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TMBIM-2 orchestrates systemic mitochondrial stress
response via facilitating Ca?* oscillations

Jiasheng Li*?@®, Jimeng Cui*?®, Xinyu Li**@, Di Zhu'?®, Zhenhua Chen'?®, Xiahe Huang'®, Yingchun Wang?®, Qingfeng Wu?@®, and Ye Tian?®

Neuronal mitochondrial function is critical for orchestrating inter-tissue communication essential for overall fitness. Despite
its significance, the molecular mechanism underlying the impact of prolonged mitochondrial stresses on neuronal activity and
how they orchestrate metabolism and aging remains elusive. Here, we identified the evolutionarily conserved
transmembrane protein XBX-6/TMBIM-2 as a key mediator in the neuronal-to-intestinal mitochondrial unfolded protein
response (UPR™). Our investigations reveal that intrinsic neuronal mitochondrial stress triggers spatiotemporal Ca?*
oscillations in a TMBIM-2-dependent manner through the Ca?* efflux pump MCA-3. Notably, persistent Ca?* oscillations at
synapses of ADF neurons are critical for facilitating serotonin release and the subsequent activation of the neuronal-to-
intestinal UPR™. TMBIM2 expression diminishes with age; however, its overexpression counteracts the age-related decline in
aversive learning behavior and extends the lifespan of Caenorhabditis elegans. These findings underscore the intricate
integration of chronic neuronal mitochondrial stress into neurotransmission processes via TMIBIM-2-dependent Ca?*
equilibrium, driving metabolic adaptation and behavioral changes for the regulation of aging.

Introduction

The nervous system plays a pivotal role in orchestrating
organism-wide adaptations, enabling effective responses to
local stress stimuli and ultimately enhancing overall fitness
(Carter, 2019; Li and Sheng, 2022; Monzel et al., 2023; Siidhof,
2018; van der Kolk, 2006). As non-mitotic and long-lived cells,
neurons are exceptionally susceptible to proteotoxic challenges
and metabolic stresses that become more pronounced with
aging (Devine and Kittler, 2018; Labbadia and Morimoto, 2015).
These age-related disturbances in neuronal mitochondrial func-
tion have far-reaching effects beyond the neurons themselves.
Such disruptions can exert effects on the metabolic status of pe-
ripheral tissues and may lead to behavioral modifications (Bar-Ziv
et al., 2020). Notably, the accumulation of toxic and aggregated
proteins within neurons often coincides with metabolic abnor-
malities in peripheral tissues, a phenomenon frequently observed
in the context of neurodegenerative diseases (Cai et al., 2012;
Duarte et al., 2013).

Extensive studies in Caenorhabditis elegans have demon-
strated that neuronal mitochondrial stress can trigger non-
autonomous effects in peripheral tissues. This includes the
activation of the mitochondrial unfolded protein response
(UPR™t) within the intestine, facilitated by secreted fac-
tors like the morphogen Wnt/EGL-20, TGF-p, a variety of

neuropeptides, and neurotransmitters such as serotonin
(Berendzen et al., 2016; Chen et al., 2021; Shao et al., 2016;
Wang et al., 2024; Zhang et al.,, 2018). The UPR™ is a tran-
scriptional response that orchestrates the upregulation of genes
involved in maintaining mitochondrial quality control and
metabolic adaptations, ultimately restoring mitochondrial
proteostasis (Anderson and Haynes, 2020; Shpilka and Haynes,
2018; Zhu et al., 2022). Various perturbations in neuronal mi-
tochondria, such as diminished mitochondrial electron trans-
port chain (ETC) activity, disruptions in mitochondrial
dynamics, and disturbances in mitochondrial proteostasis, have
all been linked to cell non-autonomous UPR™! activation
(Berendzen et al., 2016; Chen et al., 2021; Durieux et al., 2011; Li
etal., 2023; Liu et al., 2022; Shao et al., 2016; Zhang et al., 2021b;
Zhang et al.,, 2018). These findings collectively emphasize the
significant role played by neuronal mitochondrial stress in
orchestrating systemic stress adaptation in the organism.

The indispensability of mitochondria in the homeostatic
regulation of neurons is evident, with their multifaceted role
encompassing the generation of ATP and calcium buffering ca-
pacity crucial for presynaptic release properties (Gherardi et al.,
2020). Mitochondrial calcium, in particular, not only enhances
mitochondrial activity but also promotes the functionality of
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mitochondrial enzymes (Gherardi et al., 2020). An excessive
accumulation of Ca?* within mitochondria can directly disrupt
mitochondrial function and potentially trigger apoptosis (Berridge
et al,, 2003; Giorgi et al., 2018; Orrenius et al., 2003). Despite this
understanding, the intricate molecular mechanism governing
how enduring chronic mitochondrial stress modulates neuro-
transmission, effectively coordinating systemic stress communi-
cation, and influencing the aging process, remains largely
unknown.

To investigate how organisms coordinate systemic stress
responses in the face of persistent neuronal mitochondrial
perturbations, we conducted a genetic screening in C. elegans to
identify factors involved in the activation of neuronal-to-intes-
tinal UPR™t. Our screening identified a mutant, xbx-6, which
exhibited a strong suppression of UPR™t. The xbx-6 encodes a
transmembrane protein belonging to the evolutionarily con-
served transmembrane Bax-inhibiting domain (TMBIM) family,
showing homology to TMBIM2. Intriguingly, we observed a
striking phenomenon: perturbations in neuronal mitochondria
led to the generation of Ca** oscillations that persisted for sev-
eral days in vivo. This process is dependent on the presence of
xbx-6/tmbim-2. Our findings uncovered that TMBIM-2 couples
with a Ca** pump, MCA-3 (known as PMCA in mammals), to re-
establish low Ca®* levels after spikes induced by mitochondrial
stress. The enduring Ca?* fluctuations observed at synapses of
ADF neurons play a pivotal role in facilitating serotonin release,
which is crucial for activating the neuronal-to-intestinal UPR™*
under conditions of persistent neuronal mitochondrial stress.
Additionally, our analysis of existing datasets revealed a con-
sistent trend: the expression of TMBIM2 in neurons decreases
with age across diverse species, including C. elegans, mice, and
humans. Notably, overexpression of TMBIM-2 in C. elegans
neurons not only mitigates age-related cognitive decline but also
extends lifespan. In summary, our study provides insights into
the intricate network of interactions governing the response of
neurotransmission to chronic neuronal mitochondrial stresses
via Ca?* signaling.

Results

XBX-6/TMBIM-2 functions in neurons to coordinate neuronal-
to-intestinal UPR™* activation

To investigate the intricate mechanism governing the coordi-
nation of neuronal-to-intestinal mitochondrial stress commu-
nication and its consequential impact on systemic metabolic
changes, we initiated a genetic suppressor screen. We aimed to
identify mutants displaying impaired communication of the
UPR™ signal from neurons to the intestine. We focused on the
neuronal expression of a Wnt ligand, EGL-20, driven by the pan-
neuron promoter rgef-1, as evidenced by its impact on the in-
duction of the UPR™t reporter DVE-1::GFP in the intestine of
C. elegans (Li et al., 2022; Zhang et al., 2018).

We screened ~3,400 mutagenized genomes, identifying 42
mutants that exhibited compromised activation of intestinal
UPR™* upon neuronal expression of Wnt/EGL-20. Among these
mutants, yth57 stood out due to its robust suppression of neu-
ronal-to-intestinal UPR™ activation but did not exhibit a similar
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inhibitory effect on UPR™® activation driven by intestinal Wnt/
EGL-20 overexpression under the control of intestinal (gly-19)
promoters (Fig. 1, A and B). This unique phenotype directed
us to further characterize the yth57 mutant. Whole-genome
sequencing revealed that yth57 carries a G to A nucleotide
mutation in the xbx-6 gene, leading to the amino acid substi-
tution Val275Ile (Fig. 1 C). xbx-6 encodes a transmembrane
protein that belongs to the evolutionarily conserved trans-
membrane BAX inhibitor motif-containing (TMBIM) proteins.
Notably, the homology between XBX-6 and the human
TMBIM2 prompted us to generate transgenic worms express-
ing hTMBIM2 (Fig. S1 A). The alpha fold result showed that the
C segment of TMBIM-2 contained seven transmembrane re-
gions (Fig. S1, B and C). Expression of hTMBIM?2 partially re-
stored intestinal UPR™ activation in tmbim-2(yth57) mutants
with neuronal Wnt/EGL-20 expression, indicating a high de-
gree of conservation in the function of TMBIM2 (Fig. S1, D and
E). Thus, we designated xbx-6 as tmbim-2, facilitating a clearer
connection between our findings and its human counterpart
(Liu, 2017; Rojas-Rivera and Hetz, 2015; Zhang et al., 2018).

To determine the involvement of TMBIM-2 in cell non-
autonomous activation of UPR™! triggered by various forms
of neuronal mitochondrial perturbations, we employed
CRISPR/Cas9 gene editing to generate distinct alleles of
tmbim-2 deletion mutants, namely yth26 and ythi30, across
different genetic backgrounds (Fig. 1 C). The absence of tmbim-2
strongly suppressed the intestinal UPR™! activation in re-
sponse to either neuronal Q40::YFP expression or neuronal
knockdown (KD) of cytochrome oxidase assembly protein
(cox-5B/cco-1) by expressing cox-5B hairpin (HP) under unc-119
promoter (Fig. 1, D-G and Fig. S1, F-M). In contrast, tmbim-2
mutants did not impact cell-autonomous intestinal UPR™*
activation caused by cox-5B RNAi (Fig. 1, D and E; and Fig. S1, F
and G).

To determine whether TMBIM-2’s role
autonomous UPR™t activation is linked to its neuronal expres-
sion, we expressed tmbim-2 under tissue-specific promoters in a
tmbim-2 mutant background. Expression of tmbim-2 driven by
the pan-neuron promoter rgef-Ip or the ciliated sensory neuron
promoter xbx-1p effectively rescued the suppressed intestinal
UPR™® activation in tmbim-2 mutants with either neuronal
Wnt/EGL-20 expression or neuronal Q40:YFP expression
(Fig. 1, F and G; and Fig. S1, N-P). Furthermore, restoring
suppressed intestinal UPR™! activation in tmbim-2 mutants
was also achieved by expressing tmbim-2 exclusively in two
amphid sensory ADF neurons but not in NSM or other sen-
sory neurons (Fig. 1, H and I). In contrast, the expression of
tmbim-2 driven by gly-19 promoters failed to restore the in-
testinal UPR™! activation in tmbim-2(yth57) mutants with
neuronal Wnt/EGL-20 or Q40::YFP expression (Fig. 1, F and
G; and Fig. S1, N-P). Additionally, CRISPR/Cas9-mediated
knockout of tmbim-2 in ADF neurons robustly suppressed the
intestinal activation of UPR™! in response to neuronal Q40::
YFP expression (Fig. S1, Q and R). These results indicate a
critical function of tmbim-2 within ADF neurons in orches-
trating intestinal activation of UPR™! in response to neuro-
nal mitochondrial perturbations.

