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Abstract: Adenosine to inosine (A-to-I) RNA editing is a highly conserved regulatory process carried 

out by adenosine-deaminases (ADARs) on dsRNAs. Although a considerable fraction of the 

transcriptome is edited, the function of most editing sites is unknown. Previous studies indicate 

changes in A-to-I RNA editing frequencies following exposure to several stress types. However, the 

overall effect of stress on the expression of ADAR targets is not fully understood. Here, we performed 

high-throughput RNA sequencing of wild-type and ADAR mutant C. elegans worms after heat-shock 

to analyze the effect of heat-shock stress on the expression pattern of genes. We found that ADAR 

regulation following heat-shock does not directly involve heat-shock related genes. Our analysis also 

revealed that lncRNAs and pseudogenes, which have a tendency for secondary RNA structures, are 

enriched among upregulated genes following heat-shock in ADAR mutant worms. The same group 

of genes is downregulated in ADAR mutant worms under permissive conditions, which is likely, 

considering that A-to-I editing protects endogenous dsRNA from RNA-interference (RNAi). 

Therefore, temperature increases may destabilize dsRNA structures and protect them from RNAi 

degradation, despite the lack of ADAR function. These findings shed new light on the dynamics of 

gene expression under heat-shock in relation to ADAR function. 
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1. Introduction 

The survival of an organism depends on its ability to cope with environmental stresses. Exposure 

to elevated temperatures, oxidants, and heavy metals results in protein misfolding and aggregation, 

leading to protein homeostasis (proteostasis) disruptions. To counteract these detrimental effects, 

organisms initiate heat-shock response (HSR), an ancient mechanism, conserved from archaebacteria 

to mammals [1,2]. The central players of HSR are molecular chaperones called heat-shock proteins 

(HSPs). An increase in the level of misfolded proteins following heat shock activates a regulator of 

HSP transcription, heat-shock factor 1 (HSF1) [1,2], resulting in expression of HSP, which bind to 

misfolded proteins and enable their refolding into native conformations [2]. 

In multicellular organisms, HSR is not cell-autonomous, but rather regulated by neuronal and 

endocrine pathways. This is done to integrate the response with other organismal processes. In C. 

elegans, the temperature-dependent transcription of HSP genes by HSF1 in all the somatic cells is 

induced by a pair of thermosensory neurons, the AFDs and their postsynaptic partners, the AIYs [3].  

Adenosine to inosine (A-to-I) RNA editing is a highly conserved process, and is known to regulate 

cell function under various stress conditions [4,5]. A-to-I RNA editing is a post-transcriptional RNA 

modification within double-stranded RNA structures by the adenosine deaminase acting on RNA 
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(ADAR) family of enzymes [6]. A-to-I RNA editing is common to all metazoans and is a very 

abundant modification of the transcriptome [7,8]. However the biological significance of the 

phenomena is still not fully understood. Since inosine is read as guanosine by the translational 

machinery, A-to-I RNA editing can recode the transcriptome by substituting amino acids [9,10] and 

altering exon splice sites [11]. Recoding by editing diversifies the proteome thereby improving 

fitness. Editing is important to the central nervous system’s (CNS) function as the majority of 

recoding events in Drosophila and humans affect proteins involved in neurotransmission [12,13]. 

However, most of the editing events in human and in C. elegans occur in non-coding regions including 

introns, 3’ and 5’ untranslated regions (UTRs) and repetitive elements [8], suggesting additional roles 

for editing. For instance, editing destabilizes RNA duplexes by converting A-U base pairs to I-U 

wobbles [14]. In mammals, the disruption of secondary structures of endogenous transcripts by 

ADAR1 prevents activation of the cytosolic innate immune system (IFN response to viral infection) 

[14]. Similarly, in C. elegans, A-to-I editing protects endogenous dsRNA from RNAi, a siRNA-based 

innate immune mechanism aimed at destroying invading viral RNA [15,16]. Absence of ADARs leads 

to an enrichment of siRNAs matching the hyper-edited genomic regions and to the downregulation 

of pseudogenes and lncRNAs in an RNAi dependent manner [17,18]. In contrast to mice and humans, 

C. elegans lacking ADAR genes are viable, but exhibit neurological defects (impaired chemotaxis) as 

well as a reduced lifespan and reduced expression of transgenes [19,20].  

Editing probably only happens in the context of dsRNA. However, the RNA secondary structure 

is highly dynamic, as it stabilizes at low temperatures and melts at high temperatures. Therefore, in 

ectotherms, temperature changes result in editing efficiency changes, making A-to-I editing an 

optimal mechanism for sensing and regulating temperature adaptation. For example, in the octopus, 

the level of Kv1 potassium channel mRNA editing is much higher in the Antarctic specie than those 

living in the tropics. The editing recoding provides the channel with a much faster closing kinetics 

enabling it to maintain rapid firing rates in the cold [9].  

