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Abstract 10 

Monitoring of mitochondrial functions is crucial for organismal survival. This task is performed by 11 

mitochondrial surveillance or quality control pathways, which are activated by signals originating from 12 

mitochondria and relayed to the nucleus (retrograde response) to start the transcription of protective 13 

genes. In Caenorhabditis elegans, several systems exist, including the UPRmt, MAPKmt, and the ESRE 14 

pathway. These pathways are highly conserved and their loss results in compromised survival following 15 

mitochondrial stress. 16 

In this study, we found a novel interaction between the box C/D snoRNA core proteins (snoRNPs) 17 

and mitochondrial surveillance and innate immunity pathways. We showed that C/D snoRNPs are 18 

required for the full expressions of UPRmt and ESRE upon stress. Meanwhile, we found that the loss of 19 

C/D snoRNPs increased immune responses. Understanding the “molecular switch” mechanisms of 20 

interplay between these pathways may be important for understanding of multifactorial processes, 21 
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including response to infection or aging. 22 

Keywords: mitochondria, snoRNPs, surveillance, translation inhibition, infection response 23 

 24 

Introduction 25 

All living organisms require the maintenance of cellular homeostasis very different than their 26 

surroundings. Maintaining these conditions requires constant surveillance for disruption and metabolic 27 

adjustments to reacquire the proper biochemical balance. Meanwhile, a variety of insults can disrupt 28 

this balance, ranging from environmental changes to pathogen infection to metabolic dysfunction. 29 

Indeed, almost all cellular pathways are disrupted in one infection or another, including protein 30 

translation (1, 2), the proteostatic machinery (3-5), the cytoskeleton (6), the endoplasmic reticulum (7, 31 

8) and  others (9, 10). 32 

Given the central role of the mitochondria in energy production, biosynthesis of heme groups, lipid 33 

metabolism, the regulation of iron and calcium homeostasis, and production of reactive oxygen species 34 

(ROS), it should be no surprise that mitochondria are also impacted by disease and infection (11-13). 35 

Therefore, mitochondria are subjected to several important surveillance pathways. The two best known 36 

are the PINK1/Parkin axis for macroautophagic mitochondrial recycling (commonly known as mitophagy) 37 

and the unfolded protein response in mitochondria (UPRmt) (14-17). Both systems monitor the 38 

functionality of mitochondrial protein import. Failure to import PINK1 activates its kinase function, 39 

resulting in subsequent recruitment of autophagic machinery. Under the same compromised 40 

mitochondrial import conditions, rerouting of the key transcription factor ATFS-1/ATF5 to the nucleus 41 

activates the expression of chaperones and other stress mediators.  42 

A third, rather more elusive, mitochondrial pathway that has been published utilizes the DLK-1/SEK-43 

3/PMK-3 MAP kinase cascade (which we will refer to as the MAPKmt pathway) was identified by 44 
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activating mitochondrial stress and searching for differentially expressed genes that were independent 45 

of ATFS-1/ATF5 regulation (18). Regulation of this pathway appears to involve a C/EBP family 46 

transcription factor and senses disruption of the mitochondrial electron transport chain (ETC). It is 47 

involved in the extended lifespan observed in long-lived mitochondrial (Mit) mutants (18). Interestingly, 48 

fluvastatin, which disrupts mevalonate metabolism and prevents geranylgeranylation of certain 49 

components of the vesicular trafficking system, also activates the MAPKmt pathway, indicating that 50 

surveillance of mitochondrial cholesterol metabolism is also important (19).  51 

Our lab has previously identified a key mitochondrial surveillance program in C. elegans regulated by 52 

cellular ROS (20, 21). This pathway, known as the Ethanol and Stress Response (ESRE) network, is named 53 

after an 11-nucleotide motif found in the promoter region of hundreds of genes in C. elegans and 54 

ethanol-responsive genes in mice, and is activated by a range of abiotic triggers (22-24). Interestingly, 55 

exposure to the opportunistic human pathogen, Pseudomonas aeruginosa, which produces a xenobiotic 56 

siderophore called pyoverdine that hijacks mitochondria-resident iron from C. elegans, also activates the 57 

ESRE network (20, 25, 26). Active study from our lab and others has linked several determinants to ESRE 58 

gene expression, including the JumonjiC-domain containing protein JMJC-1/Riox1 (also known as NO66) 59 

(22), the PBAF nucleosome remodeling complex (27), and a family of bZIP transcription factors (ZIP-2, 60 

ZIP-4, CEBP-1, and CEBP-2) (20), and a Zn-finger transcription factor SLR-2 (22, 28). Importantly, the ESRE 61 

motif, the genes regulated by it, and their activation in response to stress are ancient and evolutionarily 62 

conserved from C. elegans to humans (22, 24) and appears to be the first known pathway to respond to 63 

intracellular reductive stress (21). 64 

Mitochondrial surveillance programs not only activate programs to reacquire homeostasis, they also 65 

activate innate immune functions, a process sometimes termed surveillance immunity (29). However, 66 

innate immune activation is energetically costly and requires considerable energy conversion (30, 31) 67 
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and excess immune activity is associated with a broad range of deleterious health outcomes. Thus, it 68 

behooves the organism to carefully balance the need to reacquire homeostasis and repair damage with 69 

stimulating innate immune functions that can cause further damage. How organisms navigate this 70 

choice remains a poorly understood area of biology.  71 

Small nucleolar ribonucleoproteins (snoRNPs) are small complexes that catalyze modifications to 72 

