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SUMMARY

During neurodegenerative disease, the toxic accumulation of aggregates and misfolded proteins is
often accompanied with widespread changes in peripheral metabolism, even in cells in which the aggregating protein is not present. The mechanism by
which the central nervous system elicits a distal reaction to proteotoxic stress remains unknown. We hypothesized that the endocrine communication of
neuronal stress plays a causative role in the changes
in mitochondrial homeostasis associated with proteotoxic disease states. We find that an aggregation-prone protein expressed in the neurons of
C. elegans binds to mitochondria, eliciting a global
induction of a mitochondrial-specific unfolded protein response (UPRmt), affecting whole-animal physiology. Importantly, dense core vesicle release and
secretion of the neurotransmitter serotonin is
required for the signal’s propagation. Collectively,
these data suggest the commandeering of a nutrient
sensing network to allow for cell-to-cell communication between mitochondria in response to protein
folding stress in the nervous system.
INTRODUCTION
Among the many deleterious consequences of Huntington’s disease (HD), the severe changes that occur in metabolic function
across non-neuronal tissues remain among the most puzzling.
For HD patients, the risk for developing diabetes is nearly seven
times greater than in non-HD patients (Podolsky et al., 1972). Insulin secretion is impaired, basal resting energy expenditure increases, glucose metabolism is reduced, lactate concentrations
are elevated, and progressive, startling degrees of weight loss
occur regardless of caloric consumption (Jenkins et al., 1993;
Walker and Raymond, 2004; Weydt et al., 2006). The extreme
metabolic dysfunction observed in HD patients is far from
unique, however. Deleterious changes in metabolism have

been reported in a range of neurodegenerative diseases,
including Alzheimer’s, Parkinson’s, and amyotrophic lateral sclerosis (Cai et al., 2012; Duarte et al., 2014). With neurodegenerative disease, mitochondrial dysfunction in particular manifests
across a variety of parameters that include a decline in energy
production, impaired tricarboxylic acid cycle activity, decreased
electron chain function, and aberrant mitochondrial dynamics
(Jenkins et al., 1993; Mochel et al., 2011; Podolsky et al.,
1972). It is likely that these metabolic changes are both caused
by and capable of exacerbating disease states, further destabilizing the protein-folding environment within the cell and undermining its capacity to mount defenses against increasing levels
of proteotoxic stress.
An important consequence of mitochondria stress caused by
proteotoxicity is the global alteration of transcription networks
associated not only with the regulation of protective chaperones
and enzymes (the mitochondrial unfolded protein response, or
UPRmt), but also with metabolism (Cai et al., 2012; Duarte
et al., 2014; Nargund et al., 2015). Recent evidence suggests
that the transcription factor ATFS-1 is not only capable of
upregulating mitochondrial chaperones, proteases, and antioxidant enzymes, but also regulates a large number of genes
required for oxidative phosphorylation and glycolysis (Nargund
et al., 2012). These results posit a coordinated regulation of
mitochondrial protein homeostasis with the active establishment
of a metabolic state. Importantly, these data suggest that an
endocrine-like response might be responsible for eliciting
global changes driving both stress response activation and
metabolic function, thereby coordinating changes throughout
the organism.
Recently, we have reported that mitochondria can communicate intracellular stress between tissues in C. elegans, in which
an induction of the mitochondrial unfolded protein response
(UPRmt) in the neurons is sensed and reacted to by mitochondria
within physically distinct, non-innervated tissues (Durieux et al.,
2011). Because of the dual role for the UPRmt in both proteostasis and metabolism, we have hypothesized that metabolic
sensors mediate the cell-non-autonomous signaling of mitochondrial proteotoxic stress. To explore this possibility, we
examined models of proteotoxic stress in C. elegans neurons
for evidence of secondary effects on distal mitochondrial
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Figure 1. Neuronal PolyQ40 Induces hsp6p::GFP in Distal Tissues
(A) Photomicrographs of hsp-6p::GFP reporter
expression in animals containing no polyQ or rgef1p::polQ19::CFP, rgef-1p::polyQ40::YFP, or rgef1p::polyQ67::YFP.
(B) Biosorter fluorescence measurement for rgef1p::polyQ40::YFP strains with and without hsp6p::GFP reporter (Mean ± SD for samples of 75–
1,000 worms, p < 0.0001 by Student’s t test of
polyQ40;hsp-6p::GFP strain).
(C) Higher-magnification images of the posterior
and mid-intestinal region of both hsp-6p::GFP and
rgef-1p::polyQ40::YFP strains.
(D) Immunoblot analysis of strains with or without
the polyQ40 expression using antibodies against
GFP and GRP75/HSP-6. Anti-GFP detects both
total polyQ40::YFP expression (higher molecular
weight band) as well as hsp-6p::GFP expression
(lower molecular weight band). Cytochrome c
oxidase (cco-1) RNAi treatment serves as a positive control for hsp-6p::GFP induction.
(E) Quantification of band intensity in (D) relative
to a -tubulin loading control, showing increased
GRP75 in the Q40 strain versus reporter strain
alone (Mean ± SEM p<0.004 by Student’s t test).
(F) Immunoblot analysis against GRP75 expression in primary BJ fibroblasts expressing polyQ25,
polyQ78, polyQ103, and polyQ153.
(G) Quantification of band intensity in (F) relative to
polyQ25 mediated GRP75 expression.

metabolic decline found in neurodegenerative disease states, such as HD.
RESULTS

stress responses. In our analyses, we found that expression of a
polyglutamine tract of a specific length (PolyQ40) expressed in
neurons is sufficient to elicit a mitochondrial stress response in
distal tissues. Association of the PolyQ protein with mitochondria
correlates with the distal upregulation of the UPRmt and physiologic changes in the entire animal. Upregulation of the UPRmt
pathway in peripheral tissues requires the function of UPRmt
components as well as dense core vesicle secretion from
affected neurons. The application of exogenous serotonin is sufficient to rescue the defect in neuronal secretion and restore
UPRmt signaling. Importantly, a loss in serotonin synthesis is sufficient to block cell-non-autonomous UPRmt signaling to distal
tissues, an effect rescued by the application of exogenous serotonin. These findings suggest a mechanistic link between mitochondrial proteostasis, endocrine signaling, and the peripheral
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Neuronal Polyglutamine Protein
Expression Induces Mitochondrial
Stress
We examined the effects of cytosolic, aggregation-prone protein expression on
the activation of UPRmt targets, using
transgenic C. elegans reporter strains in
which the promoters of canonical UPRmt
components were fused to GFP (Brignull et al., 2006). In these
analyses, we identified a single disease variant protein, a neuronally expressed expansion of repeating glutamines (polyQ40), as
being sufficient to cause a cell-non-autonomous upregulation of
a mitochondrial stress response (Figures 1A, S1A, and S1B).
Upregulation of the promoter of hsp-6, the ortholog of Grp75/
mortalin/Hsp5a, was not discernable until day 1 of adulthood
(Figure S1C) and was predominately observed in the anterior
and posterior of the intestine (Figure 1A). This observation was
quantified with large particle flow cytometry and image analysis
(Figures 1B, S1B, and S1D). Higher-magnification imaging of the
posterior and mid-intestine is also shown for the reporter and
polyQ40 strains (Figure 1C). Whole-organism changes in
endogenous HSP-6 protein were also increased and were quantified by immunoblotting (Figures 1D and 1E). Similar results

