) pathway [26]. mTORCI1 is a conserved central regulator of cell growth and
metabolism. mTORC1 processes a variety of inputs such as growth factors, nutrient sig-
nals, and cellular energy status, and in response activates anabolic pathways to promote
the production of proteins, lipids, and other biological material [47]. The dysregulation of
this pathway has been implicated across multiple diseases, including Alzheimer’s disease,
underscoring mTORC1’s importance in regulating cell behavior [48, 49]. Inhibiting
mTORC1 improves a range of neurodegenerative phenotypes in sel-12 mutants, including
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Figure 2. SEL-12/presenilin loss does not induce the mitochondrial unfolded response. (A) Repre-
sentative images (scale bar = 0.1 mm) of GFP fluorescence intensity hsp-6p::gfp transgenic animals as
a reporter for UPR™. (B, C) Quantification of GFP fluorescence intensity in hsp-6p::gfp (B) or in hsp-
60::¢fp (C) transgenic animals as reporters for the UPR™. Paraquat (PQ) was used to induce mito-
chondrial ROS as a positive control. (D) Quantification of GFP fluorescence intensity in hsp-4p::gfp
transgenic animals as a reporter for UPRFR. sca-1(RNAi) was used as a positive control to knock
down expression of the sarco-endoplamic reticulum calcium ATPase (SERCA) to induce an ER
stress response. (n > 20). ns P>0.05, **P<0.001 using one-way (B-C) with Tukey’s multiple compari-
son test. Comparisons are made to wild type unless otherwise indicated. Error bars indicate mean
+/- SEM.

impairments to neuronal and mitochondrial morphology, protein homeostasis, neuro-
degeneration, and behavior, yet did not reduce mitochondrial calcium levels [26]. Since a
rise in mitochondrial ROS production and oxidative stress following mitochondrial cal-
cium uptake mediates the neuronal defects observed in sel-12 mutants [14, 37], we asked
if increased mTORC1 activity contributes to disrupted mitochondrial redox homeostasis.
To answer this, we genetically inhibited mTORCT1 in the sel-12 background by crossing in
a null mutation in raga-1, which encodes RagA, a GTPase whose activation is required for
full mTORC1 activity. We also crossed in a null mutation of rsks-1, which encodes riboso-
mal protein S6 kinase and as an effector of the mTORC]1 pathway promotes protein trans-
lation. When we compared the oxidation state of roGFP in the TRNs between sel-12 and
raga-1; sel-12 mutants, we found that raga-1; sel-12 animals showed a significant reduction
in oxidized roGFP, indicating that inhibition of mTORC1 reduces neuronal oxidative
stress and suggests that mTORC1 signaling contributes to the disrupted mitochondrial
redox homeostasis observed in sel-12 mutants (Figure 3A). In contrast, rsks-1; sel-12 ani-
mals did not show a reduction in oxidized roGFP (Figure 3A). These results suggest that
inhibition of RSKS-1-dependent signaling pathways, such as protein translation through
the rsks-1 deletion, is not sufficient to restore redox homeostasis in sel-12 mutants, and that
mTORC1 signaling affects ROS levels through an alternate mechanism. Additionally, we
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examined resistance of these mutants to oxidative stress by exposing the animals to 50,
100, and 150 mM paraquat. As mentioned, paraquat is a toxin and redox cycler that pro-
motes oxidative stress by generating superoxide at mitochondria [41, 42]. Consistent with
the high levels of ROS detected in sel-12 mutants, we found that sel-12 mutants have a
sharply reduced survival rate compared to wild type animals. In contrast, raga-1; sel-12
animals have an increased survival rate compared to sel-12 mutants (Figure 3B). However,
rsks-1; sel-12 survival was indistinguishable from sel-12 mutants (Figure 3B). As an alter-
native strategy to reduce mTORC1 activity, we introduced into the sel-12 background a
constitutively active mutation in the catalytic subunit of 5’ adenosine monophosphate-
activated protein kinase (AMPK/AAK-2), a sensor of cellular energy and a major negative
regulator of mTORC1 signaling [50]. Similar to raga-1; sel-12 animals, we found that the
aak-2(ca); sel-12 mutants had a significant increase in survival rate than sel-12 mutants
when exposed to paraquat (Figure 3B).
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Figure 3. Inhibition of mTORC1 reduces mitochondrial ROS and rescues the hypersensitivity of sel-
12 mutants to oxidative stress. (A) Relative mitochondrial oxidation levels in animals expressing
mitochondria targeted roGFP in the mechnosensory neurons. (n = 30). (B) Survival rate of animals
following 24-hour exposure to the oxidant paraquat (0, 50, 100, and 150 mM paraquat). (50 animals
per strain, performed 3 times) (C) Paraquat survival curve in animals exposed to skn-1 or control
RNAI. (D and E) Representative images (D) and quantification (E) of GFP fluorescence intensity in
gst-4p::gfp transgenic animals as a reporter for transcription of SKN-1/Nrf2 target GST-4. ns P>0.05,
*P<0.01, ***P<0.001 using one-way (A, D and E) or two-way (B and C) ANOVA with Tukey’s mul-
tiple comparison test. Comparisons are made to wild type unless otherwise indicated. Error bars
indicate mean +/- SEM.