RNA in cells. Generally speaking, there are two major groups of snoRNPs, called the box C/D and box 73 

H/ACA families, categorized based on their functions and the secondary structures of their snoRNA 74 

components (32). The core members of box C/D snoRNPs, consisting of FIB-1/Fibrillarin (the catalytic 75 

methyltransferase), NOL-56/Nop56, NOL-58/Nop58, and M28.5/SNU13 (Figure 1A), assist in site-specific 76 

2’-O-methylation while box H/ACA family, consisting of Y66H1A.4/Gar1, Y48A6B.3/Nhp2, NOLA-77 

3/Nop10, and K01G5.5/dyskerin, is involved in pseudouridylation (Figure 1B) (33). Both families target 78 

mostly ribosomal RNA, with the modifications typically clustered at biologically important locations (34). 79 

The snoRNA has sequence complementarity to the modification target site and serves as an aid to 80 

localize the enzymatic function of the snoRNP complex (34). snoRNP complexes had been suggested to 81 

have functional roles well beyond the processing of rRNA, including 2′-O-methylation, splicing, and 82 

translation of mRNAs (35-39). 83 

 In this study, we identified a non-canonical role for box C/D snoRNPs where they appear to serve as 84 

a molecular switch that activates mitochondrial surveillance and represses conventional innate immune 85 

processes. For example, box C/D snoRNPs upregulate ESRE and UPRmt while downregulating the function 86 

of the PMK-1/p38 MAPK pathway. Contrarily, knockdown of box C/D snoRNPs upregulated MAPKmt 87 

pathway effectors, but this was likely a secondary effect from the loss of MAPKmt repression by the 88 

UPRmt, which is characteristic of the complicated interactions between these surveillance systems. Since 89 

box C/D snoRNPs and these mitochondrial surveillance systems are all conserved between C. elegans 90 
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and humans, our results may lead to a better understanding of processes affecting mitochondrial health 91 

and innate immune pathways in human diseases. 92 

 93 
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Results 94 

Identification of FIB-1/Fibrillarin and NOL-56/Nop56 as regulators of the ESRE pathway 95 

To identify additional regulatory components of the ESRE pathway, we used a biochemical pulldown 96 

method (Figure 2, Figure 2-source data 1-4). A 5' biotinylated oligonucleotide comprised of a 3x or 4x 97 

tandem repeat of the consensus 11-nucleotide motif was used as bait. Young adult C. elegans were 98 

exposed to either DMSO, 1 mM phenanthroline (a chemical iron chelator), or 50 µM rotenone (inhibitor 99 

of electron transport chain Complex I) to trigger mitochondrial damage and ESRE gene activation (20). 100 

Proteins were extracted from the cytoplasm and nuclei and mixed with the biotinylated ESRE bait and 101 

then pulled down using streptavidin-coated magnetic beads. Electrophoretic mobility shift assay (EMSA) 102 

(27) was used to optimize enrichment of ESRE-binding proteins and to verify specificity (Figure 2B).  103 

We detected multiple bands when EMSA was performed with three tandem ESRE sequences 104 

(3XESRE) as a bait (Figure 2B, Figure 2-source data 1-2). These bands might indicate constitutive binding 105 

of the ESRE motif, different activated form of the transcription factor (40), or mere non-specific 106 

bindings. To increase specificity, we added an additional ESRE sequence into the DNA probe (4XESRE). 107 

We observed a decrease of unspecific bindings, with one of the bands (Shift) to remain. This DNA 108 

binding activity was enhanced by both phenanthroline and rotenone exposure (Figure 2B, Figure 2-109 

source data 3-4). This result confirmed that a stress-inducible nuclear factor(s) binds the ESRE motif 110 

after mitochondrial damage and suggested that it may be required for the transcription of the ESRE 111 

genes. Using the same conditions, bound materials were eluted and subjected to tandem MS/MS 112 

analysis for identification of potential peptide fragments.  113 

The gene products identified by mass spectrometry were categorized by using the ‘SRA’ binning 114 

system and the ‘iBAQ’ score. The ‘SRA’ or ‘Strict, Relaxed, and All’ binning approach utilizes tiered 115 

metrics to score gene identification quality, in which the identified ‘Strict’ genes products pass a 1% FDR 116 
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cutoff (41). Meanwhile, the ‘iBAQ’ scores were calculated based on peptide peak intensities and number 117 

of potential peptides, comparable to the absolute protein quantity. We searched for proteins that 118 

passed the ‘SRA’ binning system as ‘Strict’ and are enriched in rotenone-treated samples, as compared 119 

to DMSO control, yielding 75 candidates.  120 

To establish a role in ESRE function, each gene predicted to encode one of these proteins was 121 

knocked down via RNAi in a strain of C. elegans carrying a 3x tandem repeat of the ESRE consensus 122 

sequence driving a GFP reporter (3xESRE::GFP) (21). Activation of the reporter was induced using 50 µM 123 

rotenone. Amongst the candidate genes, only RNAi targeting fib-1/Fibrillarin and nol-56/Nop56 reduced 124 

reporter expression (Figure 3). After identifying a role for FIB-1 and NOL-56, we also tested nol-125 

