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 10 

Abstract  11 

The mitochondrial unfolded protein response (UPRmt) is a critical mechanism for 12 

restoring cellular homeostasis and promoting longevity upon mitochondrial stress. 13 

However, the mechanisms that sense specific mitochondrial damage-associated 14 

signals and activate UPRmt remain largely unknown. Through a genome-wide RNAi 15 

screen in Caenorhabditis elegans, we identified the AT-hook protein LIN-15B as a 16 

mitochondrial stress sensor that detects leaked mitochondrial DNA (mtDNA) to 17 

activate UPRmt. We show that LIN-15B contains a mitochondrial targeting sequence 18 

(MTS) and a C-terminal domain with nuclear localization capability. Upon 19 

mitochondrial stress, LIN-15B accumulates on the outer mitochondrial membrane 20 

(OMM) and utilizes its C-terminal AT-hook domains to directly bind leaked mtDNA, 21 

with a preference for the AT-rich D-loop region. This interaction is required for the 22 

nuclear translocation of LIN-15B, which occurs independently of the canonical 23 

protein import sensor ATFS-1. Nuclear LIN-15B then activates a broad transcriptional 24 

program encompassing core UPRmt targets and a unique set of DNA repair genes. This 25 

surveillance pathway is critical for preserving mitochondrial network integrity and 26 

supporting organismal longevity. Our findings define a mitochondrial surveillance 27 

pathway in which LIN-15B senses displaced mtDNA, triggering a protective 28 

transcriptional response that promotes longevity, thus revealing a principle of cellular 29 
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homeostasis monitoring via the detection of displaced self components.  30 

 31 

Mitochondria are essential hubs for cellular energy production, metabolism, and 32 

signaling, and their functional decline is a hallmark of aging and age-related diseases 33 

[1]. To counteract mitochondrial stress and restore homeostasis, cells have evolved the 34 

mitochondrial unfolded protein response (UPRmt), a transcriptional program that 35 

selectively upregulates a series of genes, including chaperones and proteases, to 36 

restore function and promote longevity [2-4]. In C. elegans, ATFS-1, suggested to be 37 

a homolog of mammalian ATF5, is known to mediate nuclear transcription in 38 

response to mitochondrial protein import defects, providing a well-characterized 39 

mechanism of UPRmt regulation [5, 6]. Under normal conditions, ATFS-1 is imported 40 

into and degraded within mitochondria; upon mitochondrial protein import defects, it 41 

accumulates in the cytosol and translocates to the nucleus, where it collaborates with a 42 

suite of chromatin modifiers to activate the protective UPRmt program [4, 5, 7-10].  43 

Although the ATFS-1 pathway offers a robust mechanism for detecting 44 

mitochondrial proteostatic imbalances, how cells detect other forms of mitochondrial 45 

damage, including metabolic dysfunction, membrane depolarization, and the release 46 

of mitochondrial DNA into the cytosol, remains poorly understood. Exposure to these 47 

stressors has been shown to induce inflammatory responses [11-13], apoptosis [14], 48 

and genomic instability [15, 16], thereby contributing to age-related diseases. 49 

However, whether and how these non-protein import-related mitochondrial insults are 50 

sensed to activate responses for restoring homeostasis is not well defined. 51 

Here, we hypothesized that cells surveil organellar integrity by recognizing 52 

‘displaced self’, endogenous components that become mislocalized during stress. We 53 

identify the AT-hook protein LIN-15B as a mitochondrial stress sensor that monitors 54 

mtDNA cytosolic leakage and translocates to the nucleus to trigger UPRmt, 55 

functioning independently of ATFS-1. Our findings define a surveillance pathway that 56 

translates a potentially harmful signal, leaked mtDNA, to mount a protective, life-57 

extending response. These results suggest that cells employ ‘displaced self’ 58 
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recognition as a surveillance principle to sense organellar stress and activate specific 59 

protective pathways. 60 

 61 

A genome-wide screen identifies lin-15B as an essential regulator for 62 

UPRmt activation 63 

To identify novel regulators of the mitochondrial unfolded protein response (UPRmt), 64 

we performed a genome-wide RNAi screen in C. elegans harboring the isp-1(qm150) 65 

mutation, which impairs a subunit of mitochondrial electron transport chain complex 66 

III and leads to constitutive activation of the UPRmt reporter hsp-6p::GFP [17]. This 67 

screen identified that lin-15B is required for UPRmt activation, as RNAi knockdown 68 

of lin-15B strongly abolished reporter activation (Extended Data Fig. 1a).  69 

To validate the role of lin-15B, we generated lin-15B(jef48), a lin-15B knockout 70 

strain, using the CRISPR-Cas9 method. Similar to atfs-1(gk3094), lin-15B(jef48) 71 

suppressed the upregulation of hsp-6p::GFP induced by knockdown of cco-1, which 72 

encodes cytochrome c oxidase subunit 5B, another component of the electron 73 

transport chain commonly targeted to induce mitochondrial stress (Extended Data Fig. 74 

1b, c). Re-expression of LIN-15B under its native promoter in the lin-15B(jef48) 75 

background restored cco-1 RNAi-induced UPRmt activation (Fig. 1a, b). Consistently, 76 

loss of lin-15B suppressed the upregulation of endogenous hsp-6 transcripts induced 77 

by cco-1 RNAi (Fig. 1c). Notably, compared with RNAi control, cco-1 RNAi caused 78 

severe sterility in lin-15B mutants (Fig. 1d), indicating a critical role for lin-15B in 79 

coping with mitochondrial stress. Although lin-15B and lin-15A are encoded within a 80 

single genomic operon, we found that the requirement for UPRmt activation was 81 

specific to lin-15B, as UPRmt activation induced by cco-1 RNAi was not suppressed in 82 

lin-15A(n767) mutant worms (Extended Data Fig. 1d, e).  83 

We next sought to determine whether lin-15B responds only to electron transport 84 

chain disruption or acts as a more general regulator of mitochondrial homeostasis in 85 

response to impairment of diverse mitochondrial processes. Indeed, loss of lin-15B 86 

suppressed UPRmt activation triggered by a wide array of mitochondrial insults, 87 
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including defects in protein folding (hsp-6 RNAi), proteostasis (spg-7 RNAi), ATP 88 

synthesis (atp-1 RNAi), and protein import (tim-23 RNAi) (Fig. 1e, f). In contrast, lin-89 

15B did not substantially participate in the endoplasmic reticulum unfolded protein 90 

response (UPRER), as lin-15B RNAi failed to significantly suppress tunicamycin-91 

induced expression of hsp-4p::GFP (Extended Data Fig. 1f). Similarly, lin-15B is not 92 

involved in the heat shock response (HSR), as knockdown of lin-15B did not inhibit 93 

the induction of hsp-16.2p::GFP following heat shock (Extended Data Fig. 1g). 94 

Taken together, these data establish a specific role of lin-15B in UPRmt, essential for 95 

responding to diverse forms of mitochondrial stress. 96 

 97 

LIN-15B contains a cryptic MTS and accumulates on the outer 98 

mitochondrial membrane upon mitochondrial stress to activate 99 

UPRmt
 100 

To understand how LIN-15B regulates the UPRmt, we investigated its subcellular 101 

localization. In a transgenic worm strain expressing LIN-15B::GFP::Flag under the 102 

native lin-15B promoter (Is[lin-15Bp::lin-15B::gfp::flag]), LIN-15B exhibited clear 103 

nuclear localization in embryonic cells (Extended Data Fig. 2a). Similarly, 104 

heterologous expression of LIN-15B-GFP in HEK293T cells also revealed prominent 105 

nuclear localization (Fig. 2a). To define the regions governing subcellular localization 106 

of LIN-15B, we generated a series of N-terminal truncation mutants and expressed 107 

them in HEK293T cells. Unexpectedly, deletion of the N-terminal 200 or 300 residues 108 

(ΔN200/ΔN300), unmasked a cryptic mitochondrial targeting activity, resulting in 109 

prominent colocalization with MitoTracker (Fig. 2a). Further deletion of the N-110 

terminal 350 residues (ΔN350) resulted in robust mitochondrial localization, whereas 111 

deletion of the N-terminal 400 residues (ΔN400) abolished mitochondrial localization 112 

(Fig. 2a), suggesting that a functional MTS resides within amino acids 351-113 

400. Direct fusion of residues 351-400 to GFP was sufficient to target GFP to 114 

mitochondria in both HEK293T cells and worm body wall muscle cells, as indicated 115 
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by colocalization with MitoTracker staining and TOM-20::mKate, respectively (Fig. 116 

2b, d). Expression of GFP fused to the corresponding MTS regions in LIN-15B 117 

orthologs from C. remanei and C. brenneri in C. elegans body wall muscle also 118 

showed co-localization with mitochondria (Fig. 2c, d). Collectively, these results 119 

indicate that LIN-15B contains a conserved MTS.  120 

Structural prediction and mutagenesis revealed this MTS consists of two adjacent 121 