We next asked why mTORC1 signaling alters mitochondrial ROS levels in sel-12 mu-
tants. mMTORC1 plays an important role in protein homeostasis by controlling the rate of
protein production. Hyperactive mTORC1 may destabilize this homeostasis and increase
protein misfolding and aggregation, thereby promoting oxidative stress. However, we
found that reducing mTORC1-mediated protein production via the SK6/rsks-1 mutation
was unable to relieve ROS levels in sel-12 mutants. Evidence in C. elegans suggests that
mTORCI signaling additionally has a key role in controlling activation of SKN-1/Nrf an-
tioxidant pathway in C. elegans [51]. SKN-1 is the C. elegans orthologue of the Nrf class of
transcription factors, which upregulate genes encoding detoxification enzymes to coun-
teract oxidative stress [52]. Importantly, SKN-1 activity is induced by mitochondrial ROS
[53-55]. The role of SKN-1 in countering oxidative stress by regulating antioxidant gene
expression is phylogenetically conserved [56]. Moreover, like the Nrf proteins, SKN-1 ac-
tivation preserves neuronal health by reducing oxidative stress [57]. The aforementioned
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study in C. elegans by Robida-Stubbs and colleagues showed that mTORC1 inhibition in-
creases transcription of SKN-1 target genes encoding antioxidant proteins [51]. Further-
more, these authors found that knockdown of mTORCT1 signaling extended the lifespan
of C. elegans and that this lifespan extension was dependent on SKN-1 function. Together,
these data implicate mTORC1 as a potential inhibitor of SKN-1/Nrf activity. Thus, we
asked whether SKN-1 activity is necessary for the improvement to oxidative stress re-
sistance in raga-1; sel-12 and aak-2(ca); sel-12 animals. To this end, we inhibited SKN-1 ac-
tivity using RNA interference (RN A1), and found that skn-1 RNAi prevented the increased
survival rate in raga-1; sel-12 and aak-2(ca); sel-12 animals following paraquat exposure
(Figure 3C). We also found that inactivating skn-1 does not make sel-12 mutants more sus-
ceptible to oxidative stress (Figure 3C), suggesting that skn-1 is already inhibited in sel-12
mutants and that this inhibition is relieved by inhibiting mTORCT.

Together, these data indicate that skn-1 activity is necessary for improvements to ox-
idative stress resistance following mTORC1 inhibition, and also suggest sel-12 mutants
have repressed SKN-1 activity. Therefore, we also asked whether the level of SKN-1 ac-
tivity is altered in sel-12 mutants. We quantified SKN-1 activity by examining transgenic
animals carrying gst-4p::¢fp, a widely used transcriptional reporter for the SKN-1 tran-
scriptional target and ROS detoxifying enzyme glutathione S-transferase 4 (GST-4) [58].
Surprisingly, despite the higher oxidative stress status in sel-12 mutants (Figures 1G and
3A-C), gst-4p::GFP expression was not induced in these animals (Figure 3D,E), indicating
SKN-1 is not being activated by the high mitochondrial ROS levels observed in sel-12 mu-
tants (Figures 1G and 3A) and implicates the involvement of mMTORC1 hyperactivity in
SKN-1 repression. Altogether, our results indicate that mTORC1 plays an important role
in mediating increased ROS and oxidative stress sensitivity in sel-12 mutants, likely, in
part, by reducing skn-1 activity. These data support a model whereby loss of sel-12 leads
to increased mTORC1 activity, which inhibits skn-1 function and prevents activation of
detoxifying pathways.

3.4. sel-12 mutants display reduced SKN-1 activity in response to mitochondrial oxidative stress.

Since SKN-1 activity is activated by mitochondrial oxidative stress [52] and to fur-
ther explore SKN-1 activity in sel-12 animals, we asked if sel-12 mutants are able to acti-
vate SKN-1 in response to mitochondrial oxidative stress. To induce mitochondrial oxi-
dative stress, we treated sel-12 mutants with paraquat to induce mitochondrial superox-
ide production and examined gst-4p::GFP expression as a readout for SKN-1 activity.
While treatment of wild type animals with 0.01 mM paraquat was able to activate the
gst-4p::GFP SKN-1 reporter, this concentration only showed baseline gst-4p::GFP re-
porter activity in sel-12 mutants (Figure 4A). Similarly, treating wild type animals with
0.1 mM paraquat induced a robust increase in gst-4p::GFP expression but only baseline
expression was observed in sel-12 mutants (Figure 4A). In contrast, exposure to 1.0 mM
paraquat significantly increased gst-4p::GFP activity in sel-12 mutants; however, this in-
crease was significantly muted compared to wild type animals (Figure 4A). These data
suggest that SKN-1 activity is hampered in sel-12 mutants. Moreover, utilizing the previ-
ously described roGFP redox biosensor, we found that exposure to 0.1 mM and 1.0 mM
paraquat phenocopies the oxidative state observed in sel-12 mutants (Figure 4B). Taken
together, in addition to disrupted mitochondrial redox homeostasis, these data indicate
that sel-12 mutants have a restrained response to oxidative stress, which is consistent
with the elevated sensitivity of sel-12 mutants to oxidative stress (Figure 3B,C).
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Figure 4. sel-12 mutants have decreased SKN-1 activity in response to oxidative stress. (A) Quanti-
fication of gst-4p::GFP expression in animals treated with paraquat. (n > 28). (B) Ratio of oxidized
to non-oxidized roGFP in the mitochondria of ALM neurons of animals treated with paraquat. (n >
22). ns P>0.05, *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001 using one-way ANOVA with Tukey’s
multiple comparison test. Comparisons are made to wild type unless otherwise indicated. Error
bars indicate mean +/- SEM.