58/Nop58(RNAi), which is a third member of the box C/D snoRNP complex (Figure 1A) but was not 126 

identified in the affinity-purified material. nol-58/Nop58(RNAi) also reduced ESRE expression (Figure 3). 127 

Current understanding is that the assembly of box C/D snoRNPs occurs via FIB-1/Fibrillarin and NOL-128 

58/Nop58 independently binding the snoRNA and then NOL-56/Nop56 associates with the complex but 129 

does not bind to the snoRNA alone (42). Since knockdown of any of the genes for these three proteins 130 

reduces ESRE signaling, it seems likely that the snoRNP complex as a whole is binding to ESRE. 131 

Although worms reared on RNAi targeting fib-1/FBL, nol-56/Nop56, or nol-58/Nop58 exhibited 132 

reductions in ESRE signaling, they also showed clear signs of reduced growth and development, resulting 133 

in smaller adults, which is consistent with a previous report (43). To avoid this effect, we performed the 134 

same experiment, but exposed worms to RNAi starting at the L3 stage instead. Exposure at a later stage 135 

of development can circumvent some of the developmental effects, but it can also reduce penetrance 136 

(44). However, knockdowns at L3 also reduced ESRE activation upon stress (Figure 3B, D). These data 137 

confirm that box C/D snoRNPs are required for ESRE pathway gene regulation. 138 
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 141 

Box C/D snoRNPs also regulate UPRmt and MAPKmt 142 
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To assess whether knocking down box C/D snoRNPs only affected the ESRE pathway or impacted 143 

other mitochondrial stress responses, we measured the expression of downstream effectors for UPRmt 144 

and MAPKmt using GFP-based reporters. Young adult worms carrying Phsp-6::GFP (for UPRmt) were 145 

reared on plates containing all pairwise mixtures of RNAi: empty vector or spg-7/SPG7(RNAi) with empty 146 

vector, fib-1(RNAi), nol-56(RNAi) or nol-58(RNAi). SPG-7/SPG7 is a mitochondria-resident protease that 147 

is required for normal organellar function (45); spg-7(RNAi) efficiently induces UPRmt (18, 46, 47). As with 148 

the ESRE pathway, knockdown of fib-1, nol-56, or nol-58 reduced the ability of the UPRmt to respond to 149 

stress, regardless of whether RNAi was begun at the L1 or L3 stage (Figure 4A, B). Importantly, we also 150 

observed significant reduction of the basal level of reporter gene expression. Unlike induced ESRE 151 

function following L1 RNAi, however, neither condition completely disrupted UPRmt activity (compare 152 

Figure 3 and Figure 4A). 153 

Previously, we demonstrated relationships between the ESRE network and the UPRmt and MAPKmt 154 

pathways (21). For example, UPRmt and MAPKmt activity normally places a brake on the ESRE network by 155 

limiting the production of ROS that activate ESRE. We also identified an ESRE motif in the promoter 156 

region of ATFS-1/ATF5 that was required for its full expression.  157 

Using spg-7(RNAi) to induce UPRmt, we compared Phsp-6::GFP reporter expression in strains with or 158 

without the ESRE motif in atfs-1 promoter on vector control or after disrupting the box C/D snoRNP 159 

complex. As expected, knocking down the protease induced GFP expression in each condition. Similar to 160 

our previous findings, basal and induced expression of Phsp-6::GFP was lower when ESRE motif was 161 

removed (blue significance marks in Figures 4C-D). Adding RNAi targeting the box C/D machinery to the 162 

ESRE deletion changed basal expression only when RNAi was initiated at L1 stage. Induction of hsp-163 

6::GFP by spg-7(RNAi) was lower when compared to empty vector or when compared to induced 164 

conditions with an intact promoter and box C/D RNAi. These data indicate that the box C/D complex 165 
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regulates UPRmt both via modulation of ESRE pathway (due to a presence of ESRE motif, which is 166 

required for full expression of atfs-1) and independently of ESRE. 167 

 168 
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Contrary to what was observed for UPRmt, fib-1(RNAi), nol-56(RNAi), and nol-58(RNAi) caused a 169 

statistically significant increase in basal expression level of the Ptbb-6::GFP MAPKmt reporter (Figure 5A), 170 

indicating that the box C/D snoRNP complex is directly or indirectly involved in repressing basal 171 

expression of the MAPKmt pathway. This difference disappeared if RNAi targeting the box C/D snoRNP 172 

complex was initiated at the L3 stage (Figure 5B). RNAi at either stage had no effect on Ptbb-6::GFP 173 

expression after induction via spg-7(RNAi). As expected, Ptbb-6::GFP expression was at least partially 174 

dependent upon PMK-3/MAPK14, both under wild-type and box C/D snoRNP conditions (Figure 5C). 175 

Previously we demonstrated that ATFS-1 plays a role in repressing tbb-6 expression (21). Since we 176 

showed above that ATFS-1 activity can depend on box C/D snoRNPs, we tested whether fib-1(RNAi), nol-177 