In Drosophila the ADAR enzyme undergoes auto-RNA editing under certain conditions, resulting 

in a less efficient auto-regulatory isoform. Lowering or raising the temperature by 10°C causes a 20% 

increase and 30% reduction in auto-editing levels, respectively [21]. In addition, the editing levels of 

sites within mRNA transcripts decrease following exposure to heat [22,23]. The decreased editing 

level results from alterations in the structure of ADAR’s target RNA as well as from a decrease in the 

expression level of ADAR at high temperatures [24]. Examining the temperature-dependent changes 

of the entire editome of Drosophila revealed that although editing levels at elevated temperature are 

lower, the number of edited sites is significantly greater and they are less evolutionarily conserved 

[4]. These results suggest that due to changes in dsRNA structures at high temperatures, ADAR might 

not bind to its targets, but possibly non-specifically bind to thermodynamically stable dsRNA. On 

the phenotypic level, mutant flies lacking ADAR exhibit considerably more behavioral defects at high 

temperatures [25], and flies expressing low levels of ADAR protein fail to respond to temperature 

elevation by shifting to an adaptive nocturnal activity pattern [4]. Thus, ADAR function seems to 

play an important part in heat-stress response regulation.    

The role of A-to-I RNA editing in the adaptation of nematodes to temperature changes has not 

been previously assessed. To get insight into the roles of A-to-I RNA editing in the adaptation of C. 
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elegans to elevated environmental temperatures, we evaluated the overall gene expression changes 

under restricted heat-shock conditions (340C) in wild-type C. elegans worms and in strains mutated 

in both ADAR genes, adr-1 and adr-2. Our results indicate that despite the regulatory role of ADAR 

enzymes upon heat stress, the expression of heat shock related genes is not affected in the absence of 

RNA editing following heat shock. In addition, a class of RNA editing target genes, lncRNAs, is 

upregulated under heat shock in ADAR mutants, suggesting that temperature increases may affect 

the function of ADAR enzymes in protecting against RNAi. 

2. Materials and Methods  

2.1. Maintenance and growth of C. elegans strains  

The following strains were used in this study: Bristol N2 [26], BB4 adr-1(gv6) I; adr-2(gv42) III [27], 

and BB21 adr-1(tm668) I; adr-2(ok735) III [28]. Strains were maintained at 20°C on NGM with OP50 

bacteria for food and cultured as described in [26]. For embryo isolation, gravid N2 adults were 

treated with sodium hypochlorite solution to dissolve animals of all stages except embryos. The 

embryos were incubated in M9 media at 20°C for 24h with no food supply. Hatched synchronized L1 

larva were grown at 20°C until they reached the L4 larval stage.  

 

2.2. Heat Shock treatmant  

For heat-shock treatment, L4 larva were transferred from the 20°C incubator to a 340C water bath 

for 75 min incubation. Next, the worms were allowed to recover at room-temperature for 20 min and 

then returned to the 20oC incubator for an additional 3 h. Control plates were kept at 20°C for the 

entire time. Three biological replicas for N2 and five biological replicas for ADAR mutants (three and 

two for BB4 and BB21 respectively), were used to perform the heat shock experiments. Before 

collecting the worms, the heat-exposed and the control worms were washed several times with M9 

media to avoid contamination with bacteria, and then snap-frozen in liquid nitrogen and stored at -

800C. 

 

2.3. RNA extraction and mRNA library preparation 

The frozen worms were ground to powder using pre-chilled mortars and pestles. RNA was 

extracted using Direct-Zol RNA MiniPrep Plus (Zymo research) or mirVana (Ambion) according to 

the manufacturer’s instructions. RNA concentrations were measured by a Qubit® Fluorometer using 

the Qubit® RNA HS Assay Kit (Molecular probes) and its quality was confirmed by TapeStation. 

Poly(A) enriched libraries were prepared from RNA samples using the Illumina TruSeq® RNA 

Sample Preparation kit. 

2.4. RNA-seq and gene expression analysis 

mRNA sequencing by Illumina HiSeq 2500 technology was performed with single reads of 50 bp. 

Sequence quality was confirmed using FastQC [29]. Reads were trimmed, collapsed and aligned to 

the WS220 gene transcripts of the C. elegans (Wormbase, www.wormbase.org), using Bowtie [30], 

allowing multiple alignments to include multiple transcripts due to alternative splicing. The 

expression levels for each gene were evaluated by read counts. For gene expression analysis, the two 
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mutant strains: BB4 and BB21 were analyzed together as “ADAR mutant” to avoid allele specific 

changes. The DESeq2 package [31] in R was used to identify differentially-expressed genes upon heat 

shock for each strain, while all samples were taken into consideration in the DEseq2 design. To 

declare significance for genes that were differently expressed under heat shock, we chose a p-value 

threshold after FDR correction of 0.05. Out of all significant genes, we considered only genes that had 

|log2FoldChange|>2 for the analysis. We considered differently-expressed genes that are specific for 

one of the strains if in the other strain the gene had a P-value >0.1 and |log2FoldChange|<2. To test 

the difference in the expression pattern of 3’UTR edited genes and pseudogenes compared to all 

genes, the DEseq [32] package in R was used to identify differentially expressed genes and a Welch 

two-sample T-test was performed on only transcripts with P-adjusted ≤0.05. The lists of 3’UTR edited 

genes and pseudogenes that were used for the analysis are as in [17] 

2.5. Data availability  

The sequence data from this study will be submitted to the NCBI Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/) during review. 