in cell non-
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Figure 1. XBX-6/TMBIM-2 deficiency suppressed the neuronal-to-intestinal UPR™® activation. (A) Representative photomicrographs demonstrating:
bright-field images of aligned, wild-type (WT) animals. The area shown in white box is the region for imaging in Fig. 1 (a); the expression pattern of the dve-
1(zcls39[dve-1p::dve-1:gfp]) reporter in WT day 2 adult animals (b); dve-1 reporter expression in neuronal EGL-20 (ythis3[rgef-Ip::egl-20 + myo-2p::tdtomato])
animals (c); neuronal EGL-20; tmbim-2(yth57) animals (d); intestinal EGL-20 (ythis1[gly-19p::eql-20]) animals (e); intestinal EGL-20; tmbim-2(yth57)
animals (f), respectively. The posterior region of the intestine where DVE-1::GFP is induced or suppressed is highlighted. (B) Quantification of the
number of intestinal nuclei puncta with GFP signal per worm as shown in A. (C) A schematic diagram of three mutant alleles yth26, yth57, and yth130 of
tmbim-2. (D) Representative photomicrographs demonstrating: dve-1 reporter expression in neuronal cox-58 knockdown (uthls375[unc-119p::cox-5B HP; pRF(rol-6)]);
sid-1(qt9) animals (a); neuronal cox-5B knockdown; sid-1(qt9); tmbim-2(yth130) animals (b); WT animals (c); and tmbim-2 (yth57) (d) grown on cox-58 RNAi from
hatching. The posterior region of the intestine where DVE-1::GFP is induced or suppressed is highlighted. (E) Quantification of the number of intestinal nuclei puncta
with GFP signal per worm as shown in D. (F) Representative photomicrographs demonstrating: the expression pattern of dve-1 reporter in WT animals expressing
neuronal Q40 (rmis110[rgef-1p:Q40:YFP] (a); dve-1 reporter expression in tmbim-2 (yth57) animals expressing neuronal Q40 (b); intestinal rescue TMBIM-2
(ythEx289([gly-19p::tmbim-2]) (c); pan-neuronal rescue TMBIM-2 (ythEx290[rgef-Ip:tmbim-2]) (d); ciliated-neuronal rescue TMBIM-2 (ythEx476[xbx-1p:itmbim-2]) (e).
The posterior region of the intestine where DVE-1::GFP is induced or suppressed is highlighted. (G) Quantification of the number of intestinal nuclei puncta with GFP
signal per worm as shown in F. (H) Representative photomicrographs demonstrating: dve-1 reporter expression in tmbim-2 (yth57) animals expressing neuronal
Q40:YFP (a); touch neurons rescue TMBIM-2 (ythEx568[mec-7p:tmbim-2]) (b); NSM neurons rescue TMBIM-2 (ythEx772[tph-1(s)p::tmbim-2]) (c); ADL neurons
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rescue TMBIM-2 (ythEx569[srh-220p::tmbim-2]) (d); ADF/NSM neurons rescue TMBIM-2 (ythEx773[tph-1()p::tmbim-2]) (e). The posterior region of the intestine
where DVE-1:GFP is induced or suppressed is highlighted. (I) Quantification of the number of intestinal nuclei puncta with GFP signal per worm as shown in H.
***P < 0.001, ns denotes P > 0.05 via unpaired two-tailed Student’s t test. Error bars, SEM. n > 15 worms. Scale bar, 250 pm.

The expression and subcellular distribution of TMBIM-2 in
response to neuronal mitochondrial stress

The TMBIM gene family, distinguished by seven transmem-
brane domains, exhibits diverse intracellular membrane
localizations, including the plasma membrane, endoplasmic
reticulum, and mitochondria, revealing its versatile presence
across cellular compartments (Rojas-Rivera and Hetz, 2015).
To investigate the subcellular localization of TMBIM-2, we
employed transgenic animals expressing tmbim-2 fused with
GFP under its native promoter. The functionality of TMBIM-2::
GFP was validated through its ability to restore intestinal
UPR™! activation in tmbim-2(yth57) mutants (Fig. S2, A and B).
Our analysis revealed predominant expression of TMBIM-2::
GFP within the nervous system, as indicated by the pan-
neuronal rgef-Ip::mCherry reporter, consistent with recent
single-cell RNAseq analysis in C. elegans (Roux et al., 2023) (Fig.
S2, C and D). In addition to the nervous system, we also ob-
served TMBIM-2 expression in spermatheca and hypodermis
(Fig. S2 C).

Notably, we observed an induction of tmbim-2 expression in
response to neuronal mitochondrial stress, highlighting its dy-
namic regulation (Fig. 2, A-C). Next, we focused on the sub-
cellular distribution of TMBIM-2 and noted its presence in the
plasma membrane of neurons (Fig. 2 D). This plasma membrane
localization was further validated through co-localization stud-
ied with DiD, a lipophilic dye marking the plasma membrane of
ciliated sensory neurons (Fig. 2 D). We also confirmed that the
localization of TMBIM-2::GFP is excluded from mitochondria in
neurons (Fig. S2 E). Furthermore, we detected the presence of
TMBIM-2::GFP throughout axons, with a pronounced enrich-
ment at synapses, as evidenced by utilizing presynaptic reporter
strain Scarlet::RAB-3 and mCherry::SYD-1 (Fig. 2 E and Fig.
S2 F). Notably, under conditions of neuronal mitochondrial
stresses, the expression of TMBIM-2 becomes pronounced in
the region proximal to the plasma membrane and synapses
(Fig. 2 F). To investigate the subcellular localization of TMBIM-
2, we performed colocalization experiments. The results re-
vealed that TMBIM-2 partially localizes to the Golgi apparatus
(Fig. S2, G and H). These observations collectively suggest that
disruptions in neuronal mitochondrial function result in the
accumulation of TMBIM-2 along both the plasma membrane
and synaptic sites.

Neuronal mitochondrial perturbation triggers spatiotemporal

dynamics of Ca?* oscillations in a TMBIM-2-dependent manner

Given the predicted role of TMBIM family proteins in main-
taining Ca%* equilibrium within various compartmentalized
organelles (Liu, 2017), we hypothesized that TMBIM-2 might
play a crucial role in orchestrating the delicate balance of Ca%*
within the synapse of ADF neurons, thereby contributing to
intricate stress signaling coordination. To test this hypothesis,
we generated transgenic C. elegans lines expressing the
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well-established genetically encoded calcium indicator
GCaMPéf (Chen et al., 2013; Zhang et al., 2021a). By utilizing the
xbx-1 promoter, we controlled the expression of various forms
of GCaMPéf: a plasma membrane-targeted variant (PM-
GCaMPéf) (Zhou et al,, 2017), a cytosolic-targeted version
(cyto-GCaMP6f) (Zhang et al., 2021a), and a mitochondria-
targeted form (Mito-GCaMP6f) (Shen et al., 2014). Simulta-
neously, we employed the ADF neuron-specific srh-142
promoter to drive Scarlet::RAB-3 expression for labeling the
synapses of ADF neurons. This approach enabled visualization
of Ca?* flux within distinct subcellular compartments within
the synapse of ADF neurons (Fig. 3 A; and Fig. S3, A and B)
(Shen et al., 2014; Zhang et al., 2021a).

We initially assessed the localization accuracy of PM-
GCaMP6f and Mito-GCaMP6f through colocalization studies
with corresponding compartmentalized markers. Our findings
revealed that PM-GCaMPéf colocalized with the plasma mem-
brane marker DiD, confirming its plasma membrane localization
(Fig. S3 C). Furthermore, Mito-GCaMP6f was found to be en-
closed by validated mitochondrial outer membrane reporters,
confirming its mitochondrial localization (Fig. S3 D). Subse-
quently, we investigated the response of these GCaMPéf var-
iants to specific genetic perturbations. We observed an increase
in PM-GCaMPéf expression in egl-19(ad695 gf) mutants, a
voltage-gated calcium channel (Fig. S3, E and F), while Mito-
GCaMPéf levels significantly decreased in mcu-1(jull54) mu-
tants, a mitochondrial calcium uniporter (MCU; Fig. S3, G and
H). These results indicate that GCaMP6f accurately localizes to
subcellular compartments and serves as a reliable indicator of
Ca?* dynamics.

When monitoring the plasma membrane-tethered PM-
GCaMP6f, worms with neuronal cox-5B KD exhibited sub-
stantial increases in both the amplitude and frequency of
Ca®* waves at synapses of ADF neurons (Fig. 3, B-E and Video
1). Subsequently, we observed a significant decrease in mi-
tochondrial Ca?* waves at synapses of ADF neurons in neu-
ronal cox-5B KD worms compared with control animals, as
monitored by Mito-GCaMPéf, consistent with the notion
that mitochondrial function is disrupted in these animals
(Fig. 3, F-I). Surprisingly, in contrast to the distinct dy-
namics observed with PM-GCaMP6f and Mito-GCaMPéf, we
did not observe discernible differences in cytosolic GCaMPé6f
dynamics between control and neuronal cox-5B KD worms
(Fig. 3,J-L), suggesting that the mild disruption of neuronal
mitochondrial function did not substantially impact the
overall cytosolic Ca?* balance. One plausible explanation for
this phenomenon is that calcium pumps swiftly export lo-
cally increased Ca?* levels during mitochondrial stresses,
thereby not changing the overall cytosolic Ca?* balance.
Additionally, the amplitude of Ca2* oscillations in response
to chronic neuronal mitochondrial stresses exhibited a grad-
ual increase as worms grew, reaching their peak during young
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Figure 2. The expression and subcellular distribu-
tion of TMBIM-2 in response to neuronal mito-

209 ! chondrial stress. (A) Quantification of tmbim-2 mRNA
. levels in young adult WT (yellow) and neuronal cox-58
’ . knockdown (uthls375[unc-119p::cox-5B HP; pRF(rol-6)])
I (blue) animals. n > 3 biologically independent samples.
(B) Immunoblot of young adult TMBIM-2::GFP ex-

0.5 pression in WT and neuronal cox-58 knockdown ani-
mals. (C) Quantification of TMBIM-2::GFP protein

0.0-—T—7 levels as shown in B: WT (yellow) and neuronal cox-58
$&\gﬁ"q knockdown (blue) animals; n > 3 biologically inde-
0,'\ 93%\8\ pendent samples. (D) Representative confocal photo-
\)(\00{ micrographs of day 1 adult animals with ythEx572

Merge

[tmbim-2p::tmbim-2::gfp] in combination with a lipo-
philic plasma membrane dye DiD at the cell body. The
imaging used Z-planes. Scale bar, 2 pm. Pear-
son’s correlation coefficient (r) for the ROl is
0.94. (E) Representative confocal photomicrographs
of day 1 adult animals with TMBIM-2 in combination
with an ADF synaptic vesicle marker ythEx536
[srh-142p::tmbim-2::gfp+srh-142p::Scarlet::rab-3].
The imaging used Z-stacks. Scale bar, 5 um. Pearson’s
correlation coefficient (r) for the ROI is 0.90. (F) Rep-
resentative Single Slice-SIM photomicrographs of ADF
neuron overexpressing TMBIM-2 (ythls102[srh-142p::
tmbim-2::gfp]) animals with the presence or absence of
neuronal cox-5B knockdown. The imaging used Z-planes.
Scale bar, 10 pm. *P < 0.05 via unpaired two-tailed
Student’s t test. Error bars, SEM. Source data are
available for this figure: SourceData F2.

Cell body Axon

Control

unc-119p::
cox-5B HP

adulthood and Day 1, followed by a gradual decline with aging
(Fig. 7 F). This pattern suggests that the ability of neurons to
maintain Ca2* homeostasis in response to chronic mitochon-
drial stresses declines with age.