56(RNAi), or nol-58(RNAi) would affect ATFS-1-mediated repression tbb-6. In each case, atfs-1 178 

knockdown was indistinguishable from atfs-1; snoRNPs double RNAi. (Figure 5D). Combined, these data 179 

argue that the box C/D complex regulates basal expression of the MAPKmt stress response system via 180 

altering levels of ATFS-1. We also speculate that the absence of changes for basal ESRE reporter 181 

expression are due to consistent observations that ESRE network activation must be spurred by 182 

recognition of stress, while Phsp-6::GFP and Ptbb-6::GFP exhibit low levels of expression even in the 183 

absence of stress (18). 184 

We further asked whether localization of these snoRNPs in the nucleolus is necessary for the 185 

regulation to take an effect. We knocked down ruvb-1/RUVB, an AAA+ ATPase that promotes box C/D 186 

snoRNPs assembly and localization to nucleoli (43). Worms reared on ruvb-1(RNAi)-expressing E. coli at 187 

L1 did not show growth arrest. ruvb-1/RUVB knockdown markedly reduced ESRE expression following 188 

stress (Supplementary Figure 1A). However, induced expression of UPRmt was not affected 189 

(Supplementary Figure 1B) and increased in basal expression of MAPKmt reporter was also more modest 190 

than what was observed for C/D snoRNPs knockdown (Supplementary Figure 1C). This suggests that 191 
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localization of box C/D snoRNPs may affect some but not all of the responses of mitochondrial 192 

surveillance. 193 

 194 
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Disruption of box H/ACA snoRNP machinery does not affect mitochondrial surveillance pathways 197 

One possible explanation for the phenomena that we observed was that the reduction of 2'-O-198 

methylation of rRNA compromised normal ribosomal function. If this were true, other broad-scale 199 

ribosomal changes should have similar outcomes. As previously noted, the conversion of dozens to 200 

hundreds of uridine residues to pseudouridine in rRNA is catalyzed by box H/ACA snoRNPs (48, 49). RNAi 201 

was used to target the genes encoding three of the four essential proteins for box H/ACA complex 202 

activity: nola-3/Nop10, Y48A6B.3/Nhp2, and Y66H1A.4/Gar1, and basal and induced expression of 203 

mitochondrial stress reporters were assessed. We observed no significant change of expression for any 204 

of the mitochondrial surveillance pathways tested in either basal or induced conditions (Supplementary 205 

Figure 2). This result indicates that the function of box C/D snoRNPs in regulating mitochondrial 206 

homeostasis is specific. 207 
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Suppressing translation does not recapitulate changes in mitochondrial surveillance caused by disrupting 210 

the box C/D snoRNP complex 211 

2’-O-methylation has a number of effects on ribosome maturation and stability. One possible 212 

consequence of disrupting ribosomal biology is a global reduction in translation (50, 51). Translation 213 

efficiency is known to be a target of surveillance in C. elegans (1, 2). Importantly it was recently shown 214 

that fib-1/FBL knockdown activates irg-1, an innate immune reporter, (38) and we recapitulated these 215 

data and observed increased reporter expression on nol-56(RNAi) and nol-58(RNAi) (Supplementary 216 

Figure 3A). irg-1 is known to respond to translational inhibition, including exposure to exotoxin A, 217 

hygromycin (1, 2), or cycloheximide (Supplementary Figure 3B). For these reasons, Tiku et al, 218 

hypothesized that knockdown of fibrillarin results in the suppression of translation, triggering activation 219 

of innate immunity. Thus, we set out to explore whether the decreased levels of the ESRE reporter 220 

following fib-1(RNAi) are caused by the same mechanism. We tested whether snoRNPs regulate ESRE by 221 

modulating translation. We used RNAi to target the genes encoding components of the eukaryotic 48S 222 

transcription initiation complex, including clu-1/eIF3A, inf-1/eIF4A, ife-2/eIF4E, ifg-1/eIF4G, and 223 

T12D8.2/eIF4H. Since RNAi targeting ifg-1/eIF4G and inf-1/eIF4A compromised development when RNAi 224 

was started at the L1 stage, subsequent experiments were performed by feeding RNAi starting at the L3 225 

stage of development. 226 

Disrupting the 48S complex had no consistent effect on the expression of reporters for the 227 

mitochondrial surveillance pathway, with the exception of inf-1/eIF4A(RNAi), which showed a reduction 228 

in rotenone-mediated ESRE activation and spg-7-mediated UPRmt activation, and increased basal 229 

expression of MAPKmt (Figure 6). However, induction of the Phsp-6::GFP reporter by spg-7(RNAi) was 230 

also significantly decreased for clu-1/eIF3A(RNAi), ifg-1/eIF4G(RNAi), and ife-2/eIF4E(RNAi), suggesting 231 

some specialized interactions (Figure 6B). 232 
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As a final test, we treated reporter worms for each of the three mitochondrial surveillance pathways 233 

with the chemical translational inhibitor cycloheximide under conditions where irg-1 activation was 234 

observed (see Supplementary Figure 3). Cycloheximide did not alter ESRE or MAPKmt reporter 235 

expression (Supplementary Figure 4). These results indicated that general translational reduction is 236 

unlikely to be the mechanism that underlies box C/D snoRNP regulation of the ESRE mitochondrial 237 

surveillance network. 238 

 239 

 240 
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 242 

Box C/D snoRNPs repress innate immune responses 243 

As mentioned above, fibrillarin knockdown has previously been linked to increased pathogen 244 