were found with transgenic HA-tagged polyQ40 animals (Figures
S1A and S1B).
Effects of proteotoxicity on the UPRmt were highly specific to
the length, neuronal expression, and form of proteotoxic stress
on the mitochondria. Transgenic animals expressing either
non-aggregative or severely neurotoxic expansions of polyQ
failed to elicit cell-non-autonomous hsp-6p driven GFP expression (Figure 1A). PolyQ40 expression in the body wall muscle,
rather than in the neurons, was also incapable of eliciting a
cell-non-autonomous mitochondrial response to proteotoxic
stress (Figure S1E). Moreover, neither neuronal expression of
the Alzheimer’s-related protein Ab1-42, nor mutant forms
of the ALS associated protein TDP-43, were sufficient to induce
the UPRmt (Figure S1F). Finally, neuronal polyQ40 expression
had a specific effect on mitochondrial stress response activation, as neither basal levels nor induction of chaperones and
stress-responsive genes, including hsp-16.2 (small hsp20/
alpha-B crystalline, responsive to heat shock) (Link et al.,
1999), hsp-4 (BiP/Hsp9a, responsive to ER stress) (Kapulkin
et al., 2005), or sod-3 (superoxide dismutase, responsive to
oxidative stress) (Honda and Honda, 1999) were affected by its
expression (Figure S1G). Collectively, these data suggest that
a cell-non-autonomous mitochondrial stress response is
invoked by polyQ40 protein expression in the C. elegans nervous
system.
We analyzed whether the effects of polyQ40 on UPRmt were
conserved in mammalian cells. We expressed exon1 of the Htt
gene followed by polyglutamine expansions of lengths of 25Q,
78Q, 103Q, and 153Q in human primary fibroblasts. mtHSP70
levels increased with increasing lengths of polyglutamine expansions and were significantly increased in cells expressing the
103Q and 153Q lengths (Figure 1F and 1G). This suggests that
the UPRmt induction by polyglutamine toxicity is not specific to
C. elegans, but occurs in mammalian models of proteotoxicity
as well.
Distal hsp-6 Induction Requires Functional UPRmt
Components
Previous work in C. elegans has identified multiple genetic components required for the UPRmt stress response (Haynes et al.,
2007, 2010; Yoneda et al., 2004). The increased expression of
mitochondrial chaperones HSP-6 and HSP-60 requires the nuclear localization of transcription factors and co-regulators
DVE-1, UBL-5, and ATFS-1, while the protease CLPP-1 is
required for generating the mitochondrial-derived signal to activate the UPRmt. We predicted that the cell-non-autonomous induction of mitochondrial chaperones observed with neuronal
polyQ40 expression requires one or more essential UPRmt factors. To test this hypothesis, we applied RNAi against ubl-5,
dve-1, atfs-1, and clpp-1, and cco-1 to neuronal polyQ40 worms
expressing hsp-6p::GFP. RNAi against dve-1, atfs-1, and clpp-1
blocked the induction of the hsp-6p::GFP reporter in peripheral
tissues, while cco-1 RNAi showed robust induction (Figures 2A
and 2B). ubl-5 knockdown also suppressed the UPRmt in
response to neuronal polyQ40, albeit to a lesser extent (Figures
2A and 2B). These expression changes were also assessed using immunoblots for GRP75/HSP6 and GFP from animals harvested prior to reproduction to negate embryonic HSP-6 protein

levels (Figure S2A). RNAi-mediated knockdown of atfs-1 and
clpp-1 resulted in a relative decrease in HSP6 expression and
a robust decrease in the GFP marker of hsp-6 reporter expression. However, RNAi toward dve-1 and ubl-5, while showing a
modest decrease in intestinal GFP fluorescence, showed little,
if any, reduction in whole-worm GRP75/HSP6 and GFP by
immunoblot analysis.
As an additional measure of UPRmt induction in peripheral
cells, strains expressing a dve-1p::DVE-1::GFP translational
fusion gene (Haynes et al., 2007) were used to assess the effects
of neuronal polyQ40 on the expression and localization of the
dve-1 transcription factor in the intestine. In response to mitochondrial stress, DVE-1 accumulates in the nucleus, serving as
an additional proxy for induction of the UPRmt. We found
increased nuclear accumulation of dve-1p::DVE-1::GFP in the intestinal cells of animals expressing the neuronal polyQ40 (Figure 2C and 2D). Taken together, cell-non-autonomous induction
of the UPRmt caused by neuronal expressed PolyQ40 requires an
intact UPRmt signaling pathway.
Neuronally Expressed polyQ40 Physically Interacts with
Mitochondria and Affects Mitochondrial Function
Polyglutamine repeats within the Huntingtin (Htt) protein impairs
mitochondrial function and morphology through direct interaction with the outer membrane of the mitochondria (Costa and
Scorrano, 2012; Panov et al., 2002). We hypothesized that
polyQ40 proteins may bind to and thus affect mitochondria in
the neurons of C. elegans. To test this possibility, we isolated
mitochondrial and cytoplasmic fractions from wild-type and
neuronal polyQ40-expressing animals for the presence of polyQ
protein binding to the mitochondria. In these analyses, we
observed significant polyQ40 protein in both the mitochondrial
and cytoplasmic fractions (Figure 3A). Hyper-toxic polyQ67
was, in contrast, only slightly detectable in the mitochondrial
fraction (Figure 3A). We confirmed the specificity of our fractionation using antibodies toward cytoplasmic and mitochondrial
proteins.
We repeated these fractionation experiments using Q19 as
well as a second cytoplasmic marker, b-actin. As expected,
Q19, which cannot induce the cell-non-autonomous response,
was not present in the mitochondrial fraction (Figure S3A). Using
strains in which Ab1-42 is expressed in the muscle we found that
the high molecular weight species of Ab1-42 were largely
excluded from the mitochondria (Figure S3B), while oligomers
were present in small amounts in the mitochondrial fraction. Of
note, Ab expressed in the muscle does not elicit a cell-nonautonomous UPRmt response, and thus, localization may not
engage the same mitochondrial stress pathways as in the nervous system. These results suggest that the interaction of
polyQ40 with mitochondria in C. elegans may be responsible
for its capacity to invoke a cell-non-autonomous mitochondrial
stress response.
We tested if there was an overt metabolic consequence of the
physical interaction of polyQ40 and mitochondria and cell-nonautonomous induction of the UPRmt. We examined the effects
of neuronal expression of polyQ40 on in vivo oxygen consumption rates in whole animals. We found that the neuronal polyQ40
expressing strains had significantly lowered respiration in
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Figure 2. Distal hsp-6 Induction Requires
Functional UPRmt Components
(A) Photomicrographs of rgef-1p::polyQ40; hsp6p::GFP transgenic worms grown on either empty
vector (control), dve-1, atfs-1, clpp-1, or ubl-5
RNAi from hatch. cco-1 RNAi was used as a
positive control.
(B) ImageJ GFP fluorescence quantification for EV,
dve-1, and atfs-1 RNAi conditions (Mean ± SEM
for n = 20 worms/experiment, p < 0.001 for dve-1,
atfs-1, and ubl-5 by Student’s t test).
(C) Photomicrographs of rgef-1p::polyQ40;dve1p::DVE-1::GFP or dve-1p::DVE-1::GFP transgenic animals on EV or cco-1 RNAi (positive control). Images show posterior intestine at 103
and 403 magnification. Arrows indicate neuronal
cell bodies or processes and arrowhead indicate
DVE-1::GFP puncta.
(D) Quantification of nuclear puncta containing
DVE-1::GFP on EV or cco-1 RNAi (positive control). (Mean ± SEM for n = 20 worms/experiment,
3 replicate experiments, p < 0.0001 by Student’s
t test for cco-1 RNAi versus EV and p < 0.002 for
Q40,dve-1p::DVE-1::GFP versus EV).

