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A B S T R A C T   

Methylation of histone H3 at lysine 79 (H3K79) is conserved from yeast to humans and is accomplished by Dot1 
(disruptor of telomeric silencing-1) methyltransferases. The C. elegans enzyme DOT-1.1 and its interacting 
partners are similar to the mammalian DOT1L (Dot1-like) complex. The C. elegans DOT-1.1 complex has been 
functionally connected to RNA interference. Specifically, we have previously shown that embryonic and larval 
lethality of dot-1.1 mutant worms deficient in H3K79 methylation was suppressed by mutations in the RNAi 
pathway genes responsible for generation (rde-4) and function (rde-1) of primary small interfering RNAs (siR
NAs). This suggests that dot-1.1 mutant lethality is dependent on the enhanced production of some siRNAs. We 
have also found that this lethality is suppressed by a loss-of-function of CED-3, a conserved apoptotic protease. 
Here, we describe a comparison of gene expression and primary siRNA production changes between control and 
dot-1.1 deletion mutant embryos. We found that elevated antisense siRNA production occurred more often at 
upregulated than downregulated genes. Importantly, gene expression changes were dependent on RDE-4 in both 
instances. Moreover, the upregulated group, which is potentially activated by ectopic siRNAs, was enriched in 
protease-coding genes. Our findings are consistent with a model where in the absence of H3K79 methylation 
there is a small RNA-dependent activation of protease genes, which leads to embryonic and larval lethality. 
DOT1 enzymes’ conservation suggests that the interplay between H3K79 methylation and small RNA pathways 
may exist in higher organisms.    

Abbreviations 
C. elegans Caenorhabditis elegans; 
H3K79 histone H3 lysine 79; 
Dot1 disruptor of telomeric silencing-1; 
DOT1L Dot1(yeast)-like; 
dsRNA double-stranded RNA; 
RNAi RNA interference; 
exo-RNAi RNAi induced by exogenous dsRNA; 
rde-1/4 RNAi-deficient; 
siRNA small interfering RNA; 
zfp-1 zinc finger protein-1; 
alg-3/4/5 Argonaute (plant)-like gene; 
RdRP RNA-dependent RNA polymerase; 
sago-2 synthetic secondary siRNA-deficient ArGOnaute mutant. 

1. Introduction 

C. elegans H3K79 methyltransferase DOT-1.1 and its interacting 
partner zinc finger protein 1 (ZFP-1) are analogous to the human DOT1L 
and AF10 (acute lymphoblastic leukemia 1-fused gene from chromo
some 10) [1]. Both DOT-1.1 [2] and DOT1L [3,4] are essential for 
development and have been implicated in enhancer regulation through 
maintaining open chromatin structure [5,6]. DOT1L plays important 
roles in erythropoiesis [7], craniofacial development [8], bone 
morphogenesis [9], neurodevelopment [10,11], cardiac health [12], 
brown fat generation [13], and immune system function [14–16]. In
hibition of DOT1L leads to the higher efficiency of iPSC (induced 
pluripotent stem cell) production [17]. DOT1L is also an oncoprotein 
initially described in connection to leukemias driven by MLL fusion 
proteins [18] and later implicated in numerous other cancers (reviewed 
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in [19]), most notably triple-negative breast cancer [20,21]. Notably, 
DOT1L deficiency allowed increased influenza virus replication in cell 
culture [22]. 

In C. elegans, the function of the zfp-1 gene, together with a group of 
other genes coding for chromatin-interacting proteins, has been con
nected to modulating double-stranded RNA (dsRNA)-induced gene 
silencing (i.e. RNA interference or RNAi) [23]. We have recently 
described the elevation of antisense transcription upon zfp-1 
reduction-of-function, which suggested a potential for the generation of 
ectopic dsRNA and activation of the dsRNA-responsive RNAi pathway 
[1,2]. 

Mutations in the rde-1 and rde-4 genes were among the first RNAi- 

resistant mutants identified in C. elegans [24]. RDE-4 binds dsRNA 
[25,26] and is critical for Dicer-mediated dsRNA cleavage generating 
primary siRNAs [25,27], whereas RDE-1 is an Argonaute protein bind
ing primary siRNAs and facilitating their function [28]. In addition to 
primary siRNAs, more abundant secondary siRNAs are produced by 
RNA-dependent RNA polymerases (RdRP) and act downstream of pri
mary siRNAs in gene silencing (reviewed in [29]). Whereas RDE-1 and 
RDE-4 are essential for the exo-RNAi pathway initiated experimentally 
[24] and important in antiviral defense [30], their role in the numerous 
known endogenous siRNA pathways that both silence and activate genes 
is limited (reviewed in [29]). 