resistance (38), and we and others observed increased expression Pirg-1::GFP, an immune reporter, in 245 

fib-1(RNAi) worms (Supplementary Figure 3). To test whether disruption of the box C/D snoRNP 246 

complex induced other cellular defense pathways, we monitored the expression of Pirg-5::GFP reporter, 247 

which is activated by a number pathogens and xenobiotics (52, 53) and is relatively insensitive to 248 

translational inhibition (Figure 7A and (2)). 249 

Worms carrying the Pirg-5::GFP reporter were reared on either empty vector or RNAi targeting 250 

components of the box C/D snoRNP complex starting at L1, and then GFP expression was evaluated in 251 

young adults. Interestingly, this disruption activated irg-5 more strongly than P. aeruginosa infection on 252 

agar in empty vector controls (Figure 7B). It is also worth noting that P. aeruginosa infection of worms 253 

with RNAi targeting fib-1 and nol-58 did not increase GFP expression any further than in their uninfected 254 
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counterparts, suggesting that irg-5 induction may have already been maximized. 255 

 256 

As we had observed previously, box C/D RNAi affected ESRE induction differently when RNAi was 257 

started at L1 vs L3. Specifically, increased basal induction was much stronger when RNAi feeding was 258 

initiated at the L1 stage (Figure 7B-C). This observation is also consistent with our interpretation that 259 

Pirg-5::GFP expression is nearly saturated when box C/D is knocked down early in development (Figure 260 
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7B). These results indicate that early developmental C/D snoRNP complexes are required for 261 

appropriate innate immune function later in development. 262 

As irg-5 was not significantly upregulated by the presence of cycloheximide, i.e., by translational 263 

repression, snoRNPs are likely to affect innate immune pathways via multiple mechanisms. irg-5 is 264 

known to be controlled by several transcriptional regulators, including PMK-1/p38 MAPK and ATF-265 

7/ATF7 (53), both which are established regulators of innate immunity in C. elegans (54). ATF-7/ATF7 266 

functions downstream of PMK-1/p38 MAPK, but it can regulate irg-5 activation in response to small 267 

molecule immune stimulator RPW-24 independently of PMK-1/p38 MAPK (53). NHR-86/HNF4 also 268 

regulates irg-5 expression, specifically in response to the xenobiotic compound RPW-24 (55). To 269 

determine whether any of these transcriptional regulators were involved in box C/D regulation of innate 270 

immunity, we compared Pirg-5::GFP expression in worms with double RNAi targeting fib-1/Fibrillarin, 271 

nol-56/Nop56, or nol-58/Nop58 and pmk-1(RNAi), atf-1(RNAi), or nhr-86(RNAi).  272 

Both pmk-1(RNAi) (Figure 7D) and atf-7(RNAi) (Figure 7E) reduced Pirg-5::GFP expression, with the 273 

latter virtually abolishing its expression. nhr-86(RNAi) (Figure 7F) had no apparent effect. These data 274 

suggest that the effects of the box C/D snoRNP complex on irg-5 are upstream of its known regulation 275 

by the ATF-7/ATF7. 276 

This led us to question whether ATF-7 is involved in the regulation of other reporters that are 277 

differentially expressed under box C/D disruption. To test the 3XESRE::GFP reporter, worms were reared 278 

on combinations of empty vector, fib-1(RNAi), atf-7(RNAi), or both starting at the L3 stage. Young adults 279 

were then exposed to rotenone and reporter induction was observed. Knockdown of atf-7 was 280 

indistinguishable from vector control (red “NS” mark), and atf-7(RNAi);fib-1(RNAi) was not different 281 

from just fib-1(RNAi) (blue “NS” mark) (Figure 8A). This indicates that the box C/D regulation of ESRE is 282 

independent of ATF-7 and is different from the regulation of irg-5.   283 
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 284 

We also tested whether the increase in basal expression of Ptbb-6::GFP after fib-1(RNAi) was related 285 

to ATF-7 by rearing the reporter on fib-1(RNAi) alone or with atf-7(RNAi) starting at the L1 larval stage. 286 

As expected, basal levels of the reporter were increased after fib-1(RNAi) but not by atf-7(RNAi) alone 287 

(Figure 8B). However, we did observe an additive effect on Ptbb-6::GFP in atf-7(RNAi);fib-1(RNAi), 288 

suggesting that the two genes work together to limit inappropriate expression of the MAPKmt pathway.  289 

atf-7(RNAi) did not affect expression of irg-1, an immune effector whose basal expression is also 290 
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upregulated upon box C/D snoRNP knockdown (Figure 8C). This suggest that box C/D snoRNPs exhibit 291 

complex modulation of innate immune pathways. Although our previous experiments had ruled out a 292 

role box H/ACA snoRNPs, in the regulation of mitochondrial surveillance (Supplementary Figure 2), we 293 

wanted to investigate their role in innate immunity. A knockdown of box H/ACA did not invoke any 294 

response from the immune genes irg-1 and irg-5 (Supplementary Figure 5), confirming the specificity of 295 

box C/D snoRNPs. 296 

 297 
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The loss of box C/D snoRNPs reduced survival in liquid-based P. aeruginosa killing assay 298 