α-helices that function redundantly; only when both helices were mutated was 122 

mitochondrial targeting abolished (Extended Data Fig. 2b, c). Specifically, individual 123 

alanine substitutions of the entire first α-helix (α1mut), the entire second α-helix (α2mut), 124 

or the intervening linker region (linkermut) still permitted mitochondrial localization 125 

when expressed under myo-3 promoter in worm body wall muscle cells. In contrast, 126 

simultaneous mutation of 10 central residues in both helices (α1/2mut) completely 127 

abolished mitochondrial targeting (Extended Data Fig. 2c). Importantly, neither the 128 

full-length LIN-15B carrying the α1/2mut mutation in the MTS (LIN-15BMTSmut) nor 129 

the MTS deletion variant (LIN-15BΔMTS, lacking residues 351-400) rescued UPRmt 130 

activation in lin-15B(jef48) upon cco-1 RNAi treatment (Fig. 2e, f, and Extended Data 131 

Fig. 2d, e). These results demonstrate that the bipartite MTS (residues 351–400) is 132 

indispensable for LIN-15B to mediate UPRmt activation.    133 

Having demonstrated the essential role of the MTS in UPRmt activation, we next 134 

asked whether mitochondrial stress triggers LIN-15B translocation to mitochondria. 135 

We employed mitochondrial enrichment followed by western blot analysis to 136 

quantitatively evaluate LIN-15B translocation. Mitochondria were affinity-purified 137 

from worms carrying lin-15Bp::lin-15B::flag and eft-3p::tomm-20::mKate2::HA 138 

transgenes using anti-HA antibody-conjugated magnetic beads (Fig. 2g). In the 139 

control group for mitochondrial purification specificity, 1% Triton X-100 was added 140 

to solubilize the mitochondria to confirm that LIN-15B in the mitochondrial fraction 141 

was not a result of the non-specific binding of LIN-15B to magnetic beads. Compared 142 

to the empty vector (EV) RNAi control, LIN-15B accumulated in purified 143 

mitochondria upon cco-1 RNAi treatment (Fig. 2h). Notably, upon cco-1 RNAi, the 144 

LIN-15B band was upshifted compared with the EV control, and in the mitochondrial 145 
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fraction, LIN-15B migrated as the higher-molecular weight form (Fig. 2h), which may 146 

suggest post-translational modifications (not further characterized here). 147 

To determine the submitochondrial localization of LIN-15B upon mitochondrial 148 

stress, we performed a proteinase K protection assay on freshly isolated mitochondria 149 

from cco-1 RNAi-treated worms.  The mitochondrial inner membrane protein ATP-1 150 

(ATP5A) and cytochrome c (Cyt. C) were resistant to proteinase K digestion owing to 151 

their protection by the outer mitochondrial membrane. In contrast, like the outer 152 

membrane protein TOMM-20, LIN-15B was susceptible to digestion by proteinase K 153 

(Fig. 2i), indicating that LIN-15B localizes to the outer mitochondrial membrane 154 

(OMM). Collectively, LIN-15B responds to mitochondrial stress by accumulating on 155 

the outer mitochondrial membrane. 156 

 157 

LIN-15B senses leaked mtDNA upon mitochondrial stress 158 

The stress-induced accumulation of LIN-15B on the outer mitochondrial membrane, 159 

coupled with its possession of DNA-binding domains (a THAP domain and AT-hooks), 160 

led us to hypothesize that LIN-15B acts as a mitochondrial damage sensor by 161 

detecting mtDNA potentially released during mitochondrial stress. Supporting this 162 

idea, we found that biotinylated mtDNA precipitated Flag-tagged LIN-15B, but not 163 

the Flag-tagged GFP negative control, from transfected HEK293T lysates (Fig. 3a), 164 

indicating LIN-15B is capable of binding to mtDNA. To determine whether 165 

mitochondrial stress induces mtDNA leakage in vivo in worms, we quantified 166 

cytosolic mtDNA by qPCR targeting the mtDNA-encoded genes ND1, ND2, 12S 167 

rRNA, and COX2. cco-1 RNAi-induced mitochondrial stress resulted in a significant 168 

increase in cytosolic mtDNA level compared with the RNAi control, indicating 169 

mtDNA release into the cytosol (Fig. 3b). To assess whether LIN-15B binds to the 170 

mtDNA in vivo, worms expressing LIN-15B::GFP::Flag were subjected to 171 

formaldehyde crosslinking, followed by Flag immunoprecipitation and qPCR 172 

analyses of the mtDNA genes. Compared to the RNAi control, cco-1 RNAi-induced 173 

mitochondrial stress significantly increased the binding of LIN-15B to mtDNA (Fig. 174 
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3c). Consistent with LIN-15B's recruitment to the OMM and its ability to bind 175 

mtDNA, immunogold transmission electron microscopy (TEM) using an antibody 176 

against dsDNA revealed DNA signal in the cytosol and notably on the cytosolic face 177 

of the OMM in intestinal cells upon cco-1 RNAi-induced mitochondrial stress (Fig. 178 

3d). Taken together, these findings indicate that mitochondrial stress leads to mtDNA 179 

leakage, which is specifically detected by LIN-15B. 180 

 181 

LIN-15B binds the mtDNA D-loop via AT-hook motifs to mediate 182 

UPRmt   183 

To map the mtDNA-binding domain of LIN-15B, we evaluated the binding 184 

capabilities of LIN-15B truncations. Neither deletion of the THAP domain (residues 185 

1135-1209) nor alanine substitution of the four conserved CCCH zinc finger residues 186 

(C1139A, C1142A, C1185A, and H1188A; hereafter referred to as LIN-15BTHAP4A) 187 

affected mtDNA binding (Fig. 3e and Extended Data Fig. 3). In contrast, deletion of 188 

the C-terminal region (residues 1221-1440) completely abolished mtDNA binding 189 

(Fig. 3e). The C-terminal region contains two AT-hooks, motifs typically known to 190 

bind AT-rich DNA, suggesting that LIN-15B selectively targets AT-rich regions within 191 

mtDNA rather than binding indiscriminately. To test this prediction, we performed 192 

pull-down assays using four biotinylated mtDNA fragments with varying AT content, 193 

derived from the 12S rRNA (DNA-1), ND1 (DNA-2), D-loop (DNA-3), and 16S 194 

rRNA (DNA-4) loci (Fig. 3f). Notably, the D-loop is the regulatory region of the 195 

mitochondrial genome and is characterized by extremely high AT content (93% across 196 

the full D-loop region). LIN-15B exhibited a marked binding preference for AT-rich 197 

fragments, with the strongest interaction observed for the D-loop fragment (DNA-3). 198 

In contrast, no binding was detected to the DNA-1 and DNA-2 fragments, which have 199 

relatively low AT content (Fig. 3f). Therefore, this suggests a specific and targeted 200 

recognition event. Importantly, re-expression of a C-terminally truncated LIN-15B 201 

lacking the AT-hook motifs, and thus defective in mtDNA binding, failed to rescue 202 

cco-1 RNAi-induced UPRmt activation in lin-15B(jef48) animals (Fig. 3g, h). Together, 203 
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these data suggest that the C-terminal AT-hooks domain of LIN-15B mediates its 204 

interaction with AT-rich mtDNA regions, particularly the D-loop, to promote UPRmt 205 

activation.   206 

 207 

Mitochondrial stress induces nuclear translocation of LIN-15B in a 208 

manner dependent on its mitochondrial localization and mtDNA 209 

binding 210 

We then investigated how LIN-15B mediates UPRmt activation upon mitochondrial 211 

localization and binding to mtDNA. Although the THAP domain was dispensable for 212 

mtDNA binding, the LIN-15BTHAP4A mutant failed to rescue UPRmt activation in lin-213 

15B(jef48) animals (Extended Data Fig. 4a, b). Previous studies have shown that 214 

THAP domain-containing proteins typically function as transcriptional regulators in 215 

the nucleus [18-20], suggesting a potential nuclear function for LIN-15B as well. In 216 

contrast to its constitutive nuclear localization in embryonic cells, LIN-15B was 217 

largely absent from the nucleus in adult intestinal cells under basal conditions 218 

(Extended Data Fig. 2a, Extended Data Fig. 5a, b). However, mitochondrial stress 219 

robustly induced LIN-15B translocation to the nucleus in intestinal cells (Extended 220 

Data Fig. 5a, b).  221 

Next, we aimed to determine whether outer mitochondrial membrane recruitment 222 

and mtDNA binding are required for mitochondrial stress-induced nuclear entry of 223 

LIN-15B. First, to test the role of LIN-15B mitochondrial localization in regulating its 224 

nuclear localization, we examined variants of LIN-15B with either a mutated MTS or 225 

deleted MTS. Deletion or mutation of the MTS in LIN-15B completely blocked LIN-226 

15B translocation to the nucleus in intestinal cells in the presence of cco-1 RNAi (Fig. 227 