3. Results 

3.1. Gene expression under standard conditions and upon heat-shock 

To investigate the overall effect of stress on the expression pattern of ADAR targets, we heat 

stressed (340C) three and five biological replicas of N2 wild-type and ADAR mutant worms, 

respectively, at the L4 stage. For ADAR mutants, we used two different strains that contain distinct 

alleles (BB21 adr-1(tm668) I; adr-2(ok735) III and BB4 adr-1(gv6) I; adr-2(gv42) III) to make sure that 

the heat shock effect is not allele specific. In parallel, we exposed the same strains to standard 

conditions (20°C) as controls. After recovery, poly(A) enriched libraries were generated from each 

sample and high-throughput mRNA-sequencing (mRNA-seq) was carried out to directly evaluate 

the gene expression pattern of the different strains after heat shock (see experimental flow scheme, 

Figure 1). 
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Figure 1. Schematic view of the heat-shock experiments.  

We initially tested the changes in gene expression between the wild-type and ADAR mutant 

strains under standard conditions. Consistent with our previous data for L4 developmental stage 

[17], the expression of 3’UTR edited genes was reduced in relation to all genes in ADAR mutant 

worms compared to the wild-type (P-value=3.4e-07, Welch two-sample T-test) (Figure 2A) and in 

contrast, the expression of pseudogenes and lncRNAs was slightly increased (P-value=7.7e-03, Welch 

two-sample T-test) (Figure 2B). We further examined the differences in gene expression following 

heat shock in each strain (Supplementary Material File S1) and tested whether genes previously 

identified as related to heat-shock [33] had the same tendency of upregulation or downregulation in 

our study as a response to the stress. Indeed, a large group of known heat-shock related genes was 

upregulated or downregulated, both for the wild-type and the ADAR mutants (Figure 2C-D, 

Supplementary Material File S2) as earlier found [33] (note that some of the genes were not 

significantly altered but had the expected tendency). The genes hsp-16.2, hsp-16.11, and hsp-70, which 

are considered as hallmarks of the heat-shock response [33], were specifically examined. Indeed, 

these genes were upregulated in both strains after heat shock (Figure 2C-D). Therefore, our 
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experiment resulted in a proper heat-shock response and known heat-shock related genes were 

differentially expressed upon our heat-shock conditions, with and without A-to-I RNA editing. 

 

 

Figure 2. Gene expression changes under standard conditions and upon heat shock. (A-B) Log scale plots 

presenting normalized gene counts of at least three biological samples in ADAR mutant worms compared to 

wild-type (N2) worms, under standard conditions. Grey dots represent all genes, blue dots represent 3′ UTR-

edited genes (A) and pseudogenes and lncRNAs (B), and the black line is the regression line for all genes. (C-D) 

Log scale plots representing normalized gene counts of at least three biological samples under heat shock 

compared to standard conditions, for N2 (C) and for ADAR mutant (D). Grey dots are all genes, the black line is 

the regression line for all genes, green and red dots are upregulated and downregulated heat shock related genes, 

respectively, as reported by Brunquell, et al. 2016 [33] that had the same tendency in our study. HS, heat shock. 

For all figures (A-D), only genes that their normalized gene count was higher than 20 are presented. 

3.2. Expression of heat-shock genes upon heat stress is not affected by ADAR function  

To analyze the effect of heat shock stress on the expression pattern of edited genes, and genes that 

are indirectly regulated by A-to-I RNA, we compared between the ADAR mutants and the wild-type 

gene-expression changes upon heat shock. Only genes with |log2FoldChange|>2 and P-adjusted 
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≤0.05 were considered significantly differentially-expressed genes. The results indicate the existence 

of genes that are similarly affected upon heat shock in both the wild-type and the ADAR mutants, 

but also of a group of genes that is variously expressed in only one of the strains (Figure 3A). The 

number of genes that were only differentially expressed in the ADAR mutants was 2.8 fold higher 

than in the wild-type. 

 

Figure 3. Differentially expressed sets of genes under heat shock that are specific to the ADAR mutant or N2 

and are not heat-shock related genes. (A) A plot representing the Log2 fold-change values (gene expression after 

heat shock versus standard conditions) of the ADAR mutants vs. the wild-type (N2). Grey dots represent all 

genes, orange dots represent significant differentially-expressed genes in both ADAR mutant and N2 worms, 

blue dots represent significant differentially-expressed genes specific to ADAR mutant worms, and red dots 

represent significant differentially-expressed genes specific to N2 worms. HS, heat shock; DE, differentially 

expressed. (B) A Venn diagram showing that the previously identified heat-shock related genes are highly 

enriched among genes that were differentially expressed in both ADAR mutants and N2. The number of heat 

shock genes and the differentially-expressed genes are shown in brown and orange, respectively. (C) A Venn 

diagram depicting that previously identified heat-shock genes are not enriched among genes that were only 

differentially expressed in either ADAR mutant or N2. The number of heat-shock genes, differentially-expressed 

genes in the ADAR mutants only, and differentially-expressed genes in N2 only are shown in brown, blue and 

red, respectively. NS, non-significant (P-value>0.05). 