comparison to wild-type animals, indicative of attenuated mitochondrial function (Figure 3B). In contrast, we observed no effect
on oxygen consumption in the strains expressing smaller expansions of polyQ (polyQ19) or the more toxic polyQ67 expansions,
neither of which induce the UPRmt or robustly bind to mitochondria when expressed in the nervous system (Figure 3B).
A Functional UPRmt Is Required for the Fitness of
polyQ40 Expressing Animals
We next measured respiration in whole animals in the absence of
a functional UPRmt. Loss of UPRmt induction in wild-type animals, by mutation of atfs-1, results in lowered respiration rates.
We found that the expression of neuronal polyQ40 in combination with mutant atfs-1 had a synergistic effect on respiration
rates, displaying even further reduced rates of oxygen consumption compared to either perturbation alone or to the reporter control (Figure 3C). In parallel, we conducted lifespan analyses of the
neuronal expressing polyQ40 worms. While the lifespan of
polyQ40 animals with a functional UPRmt was comparable to
that of a wild-type animal, in the presence of an atfs-1(gk3094)
mutation, animals exhibited a significant decline in fitness (Fig-
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ure 3D). Importantly, the atfs-1(gk3094)
mutation alone did not significantly
reduce lifespan. Repeated trials of these
experiments are reported in Table S1.
Because atfs-1 has been shown to affect
the transcription of genes involved in the
respiratory chain, TCA cycle, mitochondrial chaperones and proteases, we performed qPCR for subsets of these genes
in polyQ strains (Figure S3C) (Nargund
et al., 2015). These experiments did not
reveal any obvious patterns in changes
to genes expression; however, this was
only a subset of genes associated with mitochondrial function
and was performed in whole worms, which may mask changes
in individual tissues. Collectively, these data suggest that a
loss in UPRmt function is sufficient to exacerbate the loss in
fitness caused by neuronal proteotoxic stress, with a synergistic
effect on fitness of atfs-1 mutation with mitochondrial dysfunction, as has been described previously (Nargund et al., 2015).
Non-autonomous UPRmt Signaling Requires unc-31
Mediated Neurosecretion
We have found that neuronal expressed polyQ40 binds to and
affects the physiology of mitochondria, creating a cell-nonautonomous upregulation of the UPRmt in distal tissues.
Because the nervous system does not innervate the intestine,
where UPRmt is induced, we hypothesized that neuronal mitochondria are capable of promoting the release of a secreted,
metabolic signal in response to misfolding protein stress. To
examine the functional connection between neuroendocrine
secretion and UPRmt signaling, mutant strains defective in components of both synaptic transmission machinery and dense
core vesicle (DCV) release were examined for effects upon

Figure 3. Neuronal polyQ40 Associates with
the Mitochondria and Affects Mitochondrial
Function and Fitness
(A) Immunoblot analysis of day 1 adult wild-type,
rgef-1p::polyQ40::YFP, or rgef-1p::polyQ67::YFP
transgenic animals after fractionation into postmitochondrial supernatant (S) and mitochondrial
pellet (M). Anti-GFP recognizes expression of
polyQ::YFP in the indicated fractions. The lower
band is cleaved YFP. Endogenous NDUFS3
serves as a mitochondrial marker and a-tubulin a
cytoplasmic marker.
(B) Oxygen consumption rate in rgef-1p::
polQ19::CFP, rgef-1p::polyQ40::YFP, or rgef1p::polyQ67::YFP expressing strains. (Mean ±
SEM for n = 50 animals, p < 0.032 by Student’s
t test of polyQ40 versus N2 animals).
(C) Oxygen consumption rate in the presence
or absence of rgef-1p::polyQ40::YFP; in atfs1(gk3094); hsp-6p::GFP or hsp-6p::GFP animals,
(Mean ± SEM p = 0.047 by Student’s t test of atfs1(gk3094);hsp-6p::GFP versus rgef-1p::polyQ40::
YFP; atfs-1(gk3094) animals).
(D) Survival analyses of atfs-1(gk3094);hsp6p::GFP and hsp-6p::GFP animals in the presence
or absence of rgef-1p::polyQ40::YFP. n = 130–140
worms/condition, for hsp-6p::GFP control median
LS = 19 days; Q40,hsp-6p::GFP median LS =
19 days; hsp-6p::GFP,atfs-1(gk3094) median LS =
17 days (n.s. p < 0.49); Q40,hsp-6p::GFP,atfs1(gk3094) median LS = 15 days, p < 0.0001 by Log
Rank test compared to Q40,hsp-6p::GFP).

peripheral induction of the UPRmt. Mutations in unc-31 (encoding the calcium activator protein for secretion) selectively block
DCV secretion (Charlie et al., 2006; Speese et al., 2007). In
contrast, mutations in unc-13 and unc-18 (encoding diacylglycerol-binding protein and sec-1 respectively) result in reduced
neurosecretion from the synaptic cleft (Gengyo-Ando et al.,
1993; Richmond et al., 1999; Tokumaru and Augustine, 1999).
In our analyses, we found that unc-31(e928) mutation was able
to suppress cell-non-autonomous UPRmt induction (Figure 4A).
In contrast, mutations that block small molecule neurosecretion,
unc-13(e1091) or unc-18(e81), had no effect on the mitochondrial stress response to polyQ40 expression in the nervous
system (Figure 4A). The unc-31(e928) mutation also affects
dense core vesicle release from the intestine. However, intestinal
expression of unc-31 was not capable of restoring hsp-6p::GFP
expression (Figure S2A). These data indicate that unc-31 is
required in the nervous system to mediate neuronal secretion
of a mitochondrial stress signal.
Serotonin Is Necessary for the Cell-Non-Autonomous
Signaling of Neuronal Mitochondrial Stress
We hypothesized that neuroendocrine signals released from
unc-31-derived dense core vesicles might mediate the cellnon-autonomous signaling of mitochondrial proteotoxic stress.
Imaging of the neurons in the polyQ40 and reporter strains did
not reveal consistent differences in neuronal reporter expression
and was not immediately useful in directing our approach to
identifying certain neurotransmitter or neuromodulator systems
(Figure S4B). Thus, we directly examined the role of nutrient