4a, b). It is important to note that the deletion or mutation of the MTS does not disrupt 228 

the nuclear localization sequence (NLS) of LIN-15B. Using worm embryonic cells, in 229 

which LIN-15B is constitutively localized to the nucleus (Extended Data Fig. 2a), we 230 

mapped the NLS to the C-terminal region (residues 1221–1440). In contrast, the N-231 
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terminal fragment (residues 1–1220) localizes to the cytoplasm (Extended Data Fig. 232 

5c). Therefore, the NLS and the MTS (residues 351–400) reside in distinct regions of 233 

LIN-15B.  These results suggest that LIN-15B recruitment to mitochondria is required 234 

for its nuclear entry upon mitochondrial stress.   235 

Furthermore, we tested the requirement of mtDNA-binding for nuclear 236 

translocation by examining LIN-15B variants with deleted AT-hook motifs. The C-237 

terminal region (residues 1221-1440) contains two AT-hook motifs. Deletion of the 238 

AT-hook1 (residues 1317-1328) markedly inhibited nuclear translocation in intestinal 239 

cells upon cco-1 RNAi treatment, whereas deletion of AT-hook2 (residues 1418-1429) 240 

exerted a modest inhibitory effect (Fig. 4c, d). Importantly, neither deletion affects its 241 

constitutive nuclear localization in worm embryonic cells (Extended Data Fig. 5d), 242 

proving they specifically disrupt the stress-induced nuclear translocation. These data 243 

indicate that mitochondrial stress-induced nuclear translocation of LIN-15B requires 244 

mtDNA binding via the AT-hook motifs, with AT-hook1 playing the primary role and 245 

AT-hook2 likely providing a supportive contribution. Notably, deletion of the entire 246 

C-terminal region (residues 1221-1440), which removes the two AT-hook motifs, did 247 

not prevent mitochondrial recruitment of LIN-15B upon cco-1 RNAi-induced 248 

mitochondrial stress (Fig. 4e), suggesting that mitochondrial recruitment of LIN-15B 249 

occurs independently of mtDNA binding. Taken together, these results support a two-250 

step mechanism: LIN-15B first translocates to the outer mitochondrial membrane 251 

(OMM) to bind leaked mtDNA, and this interaction subsequently facilitates its 252 

nuclear translocation.  253 

 254 

LIN-15B nuclear translocation is independent of atfs-1 and 255 

upregulates DNA repair genes 256 

Next, we investigated whether the nuclear entry of LIN-15B depends on canonical 257 

UPRmt regulators. Like LIN-15B, the transcription factor ATFS-1 harbors both an 258 

MTS and an NLS. During mitochondrial stress, ATFS-1 senses mitochondrial protein 259 

import defects via its weak MTS and enters the nucleus mediated by its NLS [5, 21]. 260 
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Strikingly, atfs-1 knockdown does not inhibit cco-1 RNAi-induced nuclear 261 

translocation of LIN-15B; instead, it enhances it (Fig. 5a, b). LIN-65 is a chromatin 262 

modifier that acts as another regulator of UPRmt, translocating to the nucleus in an 263 

ATFS-1-independent manner during mitochondrial stress to facilitate chromatin 264 

remodeling and UPRmt activation[4]. Similar to atfs-1 RNAi, loss of lin-65 also 265 

enhances, but does not inhibit, LIN-15B nuclear translocation (Extended Data Fig. 6a, 266 

b). These data indicate that the LIN-15B-mediated mtDNA sensing mechanism 267 

operates in parallel with the ATFS-1- and LIN-65-dependent pathways to activate 268 

UPRmt.  269 

To elucidate the role of LIN-15B-mediated responses, we characterized the 270 

transcriptional profiles regulated by LIN-15B and ATFS-1, which serve as sensors for 271 

mtDNA leakage and mitochondrial protein import defects, respectively. 272 

Transcriptomic analyses revealed that induction of 1,711 out of 1,998 mitochondrial 273 

stress-responsive genes by cco-1 RNAi required both lin-15B and atfs-1 (Fig. 5c, d, 274 

and Extended Data Table 1), indicating that full activation of UPRmt depends on the 275 

coordinated function of these two pathways. Intriguingly, gene ontology (GO) 276 

enrichment analysis of the 99 mitochondrial stress-induced genes regulated by lin-15B 277 

but not atfs-1 revealed genes enriched in pathways related to DNA repair and DNA 278 

replication (Fig. 5c, e, Extended Data Table 2 and 3). These results align with the role 279 

of LIN-15B as a sensor of mtDNA leakage. Since leaked mtDNA may act as a signal 280 

of DNA damage or intracellular oxidative stress, LIN-15B’s activation of DNA repair 281 

genes may serve as a protective mechanism against genotoxic threats arising from 282 

mitochondrial dysfunction. These results indicate that LIN-15B broadly regulates 283 

UPRmt transcription and additionally governs a distinct gene expression program 284 

enriched for genome maintenance pathways.  285 

 286 

The LIN-15B pathway is essential for mitochondrial integrity and 287 

organismal longevity 288 

The physiological significance of this mtDNA-LIN-15B surveillance pathway is 289 
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underscored by the severe consequences of disrupting lin-15B. Genetic ablation of lin-290 

15B caused severe cellular and organismal defects even in the absence of 291 

mitochondrial stress. Transmission electron microscopy (TEM) analyses of intestinal 292 

cells revealed that lin-15B mutants exhibited fragmented and swollen mitochondria 293 

(Fig. 5f and Extended Data Fig. 7), indicating a critical role of LIN-15B in sustaining 294 

mitochondrial network integrity under basal conditions. Consistently, lin-15B mutants 295 

exhibited a shortened lifespan (Fig. 5g, Extended Data Table 4), highlighting an 296 

essential role of LIN-15B in maintaining mitochondrial homeostasis. Moreover, LIN-297 

15B was essential for the adaptive response to stress. It has been well known that mild 298 

mitochondrial stress induced by cco-1 RNAi during development extends lifespan [3, 299 

22]. We found that lin-15B deficiency inhibited lifespan extension caused by cco-1 300 

RNAi (Fig. 5h, Extended Data Table 4). These results, together with severe sterility of 301 

lin-15B mutant under mitochondrial stress (Fig. 1d), indicated that LIN-15B mediated 302 

surveillance pathway is essential for maintaining mitochondrial homeostasis, ensuring 303 

normal lifespan, and enabling adaptive longevity. 304 

 305 

Discussion 306 

In this study, we identify LIN-15B as a molecular sensor that directly detects cytosolic 307 

mtDNA. Upon mitochondrial stress, LIN-15B is recruited to the mitochondrial outer 308 

membrane, where it recognizes leaked mtDNA via the AT-hook domain. This 309 

interaction promotes its nuclear import, enabling it to drive the transcription of UPRmt 310 

and promote longevity (Fig. 5i). Our discovery of LIN-15B as an mtDNA leakage 311 

sensor demonstrates that mitochondrial stress surveillance can operate through 312 

specialized detectors for specific forms of damage-associated signals.  313 

Cytosolic mtDNA is well established as a proinflammatory signal in mammals that 314 

activates cGAS-STING to drive aging and neurodegenerative diseases [13, 14, 23-25]. 315 

However, our research reveals that in C. elegans, LIN-15B interprets cytosolic 316 

mtDNA as a cellular alarm signal to activate a protective response and restore 317 

homeostasis. This paradox suggests potential context-dependent roles of cytosolic 318 
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mtDNA, where the same molecule may be pathogenic or beneficial depending on the 319 

cellular machinery it engages. Consistent with this view, protective cellular responses 320 

linked to genome maintenance elicited by cytosolic mtDNA have also been observed 321 

under specific conditions in mammalian systems [26]. Nevertheless, in higher 322 

organisms, cytosolic mtDNA has predominantly been studied in the context of innate 323 

immune activation, which may bias the observed outcomes toward inflammation. In 324 

contrast, C. elegans lacks mammalian-like innate inflammatory pathways, providing a 325 

system in which alternative, protective mtDNA-responsive mechanisms can be 326 

uncovered. The key functional domains of LIN-15B (THAP and AT-hook) possess 327 

homologs in mammals. This domain conservation raises the possibility that a 328 

protective mtDNA-sensing mechanism may also exist in higher organisms. The 329 

distribution of these domains across multiple mammalian proteins suggests 330 

evolutionary divergence, in which LIN-15B’s roles may be partitioned among 331 

cooperating factors. Future studies should exploit the mechanistic insights from C. 332 

elegans to re-examine cytosolic mtDNA response in mammals. The domain 333 

conservation in mammalian proteins provides molecular entry points for this 334 

investigation.  335 

Our discovery of LIN-15B as a sensor for cytosolic mtDNA suggests a previously 336 

unrecognized principle of cellular surveillance: cells can monitor organelle 337 

homeostasis through the detection of displaced organelle molecular patterns (DOMPs). 338 

This concept is supported by emerging evidence of displaced organelle components 339 

acting as signaling molecules for cellular surveillance. For example, the study in 340 

mammals revealed that during mitochondrial misfolding stress, the release of 341 

mitochondrial reactive oxygen species (mtROS) together with cytosolic accumulation 342 

of mitochondrial protein precursors trigger UPRmt via the DNAJA1–HSF1 axis [27]. 343 