3.5. Activation of SKN-1 improves soft touch response and resistance to oxidative stress in sel-12
mutants.

We have demonstrated that inhibiting mTORC1 activity is sufficient to reduce the
hypersensitivity of sel-12 mutants to oxidative stress (Figure 3B). Moreover, we showed
that this reduction is dependent on SKN-1 function (Figure 3C). Since we have found
evidence that SKN-1 activity is restrained in sel-12 mutants (Figure 4A) and a previous
study found that mTORCI activity inhibits SKN-1 function [51], we next asked whether
promoting SKN-1 activation in sel-12 mutants is sufficient to suppress the neurodegener-
ative phenotypes or hypersensitivity to oxidative stress observed in sel-12 mutants. To
do this, we crossed in activating mutations in skn-1 (lax120 or lax188) into the sel-12 mu-
tant background [59]. We then analyzed defects in the function of the TRNs by measur-
ing the animals’ response to soft touch, a behavior that is controlled by these neurons.
Animals with healthy TRNs will reverse their motion and crawl backward when
touched on the anterior portion of the body with an eyebrow hair. The reverse will occur
when the animal is touched on the posterior half of the body, and the animal will move
forward. Aged animals show a reduced frequency in their response rate to soft touch,
which correlates with an increased presence of structural abnormalities in the TRN's [24].
Similar to displaying precocious structural ALM neuron abnormalities ([14]; Figure
1C,D), sel-12 null mutants show defects in soft touch response at day 1 of adulthood
([14]; Figure 5A). In day 1 age-matched adults, we found skn-1(lax120); sel-12 or skn-
1(lax188); sel-12 animals showed a significant increase in soft touch response compared
to sel-12 mutants alone, indicating that increasing skn-1 activity improves the health of
the TRNs in sel-12 mutants (Figure 5A). Additionally, skn-1(lax120); sel-12 and skn-
1(lax188); sel-12 animals showed increased survival rate following paraquat exposure
(Figure 5B) similar to mTORCI inhibition (Figure 3B). These data indicate that promot-
ing the skn-1 pathway is sufficient to improve neurodegenerative behavior and enhance
oxidative resistance following SEL-12 loss.
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Figure 5. Activation of SKN-1 improves soft touch response and resistance to oxidative stress in
sel-12 mutants. (A) Response to anterior and posterior soft touch in sel-12 mutants and sel-12 mu-
tants carrying activating mutations in skn-1. (n = 20) (B) Paraquat survival assay in wild type, sel-12
mutants, and animals carrying activating mutations in skn-1 after 24-hour exposure to either 50,
100, or 150 mM paraquat (50 animals per strain, performed 3 times). ns P>0.05, *P<0.05, **P<0.01,
***P<0.001 using one-way (A) or two-way (B) ANOVA with Tukey’s multiple comparison test.
Error bars indicate mean +/- SEM.

3.6. Hyperactivation of mTORC1 is not sufficient to cause neurodegeneration.

We have previously demonstrated that mTORC1 signaling is hyperactivated in sel-
12 mutants and is a critical driver of neurodegeneration in sel-12 mutants [26]. Thus,
since it was previously shown that increased ROS is a critical contributor to the neuro-
degeneration observed in sel-12 animals [14], and we have found that mTORC1 activity
also contributes to the elevated ROS and neurodegeneration in sel-12 mutants ([26]; Fig-
ure 3A), we asked whether the ultimate cause of neurodegeneration in sel-12 mutants is
the hyperactivation of the mTORC1 signaling pathway in sel-12 mutants. To test this, we
examined two mutants that have loss-of-function mutations in two negative regulators
of mTORCT1 signaling activity. These include the gene encoding the Sestrin ortholog,
sesn-1, and the gene encoding a protein in the GATOR1 complex, nprl-3 [60]. While loss
of nprl-3 function has been shown to activate mMTORCI signaling activity in C. elegans
[61], the impact of sesn-1 inactivation on mTORC1 activity has not been investigated in
C. elegans. Thus, to determine whether loss of sesn-1 results in the activation of mTORC1
signaling activity, we examined the levels of phosphorylated RSKS-1/s6 kinase, a down-
stream target of mTORC]1 signaling, in these mutants [26, 62]. Consistent with NPRL-3
and SESN-1 acting as negative regulators of mTORC1 signaling, we found that nprl-3
and sesn-1 mutants had significantly elevated phosphorylated RSKS-1 compared to wild
type animals, indicating higher mTORC1 activity in these animals compared to wild
type animals (Figure 6A,B). However, unlike sel-12 mutants, when we examined soft
touch response in these animals, they were phenotypically wild type, without defects in
their response rate (Figure 6C). Additionally, there were no changes to mitochondrial
ROS levels in the ALM TRN s of sesn-1 and nprl-3 mutants (Figure 6D), nor were there
structural defects present within these neurons (Figure 6E). Together these data indicate
that, although mTORCI plays a crucial role in mediating several defects associated with
loss of SEL-12, hyperactive mTORC1 is not on its own sufficient to cause neurodegenera-
tion; rather, elevated mTORC1 activity in sel-12 mutants exacerbates the neurodegenera-
tion through its influence on ROS and detoxification pathways via SKN-1.
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Figure 6. Hyperactivation of mTORC1 is not sufficient to cause neurodegeneration. (A) Western
blot of p-RSKS-1/S6k in wild type, nprl-3 and sesn-1 mutants indicating increased mTORC1 activ-
ity and (B) quantification of p-RSKS-1/actin in (A). (C) Quantification of response to anterior and
posterior soft touch in wild type, sesn-1, nprl-3, and sel-12 mutants. (n = 20). (D) Relative mitochon-
drial oxidation levels in animals expressing mitochondria targeted roGFP in the mechnosensory
neurons. (n > 15). (E) Quantification of frequency of healthy and aberrant ALM neurons present in
wild type, sesn-1, nprl-3, and sel-12 mutants. (n > 20). ns P>0.05, *P<0.05, **P<0.01, **P<0.001 using
one-way ANOVA with Tukey’s multiple comparison test. Comparisons are made to wild type
unless otherwise indicated. Error bars indicate mean +/- SEM.