To test whether the loss of box C/D snoRNPs had physiologically relevant consequences, we 299 

performed P. aeruginosa Liquid Killing and Slow Killing assays to measure survival. Although both assays 300 

use the same pathogen, the virulence and pathogenic mechanisms and the host defenses differ. In the 301 

Liquid Killing assay, host death occurs due to the production of the siderophore pyoverdine, which is 302 

secreted by the bacterium to obtain iron (26, 56). Pyoverdine enters host tissue and removes iron from 303 

mitochondria, causing sufficient damage to inflict death (57, 58). This damage also activates the ESRE 304 

mitochondrial surveillance network, which is important for host defense (20).  305 

The Slow Killing assay is more traditional form of bacterial pathogenesis, where the host intestine is 306 

colonized by the pathogen, and killing involves quorum sensing, although the precise cause of death has 307 

not yet been determined (59, 60). Slow Killing activates the conventional NSY-1/SEK-1/PMK-1 MAPK 308 

pathway, which is the most common antibacterial defense in C. elegans (61-63). Interestingly, there 309 

appears to be little overlap between the two defense networks, as the Slow Killing pathway has no 310 

activation of ESRE and PMK-1 activity is actually detrimental for survival under Liquid Killing conditions 311 

(25, 64).  312 

Worms were reared on RNAi targeting fib-1/Fibrillarin, nol-56/Nop56, or nol-58/Nop58 from the L3 313 

larval stage, and then young adults were exposed to P. aeruginosa strain PA14 either under Liquid Killing 314 

or Slow Killing conditions. As anticipated based on the role of ESRE in improving survival in Liquid Killing 315 

and the observation that box C/D snoRNP knockdown compromises ESRE function, removal of box C/D 316 

function strongly reduced host survival (Figure 9A). Interestingly, we saw the opposite in Slow Killing, 317 

where box C/D snoRNP RNAi slightly, but statistically significantly, increased host survival during P. 318 

aeruginosa intestinal infection (Figure 9B). This is consistent with a prior report that FIB-1 reduces host 319 

survival during infection (38).  320 
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 321 

Discussion 322 

In this study, we identified a role for the box C/D snoRNP complex in regulating the switch between 323 

mitochondrial surveillance and innate immunity. Using biochemical approaches, we made the 324 

unexpected discovery that FIB-1/Fibrillarin and NOL-56/Nop56 were associated with a tandem repeat of 325 

the ESRE motif. This is unexpected for two reasons. First, the RNA sequences that box C/D snoRNAs are 326 

named for, the C (RUGAUGA) and D (CUGA) boxes, have been well-studied. These bear very little 327 
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sequence similarity to the ESRE motif (TCTGCGTCTCT). Although these are each consensus and have 328 

some variability, there is essentially no match, so it seems unlikely that the proteins are recognizing the 329 

ESRE site directly. Second, as noted above, NOL-56/Nop56 appears to recognize one of the protein 330 

components of box C/D snoRNPs, which means that the snoRNA is likely to be present.  331 

Box C/D snoRNPs have recently been linked to an increasing variety of function, including rare cases 332 

of guiding RNA editing (65), tRNA methylation (66), and even association with mRNA (including an 333 

‘orphan’ snoRNA with no known rRNA target that destabilizes several mRNAs) (67, 68). Additionally, 334 

snoRNAs are more frequently found in the cytoplasm after exposure to oxidative stress or heat shock 335 

(69-71), suggesting the possibility that snoRNAs could be leaving the nucleolus to regulate ESRE genes by 336 

methylating mRNAs. But this also seems to be an unlikely mechanism for what we observed. 337 

Approximately 50 box C/D snoRNAs are predicted in the genome of C. elegans. In contrast, the ESRE 338 

nucleotide motif is present in the promoter region of ~8% of predicted genes (22). This numerical 339 

discrepancy makes it rather unlikely that a single snoRNA is responsible for the regulation of all of them, 340 

unless it recognizes the ESRE consensus sequence. None of the snoRNAs predicted in the C. elegans 341 

genome are obvious candidates for recognizing the ESRE motif; in all cases we are aware of, the 342 

hybridization sequence is located between the C and D boxes of the snoRNA, and none of these 343 

matched ESRE. 344 

An alternative hypothesis is that stress signals change snoRNP expression or targeting, resulting in 345 

changes to rRNA modification patterns. Most known box C/D snoRNP targets are in rRNA, and it is worth 346 

noting that some of these are not saturated and the degree to which some sites are modified is 347 

associated with cellular stress (72). This has led to the suggestion that there may be different 348 

populations of ribosomes within cells, some with specialized functions. This could include ribosomes 349 

that more efficiently express stress-responsive genes, altering the transcriptome of the cells. The well-350 
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known integrated stress response, where eIF-2α is phosphorylated and cap-dependent mRNA 351 

translation is substantially decreased in favor of translation from structured mRNA elements called 352 

internal ribosomal entry sites, or IRESes (16), is an example of one such condition. Changes to the 353 

ribosome could then facilitate specification for structured mRNAs. 354 

In this case, we would see increased ESRE gene expression during stress. While we do see increased 355 

expression of ESRE genes during stress, this is at least partially due to transcriptional changes, and we 356 

have not yet seen evidence of translational differences. However, ESRE genes are not known to be 357 

activated by translational inhibitors like P. aeruginosa exotoxin A or hygromycin (1). Targeting the 48S 358 

pre-initiation complex here (Figure 6A) also did not activate ESRE gene regulation. Additionally, we saw 359 

no changes in ESRE gene expression when components of the box H/ACA snoRNP complex were 360 

disrupted. rRNA modification by these ribonucleoprotein complexes are also important and would also 361 

be expected to affect transcription if this were mechanism of ESRE gene regulation. Additionally, stress-362 

responsive ribosomal modifications do not explain the association of the box C/D snoRNP complexes 363 

with the ESRE motif. 364 

Importantly, we found that two immune effectors, irg-1 (Supplementary Figure 3 and (38)) and irg-365 