Similarly, exposure of sphingomyelin on damaged lysosomes recruiting TECPR1 for 344 

autophagy [28, 29], and galectin-8 binding exposed glycans on damaged endosomes 345 

for selective autophagy [30]. We anticipate that exploration into DOMPs recognition 346 

across other organelles will uncover previously uncharacterized pathways of cellular 347 

defense, with broad implications for neurodegenerative diseases, metabolic disorders, 348 
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and aging research.   349 

 350 

Fig. 1 | lin-15B is required for UPRmt activation and mitochondrial stress 351 

resistance. 352 

a, lin-15B(jef48) suppressed cco-1 RNAi-induced hsp-6p::GFP activation, and 353 

integrated expression of lin-15Bp::lin-15B::flag restored hsp-6p::GFP induction in 354 

lin-15B(jef48) animals. Scale bar, 200 µm. 355 

b, Quantification of hsp-6p::GFP fluorescence intensity shown in (a). n = 30 worms 356 

for each condition from 3 independent biological experiments. 357 

c, lin-15B and atfs-1 were required for induction of endogenous hsp-6 mRNA upon 358 

cco-1 RNAi-induced mitochondrial stress. n = 3 biologically independent experiments.  359 

d, lin-15B mutants exhibited synthetic sterility in response to cco-1 RNAi. Wild-type 360 

(WT) and lin-15B(jef48) animals were treated with EV or cco-1 RNAi. Day 1 adult 361 

animals were imaged. A representative image from one of three biologically 362 

independent experiments is shown. Scale bar, 1 mm. 363 

e, Knockdown of hsp-6 (protein folding), spg-7 (protease), atp-1 (ATP synthesis), and 364 

tim-23 (protein import) induced upregulation of hsp-6p::GFP in a lin-15B-dependent 365 

manner. Scale bar, 200 µm. 366 

f, Quantification of hsp-6p::GFP fluorescence intensity shown in (e). n = 30 worms 367 

for each condition from 3 independent biological experiments. 368 

For all statistics, data are presented as mean ± SEM. P values in (b), (c), and (f) were 369 

calculated using two-way ANOVA with Šidák’s multiple-comparisons test.  370 

 371 

Fig. 2 | Mitochondrial stress-induced accumulation of LIN-15B on the outer 372 

mitochondrial membrane is required for UPRmt activation. 373 

a, In HEK293T cells, full-length LIN-15B fused to GFP localized to the nucleus. 374 

Deletion of the N-terminal 200, 300, or 350 residues showed colocalization with 375 

MitoTracker, while deletion of the N-terminal 400 residues showed nuclear 376 

localization. Scale bar, 10 µm. 377 

b, In HEK293T cells, LIN-15B residues 351-400 fused to GFP (351-400-GFP) 378 
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showed colocalization with MitoTracker. Scale bar, 10 µm. 379 

c, Sequence alignments identified corresponding mitochondrial targeting sequence 380 

(MTS) regions in LIN-15B orthologs from C. remanei and C. brenneri. Protein 381 

sequences were aligned using the ClustalW algorithm, and alignment result was 382 

visualized with ESPript 3.0.  383 

d, Extrachromosomal expression of myo-3p::lin-15B 351-400::gfp, myo-3p::lin-15B 384 

(C. brenneri) 344-393::gfp, and myo-3p::lin-15B (C. remanei) 338-387::gfp in myo-385 

3p::tom-20::mKate2::HA transgenic C. elegans resulted in co-localization of the LIN-386 

15B fragments with the mitochondrial marker TOM-20::mKate2::HA in body-wall 387 

muscle cells. Scale bar, 10 µm. 388 

e, The LIN-15BMTSmut transgene failed to rescue the upregulation of hsp-6p::GFP 389 

induced by cco-1 RNAi. Wild-type (WT), lin-15B(jef48) and two integrated rescue 390 

strains (Is[lin-15Bp::lin-15B::flag]; lin-15B(jef48) and mitochondrial-targeting-391 

defective mutant Is[lin-15Bp::lin-15BMTSmut::flag]; lin-15B(jef48)) each carrying the 392 

hsp-6p::GFP reporter, were treated with EV or cco-1 RNAi. Scale bar, 200 µm. 393 

f, Quantification of hsp-6p::GFP fluorescence intensity shown in (e). n = 30 worms 394 

for each condition from 3 independent biological experiments. P values were 395 

calculated using two-way ANOVA with Šidák’s multiple-comparisons test. Error bars 396 

indicate mean ± SEM. 397 

g, Schematic of mitochondrial purification process used in (h).  398 

h, cco-1 RNAi promoted LIN-15B recruitment to mitochondria. Affinity-purified 399 

mitochondria from the integrated strain Is[lin-15Bp::lin-15B::flag]; Si[eft-3p::tomm-400 

20::mKate2::HA] treated with empty vector (EV) or cco-1 RNAi were analyzed. 401 

Triton X-100 solubilization of mitochondria served as a control to confirm the purity 402 

of isolated mitochondria and rule out non-specific binding of LIN-15B to beads 403 

during the assay. The upward shift of LIN-15B bands, likely resulting from post-404 

translational modifications, is indicated by red arrows. 405 

i, Western blot showing that mitochondria-localized LIN-15B is susceptible to 406 

proteinase K digestion. Mitochondria from cco-1 RNAi-treated Is[lin-15Bp::lin-407 

15B::flag]; Si[eft-3p::tomm-20::mKate2::HA] animals were isolated and then treated 408 
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with proteinase K, followed by western blot analysis to detect LIN-15B. 409 

 410 

Fig. 3 | LIN-15B senses mitochondrial stress by binding to leaked cytosolic 411 

mtDNA via its AT-hook domain. 412 

a, Biotinylated mtDNA pulled down Flag-LIN-15B, but not the Flag-GFP control. 413 

Pull-down assays using a biotinylated mtDNA fragment (~11 kb) were performed on 414 

lysates from HEK293T cells expressing either Flag-LIN-15B or Flag-GFP (negative 415 

control).  416 

b, qPCR analysis revealed an increased mtDNA release into the cytosol upon cco-1 417 

RNAi-induced mitochondrial stress. Cytosolic DNA was extracted from EV- or cco-1 418 

RNAi-treated worms. n = 3 biologically independent experiments, P values were 419 

calculated using Welch’s t test.  420 

c, Formaldehyde-crosslinking followed by Flag immunoprecipitation and qPCR 421 

analysis of mtDNA-encoded genes (ND1, ND2, 12S rRNA, and COX-2). cco-1 422 

RNAi-induced mitochondrial stress enhanced LIN-15B binding to mtDNA in vivo. 423 

The experiments were performed in empty vector (EV)- or cco-1 RNAi-treated Is[lin-424 

15Bp::lin-15B::gfp::flag] transgene worms. n = 3 biologically independent 425 

experiments, P values were calculated using two-way ANOVA with Šidák’s multiple-426 

comparisons test.  427 

d, Immunogold labeling (anti-DNA antibody) combined with TEM shows mtDNA 428 

(black dots, arrows) leaking from a compromised mitochondrion (dashed line) in a 429 

cco-1 RNAi-treated animal. Bottom-left numbers indicate the percentage of gold 430 

particles localized outside mitochondria (outside/total; EV: n = 90; cco-1 RNAi: n = 431 

224). Fisher’s exact test (two-sided), P < 0.0001. Scale bar, 200 nm. 432 

e, DNA pull-down assay demonstrating that the C-terminal AT-hook domain is 433 

required for LIN-15B to bind mtDNA. Pull-down assays using a biotinylated 434 

mitochondrial DNA fragment (~11 kb) were performed on lysates from HEK293T 435 

cells expressing Flag-LIN-15B, Flag-LIN-15B∆1135-1209 (THAP-domain deletion), or 436 

Flag-LIN-15B∆1221-1440 (AT-hooks deletion).  437 

f, DNA pull-down assays showing that LIN-15B binds to AT-rich region of the 438 
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mitochondrial genome. Left: western blot. Right: Schematic of the four mtDNA 439 

fragments used. Pull-down assays were performed on lysates from HEK293T cells 440 

expressing Flag-LIN-15B using four biotinylated DNA fragments from distinct 441 

regions of mtDNA (left). 442 

g, The LIN-15BΔ1221-1440 mutant lacking the C-terminal AT-hooks domain failed to 443 

rescue the hsp-6p::GFP induction upon cco-1 RNAi. Wild-type, lin-15B(jef48), and 444 

two integrated rescue strains (Is[lin-15Bp::lin-15B::flag]; lin-15B(jef48) and Is[lin-445 