Remarkably, the absence of tmbim-2 resulted in a signif-
icant reduction in both the amplitude and frequency of Ca2*
waves near the plasma membrane within the synapse of ADF
neurons triggered by neuronal cox-5B KD, as monitored by
PM-GCaMPéf (Fig. 3, B-E). However, the absence of tmbim-2
did not impact mitochondrial Ca2* waves within the synapse
of ADF neurons in neuronal cox-5B KD worms (Fig. 3, F-I). To
investigate the regulation of Ca?* homeostasis by TMBIM-2,
we assessed fluorescence minimum (Fp;,) levels in ADF
neurons of tmbim-2 mutants. Our findings revealed that
tmbim-2 mutant worms exhibited significantly higher Fp;,
Ca2* levels in neuronal cox-5B KD animals compared with WT
control worms (Fig. S3 I). Additionally, mitochondrial Ca%*
levels remained unchanged in tmbim-2 mutant worms (Fig.
S3 J). Overexpression of TMBIM-2 within ADF neurons
did not significantly change plasma membrane Ca?* waves
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within the synapse of ADF neurons (Fig. S3, K and L). These
collective findings suggest that chronic perturbations in
neuronal mitochondria trigger dynamic Ca2* waves in
proximity to the plasma membrane in a manner dependent
on tmbim-2.

Loss of mcu-1 triggers plasma-membrane Ca2* oscillations
within synapses of ADF neurons and activates intestinal UPR™*
Mitochondrial perturbations that decrease mitochondrial
membrane potential can lead to decreased ATP production
and reduced mitochondrial calcium buffering capacity,
thereby altering calcium dynamics near the plasma mem-
brane within neurons (Giacomello et al., 2020). Calcium
uptake by mitochondria is facilitated by the MCU, a highly
selective and conductive calcium channel encoded by mcu-1
gene in C. elegans (Cao et al., 2017; Doser et al., 2024; Phillips
et al., 2019). MCU-1 plays a critical role in calcium homeo-
stasis, enabling dendritic mitochondria to uptake calcium
(Ca?*), which in turn promotes the upregulation of mitoROS
production. Moreover, mitochondria are positioned in close
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Figure 3. Neuronal mitochondrial perturbation triggers spatiotemporal dynamics of Ca?* waves in ADF synapses in a TMBIM-2-dependent manner.
(A) Schematic drawing of ADF neurons and GCaMP6f imaging regions in B-L, and representation illustrating the principle behind the GCaMPé6f. (B) Repre-
sentative fluorescence traces of average background-subtracted fluorescence intensity AF/Fq of plasma membrane Ca?* indicator GCaMP6f in the region of
interest (ROI) shown in C of day 1 adult animals expressed neuronal PM-GCaMP6f and ADF presynaptic vesicle marker (ythEX762[xbx-1p::PM-GCaMP6f; srh-
142p::Scarlet::rab-3+unc-119(+)]) with WT; neuronal cox-5B knockdown; tmbim-2(yth130); neuronal cox-5B knockdown-+tmbim-2(yth130) background, respec-
tively. The GCaMPé6f signal was imaged for 60 s. (C) Representative confocal photomicrographs of animals in B. Presynaptic region of ADF neuron was marked
with rab-3 (magenta). A-C stand for different points in time shown in B. The imaging used Z-planes. Scale bar, 2 pm. (D) Quantification of the maximal AF/F,
with GCaMP6f signal in ROI shown in B. n > 15 worms. (E) Quantification of the frequency with GCaMP6f fluorescence intensity changes in ROl shown in B.n >
20 worms. (F) Representative fluorescence traces of average background-subtracted fluorescence intensity AF/F, of mitochondrial Ca2* indicator GCaMPéf in
the region of interest (ROI) shown in G of day 1 adult animals expressed neuronal mito-GCaMP6f and ADF presynaptic marker (ythEX761[xbx-1p::mtLS-GCaMPé6f;
srh-142p::Scarlet::rab-3+unc-119(+)]) with WT; neuronal cox-58 knockdown; tmbim-2(yth130); neuronal cox-58 knockdown+tmbim-2(yth130) background, re-
spectively. The GCaMP6f signal was imaged for 120 s. (G) Representative confocal photomicrographs of animals in F. Presynaptic region of ADF neuron was
marked with rab-3 (magenta). A-C stand for different points in time shown in F. The imaging used Z-planes. Scale bar, 2 um. (H) Quantification of the maximal
AF/Fy with GCaMP6f signal in ROI shown in F. n > 15 worms. (1) Quantification of the frequency with GCaMP6f signal in ROl shown in F. n > 20
worms. (J) Representative fluorescence traces of average background-subtracted fluorescence intensity AF/F, of cytosolic Ca2* indicator GCaMP6f
of WT and neuronal cox-58 knockdown animals in the 60 s. (K) Representative confocal photomicrographs of animals in . Presynaptic region of ADF neuron was
marked with rab-3 (magenta). A-C stand for different points in time shown in ). The imaging used Z-planes. Scale bar, 2 um. (L) Quantification of the maximal AF/F,
with GCaMP6f signal in ROI shown in J. n > 15 worms. **P < 0.01; *P < 0.05; ns denotes P > 0.05 via unpaired two-tailed Student’s t test. Error bars, SEM.
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Figure 4. Loss of mcu-1 triggers plasma-membrane Ca?* oscillations within synapses of ADF neurons and activates intestinal UPR™. (A) Repre-
sentative fluorescence traces of average background-subtracted fluorescence intensity AF/FO of plasma membrane Ca?* indicator GCaMP6f of WT and mcu-
1(ju1154) mutant animals in the 60 s. (B) Quantification of PM-GCaMP6 maximal fluorescence intensity changes in WT and mcu-1(ju1154) animals. n > 8 worms.
(€) Quantification of the frequency with GCaMP6f fluorescence intensity changes in WT and mcu-1(ju1154) animals. n > 20 worms. (D) Representative confocal
photomicrographs of TMBIM-2:GFP animals with the presence or absence of mcu-1(ju1154). The imaging used z-planes. Scale bar, 10 um. (E) Representative
photomicrographs of dve-1 reporter expression in WT and ADF neuron mcu-1 knockdown animals (srh-142p::Cas9+u6p::mcu-1 sgRNA). Scale bar, 250 pm.
(F) Quantification of the number of intestinal nuclei puncta with GFP signal per worm in E. n > 12 worms. (G) Deletions of mcu-1 by CRISPR/Cas9 are
detected by T7E1 assay. Representative DNA gels of T7E1 assay show mcu-1 PCR products amplified from genomic DNA of WT or srh-142p::Cas9+u6p::mcu-1-
sg worms. ***P < 0.001; **P < 0.01 via unpaired two-tailed Student’s t test. Error bars, SEM. Source data are available for this figure: SourceData F4.

proximity to synaptic clusters of GLR-1, facilitating neuronal
excitation by supporting calcium signaling and synaptic activ-
ity (Doser et al., 2024).

To investigate this, we observed the Ca®* dynamics near
the plasma membrane at the synapse of ADF neurons in mcu-1
mutant worms with defects in mitochondrial Ca%* import. In-
triguingly, mcu-1 mutants exhibited pronounced increases in the
amplitude and frequency of PM-GCaMPéf Ca** waves (Fig. 4,
A-C). Moreover, the mcu-1 mutants led to the induction of
TMBIM-2 expression (Fig. 4 D). To explore the role of mcu-I in
ADF neurons for neuronal-to-intestinal UPR™t activation, we
generated transgenic worms with CRISPR/Cas9-mediated
knockout of mcu-1 in ADF neurons. We found that the mcu-
1 knockout within ADF neurons resulted in the activation of
intestinal UPR™ (Fig. 4, E-G; and Fig. S4, C and D), suggesting a
direct link between neuronal mitochondrial calcium balance
and the activation of intestinal UPR™!. We also observed that
mcu-1 knockdown-triggered Ca2* oscillations are also depen-
dent on TMBIM-2 (Fig. S4, E and F). Additionally, over-
expressing MCU-1 within neurons, aimed at enhancing
mitochondrial calcium buffering capacity, attenuated UPR™*
activation in neuronal Q40:YFP worms (Fig. S4, A and B).
These findings highlight the pivotal role of mitochondrial
calcium buffering capacity in shaping intracellular calcium
signaling dynamics and orchestrating intertissue stress
communication.

Lietal
TMBIM-2 mediates systemic UPRmt via Ca®* signaling

TMBIM-2 acts with the calcium pump MCA-3 to mediate cell
non-autonomous UPR™* activation

Despite the established role of TMBIM family proteins in
maintaining Ca®* equilibrium within cells (Liu, 2017), the mo-
lecular mechanism of TMBIM2 is unclear. To investigate the
molecular function of TMBIM-2, we performed immunopre-
cipitation (IP) experiments on C. elegans expressing TMBIM-2::
GFP, followed by mass spectrometry (MS) to identify TMBIM-
2 interaction partners (Fig. 5 A and Table S4). These experi-
ments yielded a variety of membrane-associated proteins. Gene
Ontology (GO) analyses of these genes (score >10) highlighted
pathways including intracellular protein transport, protein
N-linked glycosylation, vesicle docking involved in exocytosis,
and notably, calcium ion transport. Among these candidates,
calcium ion transport emerged as significantly enriched, with
MCA-3 topping the list (Fig. 5 B).

MCA-3 shares homology with a plasma-membrane
Ca2*-ATPase (PMCA) that employs ATP hydrolysis to
transport Ca2* from the cytosol to extracellular spaces
(Brini and Carafoli, 2011). Elevated Ca2* levels within
neurons give rise to a range of detrimental consequences,
including compromised synaptic plasticity, excitotoxicity,
mitochondrial dysfunction, and apoptosis (Berliocchi et al.,
2005). To counteract increased Ca?* levels, neurons employ a
multifaceted approach involving pumps, transporters, cytoplas-
mic calcium-binding proteins, and buffering by mitochondria
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Figure 5. TMBIM-2 acts with the calcium pump MCA-3 in regulating cell non-autonomous UPR™! activation. (A) Workflow of the IP-MS method in
expression TMBIM-2::GFP C. elegans. (B) List of TMBIM-2-interacting proteins that top 10 candidates identified by IP-MS experiments. (C) Interactions of
TMBIM-2 with MCA-3. HEK293T cells transfected with the indicated cDNAs and followed by the indicated immunoprecipitations. (D) Representative pho-
tomicrographs of ciliated neuronal knockout of mca-3 in neuronal Q40::YFP, dve-1p::dve-1::gfp worms. Scale bar, 250 pm. (E) Quantification of the number of
intestinal nuclei puncta with GFP signal per worm as shown in D. n > 15 worms. (F) Fluorescence images of neurons in strains expressing TMBIM-2::GFP with
the presence or absence of ciliated neuronal knockout of mca-3. Scale bar = 2 pum. (G) Representative photomicrographs of dve-Ip::dve-I::gfp reporter in
neuronal Q40::YFP animals with PMCA inhibitor Caloxin 2A1, respectively. Scale bar, 250 pm. (H) Quantification of the number of intestinal nuclei puncta with
GFP signal per worm as shown in G. n = 10 worms. (1) Quantification of PM-GCaMP6 maximal fluorescence intensity changes in animals with a vehicle and
10 mM Caloxin 2AL n > 20 worms. (J) Quantification of the frequency with GCaMP6f fluorescence intensity changes in animals with a vehicle and 10 mM
Caloxin 2A1. n > 20 worms. ***P < 0.001; **P < 0.01 via unpaired two-tailed Student’s t test. Error bars, SEM. Source data are available for this figure:

SourceData F5.

(Berridge et al., 2003; Devine and Kittler, 2018; Nanou and
Catterall, 2018). To explore the potential interactions between
TMBIM-2 and MCA-3, we conducted co-immunoprecipitation
experiments using HEK293T cells overexpressing C. elegans
TMBIM-2::GFP and MCA-3::HA. Our results showed an inter-
action between TMBIM-2 and MCA-3 (Fig. 5 C).