5, were upregulated by the absence of box C/D snoRNPs. This is consistent with many reports that 366 

disruption of core cellular processes activates innate immune processes (1, 9, 29). In this case, the loss 367 

of box C/D snoRNPs activated irg-1 via translation suppression (38) and irg-5 through an unknown 368 

mechanism. Interestingly, only the loss of ATF-7/ATF7, a transcription factor that regulates irg-5 369 

response to pathogen attack (and partially to xenobiotic compound), was able to completely abolish irg-370 

5 induction by RNAi targeting box C/D snoRNP machinery. This indicated that ATF-7/ATF7, partially 371 

independently of PMK-1/p38 MAPK, regulated irg-5 expression in response to the loss of box C/D 372 

snoRNPs. This is similar to irg-5 induction by the immune stimulator RPW-24 (53). However in this case, 373 
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knockdown of nhr-86/HNF4 did not abolish irg-5 expression, suggesting a different biological 374 

significance of the activation of this ATF-7/ATF7-dependent immune pathway.  375 

 We propose that the box C/D snoRNPs act as a molecular switch that activate quality control 376 

pathways while inhibiting immune responses (Figure 10). The purpose of this novel mechanism may be 377 

to allow mitochondria an opportunity to repair before other cellular defenses (that require extensive 378 

energy expenditure) are activated. Future work will focus on understanding the relationships between 379 

these systems.  380 

 381 
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Methods 382 

C. elegans strains and maintenance 383 

All C. elegans strains were maintained on standard nematode growth medium (NGM) (73) seeded 384 

with Escherichia coli strain OP50 as a food source and were maintained at 20˚C (73), unless otherwise 385 

noted. C. elegans strains used in this study included N2 Bristol (wild-type), SS104 [glp-4(bn2)], WY703 386 

|fdIs2 [3XESRE::GFP]; pFF4[rol-6(su1006)]| (27), SJ4100 |zcIs13 [Phsp-6::GFP]|,|atfs-1(et15); zcIs9 [Phsp-387 

60::GFP]| (74), NVK235 (zcIs13; Patfs-1ΔESRE::ATFS-1WT) (21), SLR115 |dvIs67 [Ptbb-6::GFP + Pmyo-388 

3::dsRed]| (18), AY101 |acIs101 [pDB09.1(Pirg-5::GFP); pRF4[rol-6(su1006)]]| (52), and AU133 389 

|agIs17[Pmyo-2::mCherry + Pirg-1::GFP]| (2). 390 

Worms were synchronized by hypochlorite isolation of eggs from gravid adults, followed by hatching 391 

of eggs in S Basal. 6000 synchronized L1 larvae were transferred onto 10 cm NGM plates seeded with 392 

OP50. After transfer, worms were grown at 20˚C for 50 hours prior to experiments, or for three days for 393 

the next eggs isolation. Young adult worms were used for all assays unless otherwise noted. 394 

 395 

Bacterial strains 396 

RNAi experiments in this study were done using RNAi-competent HT115 obtained from the Ahringer or 397 

Vidal RNAi library (75, 76) and were sequenced prior to use. For P. aeruginosa, PA14 strain was used 398 

(77). 399 

 400 

RNA interference protocol 401 

RNAi-expressing bacteria were cultured and seeded onto NGM plates supplemented with 25 μg/mL 402 

carbenicillin and 1 mM IPTG. When double RNAi was performed, bacteria cultures were mixed with a 1:1 403 

ratio. For RNAi experiment starting at L1, 2000 synchronized L1 larvae were transferred onto 6 cm RNAi 404 
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plates and grown at 20˚C for 50 hours prior to imaging or exposure to chemical compounds or 405 

pathogens. For RNAi experiment starting at L3, 2500 synchronized L1 larvae were transferred onto 6 cm 406 

regular NGM plates seeded with OP50 and grown at 20˚C for 20 hours until reaching the L3 stage. 407 

Worms were then washed off plates, rinsed three times, and transferred onto RNAi plates. Worms were 408 

grown at 20˚C for 30 hours on RNAi plates prior to use for experiments.  409 

 410 

Electrophoretic Mobility Shift Assay (EMSA) and Oligo Pull-down 411 

Cytoplasmic and nuclear protein extraction was performed with Pierce Cytoplasmic and Nuclear 412 