The idea of the potential ectopic activation of the dsRNA-responsive 

Fig. 1. Hierarchical cluster analysis of differentially expressed miRNAs in dot-1.1(knu339). 
11 miRNAs are upregulated and 5 are downregulated in dot-1.1(knu339); ced-3(n1286) relative to ced-3(n1286) mutants. The color from blue to red represents the 
log10(TPM+1) value in ascending order. TPM: transcript per million. 
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RNAi pathway when the function of the DOT-1.1 complex is reduced 
prompted us to test whether lethality of the dot-1.1 deletion mutant 
could be suppressed by rde-1 or rde-4 null mutants, and, indeed, it was 
suppressed [2]. This finding strongly suggests that primary siRNAs 
produced by RDE-4 and bound by RDE-1 cause dot-1.1 mutant lethality. 
When generating a dot-1.1 deletion via CRISPR-Cas9 we were only able 
to get heterozygous, and, eventually, homozygous dot-1.1 mutants 
deficient in H3K79 methylation in the ced-3 mutant background [2]. 
CED-3 is a conserved cysteine protease acting at the execution phase of 
apoptosis (reviewed in [31]). Thus, we conclude that dot-1.1(-) lethality 
involves ectopic siRNAs that eventually cause elevated apoptosis. 

Here, we describe molecular analyses of gene expression and pri
mary siRNA abundance changes caused by dot-1.1(knu339) deletion in 
viable ced-3(n1286) mutant background [32]. We identified groups of 
genes with significant changes in primary siRNAs accompanied by 
changes in gene expression. Surprisingly, increased siRNA levels are 
primarily associated with elevated gene expression in dot-1.1 mutants 
suggesting positive regulation by RNAi. Indeed, the upregulation, as 
well as downregulation, of siRNA target genes in dot-1.1(knu339) was 
dependent on RDE-4. Moreover, we made a connection between siRNA 
target genes upregulated in dot-1.1(knu339) and genes with reduced 
expression in the alg-5 Argonaute mutant [33], which suggests positive 
gene regulation by ALG-5. Importantly, CED-3 expression is positively 
regulated by alg-5 [33], and we found an enrichment in proteases among 

siRNA target genes showing elevated expression in dot-1.1(knu339). 
Thus, based on the previously published and new data, we conclude that 
increased protease activity driven by RDE-4-dependent siRNAs is the 
most likely cause of dot-1.1 lethality. 

2. Materials and methods 

2.1. C. elegans strains and manipulations 

N2, Wild-type 
MT3002 ced-3(n1286) IV 
WM49 rde-4(ne301) III 
COP1304 dot-1.1 [knu339 - (pNU1092 - KO loxP::hygR::loxP)] I; ced-3 
(n1286) IV 
AGK782 dot-1.1 [knu339 - (pNU1092 - KO loxP::hygR::loxP)] I; rde-4 
(ne301) III 

The dot-1.1 deletion mutant above is abbreviated to dot-1.1(knu339). 
Strains were maintained on standard NGM solid agar plates at 20 ◦C 
feeding on a spot of E. coli OP50 from an overnight culture. 

2.2. RNA extraction from C. elegans 

An overnight OP50 culture in LB broth was concentrated 23x. 
Starved L1 worms were transferred to 150 mm plates seeded with 1.3 ml 
of the 23x concentrated bacteria. After the worms were grown into 
adults and started laying eggs, they were collected with M9, bleached 
with an alkaline hypochlorite solution, and washed 4 times with M9. 
The surviving eggs were left to hatch overnight in M9. The following 
day, 1700 – 2500 age-synchronized L1s were added to a plate. Once they 
grew to egg-laying adults, they were bleached a second time, washed 3 
times with M9, and the resulting eggs were suspended in 1 ml TRIzol™ 
(Thermo Fisher Scientific), and placed at − 80 ◦C. Egg preparations un
derwent 3 cycles of freezing and thawing to facilitate lysis. 

RNA for mRNA- and small RNA-sequencing was purified using the 
miRNeasy kit (Qiagen) following standard procedures for total RNA 
extraction, including the optional wash with RWT buffer. RNA for qPCRs 
was purified using the Direct-zol™ kit (Zymo Research). 