15Bp::lin-15BΔ1221-1440::flag]; lin-15B(jef48)) each carrying the hsp-6p::GFP reporter, 446 

were treated with EV or cco-1 RNAi. Scale bar, 200 µm. 447 

h, Quantification of hsp-6p::GFP fluorescence intensity shown in (g). n = 30 worms 448 

per condition from 3 independent biological experiments. P values were calculated 449 

using two-way ANOVA with Šidák’s multiple-comparisons test.  450 

For all graphs, data are presented as mean ± SEM. Representative western blots from 451 

one of three biologically independent experiments are shown in (a), (e), and (f).  452 

 453 

 454 

Fig. 4 | mitochondrial stress induced nuclear translocation of LIN-15B requires 455 

both mitochondrial targeting and mtDNA binding.  456 

a, Nuclear translocation of LIN-15B in intestinal cells induced by cco-1 RNAi is 457 

dependent on an intact MTS. Three integrated strains (Is[lin-15Bp::lin-15B::gfp::flag], 458 

Is[lin-15Bp::lin-15BMTSmut::gfp::flag], and Is[lin-15Bp::lin-15BΔMTS::gfp::flag]) in an 459 

eft-3p::tdTomato::H2B nuclear marker background were treated with EV or cco-1 460 

RNAi. White arrows indicate representative co-localization of LIN-15B with 461 

intestinal cell nuclei. Scale bar, 50 µm. 462 

b, Quantification of mean nuclear GFP fluorescence intensity in (a). n = 18 worms per 463 

condition from 3 independent biological experiments.  464 

c, Nuclear translocation of LIN-15B in intestinal cells induced by cco-1 RNAi 465 

depended on AT-hook 1 and partially depended on AT-hook 2. Three integrated strains 466 

(Is[lin-15Bp::lin-15B::gfp::flag], Is[lin-15Bp::lin-15BΔAT-hook1::gfp::flag], and Is[lin-467 

15Bp::lin-15BΔAT-hook2::gfp::flag]) in an eft-3p::tdTomato::H2B nuclear marker 468 
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background were treated with EV or cco-1 RNAi. AT-hook1: residues 1317-1328; AT-469 

hook2: residues 1418-1429. White arrows indicate representative co-localization of 470 

LIN-15B with intestinal cell nuclei. Scale bar, 50 µm. 471 

d, Quantification of mean nuclear GFP fluorescence intensity in (c). n = 18 worms per 472 

condition from 3 independent biological experiments. 473 

e, Deletion of the C-terminal region (residues 1221-1440) containing the AT-hooks 474 

did not prevent the stress-induced recruitment of LIN-15B to mitochondria. Affinity-475 

purified mitochondria from the Is[lin-15Bp::lin-15B::flag]; Si[eft-3p::tomm-476 

20::mKate2::HA] and Is[lin-15Bp::lin-15BΔ1221-1440::flag]; Si[eft-3p::tomm-477 

20::mKate2::HA]) treated with empty vector (EV) or cco-1 RNAi were analyzed. The 478 

upward shift of LIN-15B bands, likely resulting from post-translational modifications, 479 

is indicated by red arrows. A representative result from one of three biologically 480 

independent experiments is shown.  481 

P values in (b) and (d) were calculated using two-way ANOVA with Šidák’s multiple-482 

comparisons test. Error bars indicate mean ± SD.  483 

 484 

Fig. 5 | LIN-15B defines a parallel mitochondrial surveillance pathway that 485 

activates core UPRmt genes and a distinct set of genes involved in DNA repair. 486 

a, Knockdown of atfs-1 did not prevent cco-1 RNAi-induced nuclear translocation of 487 

LIN-15B. White arrows indicate representative co-localization of LIN-15B with 488 

intestinal cell nuclei. Scale bar, 50 µm. 489 

b, Quantification of mean nuclear GFP fluorescence intensity in (a). n = 18 worms per 490 

condition from 3 independent biological experiments. P values were calculated using 491 

one-way ANOVA with Tukey’s multiple-comparison test. Error bars indicate mean ± 492 

SD. 493 

c, Venn diagram comparing genes transcriptionally upregulated by cco-1 RNAi in N2 494 

wild-type, atfs-1 (gk3094), and lin-15B(jef48) animals, revealing distinct and 495 

overlapping gene sets controlled by each factor. The data were obtained by RNAseq 496 

analyses. 497 

d, Heatmap visualizing the transcription patterns of mitochondrial stress-induced 498 
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genes across the indicated genotypes and conditions. N2 (wild-type), atfs-1 (gk3094), 499 

and lin-15B(jef48) animals under EV or cco-1 RNAi conditions were analyzed by 500 

RNAseq. 501 

e, Gene Ontology (GO) analysis reveals that the 99 LIN-15B-dependent genes are 502 

predominantly enriched for DNA repair related processes. 503 

f, Representative TEM images showing that lin-15B(jef48) mutants display swollen 504 

and disorganized mitochondrial morphology in intestinal cells. Representative 505 

mitochondria are indicated by white arrows. n = 4 animals per genotype. Scale bar, 1 506 

µm. For additional electron microscopy fields, see Extended Data Fig. 7.  507 

g, Lifespan analysis showing that lin-15B(jef48) mutation reduces normal lifespan. n 508 

= 300 worms from 3 biological replicates. See Extended Data Table 4 for lifespan 509 

statistics. 510 

h, Graphs showing that the lifespan extension conferred by cco-1 RNAi is suppressed 511 

in by lin-15B(jef48) mutation, indicating that LIN-15B is required for the beneficial 512 

effects of mild mitochondrial stress. n = 300 worms from 3 biological replicates. See 513 

Extended Data Table 4 for statistics. 514 

i, Working model illustrating how LIN-15B acts as a sensor for leaked mtDNA upon 515 

mitochondrial stress, defining a surveillance pathway enabling UPRmt activation, 516 

transcriptional upregulation of DNA repair-related genes and adaptive longevity.  517 

 518 

Extended Data Fig. 1 | lin-15B is specifically required for UPRmt activation. 519 

a, Representative micrographs showing that lin-15B RNAi inhibits isp-1(qm150)-520 

induced hsp-6p::GFP. Scale bar, 200 µm. 521 

b, Representative micrographs showing that like atfs-1, lin-15B is required for hsp-522 

6p::GFP induction upon cco-1(RNAi). The N2 wild-type, atfs-1(gk3094), and lin-523 

15B(jef48) animals, each carrying the hsp-6p::GFP reporter, were treated with EV or 524 

cco-1 RNAi. Scale bar, 200 µm. 525 

c, Quantification of hsp-6p::GFP fluorescence intensity shown in (b). n = 30 worms 526 

per condition from 3 independent biological experiments.   527 

d, Representative micrographs showing that the lin-15A is not required for cco-1 528 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.01.12.000086. This version posted January 13, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



RNAi-induced hsp-6p::GFP activation. Wild-type and lin-15A (n767) animals, each 529 

carrying the hsp-6p::GFP reporter, were treated with EV or cco-1 RNAi. Scale bar, 530 

200 µm. 531 

e, Quantification of hsp-6p::GFP fluorescence intensity shown in (d). n = 30 worms 532 

per condition from 3 independent biological experiments. 533 

f, Representative micrographs showing that lin-15B is dispensable for the ER 534 

Unfolded Protein Response (UPRER). Unlike the positive control xbp-1 RNAi, lin-15B 535 

RNAi fails to block the induction of hsp-4p::GFP by tunicamycin. Scale bar, 200 µm. 536 

g, Representative micrographs showing that lin-15B is dispensable for the Heat Shock 537 

Response (HSR). Unlike the positive control hsf-1 RNAi, lin-15B RNAi fails to block 538 

the induction of hsp-16.2p::GFP following heat shock. Scale bar, 200 µm. 539 

P values in (c) and (e) were calculated using two-way ANOVA with Šidák’s multiple-540 

comparisons test. Error bars indicate mean ± SEM. 541 

 542 

Extended Data Fig. 2 | Residues 351-400 of LIN-15B form two α-helical motifs 543 

that function redundantly in mitochondrial targeting.  544 

a, Representative micrographs showing that in embryonic cells, full-length LIN-545 

15B::GFP is predominantly localized to the nucleus. Extrachromosomal expression of 546 

lin-15Bp::lin-15B::gfp was analyzed in the embryos. White dashed lines indicate 547 

individual nuclei. Scale bar, 10 µm. 548 

b, The predicted structure of the LIN-15B MTS (residues 351-400) by AlphaFold2 549 

consists of two adjacent α-helices (α1 and α2). 550 

c, Extrachromosomal expression of the mutant 351-400 MTS constructs (myo-3p:: 551 

α1mut::gfp, myo-3p:: linkermut::gfp, myo-3p::α2mut::gfp, and myo-3p:: α1/2mut::gfp) in 552 

myo-3p::tom-20::mKate2::HA transgenic worms revealed that each of the two 553 

adjacent α-helices was capable of targeting mitochondria independently (left). The 554 

amino acid sequences of α1mut, linkermut, α2mut, and α1/2mut are shown on the right. 555 