Most of the genes whose expression was altered under heat shock were upregulated (81% and 

93% for the ADAR mutants and the wild-type, respectively) with a small fraction of downregulated 

genes (Supplementary Material File S1). If considering the genes that were differentially-expressed 

only in the wild-type, 97% were upregulated. But interestingly, among genes that were differentially-

expressed only in ADAR mutants, just 72% were upregulated , which is less than expected by chance 

compared to the 81% upregulation among all genes whose expression was altered (P value=4.9e-05, 

hypergeometric test). Therefore, ADAR’s function under heat shock may be to prevent the 

downregulation of genes, possibly due to their importance for cell function under stress conditions. 
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To examine whether RNA editing regulation under heat stress directly involves heat-shock genes, 

we tested the number of the genes that were significantly differentially expressed upon heat shock in 

this study that are classified as known heat-shock related genes. We found that the heat-shock related 

genes were highly enriched in the group of genes that were significantly differentially-expressed in 

both the wild-type and the ADAR mutants strains (Figure 3B, P-value= 2.56e-21, hypergeometric 

test). However, heat-shock related genes were not enriched in the significant differentially-expressed 

sets of genes that are specific to the wild-type or to the ADAR mutants under heat shock (Figure 3C, 

P-value>0.05). We concluded that A-to-I RNA editing plays a part in the regulation of heat stress, but 

does not directly affect the expression of heat-shock related genes. 

3.3. Pseudogenes and lncRNAs are differentially expressed upon heat shock in ADAR mutants 

We previously found that the expression of 3’UTR edited genes, pseudogenes and lncRNAs is 

affected by RNA editing, under standard conditions [17]. Therefore, we tested whether the expression 

of 3’UTR-edited genes, lncRNAs and pseudogenes is specifically affected in ADAR mutants under 

heat stress compared to the wild-type. Genes edited at their 3’UTR were not present among affected 

genes upon heat shock (Figure4 B,C). However, lncRNAs and pseudogenes were significantly 

enriched in upregulated genes which are specific to the ADAR mutant (Figure 4 A; Figure 4 F, P-

value=1.78e-09, hypergeometric test), but not in the wild-type or in genes that were differentially 

expressed in both strains (Figure 4 D,E, P-value>0.05). As previously mentioned, the expression of all 

pseudogenes and lncRNAs was slightly increased in relation to the entire genes in ADAR mutant 

worms compared to the wild-type, under standard conditions (Figure 2B). However, interestingly, 

the group of lncRNAs and pseudogenes that was enriched in upregulated genes which are specific 

to the ADAR mutant under heat-shock, was downregulated in ADAR mutant worms compared to 

the wild-type under standard conditions (Figure S1) (P-value = 6.7e-05, Welch two-sample T-test). A 

possible role for A-to-I editing is to protect dsRNAs from RNAi degradation by preventing DICER 

from processing the dsRNAs [17,34]. Therefore, in the absence of ADARs, RNAi can process the 

dsRNA and cause downregulation of pseudogenes which are normally edited. Indeed, 

downregulation of pseudogenes was observed in our previous study, in embryos [17]. 

Downregulation in the current study was also seen for lncRNAs and pseudogenes that were enriched 

in upregulated genes specific to the ADAR mutant under heat-shock. These results suggest that 

temperature increases may destabilize dsRNA structures and protect them from RNAi degradation, 

despite the lack of ADAR function. 
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Figure 4. lncRNAs and pseudogenes are upregulated upon heat shock in ADAR mutants. (A) Scatter plot 

presenting log2 fold-change values (gene expression after heat shock versus standard conditions) of the ADAR 

mutants compared to the wild-type (N2). Grey dots are all genes, blue dots are significant differentially-

expressed genes specific to ADAR mutants, purple dots are significant-differentially expressed pseudogenes 

specific to ADAR mutants. HS, heat shock; DE, differentially expressed. (B,C) Venn diagrams showing that genes 

edited at their 3’UTR are not enriched among genes that were differentially expressed under heat shock. The 

number of 3’UTR edited genes, differentially-expressed in both N2 and the ADAR mutants, differentially-

expressed in the wild-type only, and differentially-expressed in the ADAR mutants only are shown in purple, 

orange, red, and blue, respectively. (D,E) Venn diagrams showing that pseudogenes and lncRNAs are not 

enriched among genes that were differentially-expressed in both ADAR mutants and wild-type or in wild-type 

only. The number of pseudogenes, differentially-expressed genes in N2 only (D) and differentially-expressed 

genes in both N2 and ADAR mutants (E), are shown in purple, red, and orange, respectively. (F) Venn diagram 

depicting that pseudogenes are significantly enriched among upregulated genes, which are specific to the ADAR 

mutant. The number of pseudogenes, the upregulated genes, and the downregulated genes are shown in purple, 

blue, and green respectively. NS, non-significant (P-value>0.05). 