4. Discussion

Oxidative stress increases with age and is a prominent risk factor for many neuro-
degenerative diseases, including AD. ROS, under normal physiological conditions, func-
tion as important signaling molecules, but the aging process and other pathological insults
gradually cause a breakdown in ROS scavenging systems and the dysregulation of mito-
chondrial activity, which further promotes the accumulation of ROS, cellular damage, and
impairment of processes governing ROS homeostasis [4]. Among them, calcium signaling
plays an important role in ROS generation, and calcium signaling dysregulation is an im-
portant contributor to neuronal pathology. Specifically, elevated intracellular calcium
concentration has been associated with increased oxidative stress in AD models [26, 63,
64]. fAD, which is caused predominantly by mutations in the presenilin encoding genes,
is also associated with altered calcium signaling (Cheung et al., 2008; Chan et al., 2000; Lee
et al., 2006; Stutzmann et al, 2004)[7, 8, 11, 12]. Presenilin is a transmembrane protein
found on most endomembranes and localizes primarily to the ER. Presenilin is known to
play an important role in calcium homeostasis. However, the mechanism underlying cal-
cium dysregulation and its relationship to neurodegeneration and oxidative stress is un-
clear.

Here, our study identified a specific role for mitochondrial calcium in the neuro-
degeneration induced by presenilin/SEL-12 loss. We found that an elevation of cytosolic
calcium, although a consequence of SEL-12 dysfunction [10] as it is with presenilin fAD
mutations, is not sufficient to cause neurodegeneration or increase ROS production in C.
elegans neurons. Rather, an increase in mitochondrial calcium is the critical mediator of
ROS generation and neurodegeneration observed in sel-12 mutants. We also found evi-
dence that the mTORCT1 signaling pathway is involved with the increase in ROS levels
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and oxidative stress hypersensitivity observed in sel-12 mutants. mTORC1 is a key regu-
lator of cell metabolism, as it senses an array of signals related to nutrients, cellular energy
status, and growth signals, and in turn promotes cell growth and biosynthesis pathways.
The dysregulation of the mTORC1 pathway has drastic effects on cell behavior and con-
sequently has been shown to be involved in a variety of pathologies [49]. There is evidence
that mTORC1 signaling is hyperactivated in AD, including in AD patient brains [65] and
in fAD mouse models [66, 67]. We have previously found that loss of SEL-12 leads to in-
creased mTORCI activity associated with mitochondrial calcium signaling and elevated
mitochondrial activity [26]. Along with this, we found hyperactive mTORC1 contributes
to neuronal defects through its well-described regulation of autophagy. Here we discov-
ered a crucial and less well-studied role for mTORC1 in exacerbating oxidative stress. Alt-
hough mTORC1’s role in cell metabolism and growth is well known, its relationship to
oxidative stress and ROS homeostasis is complicated and far less understood. Studies
have shown that hyperactive mTORC1 signaling can promote oxidative stress, leading to
cellular damage and disease [68-70], including in aging cells [71]. Conversely, rapamycin
can confer neuroprotection by reducing oxidative stress [72, 73]. We have further impli-
cated a role for mTORC1 in the elevation of mitochondrial ROS levels caused by loss of
SEL-12 function.

It is speculated that mTORC1’s promotion of protein production and inhibition of
autophagy may promote ROS production by destabilizing protein homeostasis, resulting
in increased oxidative stress due to a buildup of protein biomass and misfolded proteins
[74]. Interestingly, unlike inhibiting mTORCI activation (e.g. raga-1 mutation), we found
that inhibition of protein translation via a SK6/rsks-1 loss-of-function mutation was not
sufficient to reduce ROS levels in sel-12 mutants (Figure 3A). In C. elegans, mTORC1 sig-
naling has also been shown to inhibit SKN-1/Nrf activity [51]. SKN-1 is the C. elegans
orthologue of the Nrf class of proteins, whose best-studied member, Nrf2, is a master reg-
ulator of the antioxidant response through its transcriptional upregulation of genes in-
volved in cellular detoxification [52]. Like the Nrf proteins, SKN-1 is important for
lifespan extension, and its role in oxidative stress resistance is functionally conserved [56].
SKN-1 activation has been shown to be neuroprotective by reducing oxidative stress [57].
In the aforementioned study linking mTORCT signaling to reduced SKN-1 activity, it was
shown that rapamycin, a specific inhibitor of mTORC1, promotes SKN-1-dependent re-
sistance to oxidative stress [51]. Rapamycin has also been shown to increase Nrf2 activa-
tion in cultured human fibroblasts, thereby increasing resistance to oxidative stress and
cell lifespan through the delay of replicative senescence [75]. In the present study, we
found that the resistance of sel-12 mutants to oxidative stress through mTORC1 inhibition
was a SKN-1 dependent phenomenon. The mechanistic connection between mTORC1 sig-
naling and SKN-1/Nrf activation remains an important avenue for further study.