Scale bar, 10 µm. 556 

d, Representative micrographs showing that a transgene expressing LIN-15B with a 557 

complete MTS deletion (ΔMTS) fails to rescue the hsp-6p::GFP induction defect in 558 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.01.12.000086. This version posted January 13, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



lin-15B(jef48) mutants. Wild-type, lin-15B(jef48), and Is[lin-15Bp::lin-15BΔMTS::flag]; 559 

lin-15B(jef48) strains, each carrying the hsp-6p::GFP reporter, were treated with EV 560 

or cco-1 RNAi. Scale bar, 200 µm. 561 

e, Quantification of hsp-6p::GFP fluorescence intensity shown in (d). n = 30 worms 562 

per condition from 3 independent biological experiments. P values were calculated 563 

using two-way ANOVA with Šidák’s multiple-comparisons test. Error bars indicate 564 

mean ± SEM. 565 

 566 

Extended Data Fig. 3 | The THAP domain is not required for LIN-15B to interact 567 

with mtDNA. 568 

A DNA pull-down assay and the resulting western blot shows that disrupting the 569 

THAP domain does not impair the ability of LIN-15B to bind mtDNA. The DNA 570 

pull-down assay was performed using a biotinylated mitochondrial DNA fragment 571 

(~11 kb) and lysates from HEK293T cells expressing either wild-type Flag-LIN-15B 572 

or a THAP-domain mutant (LIN-15BTHAP4A: C1139A, C1142A, C1185A, and 573 

H1188A). Representative result from one of three biologically independent 574 

experiments is shown. 575 

 576 

Extended Data Fig. 4 | The THAP domain is required for LIN-15B to mediate 577 

UPRmt activation. 578 

a, The LIN-15BTHAP4A mutant (C1139A, C1142A, C1185A, and H1188A) failed to 579 

rescue the hsp-6p::GFP induction upon cco-1 RNAi. Wild-type, lin-15B(jef48), and 580 

two integrated rescue strains (Is[lin-15Bp::lin-15B::flag]; lin-15B(jef48) and the 581 

THAP-domain mutant Is[lin-15Bp::lin-15BTHAP4A::flag]; lin-15B(jef48)) each carrying 582 

the hsp-6p::GFP reporter, were treated with EV control or cco-1 RNAi. Scale bar, 200 583 

µm.  584 

 b, Quantification of hsp-6p::GFP fluorescence intensity shown in (a). n = 30 worms 585 

per condition from 3 independent biological experiments. P values were calculated 586 

using two-way ANOVA with Šidák’s multiple-comparisons test. Error bars indicate 587 

mean ± SEM. 588 
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 589 

Extended Data Fig. 5 | LIN-15B translocates to the nucleus in response to 590 

mitochondrial stress. 591 

a, Representative micrographs show that cco-1 RNAi induced nuclear translocation of 592 

LIN-15B. LIN-15B translocation was analyzed by using the integrated Is[lin-593 

15Bp::lin-15B::gfp::flag] transgenes. White arrows indicate representative co-594 

localization of LIN-15B with intestinal cell nuclei. Scale bar, 50 µm.  595 

b, Quantification of mean intensity of nuclear GFP fluorescence shown in (a). n = 18 596 

worms per condition from 3 independent biological experiments. P value was 597 

calculated using Welch’s t test. Error bars indicate mean ± SD. 598 

c, Extrachromosomal expression of lin-15Bp::lin-15B1-1220::gfp and lin-15Bp::lin-599 

15B1221-1440::gfp showed that LIN-15B (1-1220) was localized in cytoplasm and LIN-600 

15B (1221-1440) was localized to the nucleus in embryonic cells. White dashed lines 601 

indicate individual nuclei. Scale bar, 10 µm. 602 

d, Extrachromosomal expression of lin-15Bp::lin-15B::gfp, lin-15Bp::lin-15BΔAT-603 

hook1::gfp, and lin-15Bp::lin-15BΔAT-hook2::gfp revealed that deletion of AT-hook1 604 

(residues 1317-1328) or AT-hook2 (residues 1418-1429) did not abrogate nuclear 605 

localization in embryonic cells. White dashed lines indicate individual nuclei. Scale 606 

bar, 10 µm. 607 

 608 

Extended Data Fig. 6 | Nuclear translocation of LIN-15B upon mitochondrial 609 

stress is independent of lin-65.  610 

a, lin-65 is not required for cco-1 RNAi-induced nuclear translocation of LIN-15B. 611 

White arrows indicate representative co-localization of LIN-15B with intestinal cell 612 

nuclei. Scale bar, 50 µm. 613 

b, Quantification of mean intensity of nuclear GFP fluorescence shown in (a). n = 18 614 

worms per condition from 3 independent biological experiments. P values were 615 

calculated using two-way ANOVA with Tukey’s multiple-comparisons test. Error bars 616 

indicate mean ± SD. 617 

 618 
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Extended Data Fig. 7 | lin-15B deficiency leads to swollen and fragmented 619 

mitochondria in adult intestinal cells.  620 

Transmission electron micrographs show that mitochondria in the intestinal cells of 621 

lin-15B mutants are swollen and disorganized under normal conditions, relative to 622 

wild-type N2 animals. n = 4 animals per genotype. Two representative images are 623 

shown per animal. Scale bar, 1 µm. 624 
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 694 

Methods 695 

C. elegans strains  696 

SJ4100 (zcIs13[hsp-6p::GFP]), MQ887 (isp-1(qm150)), MT1806 (lin-15A(n767)), 697 

SJ4005 (zcls4[hsp-4p::GFP]), CL2070 (dvIs[hsp-16.2p::GFP]), SJZ328(foxSi75 [eft-698 

3p::tomm-20::mKate2::HA]), SJZ47 (foxSi16 [myo-3p::tomm-20::mKate2::HA]), 699 

EG7828(oxTi310 [eft-3p::tdTomato::H2B]), MT13232 (lin-65(n3441)), and N2 wild-700 

type were obtained from the Caenorhabditis Genetics Center (Minneapolis, MN). 701 

VC3201 (atfs-1(gk3094)) was obtained from the National BioResource Project 702 

(Tokyo, Japan). The lin-15B(jef48) allele (g.15726178_15726632del) was generated 703 

in this study. The following extra-chromosomal arrays and integrated strains were 704 

generated in this study: MAT260 (jefIs20[hsp-6p::GFP::hsp-6 3´UTR]), MAT261 705 

(jefIs21[lin-15Bp::lin-15B::flag::unc-54 3´UTR; myo-2p::mCherry::unc-54 3´UTR], 706 

MAT262 (jefIs22[lin-15Bp::lin-15B::gfp::flag::unc-54 3´UTR; myo-707 
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2p::mCherry::unc-54 3´UTR]), MAT263 (jefIs23[lin-15Bp::lin-15BMTSmut::flag::unc-708 

54 3´UTR; myo-2p::mCherry::unc-54 3´UTR]), MAT264 (jefIs24[lin-15Bp::lin-709 

15BΔMTS::gfp::flag::unc-54 3´UTR; myo-2p::mCherry::unc-54 3´UTR]), MAT265 710 

(jefIs25[lin-15Bp::lin-15BMTSmut::gfp::flag::unc-54 3´UTR; myo-2p::mCherry::unc-711 

54 3´UTR]), MAT266 (jefIs26[lin-15Bp::lin-15BΔAT-hook1::gfp::flag::unc-54 3´UTR; 712 

myo-2p::mCherry::unc-54 3´UTR]), MAT267 (jefIs27[lin-15Bp::lin-15BΔAT-713 

hook2::gfp::flag::unc-54 3´UTR; myo-2p::mCherry::unc-54 3´UTR]), MAT268 714 

(jefIs28[lin-15Bp::lin-15BΔ1221-1440::flag::unc-54 3´UTR; myo-2p::mCherry::unc-54 715 

3´UTR]), MAT277 (jefIs29[lin-15Bp::lin-15BΔMTS::flag::unc-54 3´UTR; myo-716 

2p::mCherry::unc-54 3´UTR]), MAT269 (jefEx67[myo-3p::gfp::unc-54 3´UTR; myo-717 

2p::mCherry::unc-54 3´UTR], MAT270 (jefEx68[myo-3p::lin-15B 351-718 

400::gfp::unc-54 3´UTR; myo-2p::mCherry::unc-54 3´UTR]), MAT271 719 

(jefEx69[myo-3p::lin-15B(C. brenneri) 344-393::gfp::unc-54 3´UTR; myo-720 

2p::mCherry::unc-54 3´UTR]), MAT272 (jefEx70[myo-3p::lin-15B(C. remanei) 338-721 

387::gfp::unc-54 3´UTR; myo-2p::mCherry::unc-54 3´UTR]), MAT273 722 

(jefEx71[myo-3p:: α1mut::gfp::unc-54 3´UTR; myo-2p::mCherry::unc-54 3´UTR]), 723 

MAT274 (jefEx72[myo-3p:: linkermut::gfp::unc-54 3´UTR; myo-2p::mCherry::unc-54 724 