3.4. No substantial enrichment of gene ontology (GO) terms in ADAR specifically expressed genes after heat 

shock  

To see whether there is an enrichment of biological processes and molecular functions in the 

different groups of differentially-expressed genes, we used Gorilla by hypergeometric distribution 

analysis [35,36]. For the background set of genes, we used all expressed genes. The analysis resulted 

in substantial gene ontology (GO) terms for genes that were differentially expressed in both strains 

(Table 1). The top ranked enriched GO terms of biological process belong to the stress and unfolded 

protein response, which are classic heat-shock response mechanisms (Table 1). GO terms of 

molecular function were mostly related to structural activity (Table 2). 
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Genes that were differentially-expressed specifically in one of the strains after heat shock did not 

yield any significant enrichment. Since we previously restricted the conditions for genes that were 

significantly differentially-expressed but also had |log2FoldChange|>2, for enrichment purposes 

we extended the list of genes to include all significant genes (P-adjusted ≤0.05), with no conditions 

regarding the log2FoldChange. This is assuming that not all genes sharing biological processes or 

functions are necessarily among the highly influenced genes.  

For differentially expressed genes that are specific to the ADAR mutants, significant enrichment 

of biological processes was still not found and only few molecular function categories were 

enriched. This is probably because the functions of most of the lncRNAs and pseudogenes are not 

annotated. However, we did find a substantial enrichment for genes that were differentially 

expressed only in wild-type according to biological process (Table 1) and molecular function GO 

terms (Table 2). The enriched GO terms for only the wild-type are not directly related to known 

stress response mechanisms, as obtained for GO terms that were differentially expressed for both 

strains.  

To confirm the enrichment, we ran the same process 10 times with randomly selected genes. 

Random lists did not result in enrichment of any process or function with P-adjusted < 0.01. Thus, 

the results appear to be strong.  

We concluded that similarly affected genes in both the wild-type and ADAR mutants are related 

to stress, and genes affected in wild-type worms only are not stress related. Since the main group of 

affected genes in the ADAR mutant worms, are lncRNAs and pseudogenes, is not annotated, no 

substantial enrichment of GO terms would be obtained. 
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Table 1. Enrichment of differentially expressed genes according to biological process GO term categories 

 GO term Description P value P adjusted 
1Enrichment (N, B, n, 

b) 

DE genes in 

both N2 

and ADAR 

mutants 

GO:0030968 
endoplasmic reticulum unfolded 

protein response 
5.02E-17 2.98E-13 12.02 (13581,55,411,20) 

GO:0034976 
response to endoplasmic reticulum 

stress 
6.05E-13 1.8E-9 7.78 (13581,85,411,20) 

GO:0006950 response to stress 3.84E-7 7.61E-4 2.06 (13581,850,411,53) 

GO:0030198 extracellular matrix organization 1.35E-6 2.01E-3 6.88 (13581,48,411,10) 

GO:0043062 extracellular structure organization 1.65E-6 1.96E-3 6.74 (13581,49,411,10) 

DE genes 

which are 

specific to 

N2  

GO:0003824 catalytic activity 1.88E-19 4.76E-16 
1.51 

(13581,4033,756,338) 

GO:0032559 adenyl ribonucleotide binding 3.42E-19 4.32E-16 
2.35 

(13581,909,756,119) 

GO:0030554 adenyl nucleotide binding 4.46E-19 3.77E-16 
2.34 

(13581,912,756,119) 

GO:0043168 anion binding 8.36E-19 5.29E-16 
2.04 

(13581,1367,756,155) 

GO:0005524 ATP binding 2.29E-18 1.16E-15 
2.33 

(13581,895,756,116) 

GO:0032555 purine ribonucleotide binding 3.54E-18 1.49E-15 
2.16 

(13581,1107,756,133) 

GO:0017076 purine nucleotide binding 4.82E-18 1.74E-15 
2.15 

(13581,1111,756,133) 

GO:0032553 ribonucleotide binding 1.11E-17 3.52E-15 
2.13 

(13581,1122,756,133) 

GO:0035639 
purine ribonucleoside triphosphate 

binding 
1.16E-17 3.25E-15 

2.15 

(13581,1085,756,130) 

GO:1901265 nucleoside phosphate binding 2.79E-17 7.06E-15 
2.04 

(13581,1249,756,142) 

GO:0000166 nucleotide binding 2.79E-17 6.42E-15 
2.04 

(13581,1249,756,142) 

GO:0097367 carbohydrate derivative binding 1.1E-15 2.31E-13 
2.01 

(13581,1186,756,133) 

GO:0036094 small molecule binding 1.1E-15 2.14E-13 
1.92 

(13581,1383,756,148) 

GO:0008144 drug binding 2.07E-14 3.75E-12 
2.04 

(13581,1049,756,119) 

GO:0140096 catalytic activity, acting on a protein 7.64E-14 1.29E-11 
1.86 

(13581,1359,756,141) 

GO:0016773 
phosphotransferase activity, alcohol 

group as acceptor 
3.23E-12 5.12E-10 2.43 (13581,518,756,70) 