We generated tissue-specific mca-3 knockdown mutants
using CRISPR/Cas9 gene editing. Remarkably, the knock-
down of mca-3 specifically in ciliated sensory neurons, ro-
bustly suppressed intestinal UPR™! activation in animals
expressing neuronal Q40::YFP (Fig. 5, D and E; and Fig. S4,
G-I). It was noted that the loss of mca-3 also attenuated the
enrichment of TMBIM-2::GFP on the plasma membrane
(Fig. 5 F), suggesting a dependency of MCA-3 and calcium
balance on the subcellular localization of TMBIM-2. We
found that the expression of mca-3 significantly increased
with aging and the expression of mca-3 also significantly

Lietal
TMBIM-2 mediates systemic UPRmt via Ca®* signaling

increased under neuronal mitochondrial stress (Fig. S4, ]
and K).

Having established that genetic ablation of mca-3 suppressed
intestinal UPR™! activation, we further investigated whether
pharmacological inhibition of MCA-3 could result in a similar
phenotype. We performed experiments using Caloxin 2Al, a
specific inhibitor of the plasma membrane Ca®*-ATPase (PMCA).
Caloxin 2A1 selectively inhibits the Ca2*-Mg2*-ATPase activity
of PMCA without affecting other ATPase, such as Mg?*-ATPase
or Na*-K*-ATPase and has been well-characterized in prior
studies (Chaudhary et al., 2001; Holmes et al., 2003; Pande et al.,
2005, 2008; Szewczyk et al., 2010). Treatment with 10 mM
Caloxin 2A1 markedly suppressed intestinal UPR™® activation
(Fig. 5, G and H; and Fig. S4, L and M). Additionally, we ob-
served a significant reduction in both the amplitude and fre-
quency of Ca?* waves near the plasma membrane at ADF
neuron synapses (Fig. 5, I and J). These results indicate that
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TMBIM-2 couples with MCA-3 to mediate Ca?* homeostasis
and cell non-autonomous UPR™! in response to mitochondrial
perturbations within neurons.

Serotonin supplementation restored the systemic UPR™t
activation in tmbim-2 mutants

Ca?* emerges as a pivotal universal intracellular signaling
messenger, intricately regulating vital cellular functions
such as cell death, gene transcription, exocytosis, and neu-
ronal transmission (Berridge et al., 2003; Berridge et al.,
2000; Carafoli et al., 2001; Pang and Siidhof, 2010). By in-
troducing tetanus toxin (TeTx) into neurons—a neurotoxin
that inhibits Ca?*-dependent neurotransmitter release (Hendricks
et al,, 2012), we found that the induction of TeTx in ADF seroto-
ninergic neurons strongly attenuated the intestinal UPR™* acti-
vation in animals expressing neuronal cox-5B KD or neuronal
Q40::YFP expression (Fig. 6, A, B, E, and F; and Fig. S5,
A-C), suggesting Ca>*-dependent neurotransmission is re-
quired for orchestrating systemic mitochondrial stress
communication.

To further explore the neurotransmission under neu-
ronal mitochondrial stress, we used an srh-142 promoter to
drive SNB-1::pHluorin (SpH) expression in the ADF neuron
for optical measurements of presynaptic activity, which
has been previously validated in C. elegans (Han et al.,
2017). SNB-1 is an ortholog of human vesicle-associated
membrane protein 2 (VAMP2). SNB-1 enables SNAP re-
ceptor activity and syntaxin binding activity to mediate
chemical synaptic transmission located in the presynaptic
active zone. This method involves the quenching of SpH
fluorescence in synaptic vesicles (SVs) due to their low/
acidic luminal pH. Upon stimulation, neurotransmitter
vesicles fuse with the plasma membrane, exposing them to
the neutral pH of the extracellular medium, leading to an
increase in SpH fluorescence. Notably, under neuronal
mitochondrial stress, the fluorescence intensity of SpH
increased, indicating enhanced neurotransmitter release
(Fig. 6, C and D). Loss of tmbim-2 significantly suppressed
the increase in SpH fluorescence in neuronal cox-5B KD
worms (Fig. 6, C and D).

Intriguingly, the addition of serotonin effectively restored
systemic UPR™! activation in tmbim-2 mutants as well as in
worms expressing TeTx in ADF neurons, in response to neuro-
nal cox-5B KD or neuronal Q40::YFP expression (Fig. 6, E and F;
and Fig. S5, D-G). Moreover, the expression of tmbim-2 solely
within two ADF sensory neurons was sufficient to induce UPR™*
in the intestine (Fig. 6, G and H). This process was dependent
upon tryptophan hydroxylase (TPH-1), an enzyme responsible
for serotonin synthesis (Sze et al., 2000) (Fig. 6, G and H).
Furthermore, electron micrograph ultrastructural analyses re-
vealed that tmbim-2 mutants exhibited a significant increase in
the number of synaptic vesicles at active zones of neurons (Fig.
S5, H and I), while the vesicle diameter remained comparable to
that of WT worms (Fig. S5, H and J). These findings suggest that
TMBIM-2 plays a crucial role in facilitating serotonin release
from ADF neurons, thereby enhancing neuronal-to-intestinal
mitochondrial stress communication.
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Overexpression of TMBIM-2 preserves age-onset decline of
aversive learning and extends the lifespan of C. elegans

As organisms age, their ability to respond to stress gradually
declines. To investigate the role of TMBIM-2 in the aging pro-
cess, we analyzed published gene expression datasets, revealing
a decline in Tmbim2 expression in the brain with aging (Schaum
et al., 2020; Zhang et al., 2013). This pattern mirrored ob-
servations in the single-cell atlas study of aging C. elegans, where
tmbim-2 mRNA levels decreased in ADF neurons (Fig. 7, A-C and
Fig. S5 K). Additionally, the TMBIM-2::GFP protein level in the
nervous system and spermatheca of Day 5 worms both exhibited
a significant decrease compared with Day 1 worms (Fig. 7, D and
E; and Fig. S5, L and M). This decline in TMBIM-2 protein levels
during aging is consistent with the gradual decrease in Ca**
oscillations in response to prolonged neuronal mitochondrial
stresses (Fig. 7 F).

Neurotransmission is also involved in aversive learning be-
havior in response to exposure to pathogenic bacteria Pseudo-
monas aeruginosa 14 (PA14). Typically, C. elegans is attracted to
PA14 initially but learns to avoid it after several hours of expo-
sure, relying on serotonin (zhang et al., 2005). tmbim-2 mutants
exhibited significantly diminished pathogen-induced aversive
learning, as did tph-1 mutants (Fig. 7, G and H). This reduction in
learning capacity was exacerbated in Day 5 worms, who nearly
lost their ability to avoid PA14. Intriguingly, the overexpression
of TMBIM-2 preserved aversive learning behavior in older
worms (Fig. 7, G and I).

Through the life span analysis of tmbim-2, we found that
tmbim-2 mutants exhibited a normal lifespan compared with WT
worms (Fig. S5 N). However, they significantly suppressed the
longevity effect caused by neuronal cox-5B KD (Fig. 7 J). Fur-
thermore, TMBIM-2 overexpression extended the lifespan of
C. elegans (Fig. 7 K). Additionally, overexpression of TMBIM-
2 solely in ADF neurons was sufficient to extend the lifespan in
C. elegans (Fig. S5 0). To assess whether tmbim-2 mutants or
overexpression influences worm survival under P. aeruginosa
PA14 exposure, we performed survival assays on PA14 lawns
using wild-type, tmbim-2 knockouts, and TMBIM-2 over-
expression worms. Our results revealed that tmbim-2 mutants
exhibited significantly reduced survival rates, whereas TMBIM-
2 overexpression conferred enhanced resistance when exposed
to PA14, particularly on day 5, further highlighting its pivotal
role in stress resilience (Fig. 7, L and M). These findings suggest
that reduced levels of TMBIM2 with age might contribute to age-
related neuronal function decline and metabolic dysregulation
across species. Overexpression of TMBIM-2 emerged as a po-
tential mechanism to preserve neuronal function in older ani-
mals and potentially impact lifespan regulation.

Discussion

The nervous system senses external and internal stimuli and
transmits information to coordinate metabolism and behavior
essential for overall health and aging (Bar-Ziv et al., 2020; van
Oosten-Hawle and Morimoto, 2014). Through our investigation,
we uncovered a previously unrecognized interplay: chronic
disruption of neuronal mitochondria leads to the initiation of
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Figure 6. Supplementation of serotonin restored the neuronal-to-intestinal UPR™ activation in tmbim-2 mutants. (A) Representative photomicro-
graphs of dve-1 reporter in animals expressing neuronal Q40 and neurotoxin TeTx in ADF neuron (ythEx768[srh-142p::TeTx::s[2::mcherry]). Scale bar, 250
um. (B) Quantification of the number of intestinal nuclei puncta with GFP signal per worm as shown in A. n > 15 worms. (C) Representative photo-
micrographs of the ADF neurotransmitter exocytosis reporter (ythEX766[srh-142p-SYP-Phluorin+unc-119(+)]) in control or neuronal cox-58 knockdown
animals in WT or tmbim-2(yth130) background. The imaging used Z-stacks. Scale bar, 2 um. (D) Quantification of srh-142p::snb-1::pHluorin fluorescence in
the neurons of animals as depicted in C: WT (orange); tmbim-2(yth130) (yellow); unc-119p::cox-58 HP (ultramarine); unc-119p::cox-58; tmbim-2(yth130)
(wathet). n = 12 worms. (E) Representative photomicrographs of dve-1 reporter expression in WT (a); neuronal cox-58 knockdown (b); neuronal cox-58
knockdown; tmbim-2 (c); neuronal cox-58 knockdown; or ADF neuron overexpressing TeTx(ythEX768[srh-142p::TeTx::sl2::mCherry+unc-119(+)];unc-
119(ed-3)i11) (d) animals treated with vehicle control or 50 mM serotonin (5-HT). (F) Quantification of the number of intestinal nuclei puncta with GFP
signal per worm as shown in E, yellow for control and blue for feeding 5-HT. n > 12 worms. Statistical analysis was performed by ANOVA followed by
Tukey post-hoc test (**P < 0.01; ***P < 0.001). (G) Representative photomicrographs of dve-1 reporter in control or ADF neuron overexpressing TMBIM-
2 animals in WT or tph-1(n4622) background. (H) Quantification of the number of intestinal nuclei puncta with GFP signal per worm as shown in G.n > 15
worms. ***P < 0.001; **P < 0.01 via unpaired two-tailed Student’s t test. Error bars, SEM; Scale bar, 250 pm.

tmbim-2-dependent spatiotemporal Ca?* wave dynamics. These function and neurotransmission, operating at a subtle but con-
dynamic Ca?* oscillations might facilitate enhanced serotonin tinuous level beneath the threshold of global intracellular Ca?*
release, which, in turn, governs systemic mitochondrial stress signals.

response regulation and aging processes (Fig. 8). These results The universal presence of TMBIM protein across prokar-
suggest a more intricate connection between mitochondrial yotes, fungi, animals, and humans implies their crucial role in
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JCB