3´UTR]), MAT275 (jefEx73[myo-3p::α2mut::gfp::unc-54 3´UTR; myo-725 

2p::mCherry::unc-54 3´UTR]), MAT276 (jefEx74[myo-3p:: α1/2mut::gfp::unc-54 726 

3´UTR; myo-2p::mCherry::unc-54 3´UTR]) 727 

 728 

Transgenesis 729 

Extra-chromosomal arrays were generated by standard microinjection into the 730 

germline. The injection mix typically contained the plasmid of interest (50 ng/µL) and 731 

a co-injection marker, myo-2p::mCherry (5 ng/µL). To create stable lines, extra-732 

chromosomal arrays were integrated by X-ray irradiation and subsequently 733 

backcrossed at least five times with N2 before using for further analyses. For lin-15B 734 

expression constructs, a ~2.5 kb lin-15B promoter fragment and the lin-15B cDNA 735 

were cloned into a pBSK vector. 736 

 737 
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Cell culture and transfection 738 

HEK293T cells were obtained from ATCC and cultured in Dulbecco’s modified 739 

Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS). 740 

Cells were grown at 37 °C in a humidified incubator with 5% CO2. Transient 741 

transfection of HEK293T cells was performed using polyethylenimine (PEI). 742 

 743 

RNA interference RNAi experiments and genome-wide RNAi screen 744 

RNAi clones were obtained from either the Vidal library or the Ahringer library. 745 

RNAi bacterial strains were seeded onto NGM plates with 1 mg/mL IPTG (NGM-746 

IPTG) to induce double-stranded RNA (dsRNA) expression. Synchronized L1 larvae 747 

were placed on RNAi plates and cultured at 20 °C. For double RNAi, equal volumes 748 

of the two bacterial cultures were mixed before seeding. 749 

The genome-wide RNAi screen was performed using the Vidal library. For the 750 

screen, synchronized isp-1 (qm150);hsp-6p::GFP L1 larvae were placed on individual 751 

RNAi plates. On day-1 of adulthood, worms were screened for suppression of hsp-752 

6p::GFP fluorescence. 753 

 754 

Reverse-transcription qPCR (RT-qPCR) 755 

Total RNA was extracted from L4-stage worms with indicated treatments and 756 

genotypes using the RNeasy Plus Micro Kit (74034, QIAGEN). First-strand cDNA 757 

was synthesized from the purified RNA using the LunaScript RT SuperMix Kit 758 

(E3010, NEB). RT-qPCR was performed using Luna Universal qPCR Master Mix 759 

(M3003, NEB). Primers used for RT-qPCR are listed in Extended Data Table 5. 760 

 761 

Analyses of UPRmt induction 762 

Synchronized L1 worms carrying hsp-6p::GFP reporter were raised on plates seeded 763 

with RNAi bacteria targeting mitochondrial components used in this study, including 764 

cco-1, hsp-6, spg-7, tim-23, and atp-1. At the Day1 adult stage, the expression of hsp-765 

6p::GFP reporter was imaged. For endogenous hsp-6 mRNA measurement, RNA was 766 

extracted at the L4 stage and quantified by reverse-transcription qPCR (RT-qPCR). 767 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.01.12.000086. This version posted January 13, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



Primers used are listed in Extended Data Table 5. 768 

 769 

Induction of UPRER and heat shock response (HSR) 770 

For induction of UPRER, synchronized L4-stage worms carrying hsp-4p::GFP were 771 

incubated in M9 buffer containing 25 ng/uL tunicamycin for 4 hours, after which 772 

they were transferred to fresh plates and cultured for additional 12 hours. The 773 

expression of the hsp-4p::GFP reporter was then imaged.  774 

  For induction of the heat shock response (HSR), synchronized L4-stage (40 h) 775 

worms carrying hsp-16.2p::GFP were heat-shocked at 34 °C for 30 minutes, followed 776 

by a 20-hour incubation at 20 °C. The expression of the hsp-16.2p::GFP reporter was 777 

then imaged. 778 

  779 

Mitochondrial isolation and detection of LIN-15B mitochondrial localization 780 

To assess the association of LIN-15B with mitochondria, an affinity purification of 781 

intact mitochondria was performed with minor modifications to a previously 782 

described protocol [31]. Approximately 25,000 synchronized L1 larvae foxSi75[eft-783 

3p::tomm-20::mKate2::HA] worms carrying the indicated LIN-15B transgenic were 784 

grown on either cco-1 RNAi or RNAi control bacteria at 20 °C. Worms were collected 785 

at day-1 adult stage and washed three times with 15 ml M9 buffer in a 15 ml tube, 786 

followed by one wash with 15 ml ddH2O. Then the worms were transferred to a pre-787 

chilled 2 ml Dounce homogenizer and resuspended in 2 ml ice-cold PBS 788 

supplemented with Protease Inhibitor Cocktail (78442, Thermo Scientific) followed 789 

by homogenization on ice with 100 gentle strokes. A small aliquot (60 µL) was saved 790 

as the whole-cell lysate (Input). The remaining homogenate was then cleared of debris 791 

and nuclei by sequential centrifugation at 200g and 1,000g. The resulting post-nuclear 792 

supernatant was incubated with pre-washed anti-HA magnetic beads (88837, Thermo 793 

Scientific) for 1 hour at 4°C with rotation (10 rpm). After washing three times with 794 

PBS, beads were boiled in 60 µL SDS sample buffer to elute bound complexes. 795 

Samples were then boiled at 100 °C for 10 min and analyzed by western blotting to 796 

detect LIN-15B and markers for mitochondrial, cytosolic, and nuclear compartments. 797 
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To validate the specificity of the mitochondrial enrichment and rule out non-798 

specific binding of LIN-15B to the beads, a detergent solubilization control was 799 

performed in parallel. Prior to immunoprecipitation with anti-HA bead, the post-800 

nuclear supernatant was treated with 1% Triton X-100 for 30 min on ice to solubilize 801 

all organellar membranes. Insoluble material was removed by centrifugation at 802 

20,000g, and the resulting supernatant was then subjected to the same anti-HA 803 

immunoprecipitation procedure described above. The absence of LIN-15B co-804 

purification under these conditions would confirm its specific association with intact 805 

mitochondrial structures. 806 

 807 

Proteinase K (PK) protection assay 808 

A crude mitochondrial fraction was prepared from approximately 150,000 809 

synchronized day-1 adult lin-15Bp::lin-15B::flag transgenic worms previously 810 

cultured on control or cco-1 RNAi plates. Day-1 adult worms were collected, washed 811 

twice with 15 mL M9 buffer, and once with ddH2O, then transferred to a 5-mL 812 

Dounce homogenizer and resuspended in 5 mL ice-cold mitochondrial isolation buffer 813 

(50 mM KCl, 110 mM mannitol, 70 mM sucrose, 0.1 mM EDTA, 5 mM Tris-HCl pH 814 

7.4) supplemented with protease inhibitor cocktail (78442, Thermo Scientific), and 815 

homogenized on ice with 100 gentle strokes. The homogenate was cleared of debris 816 

and nuclei by two sequential centrifugations at 1,000 g at 4 °C for 10 min. 817 

Mitochondria were pelleted by centrifugation at 10,000g at 4 °C for 10 min. This 818 

mitochondrial pellet was washed twice by resuspension in fresh mitochondria 819 

isolation buffer followed by re-pelleting at 10,000g.  820 

The final mitochondrial pellet was resuspended in 1 mL ice-cold PBS, and equal 821 

aliquots (100 µL) of the mitochondrial suspension were incubated with the indicated 822 

concentrations of proteinase K (SAE0009, Sigma-Aldrich) for 30 min on ice. 823 

Proteolysis was terminated by adding PMSF to a final concentration of 1 mM and 824 

immediately mixing with 5× SDS sample buffer. Sample were boiled at 100 °C for 10 825 

min and analyzed by western blotting. 826 

 827 
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Western blotting 828 

Worm lysates or eluted samples were mixed with 5× SDS sample buffer. The samples 829 

were boiled for 10 min and then subjected to electrophoresis on SurePAGE Bis-Tris 830 

gels (GeneScript). Western blot analysis was performed on PVDF membranes after 831 

blocking with 5% BSA or milk. The blots were incubated with primary antibodies 832 

overnight at 4 °C, followed by incubation with secondary antibodies for 2 h. Blots 833 

were then visualized using an enhanced chemiluminescence (ECL) substrate and 834 

detected by a digital chemiluminescence imager. 835 

 836 

DNA pull down assay 837 

Two types of biotinylated DNA bait were prepared. For the full-length bait, an ~11 kb 838 

mitochondrial DNA (mtDNA) fragment was PCR-amplified using a 5' biotinylated 839 

primer (see Extended Data Table 5) and purified. For shorter fragments (biotin-DNA-840 

1/2/3/4), complementary biotinylated forward and reverse oligonucleotides were 841 

synthesized commercially (see Extended Data Table 5) and annealed. The respective 842 

biotinylated DNA baits (50 µg of long mtDNA or 500 pmol of shorter) were coupled 843 

to 1 mg of streptavidin magnetic beads by overnight incubation at 4°C. The DNA-844 

coupled beads were then washed with lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM 845 