GO:0004672 protein kinase activity 5.47E-12 8.15E-10 2.52 (13581,456,756,64) 

GO:0016301 kinase activity 1.51E-11 2.12E-9 2.28 (13581,582,756,74) 

GO:0016772 
transferase activity, transferring 

phosphorus-containing groups 
1.52E-9 2.03E-7 2.02 (13581,693,756,78) 

GO:0004715 
non-membrane spanning protein 

tyrosine kinase activity 
2.15E-9 2.72E-7 6.12 (13581,47,756,16) 

GO:0004721 
phosphoprotein phosphatase 

activity 
8.29E-9 9.99E-7 3.18 (13581,175,756,31) 

GO:0043167 ion binding 8.62E-9 9.91E-7 
1.42 

(13581,2741,756,216) 

GO:0004725 
protein tyrosine phosphatase 

activity 
1.82E-8 2E-6 3.99 (13581,99,756,22) 

GO:0016787 hydrolase activity 2.72E-8 2.87E-6 
1.55 

(13581,1654,756,143) 

GO:0016791 phosphatase activity 1.5E-7 1.52E-5 2.67 (13581,229,756,34) 

GO:0016740 transferase activity 3.82E-7 3.72E-5 
1.51 

(13581,1621,756,136) 

GO:0042578 phosphoric ester hydrolase activity 2.4E-6 2.25E-4 2.34 (13581,269,756,35) 

GO:0016788 
hydrolase activity, acting on ester 

bonds 
3.77E-6 3.41E-4 1.92 (13581,497,756,53) 

GO:1901363 heterocyclic compound binding 6.18E-6 5.39E-4 
1.30 

(13581,3011,756,218) 
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GO:0097159 organic cyclic compound binding 8.02E-6 6.76E-4 
1.30 

(13581,3022,756,218) 

GO:0004713 protein tyrosine kinase activity 1.09E-5 8.89E-4 3.32 (13581,92,756,17) 

1N, total number of genes; B; total number of genes associated with a specific GO term; n, number of differentially expressed 

genes; b, number of genes in the intersection; Enrichment, (b/n) / (B/N).  
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Table 2. Enrichment of differentially expressed genes according to molecular function GO term 

categories 

 GO term Description 
P 

value 

P 

adjusted 

1Enrichment (N, B, n, 

b) 

DE genes in both 

N2 and ADAR 

mutants 

GO:0042302 structural constituent of cuticle 3.01E-36 7.62E-33 9.89 (13581,167,411,50) 

GO:0005198 structural molecule activity 8.43E-21 1.07E-17 4.31 (13581,429,411,56) 

GO:0005201 
extracellular matrix structural 

constituent 
2.8E-7 2.36E-4 8.06 (13581,41,411,10) 

GO:0004222 metalloendopeptidase activity 9.63E-6 6.09E-3 4.30 (13581,100,411,13) 

DE genes which 

are specific to N2 

GO:0003824 catalytic activity 1.88E-19 4.76E-16 1.51 (13581,4033,756,338) 

GO:0032559 adenyl ribonucleotide binding 3.42E-19 4.32E-16 2.35 (13581,909,756,119) 

GO:0030554 adenyl nucleotide binding 4.46E-19 3.77E-16 2.34 (13581,912,756,119) 

GO:0043168 anion binding 8.36E-19 5.29E-16 2.04 (13581,1367,756,155) 

GO:0005524 ATP binding 2.29E-18 1.16E-15 2.33 (13581,895,756,116) 

GO:0032555 purine ribonucleotide binding 3.54E-18 1.49E-15 2.16 (13581,1107,756,133) 

GO:0017076 purine nucleotide binding 4.82E-18 1.74E-15 2.15 (13581,1111,756,133) 

GO:0032553 ribonucleotide binding 1.11E-17 3.52E-15 2.13 (13581,1122,756,133) 

GO:0035639 
purine ribonucleoside triphosphate 

binding 
1.16E-17 3.25E-15 2.15 (13581,1085,756,130) 

GO:1901265 nucleoside phosphate binding 2.79E-17 7.06E-15 2.04 (13581,1249,756,142) 

GO:0000166 nucleotide binding 2.79E-17 6.42E-15 2.04 (13581,1249,756,142) 

GO:0097367 carbohydrate derivative binding 1.1E-15 2.31E-13 2.01 (13581,1186,756,133) 

GO:0036094 small molecule binding 1.1E-15 2.14E-13 1.92 (13581,1383,756,148) 

GO:0008144 drug binding 2.07E-14 3.75E-12 2.04 (13581,1049,756,119) 

GO:0140096 catalytic activity, acting on a protein 7.64E-14 1.29E-11 1.86 (13581,1359,756,141) 

GO:0016773 
phosphotransferase activity, alcohol 

group as acceptor 
3.23E-12 5.12E-10 2.43 (13581,518,756,70) 

GO:0004672 protein kinase activity 5.47E-12 8.15E-10 2.52 (13581,456,756,64) 