Figure 7. Overexpression of TMBIM-2 in neurons preserves age-onset decline of aversive learning of C. elegans. (A) Correlation between normalized
expression of Tmbim2 in the prefrontal cortex of human brains with Alzheimer’s disease at different ages. Expression values in A (n = 101 samples) are from the
dataset GSE44772. (B) Correlation between normalized expression of Tmbim2 in mouse brains at different ages. Expression values are from the dataset
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GSE132040 (n = 38 samples). (C) Correlation between normalized expression of srh-142 positive neurons at different ages. Expression values are from Roux
et al. (2023) (n = 147 cells). (D) Representative confocal photomicrograph of animals head expressing TMBIM-2 at different ages. The imaging used z-planes.
Scale bar, 20 um. (E) Quantitative analysis of TMBIM-2::GFP protein levels in ROl shown in D. n > 8 worms. (F) Quantification of the amplitude of PM-GCaMP6f
fluorescence intensity changes in expressed neuronal PM-GCaMP6f and ADF presynaptic vesicle marker worms with neuronal cox-5B knockdown at different
ages. (G) Example of control and aversion phenotypes after exposure to pathogenic P. aeruginosa PA14 in WT, tmbim-2, tmbim-2p::tmbim-2::gfp and tmbim-2;
tmbim-2p::tmbim-2::gfp animals at day 1. Scale bar, 250 um. (H) Quantification of the percentage of the worm on PA14 at day 1 as shown in G. n = 2 independent
experiments. (I) Quantification of the percentage of the worm on PA14 in WT and tmbim-2p::tmbim-2::gfp animals at day 5 as shown in G. n = 2 independent
experiments. (J) Survival analyses of WT (solid blue); tmbim-2 (dashed blue); unc-119p::cox-58 HP (solid yellow) and unc-119p::cox-58 HP; tmbim-2 (dashed
yellow) animals; n > 100 worms. (K) Survival analysis of WT (blue) and tmbim-2p::tmbim-2:gfp (yellow); n > 100 worms. (L) PA14 survival analyses of WT
(black), tmbim-2 (yth26) (dashed blue), tmbim-2 (yth57) (dashed yellow), TMBIM-2 overexpression linel (solid blue), and TMBIM-2 overexpression line2 (solid
yellow) at dayl adult animals; n > 100 worms. (M) PA14 survival analyses of WT (black), tmbim-2 (yth26) (dashed blue), tmbim-2 (yth57) (dashed yellow),
TMBIM-2 overexpression linel (solid blue), and TMBIM-2 overexpression line2 (solid yellow) at day5 adult animals; n > 100 worms. ***P < 0.001, **P < 0.01,
*P < 0.05, ns denotes P > 0.05 via unpaired two-tailed Student’s t test. Error bars, SEM. In A-C, we used Pearson’s correlation coefficient for statistical testing.

In J]-M, we used The Log-rank (Mantel-Cox) test for statistical analysis.

preserving Ca?* homeostasis throughout evolution (Chang et al.,
2014; Liu, 2017). At the subcellular level, TMBIM?2 is found in
lipid rafts of the plasma membranes, endoplasmic reticulum,
and Golgi apparatus, aligning with tmbim-2 expression in C. el-
egans (Rojas-Rivera and Hetz, 2015). This observation supports
the notion that TMBIM2 is a conserved member of the TMBIM
protein family, and its subcellular distribution and trafficking
are critical for bridging its function with localized Ca2* ho-
meostasis. The unique structure of BsYet] (or TMBIM6) suggests
its potential as intrinsic Ca®* channels, playing a pivotal role in
preventing intracellular Ca?* store overload (Chang et al., 2014;
Li et al., 2020a).

According to AlphaFold prediction, TMBIM-2 consists of a
free peptide segment at the N-terminal, followed by seven
transmembrane regions. Previous studies have suggested that
the seventh transmembrane region of TMBIM family proteins
may play a crucial role in regulating calcium homeostasis reg-
ulation, with potential conformational changes occurring under
varying conditions (Bultynck et al., 2012). The yth57 mutant,
identified through EMS mutagenesis screening, harbors a mu-
tation in the seventh transmembrane region, potentially ex-
plaining why point mutations exhibit a phenotype akin to null
alleles. Further investigation into the structure of TMBIM-
2 holds promise for enhancing our comprehension of its role in
regulating Ca?* equilibrium. Our IP-MS study identified that
TMBIM-2 acts with the Ca?* pump MCA-3, enabling efficient
Ca?* export after rapid Ca2* elevation. This accelerates the re-
covery to an equilibrium concentration, allowing for long-lasting
synaptic modifications. The PMCA pumps are characterized by
their high affinities and modest transport rates. This interplay
facilitates both rapid and sustained vesicle release and endur-
ing alterations in neuronal activity. Mechanisms governing
TMBIM-2’s interacting calcium pumps, like MCA-3, warrant
further exploration to comprehend their role in achieving Ca®*
equilibrium.

Contrary to the conventional perspective that associates
mitochondrial dysfunction with diminished ATP production and
compromised neurotransmission (Li and Sheng, 2022; Li et al.,
2020b), our study presents a contrasting view. Emerging data
have shown that transient mitochondrial stress, such as mi-
tochondrial depolarization, MCU ablation, or inhibiting per-
meability transition pore (mPTP), can augment synaptic
transmission in mouse neurons (Kwon et al., 2016; Levy et al,,
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2003; Marland et al., 2016; Tang and Zucker, 1997). Moreover,
our study revealed the mechanism by which prolonged mito-
chondrial perturbations lead to sustained, TMBIM-2-dependent
Ca?* wave alterations in vivo. This, in turn, possibly allows for
neurotransmission, influencing long-term metabolic control and
playing a crucial role in the aging process.

The ability of neurons to dynamically respond to changing
intracellular Ca?* signaling demands, spanning from minutes to
days, weeks, and longer, underscores the necessity for precise
control over Ca?* transporter type, localization, and activity
(Berridge et al., 2003). Understanding the intricate link between
mitochondrial function and Ca?* signaling in neurotransmis-
sion, particularly within the context of diverse cellular stresses
during aging, is imperative. Given the predominant expression
of mammalian TMBIM2 in the adult central nervous system and
the observed diminished responsiveness to Ca?* upon mito-
chondrial stresses with age in C. elegans (Reich et al., 2011;
Schweitzer et al., 2002; Tauber et al.,, 2014), restoring Ca®*
equilibrium could emerge as a promising therapeutic strategy to
enhance neuronal function and regulate organismal metabolism
during the aging process.

Materials and methods

C. elegans maintenance and transgenic lines

Nematodes C. elegans strains were obtained from the Caeno-
rhabditis Genetics Center (CGC) or the National Bioresource
Project (NBRP). C. elegans were maintained and experimentally
examined at 20°C on standard nematode growth medium (NGM)
agar plates seeded with Escherichia coli OP50 unless otherwise
stated (Brenner, 1974). The strains used in this study are listed in
Table S1.

Mutagenesis screen and gene mapping

This protocol for ethyl methane sulfonate (EMS) mutagenesis
screening and gene mapping was described previously (Li
et al., 2022). About 120 L4 worms were treated with the fi-
nal concentration of EMS to 47 mM and incubated at 20°C on a
spinning wheel for 4 h. Worms washed with M9 buffer three
times were transferred to NGM plates. A selection of healthy
L4 animals was made to become PO. F1 progeny were self-
fertilized, and F2 animals were screened for the phenotype
of interest.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202408050

920z Arenuged 60 U0 3senb Aq 4pd 05080202 A0l/£ZZ 16 1/0G5080¥2028/S/+2Z/4Ppd-8joe/qol/Bi0"sseidnu//:dny woy papeojumoq

12 of 19


https://doi.org/10.1083/jcb.202408050

« [
5.

A

ADF neurons

Synapse A'ﬂ
e (%)
e

4

—control
——mito stress
mito stress; TMBIM-2

membrane-GCaMP6f

AF/FO

Time

Intestine

UPR™
ATFS-1 DVE-1 | |[ >
DEADONSENDLIN

Evolutionary
Conservation

Age-onset decline
in the nervous system

Enhanced neurotransmission
and extended lifespan

L
hTMBIMS
hTMBIM6 o C me/oe%a:s

oy u _ TMBIM-2 OE
hTMBIM4 =% 2
hTMBIM3 @0 5
hTMBIM1 ES @
hTMBIM2 3
TMBIM-2 (C. e.)
Age ' Age -

Figure 8. Model of chronic mitochondrial stress leads to tmbim-2-dependent spatiotemporal Ca?* waves to coordinate neuronal-to-intestinal UPR™*
activation and aging. Persistent disturbances in neuronal mitochondrial function induce TMBIM-2-dependent calcium (Ca?*) oscillations, fostering the release
of neurotransmitters to orchestrate a systemic response to mitochondrial stress. Notably, TMBIM2 expression diminishes with aging in neurons across diverse
organisms, including C. elegans, mice, and humans. Intriguingly, augmenting TMBIM2 levels through overexpression demonstrates a protective effect against
age-related deterioration in aversive learning and imparts an extended lifespan in C. elegans. These findings underscore the pivotal role of TMBIM-2 in me-
diating the interplay between chronic neuronal mitochondrial perturbations, calcium dynamics, and the broader physiological responses associated with aging.

After being outcrossed with the rgef-1p::egl-20; dve-1p::dve-1:
gfp animals at least three times, the mutants were subjected to
the whole-genome sequencing. Meanwhile, the mutants were
crossed with animals expressing rgef-1p::egl-20; dve-1p::dve-1::gfp
in CB4856 (Hawaiian) background. Then single nucleotide pol-
ymorphism (SNP) mapping was described previously (Davis
et al., 2005). Through canonical SNP mapping and whole ge-
nome sequencing, we found a yth57 mutation located in the gene
xbx-6.

Plasmid construction

The 3.7 kb promoter region of tmbim-2, the tmbim-2 genome
sequence (2,177 bp) without a stop codon, and a plasmid con-
taining a GFP tag were utilized to construct tmbim-2p::tmbim-2::
GFP for overexpressing TMBIM-2 in worms. To generate rescue
strains, we substituted the tmbim-2 promoter with various
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promoters including rgef-1(3.3 kb), gly-19 (1.5 kb), xbx-1(L.7 kb),
mec-7(1.5 kb), tph-1(s)(1.5 kb), tph-1(1)(2.5 kb), and srh-220 (2.5
kb) promoter in the tmbim-2p::tmbim-2 plasmid.

For the strains utilized for calcium imaging, the ciliated-
neuron promoter xbx-Ip was linked with GCaMPeéf to generate
cytoplasmic GCaMPéf. Additionally, to create GCaMPéf ex-
pressed in the plasma membrane and mitochondria, two kinds
of subcellular localization sequences, myr (plasma membrane)
and mtLS (mitochondria), were inserted at the 5’end of
GCaMPe6f.

Primer sequences are shown below: tmbim-2 3,788 bp pro-
moter: fwd 5-AAACATCCCTAATCCGCCG-3', rev 5'-ATCTGG
AATTAAATAATATTATTGAAACG-3'; xbx-1 1,695 bp promoter:
fwd 5'-ATCAATGTCCGCCAGCTTAC-3’, rev 5'-ACTAATAAA
TTGAGCAATATTGGAG-3'; osm-6 3,316 bp promoter: fwd 5'-
ACGATGGTGTAACTGGTACG-3', rev 5'-AGATGTATACTAATG
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AAGGTAATAGCTTG-3'; srh-142 3,996 bp promoter: fwd 5'-CTT
TCATAATCCAGCGGCTTTCC-3', rev 5'-ATTGGCAAAAAGAAA
AAAGAGGTGC-3'.

C. elegans CRISPR transgenics
The tmbim-2 mutant worms were created using CRISPR/Cas9
technology following published protocols (Waaijers et al., 2013).
tmbim-2 (yth26) and tmbim-2(yth130) were generated using three
guide RNA sequences (5'-TTCTGATAAGCCGGGTTGTA-3', 5'-
CAATCAACAGCCATACAACC-3’, and 5-CAGAATCCCTACCCC
AATCA-3'). sgRNA of tmbim-2 was cloned into the pDD162
vector with the expression of Cas9. The plasmid (50 ng/pl) was
injected into N2 with the coinjection marker myo-2p::tdTomato
(10 ng/pl). Single F1 worms with the expression of coinjection
marker were picked into new plates, and the F2 progeny were
examined by PCR amplification and confirmed by sequencing.
To generate knockout specifically in ciliated neurons or ADF
neurons, the eft-3 promoter in the original vector was replaced
with osm-6 (3,289 bp preceding exonl) or srh-142 (3,996 bp
preceding exonl) promoter to express Cas9 endonuclease spe-
cifically in ciliated neurons or ADF neurons. ADFp::Cas9+U6p::
mcu-1 sgRNA constructs were generated using guide RNA se-
quence (5'-GATCCGATTGTGTCACTGAG-3') with the srh-142
promoter and Cas9. F2 progeny were examined by T7 endonu-
clease I (T7E1) assay, which was performed to detect indels
(Mashal et al., 1995; Shao et al., 2016).