The presenilins’ relationship to fAD has been best studied in their role as the catalytic
subunit of the gamma secretase complex, which is involved in the generation of amyloid
beta peptides through processing of the amyloid precursor protein (APP). Initial prese-
nilin data provided support for the amyloid cascade hypothesis, which postulates that AD
is caused by the pathological build-up of amyloid beta peptides forming plaques in the
brain. However, recent data have indicated AD etiology is more complex and is influ-
enced by additional factors, including dysregulated neuronal calcium signaling [76]. It is
interesting to note that presenilin’s function in calcium signaling regulation is gamma-
secretase independent [77]. This points to other important neuroprotective roles for pre-
senilin. In this study, we determined that an elevation of mitochondrial calcium specifi-
cally is critical for the disruption of redox homeostasis and previous studies demonstrated
that this redox imbalance promotes the loss of proteostasis and neurodegeneration in sel-
12 mutants [14, 37]. It is unlikely that amyloid beta peptides are produced in C. elegans [78,
79], further indicating crucial roles for presenilin independent of amyloid beta peptide
generation, especially regarding calcium signaling and ROS homeostasis.
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We determined that elevated cytosolic calcium is not sufficient to promote ROS levels
and neurodegeneration. We manipulated cytosolic calcium levels through gain-of-func-
tion mutations in two voltage-gated calcium channels: egl-19 and unc-2. However, unlike
egl-19(gf) mutants, we did not observe elevated cytosolic calcium in unc-2(gf) mutants, de-
spite a previous report showing that this mutation increases calcium currents and causes
hyperactive animal behavior [20]. Additionally, we found no structural indications of ei-
ther neurodegeneration or mitochondrial dysfunction in these mutants (Figure 1C-F). unc-
2 encodes a subunit of the CaV2.1 VGCC, which acts at the presynaptic terminals to pro-
mote synaptic transmission [80]. It might be possible that the UNC-2 VGCC does not in-
crease overall cytosolic calcium in the neuron, but controls function of the synapse
through localized calcium influx at the presynaptic terminal. Together, these data suggest
that subcellularly localized calcium signaling may cause the mitochondrial and neuronal
phenotypes observed in sel-12 mutants. In agreement with this notion, it was previously
shown that reducing ER calcium release in sel-12 mutants was able to restore normal mi-
tochondrial and neuronal function in sel-12 mutants [10, 14].

In congruence, using multiple models systems, loss of presenilin function has been
found to increase ER calcium release into the cytoplasm [7, 8, 10-12]. Moreover, we have
found that the increase in mitochondrial calcium observed in sel-12 mutants is dependent
on ER calcium release [14]. However, It is unknown mechanistically how loss of presenilin
leads to increased mitochondrial calcium. Interestingly, presenilins are concentrated on
the ER that is closely associated with the mitochondria [43]. fAD mutations have also been
shown to increase ER-mitochondrial contact sites as well as increase the signaling between
the ER and mitochondria and the exchange of metabolites and ions, including calcium [81,
82]. However, it is unclear how presenilin alters communication between the ER and the
mitochondria, and is a future direction worth pursuing.

There is an interesting and complex relationship between ROS and longevity. Evi-
dence in C. elegans indicates that small increases in superoxide generation may promote
longevity by activating the mitochondrial stress response, which upregulates the SKN-1-
mediated stress response [83-85]. However, sel-12 mutants have reduced, not increased
longevity [10]. Notably, we do not find that the increased ROS we observe in sel-12 mu-
tants triggers any mitochondrial stress response (Figure 2A-C), nor does it increase SKN-
1 activity (Figure 3D,E). This suggests that the pathological nature of SEL-12 dysfunction
precludes a protective response to mitochondrial ROS generation.

5. Conclusions

Altogether, our study highlights the critical role of mitochondrial calcium in disrupt-
ing redox homeostasis and promoting neurodegeneration in animals lacking SEL-12/pre-
senilin function. Additionally, we identified mTORCI signaling as a mediator of increased
mitochondrial ROS, and discovered that its effects on ROS levels are, in part, due to inhi-
bition of SKN-1/Nrf function. However, elevation of mTORCI signaling alone is not suf-
ficient to cause neurodegeneration (Figure 6). It is interesting to note that inhibition of
mTORC1 activity does not alter mitochondrial calcium levels in sel-12 mutants [26], sug-
gesting both that elevated mTORC1 signaling lies downstream of mitochondrial calcium
uptake and that mitochondrial calcium causes additional cellular defects beyond elevat-
ing mTORCT signaling. Overall, our study underscores the specific role of mitochondrial
calcium in the neurodegeneration induced by impairment to presenilin/SEL-12 function.

Author Contributions: Conceptualization, K.C.R. and K.R.N.; methodology, K.C.R,, ].T.L., and
K.R.N.; validation, K.C.R. and K.R.N.; formal analysis, K.C.R. and K.R.N.; investigation, K.C.R. and
K.R.N.; data curation, K.C.R. and K.R.N.; writing—original draft preparation, K.C.R. and K.R..N,;
writing—review and editing, K.CR. and K.R.N.; supervision, K.R.N.; project administration,
K.R.N.; funding acquisition, K.R.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by NIH grants, GM088213 and AG064175.


https://doi.org/10.20944/preprints202207.0152.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2022 d0i:10.20944/preprints202207.0152.v1

16 of 20

Data Availability Statement: The data collected and used for this study are presented in the man-
uscript and reagents are available from the corresponding author upon request.

Acknowledgments: We thank current and former members of the KRN laboratory for discussions
and help; Drs. M. Driscoll, and N. Morsci as well as the CGC, which is funded by the NIH Office of
Research Infrastructure Programs (P40 OD010440), for reagents and nematode strains.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Singh, A., et al.,, Oxidative Stress: A Key Modulator in Neurodegenerative Diseases. Molecules, 2019. 24(8).

2. Kim, G.H., et al., The Role of Oxidative Stress in Neurodegenerative Diseases. Exp Neurobiol, 2015. 24(4): p. 325-40.

3. Wang, W., et al., Mitochondria dysfunction in the pathogenesis of Alzheimer’s disease: recent advances. Mol Neurodegener, 2020.
15(1): p. 30.

4. Wang, X., et al., Oxidative stress and mitochondrial dysfunction in Alzheimer’s disease. Biochim Biophys Acta, 2014. 1842(8): p.
1240-7.

5. Smolarkiewicz, M., T. Skrzypczak, and P. Wojtaszek, The very many faces of presenilins and the gamma-secretase complex.
Protoplasma, 2013. 250(5): p. 997-1011.

6. Bandara, S., S. Malmersjo, and T. Meyer, Regulators of calcium homeostasis identified by inference of kinetic model parameters from
live single cells perturbed by siRNA. Sci Signal, 2013. 6(283): p. ra56.