GO:0016301 kinase activity 1.51E-11 2.12E-9 2.28 (13581,582,756,74) 

GO:0016772 
transferase activity, transferring 

phosphorus-containing groups 
1.52E-9 2.03E-7 2.02 (13581,693,756,78) 

GO:0004715 
non-membrane spanning protein 

tyrosine kinase activity 
2.15E-9 2.72E-7 6.12 (13581,47,756,16) 

GO:0004721 phosphoprotein phosphatase activity 8.29E-9 9.99E-7 3.18 (13581,175,756,31) 

GO:0043167 ion binding 8.62E-9 9.91E-7 1.42 (13581,2741,756,216) 

GO:0004725 protein tyrosine phosphatase activity 1.82E-8 2E-6 3.99 (13581,99,756,22) 

GO:0016787 hydrolase activity 2.72E-8 2.87E-6 1.55 (13581,1654,756,143) 

GO:0016791 phosphatase activity 1.5E-7 1.52E-5 2.67 (13581,229,756,34) 

GO:0016740 transferase activity 3.82E-7 3.72E-5 1.51 (13581,1621,756,136) 

GO:0042578 phosphoric ester hydrolase activity 2.4E-6 2.25E-4 2.34 (13581,269,756,35) 

GO:0016788 hydrolase activity, acting on ester bonds 3.77E-6 3.41E-4 1.92 (13581,497,756,53) 

GO:1901363 heterocyclic compound binding 6.18E-6 5.39E-4 1.30 (13581,3011,756,218) 

GO:0097159 organic cyclic compound binding 8.02E-6 6.76E-4 1.30 (13581,3022,756,218) 

GO:0004713 protein tyrosine kinase activity 1.09E-5 8.89E-4 3.32 (13581,92,756,17) 

DE genes which 

are specific to 

ADAR mutant 

GO:0098772 molecular function regulator 2.98E-6 7.56E-3 2.04 (13581,396,772,46) 

GO:0004867 
serine-type endopeptidase inhibitor 

activity 
5.28E-6 6.68E-3 4.69 (13581,45,772,12) 

GO:0004866 endopeptidase inhibitor activity 1.39E-5 8.82E-3 4.01 (13581,57,772,13) 

1N, total number of genes; B; total number of genes associated with a specific GO term; n, number of 

differentially expressed genes; b, number of genes in the intersection; Enrichment, (b/n) / (B/N). 
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4. Discussion 

In this study, we sought to gain insight into the roles of A-to-I RNA editing in C. elegans adaptation 

to heat stress. The ADAR mutant worms that were used contained distinct alleles, to negate any allele 

specific effect. Heat shock treatment was conducted under 340C for 75 min, which is strong enough 

to invoke a massive stress response but is also tolerated by the nematodes [37]. We then explored the 

role of RNA A-to-I editing, by comparing between the gene-expression profiles of the wild-type strain 

and the ADAR mutant, under heat shock. The rationale was that genes whose expression is altered 

in a similar manner upon heat shock are part of stress response mechanisms not affected by ADAR 

function. However, the A-to-I RNA editing effect can be tracked by identifying genes that are 

differentially altered in only one of the strains. 

4.1. A-to-I RNA editing does not directly affect heat shock related genes upon heat stress 

Since the HSR is a well-defined mechanism, we first tested the extent of changes in expression 

upon heat stress for known heat-shock genes and transcripts that were previously identified as 

related to heat-shock [33]. As expected, a large number of heat-shock related genes were upregulated 

or downregulated in according to previous reports in the wild-type [33]. When analyzing the number 

of known heat-shock related genes that were differentially expressed in only one of the strains, we 

did not find an enrichment. However, heat shock genes were highly enriched among the group of 

genes that were differentially expressed in both strains (Figure 3). These results imply that A-to-I 

RNA editing does not directly involve heat shock related genes as part of an adaptation to heat shock. 

The editing in Drosophila was shown to be much less efficient in elevating temperatures [21]. It is 

therefore likely that the most important group of proteins under heat shock, HSPs and their related 

proteins, would not be regulated by its function. It should be noted that in this study, ADAR enzymes 

were slightly downregulated under heat shock, but this downregulation did not reach statistical 

significance (Supplementary Material File S1). In addition, since in C. elegans, no significant examples 

of editing sites in coding regions that can change protein structure were found [17,38] and the changes 

in the expression of edited genes is mild [17], it is probable that heat-shock proteins will not be 

affected by the ADAR function in C. elegans. Corroborating these findings is the enrichment of GO 

terms for differentially-expressed genes in both strains that belong to response to stress and unfolded 

protein response, which are classic HSPs response mechanisms. 

It is still possible that there is some effect on the heat shock related genes, as it has been shown 

that the melting of mRNA secondary structures at high temperatures, directly causes the synthesis 

and binding of HSP transcription factors [39].  