RNAi feeding

Knockdown by RNA interference (RNAi) of indicated genes was
conducted by feeding worms the E. coli strain HT115 expressing
double-stranded RNA homologous to the target genes. The RNAi
feeding protocol used was described previously (Zhang et al.,
2018). Synchronized worms were bleached with a bleaching
buffer (1.5% NaClO; 0.65 M KOH) and grown from hatching on
E. coli HTI15 strains containing an empty vector control or
double-stranded RNA bacteria. The L4440 empty vector served
as a negative control. E. coli carrying the appropriate vectors
were cultured in LB broth supplemented with ampicillin
(100 mg/ml) at 37°C overnight and plated onto NGM plates
containing 100 mg/ml ampicillin and 3 mM isopropyl b-D-
thiogalactoside (IPTG) (RNAi plates). RNAi-expressing bacteria
were allowed to grow for 2-3 days. RNAI strains were obtained
from the Vidal library and Ahringer library.

Microscopy and image analysis

For imaging the activation of UPR™® in C. elegans, eight to ten
worms were anesthetized using sodium azide (NaN3) (50 mM)
before imaging. Whole-worm micrographs were acquired using
a Leica M165 FC dissecting microscope equipped with a 6.3x
objective and LAS X software (Leica) at 20°C. Acquisition pa-
rameters were maintained constant among all samples, and all
images presented are representative of more than three images.
For quantifying the nuclear localization of DVE-1::GFP, worms
were mounted on agarose pads and imaged using a Zeiss Imager
M2 microscope. The intensity of GFP fluorescence for the hsp-6p::
gfp reporter was quantified by outlining the entire region of the
intestine and analyzing it using Image] software. Acquisition
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settings were consistent across genotypes for quantitative
analysis.

For the observation of neurons in C. elegans, animals were
mounted on 2% agarose pads made in M9 medium, immobilized
using 0.05% levamisole hydrochloride, and placed under a cov-
erslip (Chung et al., 2013). Worms at the day 1 stage were mounted
on 5% agarose pads and imaged using a Zeiss Imager LSM980 with
Airyscan 2 Laser Scanning Confocal microscope equipped with a
63x/1.40 Oil DIC objective controlled by the ZEN software (Carl
Zeiss) at 20°C The excitation/emission wavelengths for GFP and
mCherry are 488/505-530 nm and 543/560-600 nm, respec-
tively. To record the colocalization of the two fluorescent proteins
(GFP and mCherry) in neurons, images of the two channels were
captured simultaneously to avoid possible shifts due to move-
ments, rather than sequentially. For each image, the same region
of interest (ROI) was used at the same focal plane. The intensity of
GFP fluorescence for the SpH reporter was quantified by outlining
the ROI of the synapse and analyzing it using Image] software. The
anesthetic of SpH reported strain was 0.05% levamisole hydro-
chloride. Acquisition settings were consistent across genotypes for
quantitative analysis.

For imaging the plasma membrane of C. elegans neurons, we
used the multi-SIM system that integrates TIRF-SIM, grazing
incidence (GI-SIM), and 3D-SIM, as well as lattice light sheet
microscopy (LLSM) (Guo et al., 2018; Zheng et al., 2022). Single-
Slice-SIM images of the plasma membranes of ADF neurons in
C. elegans were acquired on the Multi-SIM imaging system
(NanoInsights) with a 100x/1.49 NA oil objective (Nikon CFI
SR HP Apo), solid-state lasers (488 and 561 nm), and an sCMOS
(complementary metal-oxide-semiconductor) camera (Photo-
metrics Kinetix) at 20°C. To obtain optimal images, immersion
oils with refractive indices of 1.518 were used for C. elegans on
glass coverslips. The microscope was routinely calibrated with
100 nm fluorescent spheres to calculate both the lateral and
axial limits of image resolution. SIM image stacks were re-
constructed using SI-Recon 2.23.3 (Nanolnsights) with the
following settings: pixel size 30.6 nm; channel-specific optical
transfer functions; Wiener filter constant 0.01 for 2D mode and
0.005 for 3D mode; and discard negative intensities back-
ground. Then the reconstructed SIM image was denoised with
total variation (TV) constraint. Pixel registration was corrected
to be <1 pixel for all channels using 100 nm fluorescence beads.
Multi-SIM images were analyzed by Image J.

DID staining

Uptake of 1,1'-dioctadecyl-3,3,3,3-tetramethylindodicarbocya-
nine (DiD) to identify a subset of amphid sensory neurons ca-
pable of dye uptake was assayed as described previously (Mills
etal., 2016). Briefly, a stock solution (1 mM) of DiD was diluted 1:
200 in M9 buffer. Larval stage 4 (L4) animals were incubated in
200 pl of diluted DiD for 1 h at room temperature, transferred to
a fresh nematode growth medium seeded with OP50, and then
placed on agarose pads with sodium azide for visualization.

Calcium imaging
Calcium imaging was conducted in C. elegans following a pre-
viously described protocol (Chung et al., 2013). Adult day
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1 animals were selected for imaging. A 0.05% Levamisole solu-
tion was added to 2% agarose pads. Subsequently, three animals
were picked onto the pad and covered with a coverslip. Small
amounts of the hot wax mixture (50% paraffin wax and 50%
petroleum jelly) were applied to the corners of the coverslip to
hold it in position. After allowing 3-5 min for the Levamisole to
take effect and one animal to become completely still, imaging
was performed.

All videos were captured using a Zeiss LSM 980 microscope
equipped with an Airyscan 2 and a 63x/1.40 Oil objective in a
multiplex SR-4Y Mode. GCaMPéf was excited with 488 nm light
at a laser intensity of 3.5%, Scarlet was excited with 568 nm light
at a laser intensity of 0.5%. Animals were imaged at 10 Hz for
1 min at 20°C. All videos were recorded under identical exper-
imental parameters, including the same pixel size, laser inten-
sity, multiplex mode, and gain value. The analysis focused on
axonal synapses in the neuronal ring region of ADF neurons.
Only animals that survived the imaging protocol were included
in the study.

GCaMPéf fluorescence was analyzed as follows: mean back-
ground fluorescence was subtracted from the mean fluorescence
in the region of interest (ROI). The baseline fluorescence in the
ROI was determined by performing a linear regression of the
entire video and subtracting it from the raw ROI data. This
baseline was used to correct fluorescence signals within the ROI
for photobleaching during the experiment. AF/F, was calculated
using the formula (F-Fo)/Fo.

TEM analysis

Adult C. elegans (day 1 of adulthood) were frozen by the high-
pressure freezer (HPM100; Leica). Subsequently, the fast-frozen
samples were immersed into a freezing tube containing 2% os-
mium tetroxide in 100% acetone and placed into the freeze
substitution device (Leica EM AFS) at -90°C for 3 days and then
slowly warmed to -60°C for 12 h, -30°C for 12 h, and finally to
0°C. Following freezing substitution, acetone was changed three
times (15 min intervals) at 0°C and one time at room tempera-
ture, and then they were stained in 0.5% UA (in acetone) at 4°C
overnight. After that, samples were slowly infiltrated with SPI
Pon 812 resin by placing them in mixtures of acetone and resin
of different grades (25%, 50%, 75%, and 100% vol/vol). The liquid
resin was then polymerized at 60°C for 48 h. Ultrathin sections
were cut using an ultramicrotome (EM UC6; Leica) equipped
with a diamond knife and placed on a TEM grid. Observation of
the samples was performed using transmission electron mi-
croscopy (FEI Tacnai Spirit) operating at 100 kV.

Western blot analysis

100 synchronized day-1 adult worms were transferred into a
tube containing 16 pl M9 buffer, which were then snap-frozen in
liquid nitrogen and kept at -80°C until all the samples were
ready for analysis. Cells were lysed either in radioimmunopre-
cipitation assay (RIPA)-lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS, and cOmplete EDTA-free Protease Inhibitor Cocktail
[05892791001; Roche]) and then subjected to SDS-PAGE. Cells
lysed with RIPA-lysis buffer were set on ice for 30 min and then
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centrifuged at 20,000 g for 10 min. The supernatants were then
mixed with 5 x SDS buffer, mixed well, and boiled for 15 min. All
protein lysates were resolved by 10% Bio-Rad gels and trans-
ferred to PVDF membranes. The membranes were further
blocked in tris-buffered saline with Tween-20 (TBST) buffer
with 5% milk for 1 h and incubated with primary antibodies,
which were also diluted in TBST buffer with 5% milk at 4°C
overnight. After washing with TBST buffer three times and
5 min for each time, membranes were incubated with horse-
radish peroxidase (HRP) conjugated anti-rabbit or anti-mouse
secondary antibody for 1 h at RT. Then the membranes were
washed three times with TBST buffer and incubated with
high-sig ECL western Blotting substrate (Tanon). The chemi-
luminescent signals were captured by a chemiluminescence
imaging system (Tanon). The quantification analysis of the
western blot band was conducted by Image] and normalized to
the internal control. Antibodies used in western blots include
monoclonal anti-GFP (sc-9996; Santa Cruz Biotechnology) (1:
1,000), anti-HA (3724; Cell Signaling Technology) (1:1,000),
monoclonal anti-Tubulin Alpha (T6074; Sigma-Aldrich) (1:
10,000), anti-mouse secondary antibody (E030110; EarthOx)
(1:10,000), and anti-rabbit secondary antibody (E030130;
EarthOx) (1:10,000).

IP-MS and coimmunoprecipitation

Synchronized day-1 adult worms grown on plates were collected
and washed in M9 buffer. After washing, the animals were re-
suspended in 0.5 volumes of extraction buffer (50 mM tris-HCI
[pH 7.4], 150 mM NacCl, 5 mM dithiothreitol, 10% glycerol, 0.1%
NP-40, and protease inhibitors). The suspension was then
dripped into liquid N2, and the resulting balls were ground using
mortar and pestle. The homogenized worm tissue was re-
suspended with 2 vol of extraction buffer and lysed at 4°C for
30 min, and the insoluble materials were then removed by
centrifugation at 13,000 rpm at 4°C.

For IP-MS, 10 ml of lysate was mixed with GFP-trap agarose
(Chromotek) (100 wl) for 4 h and washed five times with wash
buffer (50 mM tris-HCl, [pH 7.4], 150 mM NaCl, 10% glycerol,
and protease inhibitors). Proteins were eluted using 1% SDS by
boiling and then subjected to MS analysis.

The gel-containing sample was decolored in 25 mM ammo-
nium bicarbonate/50% acetonitrile buffer. The proteins in the
gel were reduced with 10 mM DTT at 37°C for 1 h and alkylated
with 25 mM iodoacetamide at room temperature for 45 min in
the dark and digested with trypsin in 25 mM ammonium bi-
carbonate at 37°C overnight. Peptides were extracted from the
gel with a stripping buffer (5% trifluoroacetic acid and 50% ac-
etonitrile) by sonication. The liquid was dried by SpeedVac and
the peptides were desalted by StageTips (Rappsilber et al., 2007)
before LC-MS/MS analysis.