NaCl, 1 mM EDTA, 1% Triton X-100, supplemented with Protease Inhibitor Cocktail 846 

(78442, Thermo Scientific).  847 

One 10-cm dish of HEK293T cells expressing the indicated protein was harvested 848 

and lysed by sonication in lysis buffer. Cell debris was removed by centrifugation at 849 

20,000g. The supernatant was then incubated with 300 µg of the prepared biotin-850 

DNA-streptavidin beads (or streptavidin beads alone as a negative control) for 6–8 851 

hours at 4°C with rotation (10 rpm). The beads were then washed three times with 1.5 852 

mL ice-cold lysis buffer at 4 °C for 10 min each with rotation (10 rpm). Bound 853 

proteins were eluted by directly resuspending the beads in 60 µL of SDS sample 854 

buffer, followed by boiling at 100 °C for 10 min. Eluted samples were analyzed by 855 

western blotting. 856 

 857 
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Formaldehyde crosslinking-based protein-DNA Immunoprecipitation and qPCR 858 

analysis 859 

120,000 synchronized day-1 adult lin-15Bp::lin-15B::gfp::flag transgenic worms, 860 

previously cultured on control or cco-1(RNAi) plates, were harvested and crosslinked 861 

with 4% formaldehyde in PBS for 1 hour at 4°C. The reaction was quenched with 862 

0.125 M glycine. The worms were centrifuged at 700g, the supernatant was removed, 863 

and the pellet was washed twice with PBS. The worms were then transferred to a pre-864 

chilled 2 mL Dounce homogenizer and resuspended in 2 mL ice-cold PBS 865 

supplemented with Protease Inhibitor Cocktail (78442, Thermo Scientific). Worms 866 

were homogenized on ice with 100 gentle strokes. A 60 µL aliquot of worm lysate 867 

was retained as the qPCR reference template. The remaining lysate was centrifuged at 868 

4 °C at 200g for 5 min and then at 1,000g for 10 min to remove debris and nuclei. To 869 

prepare soluble protein-mtDNA complex, the cleared supernatant was supplemented 870 

with Triton X-100 to a final concentration of 1% for 20 minutes at 4°C to solubilize 871 

membrane components, then centrifuged at 20,000g. The supernatant was then 872 

divided into two equal aliquots and incubated separately with mouse anti-Flag 873 

antibody (F1804, Sigma-Aldrich) or mouse IgG (15381, Sigma-Aldrich) for 4 hours 874 

at 4 °C, followed by incubation with protein A/G magnetic beads for 2 hours.    These 875 

beads were subjected to stringent washes, first with Wash Buffer 1 (0.1% SDS, 1% 876 

Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-Cl, pH 7.5) and then with 877 

buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 400 mM NaCl, 20 mM Tris-Cl, 878 

pH 7.5). The protein-DNA crosslinking complexes were decrosslinked in 50 μg/mL 879 

proteinase K solution (dissolved in PBS) at 60 °C for 2 hours. The retained 60 μL 880 

whole-worm lysates was subjected to the same decrosslinking treatment. DNA was 881 

extracted using the DNeasy Blood & Tissue Kit (69506, QIAGEN) and subsequently 882 

analyzed by qPCR. Nuclear genomic DNA (rpl-28) from whole-worm lysates serve as 883 

the reference template. Primers used for qPCR are listed in Extended Data Table 5. 884 

 885 

Quantification of Cytosolic mtDNA by qPCR 886 

Approximately 15,000 L1 larvae worms were raised on plates seeded with indicated 887 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.01.12.000086. This version posted January 13, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



RNAi bacteria and collected at L4-stage. The worms were washed three times with 888 

PBS, then transferred to a pre-chilled 2 mL Dounce homogenizer and resuspended in 889 

1 mL isolation buffer (150 mM NaCl and 50 mM HEPES). Worms were homogenized 890 

on ice with 100 gentle strokes. 60 µL of lysate was retained, and total DNA was 891 

extracted from it to serve as the subsequent qPCR reference template. The lysate was 892 

centrifuged at 20,000g at 4 °C for 10 min and the supernatant was further filtered 893 

through a 0.22 µm filter to obtain the cytosolic fraction. DNA was extracted from the 894 

cytosolic fractions and the retained whole-worm lysates using DNeasy Blood & 895 

Tissue Kit (69506, QIAGEN) according to the manufacturer’s instructions. mtDNA in 896 

the cytosolic fractions were quantified by qPCR using primers targeting mtDNA 897 

regions. Nuclear genomic DNA (rpl-28) from whole-worm lysates serve as the 898 

reference template (primers are listed in Extended Data Table 5). 899 

 900 

Transmission electron microscopy (TEM) and immunogold TEM 901 

Samples for TEM were prepared using a high-pressure freezing and freeze-902 

substitution (HPF/FS) protocol as previously described [32]. Samples were prepared 903 

by high-pressure freezing standard protocol. In brief, worms were transferred into 200 904 

µL PBS containing 20% (w/v) bovine serum albumin and immediately high-pressure 905 

frozen using a Leica EM ICE. Freeze-substitution was performed in a Leica EM AFS2 906 

device in acetone containing 1% osmium tetroxide, 0.1% uranyl acetate and 10% 907 

methanol for 6 days. After substitution, samples were warmed to -20 °C and washed 908 

with pure acetone. Infiltration was carried out with increasing concentrations of Epon 909 

resin in acetone (25% for 30 min, 33% for 3.5 h, 50% overnight, 75% for 4 h, and 910 

four times (6 h each) in 100% Epon resin). The samples were embedded in a mold 911 

and polymerized at 60 °C for 48 h. Ultrathin sections (70 nm) were cut on a Leica EM 912 

UC7 ultramicrotome, mounted on formvar-coated copper grids. For standard 913 

ultrastructural analysis, sections were post-stained with 2% uranyl acetate followed by 914 

Sato’s triple lead stain. For immunogold labeling, sections were incubated with mouse 915 

anti-DNA antibody (CBL186, Sigma-Aldrich), followed by incubation with 12 nm 916 

colloidal gold-conjugated goat anti-mouse secondary antibody (115-205-166, 917 
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Jackson). Images were acquired on a Talos L120C TEM (Thermo Fisher Scientific).  918 

 919 

Microscopy and image analysis 920 

For imaging of the hsp-6p::GFP, hsp-4p::GFP and hsp-16.2p::GFP reporters, day-1 921 

animals were immobilized in M9 buffer containing 100 µg/mL levamisole and 922 

mounted on NGM plates. Fluorescence images were acquired using Nikon SMZ18 923 

stereomicroscope, and the mean GFP fluorescence intensity was quantified using 924 

ImageJ software.  925 

For imaging and quantification of nuclear LIN-15B::GFP, day-1 animals were 926 

similarly immobilized with 100 µg/mL levamisole in M9 buffer and mounted on 2% 927 

agarose pads on glass slide. Images were captured on a Zeiss LSM980 confocal 928 

microscope using a 20x objective. The mean GFP fluorescence intensity within 929 

intestinal nuclei was then quantified. 930 

For imaging of live HEK293T cells, images were acquired using a Zeiss LSM800 931 

confocal microscope with a 63x objective. 932 

 933 

RNA sequencing and analysis 934 

Worms were grown for 48 h on EV or cco-1 RNAi bacteria, followed by RNA 935 

sequencing performed by BGI (Shenzhen, China). Raw reads were quality filtered 936 

using SOAPnuke [33], aligned to the reference genome (WBcel235) using Bowtie2 937 

[34], and gene expression levels were quantified with RSEM [35]. Differentially 938 

expressed genes (DEGs) were identified using DESeq2 (Q ≤ 0.05) [36]. Functional 939 

enrichment analysis for Gene Ontology (GO) and KEGG pathways was performed on 940 

the resulting DEG lists using a hypergeometric test. Data visualization was performed 941 

using Dr. Tom platform provided by BGI. 942 

 943 

Lifespan assays 944 

Lifespan assays were performed at 20°C. Synchronized L1 worm were raised on 945 

plates seeded with the corresponding bacteria and cultured without 5-fluoro-946 

2’deoxyuridine (FUdR). Starting on day 1 of adulthood, worms were transferred to 947 
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fresh plates every two days throughout their reproductive period to separate them 948 

from their progeny. Survivorship was scored daily, with worms considered dead if 949 

they failed to respond to gentle prodding with a platinum wire. Lifespan data were 950 

analyzed using the Kaplan-Meier method combined with the log-rank (Mantel-Cox) 951 

test via the online tool OASIS2. 952 

 953 

Statistics and reproducibility 954 

Unless indicated otherwise, statistical analyses were performed using GraphPad Prism 955 

10.2. The methods for calculating P-values were described in the figure legend 956 

corresponding to each dataset. P < 0.05 was considered statistically significant. 957 

Details regarding reproducibility are provided in the figure legends for each data. The 958 

results were consistent across all replicates. 959 
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