7. Chan, S.L., et al., Presenilin-1 mutations increase levels of ryanodine receptors and calcium release in PC12 cells and cortical neurons.
] Biol Chem, 2000. 275(24): p. 18195-200.

8. Cheung, K.H., et al., Mechanism of Ca2+ disruption in Alzheimer’s disease by presenilin regulation of InsP3 receptor channel gating.
Neuron, 2008. 58(6): p. 871-83.

9. Ito, E., et al., Internal Ca2+ mobilization is altered in fibroblasts from patients with Alzheimer disease. Proc Natl Acad Sci U S A,
1994. 91(2): p. 534-8.

10. Sarasija, S. and K.R. Norman, A gamma-Secretase Independent Role for Presenilin in Calcium Homeostasis Impacts Mitochondrial
Function and Morphology in Caenorhabditis elegans. Genetics, 2015. 201(4): p. 1453-66.

11. Lee, S.Y., et al., PS2 mutation increases neuronal cell vulnerability to neurotoxicants through activation of caspase-3 by enhancing of
ryanodine receptor-mediated calcium release. FASEB J, 2006. 20(1): p. 151-3.

12. Stutzmann, G.E., et al., Dysrequlated IP3 signaling in cortical neurons of knock-in mice expressing an Alzheimer’s-linked mutation
in presenilind results in exaggerated Ca2+ signals and altered membrane excitability. ] Neurosci, 2004. 24(2): p. 508-13.

13. Agostini, M. and C. Fasolato, When, where and how? Focus on neuronal calcium dysfunctions in Alzheimer’s Disease. Cell Calcium,
2016. 60(5): p. 289-298.

14. Sarasija, S., et al., Presenilin mutations derequlate mitochondrial Ca(2+) homeostasis and metabolic activity causing neurodegeneration
in Caenorhabditis elegans. Elife, 2018. 7.

15. Timmons, L. and A. Fire, Specific interference by ingested dsSRNA. Nature, 1998. 395(6705): p. 854.

16. Kamath, R.S,, et al., Systematic functional analysis of the Caenorhabditis elegans genome using RNAi. Nature, 2003. 421(6920): p.
231-7.

17. Cheung, K.H., et al., Gain-of-function enhancement of IP3 receptor modal gating by familial Alzheimer’s disease-linked presenilin
mutants in human cells and mouse neurons. Sci Signal, 2010. 3(114): p. ra22.

18. Supnet, C. and I. Bezprozvanny, The dysregulation of intracellular calcium in Alzheimer disease. Cell Calcium, 2010. 47(2): p. 183-
9.

19. Popugaeva, E., D. Chernyuk, and I. Bezprozvanny, Reversal of Calcium Dysrequlation as Potential Approach for Treating

Alzheimer's Disease. Curr Alzheimer Res, 2020. 17(4): p. 344-354.


https://doi.org/10.20944/preprints202207.0152.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2022 d0i:10.20944/preprints202207.0152.v1

17 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Huang, Y.C,, et al., Gain-of-function mutations in the UNC-2/CaV2alpha channel lead to excitation-dominant synaptic transmission
in Caenorhabditis elegans. Elife, 2019. 8.

Laine, V., et al., Hyperactivation of L-type voltage-gated Ca2+ channels in Caenorhabditis elegans striated muscle can result from point
mutations in the 1S6 or the 11154 segment of the alphal subunit. ] Exp Biol, 2014. 217(Pt 21): p. 3805-14.

Schwarz, ]. and H. Bringmann, Reduced sleep-like quiescence in both hyperactive and hypoactive mutants of the Galphaq Gene egl-
30 during lethargus in Caenorhabditis elegans. PLoS One, 2013. 8(9): p. €75853.

Pan, C.L,, et al., Genetic analysis of age-dependent defects of the Caenorhabditis elegans touch receptor neurons. Proc Natl Acad Sci
US A, 2011. 108(22): p. 9274-9.

Tank, E.M., K.E. Rodgers, and C. Kenyon, Spontaneous age-related neurite branching in Caenorhabditis elegans. ] Neurosci, 2011.
31(25): p. 9279-88.

Toth, M.L,, et al., Neurite sprouting and synapse deterioration in the aging Caenorhabditis elegans nervous system. ] Neurosci, 2012.
32(26): p. 8778-90.

Ryan, K.C.A., Z,; Sarasija, S.; Laboy, J.T.; Samarakoon, R.; Norman, K.R., Increased Mitochondrial Calcium Uptake and
Concomitant Hyperactivity by Presenilin Loss Promotes mTORC1 Signaling to Drive Neurodegeneration. Research Square, 2021.
Mondal, S., S. Ahlawat, and S.P. Koushika, Simple microfluidic devices for in vivo imaging of C. elegans, Drosophila and zebrafish.
J Vis Exp, 2012(67).

Melentijevic, 1., et al., C. elegans neurons jettison protein aggregates and mitochondria under neurotoxic stress. Nature, 2017.
542(7641): p. 367-371.

Hanson, G.T., et al., Investigating mitochondrial redox potential with redox-sensitive green fluorescent protein indicators. ] Biol Chem,
2004. 279(13): p. 13044-53.

Booth, D.M., S.K. Joseph, and G. Hajnoczky, Subcellular ROS imaging methods: Relevance for the study of calcium signaling. Cell
Calcium, 2016. 60(2): p. 65-73.

Cannon, M.B. and S.J. Remington, Redox-sensitive green fluorescent protein: probes for dynamic intracellular redox responses. A
review. Methods Mol Biol, 2008. 476: p. 51-65.

Gutscher, M., et al., Real-time imaging of the intracellular glutathione redox potential. Nat Methods, 2008. 5(6): p. 553-9.