The samples were analyzed by LTQ Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific) coupled online to
an Easy-nLC 1000 (Thermo Fisher Scientific) in the data-
dependent mode. The peptides were separated by reverse
phase LC with a 150 pm (ID) x250 mm (length) analytical col-
umn packed with C18 particles of 1.9 pm diameter with a flow
rate of 600 nl/min in a 90-min non-linear gradient. Precursor
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ions were measured in the Orbitrap analyzer at 240,000 res-
olution (at 400 m/z) and a target value of 10° ions. The 20 most
intense ions from each MS scan were isolated, fragmented, and
measured in the linear ion trap. The CID normalized collision
energy was set to 35.

The data were analyzed using a pre-release version of
Thermo Fisher Scientific Proteome Discoverer software version
1.4. The proteome sequences of C. elegans from Uniprot were
used for database searching. Cysteine carbamidomethylation
was set as the stable modification, and methionine oxidation,
lysine acetylation, lysine ubiquitination (GlyGly, 114.043 Da),
serine/threonine/tyrosine phosphorylation, and lysine/arginine
methylation were included in the search as variable mod-
ifications. The protease used for protein digestion was trypsin.
The maximum number of missed cleavages was set at two, the
minimum peptide length was set at six amino acids, and the
maximum peptide length was set at 144 amino acids. The false
discovery rate was set at 0.01 for peptide and protein
identifications.

See Table S4 for the list of genes identified in the IP-MS
experiments. GO analysis of the significant gene list was per-
formed using PANTHER (http://www.pantherdb.org/).

RNA extraction and RT-qPCR

Synchronized L4 stage worms were collected with M9. 1 ml
TRIzol (Invitrogen) was added to the tubes which were then
snap-frozen in liquid nitrogen. Samples were homogenized by
repeated freezing in liquid nitrogen and thawing at 37°C, and
total mRNA was then extracted with chloroform treatment,
followed by ethanol and isopropanol wash. DNA was wiped off
using DNase (RQl RNase-Free DNase; Promega). mRNA was
extracted again with chloroform treatment, followed by ethanol
and isopropanol wash. Amplified cDNA was generated using the
M-MLV Reverse Transcriptase kit (Invitrogen). SYBR Green
Real-time PCR experiments (SYBR Green Premix Pro Taq HS
gPCR Kit; Accurate Biotechnology) were performed using the
Real-Time PCR Detection System (Bio-Rad). Relative gene ex-
pression was normalized to act-1(T04CI2.6) mRNA levels (Zhang
et al., 2018). A list of the primers is provided in Table S2. Each
experiment has been repeated three or more times with bio-
logical replicate samples.

Lifespan analysis

Lifespan experiments were conducted on NGM plates at 20°C
following a previously established protocol (Dillin et al., 2002).
To prevent progeny production, 100 pl 10 mg/ml 5-fluoro-20-
deoxyuridine (FUdR) was added to seeded plates. Worms were
synchronized by egg bleach and were grown on OP50 from
hatching, transitioning to FUdR plates from early adulthood.
Worms were scored every second day from day 1 adult stage.
Worms were considered dead if they did not respond to gentle
touch with the pick and considered censored if missing, having
crawled off, burrowed, or carrying internally hatched progeny.
All lifespan data are available in the extended data of Table S3.
Statistical analysis was performed using Prism 6 software, em-
ploying the Log-rank (Mantel-Cox) method to determine the
significant difference.
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Aversive learning assay

Overnight bacterial cultures were diluted in LB to an optical
density (ODgoo) = 1, and 25 pl of each bacterial suspension was
seeded on a 60-mm NGM plate, which was then incubated at
25°C for 2 days. After 2 days, assay plates were left at room
temperature for 1 h before use. To initiate the assay (modified
from Zhang et al. [2005]), worms were washed off training
plates in M9 and then washed two additional times in M9. Ap-
proximately, 100-150 synchronized L4 stage worms were spot-
ted at the bottom of the assay plate and then incubated at 25°C
for 14-16 h. Assays were photographed to assess the number of
worms on each lawn.

Exogenous serotonin supplementation

5-HT hydrochloride powder (Sigma-Aldrich) was dissolved in
water to a concentration of 0.1 M as a stock concentration. Then,
100 pl of 50 mM serotonin hydrochloride in water was added on
top of an NGM plate with food. Plates were allowed to equili-
brate overnight and used the next day (Berendzen et al., 2016;
Zhang et al., 2018).

Transcriptome data analysis

To investigate the expression level of tmbim-2 or Tmbim2 in C.
elegans, mice, and humans under aging or disease, we have
downloaded the published data from Roux et al. (2023) (C.
elegans), GSE132040 (mouse), and GSE44772 (human). For
C. elegans, we downloaded the preprocessed data and subset the
srh-142 positive neurons for Pearson’s r correlation coefficient
analysis. For mouse data analysis, we extracted transcriptomic
data from 17 organs of 3-mo-old mice to investigate region-
specific expression patterns of Tmbim2. To further identify
the correlation between the expression of Tmbim2 and age, we
analyzed the brain, lung, pancreas, and GAT data from mice
from 10 to 27 mo of age. We applied quantile normalization to
the raw data and log transformed for the values to remove
technical variation. Then we calculated Pearson’s r correlation
coefficient for statistical testing. For human data analysis,
preprocessed microarray data were downloaded with series
normalization as previously reported (Schaum et al., 2020).
Prefrontal cortex samples with Alzheimer’s disease were subset
to perform Pearson’s r correlation coefficient for statistical
testing. The results were visualized using the ggplot2 (v.3.3.5)
and ggpubr (v.0.4) R package (https://github.com/kassambara/

ggpubr).

Statistical analysis

Experimental data were analyzed using GraphPad Prism
(v.6.01). For all graphs, the error bars indicate the mean + SEM.
Differences were significant when P < 0.05. Statistical signifi-
cance is indicated by asterisks; *P < 0.05; **P < 0.01; ***P < 0.001.
n represents the number of biological replicates unless other-
wise indicated. No data were excluded from the analyses. To
compare two normally distributed groups, two-tailed t tests
were used. For comparisons between multiple groups with
one fixed factor, an ordinary one-way ANOVA or one-way
repeated-measures ANOVA was used, followed by Dunnett’s
multiple-comparisons test or Tukey’s multiple-comparisons
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test. Lifespans and slow-killing assays were analyzed using
the Mantel-Cox log-rank test. All experiments were per-
formed at least three times yielding similar results and com-
prised of biological replicates. All data points for all replicates
for specific quantifications are provided in the source data.

Online supplemental material

Fig. S1 shows the XBX-6/TMBIM-2 functions in neurons to co-
ordinate neuronal-to-intestinal UPR™* activation. Fig. S2 shows
the expression and subcellular distribution of TMBIM-2 in re-
sponse to neuronal mitochondrial stress. Fig. S3 indicates that
mitochondrial perturbation does not affect the dynamics of cy-
tosol Ca2* waves in ADF synapses. Fig. S4 shows the activation of
the UPR™® upon overexpression of MCU-1 or loss of mca-3 in
neurons. Fig. S5 shows the systemic UPR™! activation in
tmbim-2 mutants after supplementing serotonin. Table S1
contains information on C. elegans strains. Table S2 shows the
list of primers in this study. Table S3 shows the lifespan date
in this study. Table S4 shows the list of genes identified in the
IP-MS experiments. Video 1 depicts the plasma-membrane
Ca2* oscillations within the synapse of ADF neurons with
mitochondrial perturbation.

Data availability

All data related to this paper may be requested from the corre-
sponding author. All strains synthesized in this manuscript are
derivatives of N2 or other strains from CGC and are made
available upon request.
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Figure S1.  XBX-6/TMBIM-2 functions in neurons to coordinate neuronal-to-intestinal UPR™ activation. (A) Sequence alignment of TMBIM2 proteins
across species. (B) Alphafold predicted the protein structure of TMBIM-2. (C) A PAE (Predicted Aligned Error) plot, showing regions of high confidence (dark
green) and low confidence (pale green) for the AlphaFold prediction of TMBIM-2 structure. (D) Representative photomicrograph of dve-1 reporter in neuronal
EGL-20; tmbim-2 animals with or without human TMBIM2 overexpressing (tmbim-2p::hTmbim2) rescue. (E) Quantification of the number of intestinal nuclei
puncta with GFP signal per worm as shown in D. n > 9 biologically independent samples. (F) Representative photomicrographs of dve-1 reporter expression in
neuronal EGL-20 overexpressing (ythis3[rgef-1p::egl-20 + myo-2p::tdtomato]) and intestinal EGL-20 overexpressing (ythis1[gly-19p::egl-20]) animals in WT or
tmbim-2(yth26) background, respectively. The posterior region of the intestine where DVE-1::GFP is induced or suppressed is highlighted. (G) Quantification of
the number of intestinal nuclei puncta with GFP signal per worm as shown in F. n > 12 worms. (H) Quantification of tmbim-2 mRNA levels in WT (yellow),
tmbim-2 (yth57) (blue), tmbim-2 (yth26) (purple), tmbim-2 (yth130) (grey), and tmbim-2 (yth92) (pink) animals. Error bars, SEM; n > 3 biologically independent
samples. (I) Representative photomicrographs of hsp-6 reporter (zcls3[hsp-6p::gfp]) expression in neuronal EGL-20 overexpressing (ythis3[rgef-1p::egl-20 + myo-
2p::tdtomato]) animals in WT or tmbim-2(yth92) background, respectively. (J) Quantification of hsp-6p::gfp expression in the entire intestine of animals as
depicted in I. n > 15 worms. (K) Representative photomicrographs of hsp-6 reporter (zcls3[hsp-6p::gfp]) expression in neuronal Q40::YFP overexpressing animals
in WT or tmbim-2(yth92) background, respectively. (L) Quantification of hsp-6p::gfp expression. The genotypes are as in K. n > 15 worms. (M) gRT-PCR analysis
of transcripts (n = 3 biologically independent samples) in neuronal cox-58 knockdown animals in WT or tmbim-2 background. Statistical analysis was performed
by ANOVA followed by Tukey post-hoc test (**P < 0.01; *P < 0.05). (N) Representative photomicrographs demonstrating: dve-I reporter expression in tmbim-
2 (yth57) animals expressing neuronal EGL-20 (a); TMBIM-2 rescue (ythls62[tmbim-2p::tmbim-2::GFP; unc-119(+)]) (b); TMBIM-2 pan-neuron rescue (ythEx226
[rgef-1p::tmbim-2::mcherry::HA; pRF4(rol-6)]) (c); TMBIM-2 intestinal rescue (ythEx229[gly-19p::tmbim-2::mcherry::HA; pRF4(rol-6)]) (d). The posterior region of
the intestine where DVE-1::GFP is induced or suppressed is highlighted. (0) Quantification of the number of intestinal nuclei puncta with GFP signal per worm
as shown in N. (P) Quantification of tmbim-2 mRNA levels in WT, TMBIM-2 overexpression and intestinal TMBIM-2 overexpression animals. Error bars, SEM;
n = 3 biologically independent samples. (Q) Representative photomicrograph of dve-1 reporter in neuronal Q40::YFP overexpressing animals with or without
ADF neuronal TMBIM-2 knockout (ythEx574[srh-142p::Cas9::u6p::tmbim-2 sgRNA]). (R) Quantification of the number of intestinal nuclei puncta with GFP signal
per worm as shown in Q. n > 15 worms. ***P < 0.001, *P < 0.05, ns denotes P > 0.05 via unpaired two-tailed Student’s t test. Error bars, SEM. Scale bar, 250