responsive, biogenic amines, known cargo of DCVs, in the
non-autonomous induction of the UPRmt. We performed a candidate screen against a panel of biogenic amines that included
serotonin, dopamine, octopamine, and tyramine to determine
whether any of these compounds could rescue peripheral
hsp-6 reporter expression in unc-31(e928);rgef-1p::polyQ40
animals. Surprisingly, the addition of serotonin, but not other
biogenic amines, partially rescued hsp-6p::GFP induction
caused by neuronal polyQ40 expression in the unc-31(e928)
mutant background (Figures 4B–4D). This suggests that serotonin acts downstream of unc-31 to mediate the cell-non-autonomous UPRmt induction. The addition of serotonin specifically
activated the UPRmt in the polyglutamine model and had no
effect on the expression of hsp-4/BiP (ER stress response) or
hsp-16.2 (cytosolic stress response) (Figure S2B).
Consistent with a role for serotonin in mediating the response
to mitochondrial stress in the nervous system, mutations in tryptophan hydroxylase (tph-1), a key enzyme for serotonin synthesis, suppressed the induction of the hsp-6p::GFP reporter in
the neuronal polyQ expressing animals (Figures 5A and 5B).
Importantly, the addition of serotonin rescued the suppression
caused by the tph-1 mutation (Figures 5C and 5D), whereas
the addition of other biogenic amines did not (Figure 5E). As a
control for the specificity of serotonergic signaling to neuronal
and cell-non-autonomous induction of the response, we
exposed tph-1 mutant animals to cell-autonomous stressors,
namely paraquat and cco-1 RNAi. These strains showed the
same level of induction of hsp-6::GFP as controls, indicating
that serotonin is required specifically for neuronal initiation of
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Figure 4. Non-autonomous Induction of
hsp-6p::GFP Requires unc-31 Mediated
Neurosecretion
(A) Photomicrographs depicting hsp-6p::GFP
reporter response in rgef-1p::polyQ40::YFP; hsp6p::GFP animals in combination with unc31(e928), unc-13(e1091), or unc-18 (e81) mutations.
(B) Photomicrographs depicting unc-31(e928);
rgef-1p::polyQ40::YFP; hsp-6p::GFP animals
treated with 5 mM serotonin (5-HT) or with vehicle
control.
(C) ImageJ quantification of the hsp-6p::GFP
expression from unc-31(e928);rgef-1p::polyQ40::
YFP; hsp-6p::GFP animals after the application of
serotonin, dopamine, octopamine, or tyramine
(Mean ± SEM for n = 20 animals/experiment,
p < 0.01 by Student’s t test for serotonin versus
vehicle treatment).
(D) ImageJ quantification of hsp-6p::GFP fluorescence following the application of dopamine, octopamine, and tyramine to hsp-6p::GFP animals in
the absence of PolyQ40 expression (Mean ± SEM
for n = 20 animals/experiment, all conditions were
n.s. compared to vehicle control).

this response (Figure S4D). Collectively, these data support a
role for the secretion of serotonin in cell-non-autonomous
communication of mitochondrial stress.

neurons, using the tph-1 promoter, was
sufficient to induce the UPRmt in peripheral cells (Figures 6F). Taken together,
neuronal expression of either PolyQ40,
mitochondrial localized KillerRed, or loss
of spg-7 in neurons results in mitochondrial stress that can be
communicated to distal cells through the action of serotonin.
DISCUSSION

Additional Models of Neuronal Mitochondrial Stress
Signal to the Periphery in a Serotonin-Dependent
Manner
Intrigued by the requirement for serotonin to elicit a peripheral
response to PolyQ40 induced mitochondrial stress in the nervous system, we asked if other models of neuronal mitochondrial
stress could induce the UPRmt in the periphery and whether they
also require serotonergic signaling. We found that a mitochondrial localized KillerRed construct, which generates high levels
of localized ROS, expressed solely in the nervous system, but
not other cell types, could induce a robust induction of the UPRmt
in the periphery (Figures 6A and 6B). Furthermore, using neuron
specific expression of the Cas9 endonuclease, we found that
mutation of either the AAA-ATPase, spg-7, or the complex IV
subunit, cco-1 (Figure S5), which have been reported to induce
the UPRmt (Durieux et al., 2011; Haynes et al., 2010), resulted
in robust induction of the hsp-6p::GFP reporter in peripheral cells
(Figure 6C). In both of these models, UPRmt induction was primarily observed in the intestine, as in the neuronal polyQ system.
We next asked if these mitochondrial stress models also
required serotonin to signal the UPRmt in distal cells. We found
that loss of serotonin, by mutation of tph-1, blocked induction
of the UPRmt in the spg-7 neuronal mutant model (Figures 6D
and 6E). Additionally, mutation of spg-7 solely in serotonergic
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In this study, we uncover a role for active metabolic signaling in
the establishment of the cell-non-autonomous communication
of neuronal proteotoxic stress. The result of this signal is a coordinated change in mitochondrial homeostasis across tissues,
propagating the synchronization of whole-organism metabolism. We also found that the communication of proteotoxic
stress from neuronal mitochondria to peripheral tissues requires
both serotonergic signaling and a functional UPRmt, establishing
a mechanistic link between the metabolic disturbances seen in
neurodegenerative disease and the remodeling of mitochondrial
function by a biogenic amine (Figure 7A). We further find that
serotonergic signaling is a common requirement for cell-nonautonomous communication of several types of neuronal mitochondrial stress.
Surprisingly, while the polyQ proteins tested here accumulate
mainly in the cytosol, no activation of the cytoplasmic stress
response was found in distal tissues. Instead, we found that
polyQ40 was present in mitochondrial fractions and acted specifically on the UPRmt. Our fractionation experiments indicate
that polyQ40 accumulates at high levels in the neurons (Figure 3A), which may also play a role in its association with mitochondria. Additionally, only neuronal polyQ40, and not other
lengths of polyglutamine, nor other aggregative proteins, exhibit

Figure 5. Serotonin Is Necessary for
the Cell-Non-Autonomous Signaling of
Neuronal Mitochondrial Stress
(A) Photomicrographs depicting hsp-6p::GFP
reporter induction in rgef-1p::polyQ40::YFP; hsp6p::GFP;tph-1 (mg280) and rgef-1p::polyQ40::
YFP; hsp-6p::GFP animals.
(B) Biosorter fluorescence measurement from (A)
(Mean ± SEM for 150–1,000 worms/experiment,
p = 0.001 by Student’s t test).
(C) Photomicrographs depicting hsp-6p::GFP reporter induction in rgef-1p::polyQ40::YFP; hsp6p::GFP;tph-1(mg280) animals treated with 5 mM
serotonin (5-HT) or with vehicle control.
(D) ImageJ fluorescence measurement from (C)
(Mean ± SEM for 30–100 worms/experiment,
p = 0.023 by Student’s t test for 5-HT versus
vehicle treatment).
(E) Biosorter quantification of the hsp-6p::GFP
expression from tph-1(mg280);rgef-1p::polyQ40::
YFP; hsp-6p::GFP animals after the application of
serotonin, dopamine, octopamine, or tyramine
(Mean ± SEM for n = 200–400 animals/experiment, p < 0.0001 by Student’s t test for 5-HT
versus vehicle treatment, all others n.s.).