Roma, L.P., et al.,, Dynamic measurements of mitochondrial hydrogen peroxide concentration and glutathione redox state in rat
pancreatic beta-cells using ratiometric fluorescent proteins: confounding effects of pH with HyPer but not roGFP1. Biochem J, 2012.
441(3): p. 971-8.

Ghose, P., et al., Anoxia-reoxygenation regulates mitochondrial dynamics through the hypoxia response pathway, SKN-1/Nrf, and
stomatin-like protein STL-1/SLP-2. PLoS Genet, 2013. 9(12): p. e1004063.

Johnson, D. and K. Nehrke, Mitochondrial fragmentation leads to intracellular acidification in Caenorhabditis elegans and
mammalian cells. Mol Biol Cell, 2010. 21(13): p. 2191-201.

Xu, S. and A.D. Chisholm, C. elegans epidermal wounding induces a mitochondrial ROS burst that promotes wound repair. Dev
Cell, 2014. 31(1): p. 48-60.

Ashkavand, Z., et al., Corrupted ER-mitochondrial calcium homeostasis promotes the collapse of proteostasis. Aging Cell, 2020. 19(1):
p- €13065.

Runkel, E.D., et al., Surveillance-activated defenses block the ROS-induced mitochondrial unfolded protein response. PLoS Genet,
2013. 9(3): p. e1003346.

Benedetti, C., et al., Ubiquitin-like protein 5 positively regulates chaperone gene expression in the mitochondrial unfolded protein
response. Genetics, 2006. 174(1): p. 229-39.

Yoneda, T., et al., Compartment-specific perturbation of protein handling activates genes encoding mitochondrial chaperones. ] Cell

Sci, 2004. 117(Pt 18): p. 4055-66.


https://doi.org/10.20944/preprints202207.0152.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2022 d0i:10.20944/preprints202207.0152.v1

18 of 20

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

Castello, P.R., D.A. Drechsel, and M. Patel, Mitochondria are a major source of paraquat-induced reactive oxygen species production
in the brain. ] Biol Chem, 2007. 282(19): p. 14186-93.

Cocheme, H.M. and M.P. Murphy, Complex I is the major site of mitochondrial superoxide production by paraquat. ] Biol Chem,
2008. 283(4): p. 1786-98.

Area-Gomez, E., et al., Presenilins are enriched in endoplasmic reticulum membranes associated with mitochondria. Am ] Pathol,
2009. 175(5): p. 1810-6.

Levitan, D. and 1. Greenwald, Effects of SEL-12 presenilin on LIN-12 localization and function in Caenorhabditis elegans.
Development, 1998. 125(18): p. 3599-606.

Mattson, M.P., et al., Presenilins, the endoplasmic reticulum, and neuronal apoptosis in Alzheimer’s disease. ] Neurochem, 1998.
70(1): p. 1-14.

Calfon, M., et al.,, IRE1 couples endoplasmic reticulum load to secretory capacity by processing the XBP-1 mRNA. Nature, 2002.
415(6867): p. 92-6.

Kim, J. and K.L. Guan, mTOR as a central hub of nutrient signalling and cell growth. Nat Cell Biol, 2019. 21(1): p. 63-71.

Oddo, S., The role of mTOR signaling in Alzheimer disease. Front Biosci (Schol Ed), 2012. 4(3): p. 941-52.

Saxton, R.A. and D.M. Sabatini, mTOR Signaling in Growth, Metabolism, and Disease. Cell, 2017. 168(6): p. 960-976.

Mair, W., et al., Lifespan extension induced by AMPK and calcineurin is mediated by CRTC-1 and CREB. Nature, 2011. 470(7334):
p. 404-8.

Robida-Stubbs, S., et al., TOR signaling and rapamycin influence longevity by requlating SKN-1/Nrf and DAF-16/FoxO. Cell Metab,
2012.15(5): p. 713-24.

Blackwell, T.K,, et al., SKN-1/Ntf, stress responses, and aging in Caenorhabditis elegans. Free Radic Biol Med, 2015. 88(Pt B): p.
290-301.

Schmeisser, S., et al., Neuronal ROS signaling rather than AMPK/sirtuin-mediated energy sensing links dietary restriction to lifespan
extension. Mol Metab, 2013. 2(2): p. 92-102.

Trewin, A]., etal., Mitochondrial Reactive Oxygen Species Generated at the Complex-II Matrix or Intermembrane Space Microdomain
Have Distinct Effects on Redox Signaling and Stress Sensitivity in Caenorhabditis elegans. Antioxid Redox Signal, 2019. 31(9): p.
594-607.

Weimer, S,, et al., D-Glucosamine supplementation extends life span of nematodes and of ageing mice. Nat Commun, 2014. 5: p.
3563.

An, J.H. and T.K. Blackwell, SKN-1 links C. elegans mesendodermal specification to a conserved oxidative stress response. Genes
Dev, 2003. 17(15): p. 1882-93.

Staab, T.A., et al., Regulation of synaptic nlg-1/neuroligin abundance by the skn-1/Nrf stress response pathway protects against
oxidative stress. PLoS Genet, 2014. 10(1): p. e1004100.

Kahn, N.-W., et al., Proteasomal dysfunction activates the transcription factor SKN-1 and produces a selective oxidative-stress response
in Caenorhabditis elegans. Biochem J, 2008. 409(1): p. 205-13.

Paek, ], et al., Mitochondrial SKN-1/Nrf mediates a conserved starvation response. Cell Metab, 2012. 16(4): p. 526-37.

Blackwell, T.K,, et al., TOR Signaling in Caenorhabditis elegans Development, Metabolism, and Aging. Genetics, 2019. 213(2): p.
329-360.

Zhu, H,, et al., A novel sphingolipid-TORC1 pathway critically promotes postembryonic development in Caenorhabditis elegans. Elife,
2013. 2: p. e00429.