2.3. RNA sequencing and data analyses 

Three independent biological replicates of worm populations were 
used for RNA sequencing. Aliquots of the same RNA samples were sent 
for sequencing of mRNAs* and small RNAs. Illumina NovaSeq 6000 was 
used by Novogene Corporation. Quality control, mapping, and read- 
length analyses were performed by Novogene. For small RNA 
sequencing analyses related to mapping and reads’ length and for mRNA 

Table 1 
miRNAs changing expression in dot-1.1(knu339). Based on small RNA sequencing data. R1–3: replicate 1–3. *Data from Seroussi et al. [42].  

miRNA ced-3(n1286)  
expression levels (TPM) 

dot-1(knu339); ced-3(n1286) expression levels (TPM) p-value Argonaute IP enrichment*  

R1 R2 R3 R1 R2 R3   

miR-77 2.03 1.62 2.87 3.25 26.72 31.39 1.16E-6 ALG-1, ALG-2 
miR-239a 9.52 17.60 8.50 34.37 74.07 39.40 1.66E-6 RDE-1 22x, ERGO-1 
miR-237 1.68 2.79 5.17 5.90 14.21 23.79 8.65E-5 ALG-1, RDE-1 2x 
lin-4 1.33 0.41 1.15 1.92 4.53 7.07 0.0011 ALG-1, RDE-1 3x 
miR-246 20.86 29.47 21.76 36.44 62.57 59.03 0.0015 ALG-2 
miR-85 0.35 1.12 2.41 0.81 2.84 15.70 0.0101 ALG-1, RDE-1 4x 
miR-76 0.07 0.81 0.23 0.37 2.71 2.12 0.013 RDE-1 12x 
miR-1820 89.33 235.98 136.37 72.80 70.82 122.34 0.014 RDE-1 9x 
miR-5592 1.40 1.32 0.69 2.51 2.77 3.01 0.026 ERGO-1, RDE-1 305x 
miR-8191 0.00 0.15 0.29 0.81 0.88 0.44 0.029  
miR-239b 0.14 0.00 0.00 0.37 0.41 0.49 0.032 ALG-1, ALG-2, ALG-5, ERGO-1 
miR-42 15.40 71.63 39.39 10.70 32.88 23.12 0.035 ERGO-1, ALG-5, RDE-1 
miR-84 0.28 1.01 0.57 0.52 1.83 3.23 0.043 RDE-1 174x 
miR-4807 76.73 139.85 105.08 78.26 62.91 77.86 0.046 ALG-2, ALG-3, ALG-5, ERGO-1  

Table 2 
Relationship between altered mRNA levels and upregulated primary siR
NAs in dot-1.1(knu339).  

mRNA 
change* 

siRNA change# overlap Rep. factor 
(RF) 

p-value 

DOWN: 688 Antisense UP: 399 7 0.5 p < 0.033 
DOWN: 688 Sense UP: 693 8 0.3 p < 1.14e-04 
DOWN: 688 Both UP: 1085 15 0.4 p < 1.54e-05 
UP: 1291 Antisense UP: 399 39 1.5 p < 0.006 
UP: 1291 Sense UP: 693 89 2 p < 3.29e-10 
UP: 1291 Both UP: 1085 126 1.8 p < 5.95e-11 

Based on mRNA and small RNA sequencing data of dot-1(knu339); ced-3(n1286) 
and ced-3(n1286) worms. There is significant under-representation (RF < 1 and 
p < 0.05) of genes with both downregulated mRNA and upregulated siRNA and 
significant over-representation (RF > 1 and p < 0.05) of genes with both upre
gulated mRNA and siRNA in dot-1(knu339) mutants. DOWN: number of genes 
with RNA downregulated in dot-1(knu339) mutants. UP: number of genes with 
RNA upregulated in dot-1(knu339) mutants. The P-value corresponds to the 
normal approximation of the hypergeometric distribution (see the Methods 
Section 2.5.1). 
*See Supplementary Files 1 and 2. 
#See Supplementary Files 3 and 4. 
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sequencing, genes were mapped to the C. elegans genome with Ensembl 
(WBcel235, bioproject PRJNA13758, release WS269, Ensembl accession 
GCA_000002985.3). HISAT2 [34] was used to map mRNA reads and 
Bowtie was used to map small RNA reads to the genome [35]. miRNA 
mapping was done separately with miRBase (release 22) as a reference. 
Analysis of mRNA sequencing was performed by Novogene using 

StringTie for quantification of reads [36], FPKM normalization, and 
edgeR for differential expression [37]. Analysis of miRNAs was per
formed by Novogene using DESEQ2 for differential expression [38] and 
miREvo [39] and miRDeep2 [40] to predict novel miRNAs. 