association with mitochondria. It is intriguing that the results of
PolyQ40 expression in the nervous system could be recapitulated with disruptions targeted specifically to the mitochondria,
such as the ROS generator KillerRed, loss of the AAA-ATPase,
spg-7, or loss of a complex IV subunit, cco-1. However, it is
not clear what the common perturbation is among each of these
neuronal specific mitochondrial stress models.
Studies of the cell-autonomous regulation of the UPRmt
response suggest that there are numerous means of inducing
the canonical mitochondrial stress response. These include
UPRmt activation due to peptide accumulation within the mitochondrial matrix, which depends on the mitochondrial localized
proteins ClpP and HAF-1, and the transcription factors DVE-1
and UBL-5 (Haynes et al., 2007; 2010). Additionally, impairments
in mitochondrial import and the subsequent loss of membrane
potential block ATFS-1 from import into mitochondria and result
in its accumulation in the nucleus where it acts to induce the
UPRmt response (Haynes et al., 2010; Nargund et al., 2012).
We find that polyQ40, as opposed to other lengths of polyglutamine, when expressed in neurons, is localized to the outer mitochondrial membrane and may thus impact mitochondrial import
and/or membrane potential. In mammalian cell culture more

toxic lengths of polyQ bind to the mitochondrial membrane and act to perturb
mitochondrial Ca2+ signaling, which is
closely linked to perturbations in membrane potential (Panov et al., 2002). While
the above may explain the mechanism of
toxicity in the neurons, the perception
of the signal and peripheral induction of
the UPRmt also require various regulatory
factors. Interestingly, the UPRmt can be
activated in C. elegans and in mice in
response to mito-nuclear translational imbalance (Houtkooper
et al., 2013) as well as by several epigenetic mediators (Merkwirth et al., 2016; Tian et al., 2016). These pathways, in conjunction with common serotonin-dependent signaling, may provide a
mechanistic link to the changes seen in distal tissues.
For decades, clinicians have reported severe changes in
metabolism, mood, and behavior in HD patients, symptoms
that often precede more obvious effects of the disease on motor
function and implicate serotonergic systems (Du and Pang,
2015; Folstein and Folstein, 1983; Wang et al., 2014). In mammalian models of HD, dysfunction of serotonergic signaling pathways has been reported, with both tryptophan hydroxylase
activity and 5-HT levels diminishing (Mattson et al., 2004; Pang
et al., 2009). Our data suggest that a change in the regulation
of serotonin signaling may occur as an indirect response to mitochondrial dysfunction. Serotonergic circuitry mediates the
behavioral response not only to environmental nutrient supply,
but also to environmental toxins such as pathogenic bacteria,
xenobiotics, and RNAi (Melo and Ruvkun, 2012; Sze et al.,
2000; Zhang et al., 2005). Recently, Tatum et al. also reported
serotonin signaling to be implicated in the heat shock response
in C. elegans (Tatum et al., 2015). Serotonin thus may act to
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Figure 6. Alternative Models of Neuronal Mitochondrial Stress Also Require Serotonin to Induce Peripheral UPRmt
(A) Photomicrographs depicting hsp-6p::GFP reporter induction in unc-119p::tom20::KillerRed or rab-3p::tom20::KillerRed animals
(B) Photomicrographs depicting hsp-6p::GFP reporter induction in gly-19p::tom20::KillerRed, ges-1p::tom20::KillerRed, or myo-3p::tom20::KillerRed animals.
(C) Photomicrographs depicting hsp-6p::GFP reporter induction in rab-3p::Cas9+u6p::spg-7-sg, unc-119p::Cas9+u6p::spg-7-sg, rab-3p::Cas9+u6p::cco-1-sg,
or unc-119p::Cas9+u6p::cco-1-sg animals.
(D) Photomicrographs depicting hsp-6p::GFP reporter induction in tph-1(mg280); rab-3p::Cas9+u6p::spg-7-sg animals.
(E) Quantification of hsp-6p::GFP reporter induction in tph-1(mg280); rab-3p::Cas9+u6p::spg-7-sg animals. (Mean ± SEM for n = 30–60 animals/experiment,
2 replicate experiments, p < 0.05 by ANOVA test for tph-1 mutant)
(F) Photomicrographs depicting hsp-6p::GFP reporter induction in tph-1p::Cas9+u6p::cco-1-sg animals.

integrate multiple signals about the environment with the current
physiological nutrient and stress threshold of the organism.
Similarly, while neuronal mitochondrial dysfunction may affect
serotonin synthesis or release, serotonin must then affect mitochondrial function in distal tissues. Serotonin acts locally upon
its release and is not predicted to directly elicit long-range
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effects. Therefore, it is possible that release of serotonin from
affected neurons signals to peripheral tissues through a yet to
be indentified secondary cell to release a longer range acting
neurocrine. Serotonin has been shown to regulate feeding
behavior indirectly through release of kynurenic acid, a breakdown metabolite of tryptophan, which also plays a protective

Figure 7. Model of Cell-Non-Autonomous Communication of Mitochondrial Stress by Serotonin Signaling in Response to Neuronal
polyQ40 Expression
PolyQ40 specifically binds to mitochondria in neurons, initiating a signaling
cascade across tissues that requires neuronal unc-31, tph-1, serotonin and
functional components of the UPRmt to ensure homeostasis for the organism.

role in multiple neurodegenerative disease by a cell-non-autonomous mechanism (Campesan et al., 2011; Lemieux et al.,
2015; Zwilling et al., 2011). Additionally, chronic administration
of 5-HT to C. elegans leads to reduced fat content, dependent
upon mitochondrial beta-oxidation genes. This regulation of fatty
acid oxidation in the intestine occurs through neuroendocrine
signaling, specifically by regulation of octopamine release and
subsequent action of NHR-76, a nuclear hormone receptor, on
the intestine (Noble et al., 2013; Srinivasan et al., 2008). Thus,
serotonin influences metabolism and mitochondrial function
distally, acting to regulate the action of secondary signaling molecules such as kynurenic acid, neuropeptides, and nuclear hormone receptors.
Finally, one of the most intriguing observations to arise from
this data comes from its further support for a model in which
the UPRmt carefully orchestrates the regulation of protein homeostasis with the regulation of a metabolic state (Baker et al.,
2012; Haynes and Ron, 2010; Nargund et al., 2015). During mitochondrial dysfunction, the transcription factor ATFS-1 binds to
and represses the new synthesis of transcripts that encode for
oxidative phosphorylation and the TCA cycle (Nargund et al.,
2015). Simultaneously, however, it promotes the appropriate assembly of OxPhos complexes as well as an array of protective
chaperones and proteases designed to increase the health of
the mitochondrial proteome. In such a model, mitochondrial protein homeostasis and metabolism become inextricably linked.
Here, we demonstrate how the connection between protein homeostasis and metabolism is perpetuated throughout the entire
organism, establishing both proteostasis and metabolic health
across tissues.
It is possible that the distal response is merely a communication to distal tissues of mitochondrial damage in the neurons
rather than an adaptive, protective response. Generally, nonautonomous upregulation of stress responses, either through
reductions in signaling as with insulin and thermoregulatory circuits or through enhanced signaling as with the UPRER, have