4.2. A-to-I RNA editing regulates the heat stress response 

Although it was found that A-to-I RNA editing does not regulate heat-shock related genes upon 

heat shock, ADAR does seem to play an important part in the regulation of the heat stress response 

according to previous studies in Drosophila, mostly in behavioral patterns [4,25]. Our results suggest 

that ADARs in C. elegans counter downregulation of some of the genes under heat shock. This was 

shown by the significant higher fraction of downregulated genes among differentially expressed 

genes that are specific to the ADAR mutants (28%) as compared to all genes whose expression 

levels were altered in the ADAR mutant (19%). Downregulation was minor (3%) among 
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differentially expressed genes that are specific to wild-type worms (Supplementary Material File 

S1). This may indicate that A-to-I editing protects endogenous dsRNA that stays stable under heat 

shock from RNAi, as happens under standard conditions [15,16]. This finding is supported by a 

reported molecular model suggesting that although the ADAR protein is present at lower 

concentrations under heat stress compared to standard conditions, highly stable RNA structures are 

still edited [40].  

ADAR may also function to restrict the regulation of genes under stress. This is implied by the 

greater number of genes (2.8 fold) that are specifically differently-expressed in the ADAR mutants 

compared to the wild-type. Furthermore, no substantial enrichment of GO terms was found in ADAR 

specifically differently expressed genes after heat shock, even when relaxing the conditions and 

extending the list of genes. However, we did identify distinct biological processes and molecular 

functions that were specific to the wild-type. Many of these biological processes and functions are 

related to ongoing maintenance mechanisms of the cell. It is possible that A-to-I-RNA editing under 

heat stress is important for ensuring that the essential processes during stress do not fail. However, 

A-to-I-RNA editing does not regulate special proteins that are evoked during heat stress.  

Since the nature of A-to-I-RNA editing is to be oppositely regulated under cold-shock and heat-

shock, it is reasonable that its role will differ between these stress types [21]. This was seen in octopus 

where high editing rates provide the potassium channel with a much faster closing kinetics only in 

the cold, but not under high temperatures [9]. Future studies will be needed to characterize the role 

of ADARs under cold-shock in C. elegance and to compare it to heat-stress. 

4.3. Elevating temperatures may destabilize dsRNA structures and protect them from RNAi degradation, 

despite the lack of ADAR function  

Since one of the main goals of this study was to test the effect of heat-shock stress on the expression 

pattern of edited genes, an obvious question was whether the expression of ADAR targeted genes 

changes under heat-shock. We previously showed that two main groups of ADAR-target genes, 

lncRNAs and 3’UTR edited genes, are affected in the absence of ADARs under standard conditions 

[17]. We also observed the same effect under standard conditions in the current study. When testing 

the effect of ADAR’s absence upon heat shock on these group of genes, we found that 3’UTR edited 

genes were not differently expressed upon heat shock in any of the strains. However, lncRNAs and 

pseudogenes were significantly upregulated upon heat shock in the ADAR mutants, but not in the 

wild-type or in genes that were differentially expressed in all strains. The expression of lncRNAs and 

pseudogenes slightly increases in ADAR mutant worms compared to the wild-type under standard 

conditions. However, when testing only the lncRNAs and pseudogenes that were significantly 

upregulated upon heat shock in the ADAR mutants, downregulation is observed under standard 

conditions. We have also shown that in embryos, there is a downregulation of lncRNAs rather than 

upregulation [17]. This observation may indicate that although we started the heat shock treatment 

with L4 larval stage worms, some of the worms possibly progressed through their life cycle and 

generated embryos, due to ongoing incubation times subsequent to the heat shock treatment. 
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A possible role for A-to-I editing is to protect dsRNA from degradation by RNAi by preventing 

DICER from processing the dsRNA [17,34]. Therefore, under standard conditions in the absence of 

ADARs, RNAi can process the dsRNA and cause downregulation of pseudogenes which are 

normally edited. It is possible that a temperature increase reduces the stability of the dsRNA 

structure, making them less desirable as DICER substrates and therefore pseudogenes will be mostly 

upregulated in comparison to standard conditions. It is possible that the dsRNA structures of 3’UTR 

edited genes are more stable in elevated temperatures than the structures of the pseudogenes and 

therefore we did not observed a change in their expression levels after heat shock in the absence of 

ADARs.  

In this study we identified upregulation of lncRNA and pseudogenes in ADAR mutants, under 

heat stress. Upregulation of a highly edited lncRNA, rncs-1 was also seen under starvation conditions 

[41]. This gene was not among the genes that were significantly upregulated upon heat shock in the 

ADAR mutants in this study. More studies will be needed to define possible relations between editing 

and the upregulation of lncRNAs under various stress conditions. 

To conclude, our results suggest that under standard conditions in the absence of RNA editing, 

RNAi processing of the dsRNA is enhanced leading to degradation and downregulation, while under 

heat shock the dsRNA structures are destabilized preventing RNAi processing even in the absence 

of RNA editing, which leads to upregulation of gene expression in ADAR mutants.  

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

Pseudogenes that are upregulated in the ADAR mutants under heat shock are downregulated in ADAR mutants 

under standard conditions. Supplementary Material File S1: Gene expression analysis, Supplementary Material 

File S2: Heat-shock related genes that that were upregulated or downregulated in both wild-type and ADAR 

mutants. 
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