*Sequenced and analyzed RNAs from the “mRNA sequencing” also 
include long noncoding RNAs. 

Fig. 2. Increase in siRNA production at the 
unc-87 locus in dot-1.1(knu339). UCSC 
Genome Browser (http://genome.ucsc.edu) 
was used for data visualization. The top six 
tracks (ced1, ced2, ced3, dot1, dot2, and dot3) 
represent normalized plus strand read counts 
for three control (ced-3(n1286)) and three dot- 
1.1(knu339); ced-3(n1286) replicates and the 
bottom six tracks represent minus strand reads 
for each sample. The displayed numbers in 
each sample are normalized to account for the 
total number of reads in that sample and in 
the other samples used for comparison, see the 
Methods Section 2.5.2. for more information. 
Identical samples are color-coded and data 
ranges are indicated for each track on the Y- 
axis. Note the tail/tail overlap between unc-87 
coded on the minus DNA strand and the left 
neighboring gene coded on the sense strand.   
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Analysis of differentially expressed siRNAs from the small RNA 
sequencing data was performed with a custom script using QuasR [41]. 
Briefly, small RNAs were mapped to the C. elegans genome (WBcel235, 
bioproject PRJNA13758, release WS283, NCBI Refseq accession: 
GCF_000002985.6, an annotation which lacks piRNAs, which were not 
considered for siRNA analysis). Alignment was done using the Bowtie 
option (maxHits = 50) and counting was done using parameter orien
tation = “same” for sense siRNAs and “opposite” for antisense siRNAs. 
DESEQ2 [38] was used for the analysis of differential expression. 

Gene differences considered significant are those with p<0.05. 
Upregulated genes have log2(fold change) > 0. Downregulated genes 
have log2(fold change) < 0. 

2.4. Quantitative RT-PCR (RT-qPCR) 

Three independent biological replicates of worm populations were 
used. 500 μg of RNA was used for cDNA synthesis using Maxima Reverse 
Transcriptase (Thermo Scientific), random hexamer primer, and 
following manufacturer standard procedures. When selecting genes to 
test dependence on the RNAi pathway for gene expression with qPCR, 
genes with near-zero average read counts in control or dot-1.1(knu339) 
from the RNA sequencing data were excluded. Primers were designed to 
span exon-exon junctions and were confirmed to amplify in wild-type 
RNA treated with RT (i.e. cDNA) and to not amplify without RT. The 
act-3 gene was used as a normalization control. Luna® Universal qPCR 
Master Mix (New England BioLabs) was used for quantitative PCR 

according to manufacturer specifications. For statistical analysis, a 
Student’s t-test (2 sample, unpaired) was used to compare act-3- 
normalized cycle threshold (Ct) values between the control and mutant. 

2.5. Additional data analyses 

2.5.1. Gene overlaps 
Representation factor (RF) calculation: 
RF = (n1,2)/[(n1 x n2)/N], with n1,2 number of genes common to sets 

1 and 2, n1 number of genes in set 1, n2 number of genes in set 2, N total 
number of genes considered (N = 20,000 genes in C. elegans genome) 

(n1,2): observed overlap 
[(n1 x n2)/N: expected overlap 
The P value corresponds to the normal approximation of the hy

pergeometric distribution. Representation factor and p-value script by 
Jim Lund: http://nemates.org/MA/progs/overlap_stats.html 

Overlaps were constructed using a common name for each gene, 
“Public Name”, which was extracted by inputting gene names from each 
list to WormBase’s SimpleMine tool (release WS283) and selecting 
“Public Name”. To properly correspond and overlap our mRNA 
sequencing data of dot-1.1; ced-3 vs. ced-3 mutants to the Argonaute 
mutant small RNA dataset by Seroussi et al. [42], piRNAs and miRNAs 
were filtered out from the latter dataset before overlapping. 