been thought of as beneficial for the organism (Alcedo and Kenyon, 2004; Durieux et al., 2011; Prahlad and Morimoto, 2011).
The changes in physiology observed here suggest that the
UPRmt response is in fact adaptive, with the purpose of maintaining homeostasis. We see a reduction in mitochondrial oxidative
capacity in the polyQ strain that most robustly induces the
UPRmt. Reduced oxygen consumption was shown previously
to correlate with the extended lifespan and induced UPRmt associated with doxycycline treatment (Houtkooper et al., 2013).
Somewhat counterintuitively, we see a further decline in oxidative capacity with loss of a functional UPRmt through atfs-1 mutation. We hypothesize that this further synergistic decline then
becomes detrimental for the organism. Similarly, a significant
decrease in lifespan was seen with polyQ40 strains in the
atfs-1 mutant background, indicating that the ability to induce
the UPRmt does confer a benefit in maintaining the lifespan of
the organism. It would seem that a mild upregulation of stress responses under chronic stress might be more adaptive than
maintaining the constant high level of activation that has been
shown to have adverse effects on lifespan and physiology (Feder
et al., 1992; Lamech and Haynes, 2015). Ultimately, if protective,
maintaining these responses in the background of increasing
toxicity may prove therapeutic in numerous age-related neurodegenerative diseases.
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rgef-1p::Q40::HA, pJKD101

This paper

N/A

gly-19p::unc-31 cDNA plasmid

This paper

N/A

pDONR221. tdKillerRed plasmid

(Williams et al., 2013)