Heintz, C., etal., Splicing factor 1 modulates dietary restriction and TORC1 pathway longevity in C. elegans. Nature, 2017. 541(7635):
p- 102-106.


https://doi.org/10.20944/preprints202207.0152.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2022 d0i:10.20944/preprints202207.0152.v1

19 of 20

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

McCarty, M.F., ].]. DiNicolantonio, and A. Lerner, A Fundamental Role for Oxidants and Intracellular Calcium Signals in
Alzheimer's Pathogenesis-And How a Comprehensive Antioxidant Strategqy May Aid Prevention of This Disorder. Int ] Mol Sci, 2021.
22(4).

Tonnies, E. and E. Trushina, Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. ] Alzheimers Dis, 2017. 57(4): p.
1105-1121.

Li, X., et al., Levels of mTOR and its downstream targets 4E-BP1, eEF2, and eEF2 kinase in relationships with tau in Alzheimer’s
disease brain. FEBS J, 2005. 272(16): p. 4211-20.

Ma, T., et al., Dysregulation of the mTOR pathway mediates impairment of synaptic plasticity in a mouse model of Alzheimer’s disease.
PLoS One, 2010. 5(9).

Caccamo, A., et al., Naturally secreted amyloid-beta increases mammalian target of rapamycin (mTOR) activity via a PRAS40-
mediated mechanism. ] Biol Chem, 2011. 286(11): p. 8924-32.

Dermit, M., et al., Oxidative stress downstream of mTORC1 but not AKT causes a proliferative defect in cancer cells resistant to PI3K
inhibition. Oncogene, 2017. 36(19): p. 2762-2774.

Tramutola, A., et al., Increased Mammalian Target of Rapamycin Signaling Contributes to the Accumulation of Protein Oxidative
Damage in a Mouse Model of Down’s Syndrome. Neurodegener Dis, 2016. 16(1-2): p. 62-8.

Yang, F., et al., Uncoupling of ER/Mitochondrial Oxidative Stress in mTORC1 Hyperactivation-Associated Skin Hypopigmentation.
J Invest Dermatol, 2018. 138(3): p. 669-678.

Tang, H., et al., mTORC1 underlies age-related muscle fiber damage and loss by inducing oxidative stress and catabolism. Aging Cell,
2019. 18(3): p. e12943.

Dai, C,, et al., Rapamycin Confers Neuroprotection against Colistin-Induced Oxidative Stress, Mitochondria Dysfunction, and
Apoptosis through the Activation of Autophagy and mTOR/Akt/CREB Signaling Pathways. ACS Chem Neurosci, 2018. 9(4): p. 824-
837.

Singh, A.K,, et al., Neuroprotection Through Rapamycin-Induced Activation of Autophagy and PI3K/Akt1/mTOR/CREB Signaling
Against Amyloid-beta-Induced Oxidative Stress, Synaptic/Neurotransmission Dysfunction, and Neurodegeneration in Adult Rats.
Mol Neurobiol, 2017. 54(8): p. 5815-5828.

Querfurth, H. and H.K. Lee, Mammalian/mechanistic target of rapamycin (mTOR) complexes in neurodegeneration. Mol
Neurodegener, 2021. 16(1): p. 44.

Lerner, C., et al., Reduced mammalian target of rapamycin activity facilitates mitochondrial retrograde signaling and increases life
span in normal human fibroblasts. Aging Cell, 2013. 12(6): p. 966-77.

Popugaeva, E., E. Pchitskaya, and I. Bezprozvanny, Dysregulation of Intracellular Calcium Signaling in Alzheimer's Disease.
Antioxid Redox Signal, 2018. 29(12): p. 1176-1188.

Duggan, S.P. and ].V. McCarthy, Beyond gamma-secretase activity: The multifunctional nature of presenilins in cell signalling
pathways. Cell Signal, 2016. 28(1): p. 1-11.

Daigle, I. and C. Li, apl-1, a Caenorhabditis elegans gene encoding a protein related to the human beta-amyloid protein precursor. Proc
Natl Acad Sci U S A, 1993. 90(24): p. 12045-9.

McColl, G,, et al., Utility of an improved model of amyloid-beta (Abeta(1)(-)(4)(2)) toxicity in Caenorhabditis elegans for drug screening
for Alzheimer’s disease. Mol Neurodegener, 2012. 7: p. 57.

Mathews, E.A,, et al., Critical residues of the Caenorhabditis elegans unc-2 voltage-gated calcium channel that affect behavioral and
physiological properties. ] Neurosci, 2003. 23(16): p. 6537-45.

Hedskog, L., et al., Modulation of the endoplasmic reticulum-mitochondria interface in Alzheimer's disease and related models. Proc

Natl Acad Sci U S A, 2013. 110(19): p. 7916-21.


https://doi.org/10.20944/preprints202207.0152.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2022 d0i:10.20944/preprints202207.0152.v1

20 of 20

82.

83.

84.

85.

Area-Gomez, E., et al., Upregulated function of mitochondria-associated ER membranes in Alzheimer disease. EMBO J, 2012. 31(21):
p- 4106-23.

Lee, S.J., A.B. Hwang, and C. Kenyon, Inhibition of respiration extends C. elegans life span via reactive oxygen species that increase
HIF-1 activity. Curr Biol, 2010. 20(23): p. 2131-6.

Wu, Z., et al., Mitochondrial unfolded protein response transcription factor ATFS-1 promotes longevity in a long-lived mitochondrial
mutant through activation of stress response pathways. BMC Biol, 2018. 16(1): p. 147.

Yang, W. and S. Hekimi, A mitochondrial superoxide signal triggers increased longevity in Caenorhabditis elegans. PLoS Biol, 2010.
8(12): p. e1000556.


https://doi.org/10.20944/preprints202207.0152.v1