2.5.2. Graphs 
Graphs showing small RNA reads were generated with UCSC 

Fig. 3. Deletion of dot-1.1 results in RDE-4-dependent regu
lation of genes. 
(A) Measurement of gene expression by RT-qPCR in ced-3 and rde-4 
mutants, relative to wild-type. ced-3 mRNA expression has been 
detected by the Northern blotting in ced-3(n1286) [32] and we, 
therefore, included ced-3 in the panel of tested genes to interrogate 
its possible regulation by RDE-4 and DOT-1.1. 
(B) Measurement of gene expression by RT-qPCR in dot-1.1; ced-3 
mutants relative to ced-3 mutants and in dot-1.1; rde-4 mutants 
relative to rde-4 mutants. 
The Student’s t-test (2 sample, unpaired) was used to compare 
act-3-normalized cycle threshold (Ct) values in mutants and their 
control (see Fig. S3). 
**: p<0.01. *: p<0.05. n.s.: not significant. Comparisons without 
annotation are not significant.   
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Genome Browser [43] using WIG files as input, which were generated 
through QuasR’s qExportWig function (binsize=50 L, scaling = TRUE, 
strand = “+” for sense and “-“ for antisense reads). The displayed read 
numbers in each bar are normalized to account for the total number of 
reads in that sample and in the other samples used for comparison. 
Normalization: the number of alignments per bin (n) for a sample (i) is 
linearly scaled to the mean total number of alignments over all samples 
used for comparison (mean(N), which includes ced-3 replicates 1, 2, and 
3 and dot-1.1; ced-3 replicates 1, 2, and 3) according to: 

n_s = n / N[i] * mean(N) where n_s is the scaled number of alignments 
in the bin (displayed as a bar) and N[i] is the total number of alignments 
for the given sample i. 

Venn diagrams were generated with the R package eulerr by Johann 
Larsson. qPCR graphs and statistics were computed with Graphpad 
Prism 9. The summary model was created with BioRender.com. 

2.5.3. Gene ontology enrichment analysis 
The clusterProfiler software was used by Novogene for the analyses 

[44]; the data are available in Supplementary Files 5 and 6. Gene 
Ontology (GO) is a bioinformatics classification system. It includes three 
main category branches: cellular component (CC), molecular function 
(MF), and biological process (BP). GO terms with p-value adjusted (padj) 
< 0.05 are considered most significantly enriched. p-value adjusted 
controls for false discovery rate and represents p-values, adjusted for 
multiple testing with the Benjamini-Hochberg procedure. 

3. Results 

3.1. Analysis of small RNAs in dot-1.1; ced-3 mutant embryos compared 
to ced-3(n1286) 

We reported that embryonic and larval lethality in the dot-1.1 dele
tion mutant is suppressed by rde-4 and rde-1 mutations [2]. Therefore, 
we used embryo preparations to determine changes in small RNA pop
ulations between viable dot-1.1; ced-3 double mutant, and ced-3 single 
mutant strains. RDE-4 binds dsRNA and facilitates dsRNA processing to 
siRNAs by Dicer [25–27]. This prompted us to specifically focus on the 
C. elegans Dicer product (or primary siRNA) populations bearing 
5′-monophosphate. We note that Dicer-dependent miRNAs and 
Dicer-independent piRNAs, also called 21U-RNAs, that contain 
5′-monophosphate (reviewed in [29]), would also be detected with our 
cloning protocol. 

3.1.1. dot-1.1 deletion does not cause large changes in 5′-monophosphate 
containing small RNAs 

Overall, there were no dramatic changes in small RNA populations in 
dot-1.1 mutant worms. Sequencing yielded comparable percentages 
(~99%) of mapped small RNA (sRNA) reads (Table S1) and similar small 
RNA length distribution with the majority of reads in the range of 21–24 
nt (Fig. S1), which would correspond to C. elegans piRNAs and miRNAs. 
There was also a small peak of reads at 26 nt likely corresponding to 
endogenous 26G RNA produced by Dicer [45]. Similar numbers of reads 
mapped to mature and precursor miRNAs (Table S2) and repeat se
quences (Fig. S2), and a similar percentage of reads corresponded to 
different classes of non-coding RNAs, including tRNA, rRNA, snRNA, 
and snoRNA (Table S3). 

3.1.2. miRNAs affected by dot-1.1(knu339) predominantly bind to RDE-1 
Differential expression analysis revealed 16 significantly mis

regulated miRNAs: 11 upregulated and 5 downregulated (Fig. 1). The 
Argonautes ALG-1 and ALG-2 are predominant co-factors of miRNAs 
that are required for miRNA function (reviewed in [29]). miRNAs have 
also been found in complexes with RDE-1 [42,46]. Notably, 9 out of 14 
annotated miRNAs that change expression in dot-1.1(knu339) were re
ported to immunoprecipitate (IP) with the RDE-1 Argonaute [42], 
including three, miR-76–5p, miR-1820–5p, and miR-84–3p found 
exclusively enriched in RDE-1 IP and not in the other 18 tested Argo
naute IPs. Notably, miR-5592–3p was enriched in RDE-1 IP 305-fold 
compared to input [42] (Table 1). These findings are consistent with 
the functional connection between DOT-1.1 and RDE-1 that we have 
reported [2]. 