N/A

gly-19p::TOM20::KillerRed

This paper

N/A

myo-3p::TOM20::KillerRed

This paper

N/A

unc-119p::TOM20::KillerRed

This paper

N/A

ges-1p::TOM20::KillerRed

This paper

N/A

rab-3p::TOM20::KillerRed

This paper

N/A

tph-1p::Cas9+u6p::cco-1-sg pDD162

This paper

N/A

rab-3p::Cas9+u6p::spg-7-sg pDD162

This paper

N/A

unc-119p::Cas9+u6p::spg-7-sg pDD162

This paper

N/A

N/A

N/A

Sequence-Based Reagents
See Table S2 for all Primer sequences

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents may be directed to, and will be fulfilled by the corresponding author, Andrew Dillin
(dillin@berkeley.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
C. elegans Maintenance and Transgenic Lines
AM23 (rmIs19 [rgef-1p::Q19::CFP]), AM101 (rmIs101 [rgef-1p::Q40::YFP]), and AM716 (rmIs176 [rgef-1p::Q67::YFP]) were a
generous gift from Rick Morimoto (Brignull et al., 2006). snb-1p::TDP-43 Q133K were a gift from J Wang and MT15434, tph1(mg280)II, a gift from Supriya Srinivasan. SJ4100 (zcIs13 [hsp-6p::GFP]), CL2070 (dvIs [hsp-16.2p::GFP]), SJ4005 (zcIs [hsp-4p::
GFP]), CF1553 (sod-3p::GFP), AM141 (rmIs141 [unc-54p::Q40::YFP]), GF80 ([gly-19p::Q40::GFP], RF4 rol-6]), SJ4197 (zc[dve-1p::
DVE-1::GFP]), unc-31 (e928)IV, unc-13 (e1091)I, unc-18 (e81) X, CL2006 (dvIs [unc-54p:: Ab1-42]), and N2 strains were obtained
from the Caenorhabditis Genetics Center. Nematodes were handled using standard methods (Brenner, 1974). To generate animals
for the stress reporter assays, we crossed the AM23, AM101, and AM716 strains with the SJ4100, CL2070, SJ4005, CF 1553, and
SJ4197 strains. The AM101;SJ4100 strain was then used for all other crosses.
For generation of rgef-1p::Q40::HA strain the pPD30.38 Q40YFP plasmid was used, which was a generous gift from Rick Morimoto. The YFP and unc-54 30 UTR from the plasmid were removed using the AgeI and SpeI cut sites. A fragment containing the
HA tag with stop codon followed by the unc-45 30 UTR flanked by AgeI and SpeI sites was generated by PCR amplification from
pNB8. T4 ligation resulted in rgef-1p::Q40::HA, pJKD101. Transgenic lines were generated by microinjecting plasmid DNA containing
50ng/ul pJKD101, 50ng/ul pRF4, a rol-6 marker, and 50ng/ul pPD61 as filler DNA. The Ab insert without signal sequence, was amplified by PCR with the KpnI and BamHI restriction sites and inserted in to the polyQ site on the plasmid. Finally, the gly-19p::unc-31
cDNA plasmid was generated by PCR amplifying the unc-31 cDNA from a plasmid given us by Ken Miller’s lab. The KpnI and AgeI
sites were used to insert the cDNA in a gly-19 promoter plasmid. All lines were made as above, except the Ab lines which was coinjected with 100ul/mg of the pRF4, rol-6 plasmid.
For generation of Tom20::KillerRed strain, the Tom20::KillerRed sequence was PCR amplified from a plasmid provided by Marc
Hammarlund (Williams et al., 2013) and inserted into vectors containing myo-3 or unc-119 promoter and unc-54 30 UTR sequence.
The ges-1, gly-19, rab-3 and tph-1 promoters were PCR amplified from genomic DNA and cloned into the corresponding vector to
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replace unc-119 promoter. Transgenic lines were generated by microinjecting plasmid DNA containing 35ng/ul KillerRed construct
and a odr-1p::DsRed co-injection marker.
Primary BJ Fibroblasts
For cell culture experiments, primary BJ fibroblasts were transfected with lentivirus constructs containing PolyQ repeats, a generous
gift from Dan Garza at Proteostasis Therapeutics, Inc. Cells were maintained in DMEM supplemented with 10% FBS, 1% Glutamax
and 2 ug/mL blastacistidin for selection. Western blots of primary BJ fibroblasts were prepared from cell lysates 5 or 10 passages
post-lentiviral infection. Cells were trypsinized, washed in PBS, pelleted and snap frozen in liquid nitrogen. Cells were resuspended in
RIPA buffer and lysed using a 10 g syringe. Western blotting was performed as above.
METHOD DETAILS
Imaging and Analysis
For microscopy experiments, worms were anesthetized using 0.1 mg/mL levamisole hydrochloride in M9. Unless otherwise noted, all
animals were day 2 adult hermaphrodites and experiments were performed in triplicate with 10–20 animals imaged per experiment.
Worms were grown from hatch on HT115 bacteria when RNAi was used.
For whole-animal imaging, worms were imaged using a Leica MZ 16F dissecting scope with a 1x objective, 8x magnification.
Magnified images of the intestines and neurons were produced using a Leica CTR 6000 microscope with 403 or 633 objectives
respectively. All images were taken using a fixed exposure and gain to just below saturation for the intestinal fluorescence. To quantify GFP fluorescence, intestinal regions were outlined and quantified using ImageJ software. All measurements were expressed
relative to background levels in the appropriate control non-GFP fluorescent strain, or to EV or vehicle control for RNAi and pharmacologic experiments. For quantifying the localization and intensity of the dve-1 fusion reporter, worms were mounted on 2% agarose
pads with levamisole and photographs were taken using a Zeiss Axiovert microscope and AxioCam.
Relative fluorescence was also assayed using a Copas Biosort. Worms were grown to day 1 or day 2 of adulthood on standard
NGM or RNAi plates. Animals were washed off plates using M9 and aliquoted into a 96 well plate. GFP fluorescence was read at
PMT475. Worms below a length threshold of 250 Time of Flight (length) were excluded from analysis.
Protein Assays and Mitochondrial Fractionations
Samples obtained from animals cultured on large plates were washed with M9 and resuspended in 1X TBS containing 0.1% NP40
plus the Roche protease inhibitor cocktail. Samples were then subjected to glass bead homogenization using a Precellys 24 at
3,000 rpm for 3 cycles at 90 s. Samples were spun down on a tabletop centrifugation at 4 C for 10 min at maximum spin to separate
the resulting supernatant from the cellular debris. Protein quantification was performed by BCA, and samples were normalized for
total protein content. The standard NuPAGE Bis-Tris protocol was then followed, before western blotting with 1:1,000 Roche
Anti-GFP or Anti GRP-75(mtHSP6) at 1:1,000 antibody overnight. Secondary antibody concentration was 1:10,000 and membranes
were visualized using standard AbCam ECL kit, then stripped and re-probed for alpha tubulin at 1:2,000.
Cell fractionations were prepared as described in (Haynes et al., 2010). 60,000–100,000 synchronized worms were raised on large
plates with a concentrated OP50 lawn until day 1 of adulthood and then washed off and spun down. These worms were then processed immediately for biochemistry. NDUFS3 antibodies 1:3,000 from MitoSciences and H2A antibodies at 1:2,000 from AbCAM
were used for mitochondrial and nuclear blots, as well as the antibodies listed above. For the Ab blots, Covance 6E10 antibody was
used at 1:3,000 dilution. All Westerns were performed in duplicate or triplicate.
Metabolic studies were conducted using the Seahorse XFe instrument with XFe 96 extracellular flux assay kit. Approximately 100–
200 worms were picked to new NGM plates with no bacteria. Next, they were washed with M9 and aliquoted 10/well into the XF cell
culture 96 well plate. Experiments were repeated three times with 5–10 wells per condition. Oxygen consumption rates were read
using the following program: 5 cycles of mix 30 s, wait 30 s, measure 3:00 min.
Pharmacologic Treatments
5-HT hydrochloride powder (Sigma) was dissolved in water to a concentration of 0.1 M and added to standard NGM plates made with
tryptone as the peptone source (EMD Millipore). We found inconsistency of the composition of other peptone sources and lot-to-lot
variability could severely dampen the reporter induction. Therefore, tryptone was used throughout all experiments. Plates were
seeded with E. coli strain HT115 and drug added at a concentration of 0.5 mM, 5 mM, 10 mM, or 50 mM initially. Of note, for
unc-31 mutant experiments, OP50 E. coli were used as hsp-6::GFP suppression in these strains was particularly sensitive to external
conditions and nutrient source. 5 mM 5-HT was determined to be the optimal concentration for reporter induction and was used for all
further experiments unless otherwise noted. Plates were allowed to equilibrate overnight and used the next day. For vehicle-treated
controls, water was added to plates. Synchronized L2/L3-stage animals were plated on vehicle- or 5-HT treated plates, and imaging
of hsp-6p::GFP reporter induction was measured at day 1 and day 2. For day 2 measurements, worms were transferred to fresh
serotonin plates. Dopamine, tyramine, and octopamine were administered by the same methods dissolved in water at concentrations
of 100 mM for dopamine and 5 mg/mL for tyramine and octopamine. These optimal concentration ranges were determined from the
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literature (Alkema et al., 2005; Dempsey et al., 2005), but a range of concentrations were tested: 0.5, 2, 5.0, 10, and 50 mM for 5-HT,
1, 10, and 100 mM for DA, and 0.5, 5, and 50 mg/mL for Tyramine and Octopamine.
For paraquat experiments, methyl viologen (Sigma) was dissolved in 300ul water was added to NGM plates spotted with OP50 and
allowed to equilibrate overnight to a final concentration of 0 mM (control) or 2.5 mM. Gravid worms were synchronized by hypocholorite treatment to collet eggs. Approximately 50 L3 worms were transferred to paraquat plates and allowed to grow to day 2 of adulthood at 20C. Worms were immobilized with 0.25 mM levamisole and imaged in the GFP channel using a Leica M165 FC fluorescence
dissecting microscope at 83 magnification.
Lifespan Analysis
Lifespan assays were conducted on agar plates at 20 C as described previously (Dillin et al., 2002). Experimental groups contained 100 to150 animals, and animals were grown on OP50 from hatch. We used the prefertile period of adulthood as t = 0 for
lifespan analysis. The data presented in the accompanying figures are from one of the 3 biological replicates performed for every
group.
RNA Extraction and RT-QPCR
Total RNA was isolated from synchronized populations of approximately 1,000 animals for each strain. Total mRNA was extracted
using freeze cracking with QIAzol reagent and subsequent chloroform treatment, before undergoing ethanol and isopropanol wash
steps. mRNA underwent column purification on QIAGEN RNAeasy columns. cDNA was created using the Quantitec Reverse Transcriptase kit according to standard protocol (QIAGEN). SybrGreen real-time QPCR experiments were performed as described in the
manual using Applied Biosystems QuantStudio 6 Flex and cDNA at a 1:20 dilution. All QPCR experiments were normalized to the
geometric mean of cdc-42, pmp-3 and Y45F10D.4 mRNA levels quantified as described previously in (Hoogewijs et al., 2008).
The sequences for the primers used were obtained from Nargund et al., 2015.
CRISPR-Cas9 Knockout of spg-7
The CRISPR-Cas9 expression vectors were constructed by replacing the eft-3 promoter in pDD162 (Addgene, #47549) (Dickinson
et al., 2013) with the C. elegans tissue specific promoters. CRISPR design tool (http://tools.flycrispr.molbio.wisc.edu/targetFinder/)
was used to select the specific targets, and the uniqueness of the target sequences was confirmed by performing a BLAST search of
each sequence against the C. elegans genome.
spg-7 target sequence: ACCGAATTTCTCAGCTGCTT
cco-1 target sequence: ATCCACTTGAGCACGCTAC
Transgenic lines were generated by microinjecting plasmid DNA containing 50ng/ul CRISPR-Cas9 construct and 30ng/ul odr1p::DsRed co-injection marker.
Molecular Analysis of the Mutations in the Conditional Knockouts
The T7EI assay (Cong et al., 2013) was performed to detect the indels produced by spg-7-sg. We PCR-amplified a 680bp DNA fragment containing the spg-7 target site. After T7EI (NEB #M0302) digestion, the PCR fragment from the unc-119p::Cas9+u6p::spg7-sg worms with peripheral UPRmt was cut into two fragments (600bp and 80bp, while 80bp band was not shown), but remaining
intact in control worms. To sequence the deletion, PCR fragment was cloned into pEASY-T1 Vector (Transgen #CB111), and individual colonies were sequenced.
Primers for identifying spg-7 indels:
Forward: TGTTTGCGCAGTGCATGATT
Reverse: AAAATACGGCCCGGGAAACC
Quantification of Non-autonomous UPRmt Induced by Neuronal spg-7 Knockout
Synchronized L1 worms were raised at 20 C on nematode growth medium plates seeded with E.coli OP50. The animals with intestinal UPRmt over the half of full-length intestine were scored when they reached adult stage. Over 30 transgenic animals were counted
for wild-type or each mutant strain.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters, including the exact value of n and descriptive statistics (mean ± SEM) and statistical significance are reported
in the Figures and the Figure Legends. Data are judged to be statistically significant when p < 0.05 by two-tailed Student’s t test. In
figures, asterisks denote statistical significance as calculated by Student’s t test (*, p < 0.05, **, p < 0.001, ***, p < 0.0001) as
compared to appropriate controls. Lifespans were analyzed using PRISM 6 software to determine median survival and percentiles.
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All p values were calculated using log-rank analysis. For experiments using the COPAS biosorter for fluorescence quantification,
relative GFP fluorescence was normalized to extinction (thickness) and TOF. When required, YFP fluorescence contribution was
accounted for by determining the constant YFP contribution in the GFP channel reading in AM101 worms and removing it from
the total GFP reading of KB08 using the equations: G = (G’-kY’)/(1-ck) where Y = total of YFP protein, Y’ = YFP reading, c = constant
GFP value in worms without YFP, G = total GFP protein, G’ = GFP reading, and k = constant YFP value in worms without GFP. All
statistical analysis was done in PRISM 6.
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Supplemental Figures