Extraction Kit according to the manufacturer’s protocol. 413 

EMSA was performed by using LightShift® Chemiluminescent EMSA Kit (ThermoFisher). In short, 414 

synchronized young adult glp-4(bn2) worms were exposed to heat shock for 16 h, 1,1-phenanthroline 1 415 

mM for 20 h, rotenone 50 µM for 14 h, or DMSO (solvent control). Worms’ nuclear-enriched extract was 416 

incubated for 20 minutes at room temperature with biotinylated oligos (3XESRE or 4XESRE) as bait in the 417 

appropriate binding conditions (50 ng/μL poly (dI•dC), 5% glycerol, 0.1% NP-40, 2.5 mM MgCl2, 1 mM 418 

EDTA, and 20 fmol biotinylated oligos). Binding reactions were then loaded for electrophoresis in a 419 

polyacrylamide gel until the dye front had migrated ¾ down the length of the gel. Binding reactions 420 

were then transferred to a nylon membrane for 30 minutes at 380 mA. DNA on the membrane was then 421 

crosslinked at 120 mJ/cm2 by using a UV-light crosslinking instrument. Biotin-labeled DNA was then 422 

detected with a series of detection steps before finally exposed to X-ray film. 423 

Oligo pulldown was performed according to the manual for DynaBeads M-280 Streptavidin 424 

(ThermoFisher). In short, magnetic beads were first washed with Binding and Washing buffer (BW 2X) 425 

(10 mM Tris-HCl pH 7.5, 1 mM EDTA, and 2 M NaCl). Beads were then coupled with the biotinylated-426 

4XESRE oligos bait for 15 minutes (with BW 1X). Coated beads were resuspended in PBS buffer (0.1 M 427 
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phosphate, 0.15 M NaCl) pH 7.4 and then incubated with worm nuclear extract for 2 hours at room 428 

temperature, washed, and eluted. Elution samples were sent for tandem MS/MS. 429 

 430 

C. elegans chemical exposure assays 431 

Synchronized young adult worms were washed from NGM plates seeded with OP50 into a 15 mL conical 432 

tube and rinsed three times. Worms were then sorted into a 96-well plate (~100 worms/well). S Basal 433 

supplemented with 50 µM rotenone (Sigma), 2 mg/mL cycloheximide (Sigma), or DMSO (solvent control) 434 

was then added into the wells of the 96-well plate to a final volume of 100 µL. Worms were imaged with 435 

Cytation5 automated microscope every two hours for twenty hours. At least three biological replicates 436 

were performed for each experiment. 437 

 438 

C. elegans pathogenesis assays 439 

Liquid killing was performed essentially as described (56, 78). 25 synchronized young adult worms 440 

were sorted into 384-well plate. Liquid killing medium was mixed with P. aeruginosa PA14 (final OD600: 441 

0.03), and then added into each well. Plates were incubated at 25°C. At time points, plates were washed 442 

three times and worms were stained with SYTOXTM Orange nucleic acid stain for 12 h to stain dead 443 

worms. Plates were then washed and imaged for with Cytation5 automated microscope and dead 444 

worms were quantified with CellProfiler. 445 

Slow Killing was performed as previously described (79). 50 young adult worms were transferred 446 

onto PA14-SK plates and incubated at 25°C. Worms were scored every day for survival curve; dead 447 

worms were removed from assay plates. 448 

P. aeruginosa exposure to worms carrying Pirg-5::GFP (AY101) was performed similarly as SK assay. 449 

500 worms were transferred onto PA14-SK plates. After 8 h, worms were washed off plates into a 96-450 
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well plate and washed several times to remove bacteria. Imaging and GFP quantification were 451 

performed with Cytation5 automated microscope and Gen5 3.0 software. 452 

 453 

Imaging and Fluorescence Quantification 454 

For visualization of the worm reporter strains AU133, AY101, NVK235, SJ4100, SLR115, and WY703 in 96-455 

well plates, Cytation5 Cell Imaging Multi-Mode Reader (BioTek Instruments) was used. All imaging 456 

experiments were performed with identical settings. GFP quantifications were performed by using Gen5 457 

3.0 software and via flow vermimetry (Union Biometrica). 458 

 459 

Statistical Analysis 460 

RStudio (version 3.6.3) was used to perform statistical analysis. One-way analysis of variance (ANOVA) 461 

was performed to calculate the significance of a treatment when there were three or more groups in the 462 

experimental setting. To follow, Dunnett’s test (R package DescTools, version 0.99.34) was performed to 463 

calculate statistical significance or p values between each group of the statistically significant 464 

experimental results. Student’s t test analysis was performed to calculate the p values when comparing 465 

two groups in an experimental setting. Both Dunnett’s test and Student’s t test results were indicated in 466 

graphs as follows: NS not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. 467 
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 666 

Figure 2-source data legend 667 

Proteomic assays revealed the presence of ESRE-binding factor(s). 668 

Source data 1 Raw, unedited electrophoretic mobility shift assay (EMSA) gel with three tandem ESRE 669 
sequences (3XESRE) as a bait. 670 

Source data 2 Raw, unedited EMSA gel with 3XESRE as a bait, with relevant bands labeled as in Figure 671 
2B. 672 

Source data 3 Raw, unedited EMSA gel with four tandem ESRE sequences (4XESRE) as a bait. 673 

Source data 4 Raw, unedited EMSA gel with 4XESRE as a bait, with relevant bands labeled as in Figure 674 
2B. 675 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2021. ; https://doi.org/10.1101/2021.04.28.441759doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.28.441759
http://creativecommons.org/licenses/by/4.0/