pm.
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Figure S2.  The expression and subcellular distribution of TMBIM-2 in response to neuronal mitochondrial stress. (A) Representative photomicrograph
of dve-1 reporter in tmbim-2(yth57); neuronal Q40 overexpressing animals with or without TMBIM-2::GFP rescue. Scale bar, 250 pm. (B) Quantification of the
number of intestinal nuclei puncta with GFP signal per worm as shown in A. n > 12 worms. (C) The Dot plot shows the average expression of TMBIM-2 in kinds
of C. elegans tissues. Expression values are from Roux et al. (2023). (D) Representative confocal photomicrographs of day 1 adult animals with ythis62[tmbim-
2p::tmbim-2::gfp] in combination with a pan-neuron marker rgef-Ip::mcherry. Scale bar, 20 um. Panels below show high-magnification views of boxed regions
Zoom 1 (Head region), Zoom 2 (Spermatheca), and Zoom 3 (Tail region). The imaging used Z-planes. Scale bar, 5 um. (E) Representative confocal photo-
micrographs of day 1 adult animals with ythis62[tmbim-2p::tmbim-2::gfp] in combination with a neuronal mitochondria marker (forSi44[rgef-1p::tomm-20::
mKate2::HAJ). The imaging used Z-planes. Scale bar, 2 um. Pearson’s correlation coefficient (r) for the ROI is -0.05. (F) Representative confocal photo-
micrographs of day 1 adult animals with ythls62[tmbim-2p::tmbim-2::gfp] in combination with the synaptic active zone marker (ythEX774[xbx-1p::mcherry::syd-1]).
The imaging used Z-planes. Scale bar, 2 pm. Pearson’s correlation coefficient (r) for the ROl is 0.63. (G) Representative confocal photomicrographs of day
1 adult animals with ADF neuron overexpressing TMBIM-2 (ythls102[srh-142p::tmbim-2]) in combination with the trans-Golgi marker (TGN-38::mCherry). The
imaging used Z-planes. Scale bar, 2 um. (H) Representative confocal photomicrographs of day 1 adult animals with ADF neuron overexpressing TMBIM-
2 (ythis102[srh-142p::tmbim-2]) in combination with the medial/cis-Golgi marker (AMAN-2::mCherry). The imaging used Z-planes. Scale bar, 2 pm. ***P < 0.001
via unpaired two-tailed Student’s t test. Error bars, SEM.
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Figure S3. Mitochondrial perturbation does not affect the dynamics of cytosol Ca2* waves in ADF synapses. (A) Representative confocal photo-
micrographs of day 1 adult animals expressing neuronal PM-GCaMP6f in combination with ADF presynaptic vesicle marker (ythEX762[xbx-1p::PM-GCaMPé6f; srh-
142p:: Scarlet::rab-3+unc-119(+)]). The imaging used Z-planes. Scale bar, 10 um. (B) Representative confocal photomicrographs of day 1 adult animals expressing
neuronal mito-GCaMP6f in combination with ADF presynaptic vesicle marker (ythEX761[xbx-1p:mtLS-GCaMP6f; srh-142p:: Scarlet::rab-3+unc-119(+)]). The
imaging used Z-planes. Scale bar, 10 um. (C) Representative confocal photomicrographs of day 1 adult animals expressing neuronal PM-GCaMP6f with plasma
membrane dye DiD. The imaging used Z-planes. Scale bar, 1 um. (D) Representative confocal photomicrographs of day 1 adult animals expressing neuronal
mito-GCaMP6f in combination with neuronal mitochondria marker (forSi44[rgef-1p::tomm-20::mKate2::HA]). Scale bar, 1 um. The imaging used Z-planes. Scale
bar, 1 pum. (E) Representative fluorescence traces of average background-subtracted fluorescence intensity AF/FO of plasma membrane Ca* indicator
GCaMP6f of WT and egl-19(ad695) gain of function mutant animals in the 60 s. (F) Quantification of the amplitude of PM-GCaMP6f fluorescence intensity
changes in WT and egl-19(ad695) animals. n > 10 worms. (G) Representative fluorescence traces of average background-subtracted fluorescence intensity AF/
FO of mitochondrial Ca2* indicator GCaMP6f of WT and mcu-1(ju1154) mutant animals in the 60 s. (H) Quantification of the amplitude of mito-GCaMP6f
fluorescence intensity changes in WT and mcu-1(ju1154) animals. n = 13 worms. (1) Quantitative analysis of Ca2* F,, level by the PM-GCaMP6.0/RFP ratio with
the presence or absence of neuronal cox-58 KD in WT (yellow) and tmbim-2 (blue) animals. n = 12 worms. (J) Quantitative analysis of Ca2* F;, level by the Mito-
GCaMP6.0/RFP ratio with the presence or absence of neuronal cox-58 KD in WT (yellow) and tmbim-2 (blue) animals. n = 12 worms. (K) Representative
fluorescence traces of average background-subtracted fluorescence intensity AF/FO of plasma membrane Ca?* indicator GCaMP6f of WT and ADF neuron
overexpressing TMBIM-2 (ythis102[srh-142p::tmbim-2]) animals in 60 s. (L) Quantification of the amplitude of PM-GCaMP6f fluorescence intensity changes in
WT and ADF neuron overexpressing TMBIM-2 animals. n > 14 worms. **P < 0.01; *P < 0.05; ns denotes P > 0.05 via unpaired two-tailed Student’s t testin F, H,
and L. Statistical analysis was performed by ANOVA followed by Tukey post-hoc test in | and | (**P < 0.01; ***P < 0.001). Error bars, SEM.
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Figure S4. Overexpression of MCU-1 and loss of mca-3 in neurons partially suppresses neuronal-to-intestinal UPR™ activation. (A) Representative
photomicrographs of dve-1 reporter in WT; pan-neuron overexpressing MCU-1 (rgef-Ip::mcu-1); ciliated-sensory neuron overexpressing MCU-1 (osm-6p::mcu-1)
animals with neuronal Q40::YFP, respectively. Scale bar, 250 um. (B) Quantification of dve-1p::dve-1::gfp expression in the entire intestine of animals as
depicted in A. n > 15 worms. (C) Representative photomicrographs of hsp-6 reporter in WT and ADF neuron mcu-1 knockdown animals (srh-142p::
Cas9+ubp::mcu-1 sgRNA) with neuronal Q40::YFP, respectively. Scale bar, 250 um. (D) Quantification of hsp-6p::gfp expression in the entire intestine of
animals as depicted in C. n = 15 worms. (E) Quantification of PM-GCaMP6 maximal fluorescence intensity changes in WT and tmbim-2; mcu-1(jul154)
animals. n > 20 worms. (F) Quantification of the frequency with GCaMP6f fluorescence intensity changes in WT and tmbim-2; mcu-1(jul154) animals. n > 20
worms. (G) Representative photomicrographs of hsp-6 reporter in ciliated neuronal knockout of mca-3 with neuronal Q40::YFP worms. Scale bar, 250 pm.
(H) Quantification of hsp-6p::gfp expression in the entire intestine of animals as depicted in G. n > 15 worms. (I) Representative DNA gels of T7E1 assay
identifying the PCR products amplified from genomic DNA of control worms or worms with mca-3 deletion in ciliated sensory neurons. (J) Quantification of
mca-3 mRNA levels in dayl (grey), day4 (yellow) and day7 (blue) WT adult animals. n > 3 biologically independent samples. (K) Quantification of mca-3
mRNA levels in WT (grey), neuronal overexpressing Q40 (yellow) and neuronal cox-58 knockdown (blue) animals. n > 3 biologically independent samples.
(L) Representative photomicrographs of hsp-6 reporter in neuronal Q40::YFP animals with PMCA inhibitor Caloxin 2A1, respectively. Scale bar, 250 pm.
(M) Quantification of hsp-6p::gfp expression in the entire intestine of animals as depicted in L. n = 10 worms. ***P < 0.001; **P < 0.01; *P < 0.05 via
unpaired two-tailed Student’s t test. Error bars, SEM. Source data are available for this figure: SourceData FS4.
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Figure S5. Supplementation of serotonin restored the systemic UPR™ activation in tmbim-2 mutants. (A) Representative photomicrographs of dve-1
reporter in animals expressing neuronal Q40 and neurotoxin TeTx in ciliated sensory neurons (ythEx488[xbx-1p::TeTx::sl2::mcherry]). Scale bar, 250 um.
(B) Quantification of the number of intestinal nuclei puncta with GFP signal per worm as shown in A. n > 15 worms. (C) Representative photomicrographs
of the ADF neurotransmitter exocytosis reporter (ythEX766[srh-142p-SYP-Phluorin+unc-119(+)]) in control and srh-142p::TeTx::SL2::mCherry ex-
pressing animals. For the control group, mCherry channel image was not acquired (N/A) due to the absence of mCherry expression. The imaging used
Z-stacks. Scale bar, 10 um. (D) Representative photomicrographs of hsp-6 reporter (zcls3[hsp-6p::gfp]) expression in animals treated with vehicle control or
50 mM serotonin (5-HT). (E) Quantification of hsp-6p::gfp expression. The genotypes are as in D. n > 15 worms. (F) Representative photomicrographs of hsp-6
reporter expression in rgef-Ip::Q40::yfp; tmbim-2(yth26) animals treated with vehicle control or 50 mM 5-HT. (G) Quantification of hsp-6p::gfp expression. The
genotypes are as in F. n > 15 worms. (H) Representative TEM images of synaptic profiles, including WT, tmbim-2(yth57), and tmbim-2(yth26). Arrows indicate
active zone; Scale bar, 200 nm. (1) Quantification of the number of synaptic vesicles at the active zone as shown in H. n = 5 worms. (J) Quantification of the
size of synaptic vesicles at the active zone as shown in H. n = 5 worms. (K) Dot plot shows the average expression of Tmbim2 in 17 mouse organs or tissue at
the age of 3 mo. WBC, white blood cells; BAT, brown adipose tissue; SCAT, subcutaneous adipose tissue; GAT, gonadal adipose tissue; MAT, mesenteric adipose
tissue. (L) Representative confocal photomicrograph of animals spermatheca expressing TMBIM-2 at different ages. The imaging used z-planes. Scale bar, 20
um. (M) Quantitative analysis of TMBIM-2::GFP protein levels in ROl shown in L. n > 8 worms. (N) Survival analysis of WT (blue) and tmbim-2 (yth26) (yellow); n >
80 worms. (0) Survival analysis of control (blue) and ADF neuron overexpressing TMBIM-2 (yellow); n > 80 worms. ***P < 0.001, **P < 0.01, ns denotes P > 0.05
via unpaired two-tailed Student’s t test. In N and O, we used The Log-rank (Mantel-Cox) test for statistical analysis. Error bars, SEM.
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Video 1. Neuronal mitochondrial perturbation triggers plasma-membrane Ca?* oscillations within synapse of ADF neurons in a TMBIM-2-dependent
manner. Representative fluorescence intensity images of PM-GCaMP6f (yellow) expressed ADF presynaptic vesicle marker (magenta) with WT; neuronal cox-
5B knockdown; tmbim-2(yth130); neuronal cox-58 knockdown+tmbim-2(yth130) background, respectively. The PM-GCaMP6f fluorescence signal detected by
confocal LSM980 with Airyscan 2 @10 Hz Multiplex SR-4Y Modes, related to Fig. 3, B-E. The GCaMPé6f signal was imaged for 60 s. Scale bar: 2 pm. The video
was recorded at 10 frames per second (fps). The playback speed is set to real-time, meaning that the video reflects the actual temporal dynamics of
the Ca?* oscillations observed in the experiment.

Provided online are Table S1, Table S2, Table S3, and Table S4. Table S1 contains information on C. elegans strains. Table S2 shows
the list of primers in this study. Table S3 shows the lifespan date in this study. Table S4 shows the list of genes identified in the
IP-MS experiments.
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