Figure S1. PolyQ Expression Specifically Induces the UPRmt during Adulthood and Is Specific for Neuronal Q40 Lengths, Related to Figure 1
(A) Photomicrographs showing hsp-6p::GFP reporter induction in animals expressing rgef-1p::polyQ40::HA.
(B) Biosorter fluorescence measurement for rgef-1p::polyQ40::HA animals from (A) (Mean ± SD for samples of 1,200–1,500 worms, p < 0.0001 by Student’s
t test).
(C) Photomicrographs showing hsp-6p::GFP reporter induction in animals expressing rgef-1p::polyQ40::YFP during the developmental stages indicated.
(D) ImageJ quantification of whole-animal hsp-6p::GFP expression in Figure 1A (Mean ± SEM for samples of n = 30–60 worms).
(E) Photomicrographs showing hsp-6p::GFP reporter induction in animals expressing unc-54p::polyQ35::YFP in the muscle. Cytochrome c oxidase (cco-1) RNAi
treatment serves as a positive control for hsp-6p::GFP induction.
(F) Photomicrographs showing hsp-6p::GFP reporter induction in animals expressing either TDP-43 driven by the pan-neuronal specific snb-1 promoter or
expressing cytoplasmic Ab under the rgef-1 promoter. Top panels show animals without the reporter and bottom panels show animals expressing the hsp6p::GFP reporter.
(G) Photomicrographs showing heat shock hsp-16.2p::GFP, sod-3p::GFP, or hsp-4p::GFP reporter induction in animals expressing rgef-1p::polyQ40::YFP.
A positive control of heat shock at 33 C is shown.

Figure S2. Changes in Protein Expression with RNAi to UPRmt Components, Related to Figure 2
(A) Immunoblot analysis of the polyQ40 strains grown on either empty vector control, hsp-60, dve-1, ubl-5, clpp-1, or atfs-1 RNAi from hatch using antibodies
against GFP and GRP75/HSP-6.

Figure S3. Q19 and High Molecular Weight Ab Species Do Not Associate with Mitochondria and Evaluation of Gene Expression Changes in
PolyQ Strains, Related to Figure 3
(A) Immunoblot analysis of day 1 adult wild-type, rgef-1p::polyQ40::YFP, rgef-1p::polyQ19::YFP or rgef-1p::polyQ67::YFP transgenic animals after separation of
lysate (L) and fractionation into postmitochondrial supernatant (S) and mitochondrial pellet (M). Anti-GFP recognizes expression of polyQ::YFP in the indicated
fractions. The lower band is cleaved YFP. Endogenous NDUFS3 serves as a mitochondrial marker and a-tubulin and b-actin as cytoplasmic markers.
(B) Immunoblot analysis of adult wild-type animals and strains expressing Ab1-42 localized to the muscle. Fractions depicted as above, and D = debris and
C = cytoplasmic fraction. Anti-Ab recognizes expression of Ab1-42 in the indicated fractions, with both high molecular weight (HMW) and oligomeric species
indicated. Endogenous NDUFS3 serves as a mitochondrial marker, H2B a nuclear, and a-tubulin a cytoplasmic marker.
(C) RT-QPCR analysis of whole-animal transcript levels in the three polyQ strains normalized to wild-type animals. Transcripts for genes involved in glycolysis/
gluconeogenesis (enol-1, ldh-1), TCA-cycle (aco-2, cts-1), OX/PHOS (nuo-4, sdha-1, ucr-2.1, cyc-2.1, cco-1, and atp-3), proteostasis (nuaf-1, lpd-8, Y17G9B.5)
and mitochondrial replication (ND-1, act-3) were assessed. Graph represents mean ± SEM for technological replicates.

Figure S4. The Effect of unc-31 Signaling Is Specific to the Neurons and Serotonin Specifically Regulates the Cell-Non-Autonomous UPRmt,
Related to Figure 4
(A) Photomicrographs depicting hsp-6p::GFP reporter response in rgef-1p::polyQ40::YFP; hsp-6p::GFP;unc-31(e928) animals with or without the addition of
intestinal specific rescue of unc-31 via a gly-19 promoter.
(B) Photomicrographs of the head regions of hsp-6p::GFP reporter strains and the rgef-1p::polyQ40::HA; hsp-6p::GFP strain. C) Photomicrographs of rgef1p::polyQ40::YFP; hsp-6p::GFP animals crossed to the hsp16.2p::GFP and hsp-4p::GFP strains and treated with 5 mM 5-HT. D) Photomicrographs of the hsp6p::GFP and tph-1(mg280); hsp-6p::GFP strains after exposure to either Paraquat (2.5 mM) or cco-1 RNAi.
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Figure S5. spg-7 Deletion in CRISPR-Cas9 Model Related to Figure 6
(A) A schematic graph of the Cas9-sgRNA plasmid.
(B) A representative DNA gel of the T7EI assay for spg-7 PCR products amplified from genomic DNA of hsp-6p::GFP worms (left) or unc-119p::Cas9+u6p::spg7-sg; hsp-6p::GFP worms with non-autonomous UPRmt (right).
(C) The representative sequence alignments of the spg-7 and cco-1 genes in wild-type and mutant animals. The PAM sequence is labeled in red. The numbers in
parentheses represent the number of bases not shown. Dash indicates deletion. The number of deleted ( ) or inserted (+) bases is shown on the right of each
indel.