3.1.3. siRNA changes caused by dot-1.1 deletion 
Next, we analyzed changes in small RNAs corresponding to anno

tated protein-coding and non-coding genes and selected groups signifi
cantly changed in the mutant (File S1, S2). Due to the expectation that 
primary siRNAs are double-stranded Dicer products, we considered both 
sense (File S1) and antisense siRNA reads (File S2) separately. The 
abundance of primary siRNAs is very low, therefore, we largely detected 
significant changes in either sense or antisense siRNAs corresponding to 
a particular gene. We are aware that some sense siRNAs could represent 
mRNA degradation products. 

We found 339 genes with significantly upregulated antisense siRNAs 
and 175 genes with significantly downregulated antisense siRNAs. In the 
case of sense siRNAs, there were 693 genes with siRNA upregulation and 
231 genes with downregulation. Because a lack of RDE-4 and RDE-1 
activity suppresses dot-1.1(-) lethality [2], we anticipate that elevated 
expression of some RDE-4-dependent siRNAs bound by RDE-1 causes 
changes in gene expression leading to lethality. Therefore, we focus on 
genes with upregulated siRNAs in the dot-1.1 mutant in further analysis. 

Fig. 4. Genes misregulated by deletion of dot-1.1 are enriched in 
Argonaute-dependent siRNA targets. 
There is a significant overlap (RF > 1, p < 0.05) between genes with mRNAs 
upregulated in dot-1.1 mutants and small RNAs downregulated in rde-1 mutants 
(A) and mRNAs downregulated in dot-1.1 mutants and small RNAs down
regulated in alg-4 mutants (B). Triple overlap of genes with upregulated mRNAs 
and small RNAs in dot-1.1 mutants and downregulated mRNAs in alg-5 mutants 
(C). Two of the resulting overlaps are emphasized in (D) and (E). The P-value 
corresponds to the normal approximation of the hypergeometric distribution 
(see Methods Section 2.5.1). up: upregulated in the mutant. down: down
regulated in the mutant. RF: representation factor. sRNA: small RNA. 
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Fig. 5. Deletion of dot-1.1 results in the upregulation of 
proteolytic processes and the downregulation of metabolic 
and nervous system pathways. Gene ontology (GO) analyses 
of genes upregulated (A) or downregulated (B) in dot-1.1(-); 
ced-3(-) compared to ced-3(-). Top ten most significantly 
affected GO Terms (thick black lines on the Y-axis) in each of 
the three category branches: cellular component (CC), molec
ular function (MF), and biological process (BP) are shown. The 
abscissa is the ratio of the number of differential genes linked 
with the GO Term to the total number of differential genes, and 
the ordinate is a GO Term. The size of a point represents the 
number of genes annotated to a specific GO Term, and the 
color from red to purple represents the significance level of the 
enrichment expressed as p-value adjusted (padj). Only red and 
orange circles represent significant enrichment, the red color 
signifies enrichment corresponding to (padj) < 0.05. 
Proteolysis-related terms are highlighted by blue boxes. See 
Methods Section 2.5.3. and Supplementary Files S5 and S6 for 
more information.   
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Fig. 6. Increase in siRNA production at the lec-2 locus in dot-1.1(knu339). UCSC Genome Browser (http://genome.ucsc.edu) was used for data visualization and 
the track order is the same as in Fig. 2. The blue box highlights the lec-2 gene region with a relative (compared to the reads at ZK892.5 and F52H3.7b) increase in 
sRNA reads in dot-1.1(knu339); ced-3(n1286) samples compared to ced-3(n1286) samples, despite the differences in absolute read counts between the samples. 
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3.2. Correlation of gene expression and siRNA changes in dot-1.1 mutant 
suggest positive gene regulation by RNAi in the embryos 

Analysis of significant changes in the mRNA of protein-coding genes 
in dot-1.1(knu339) revealed 688 downregulated genes and 1291 upre
gulated ones. Next, we asked whether genes with significantly changed 
siRNAs were overrepresented among the gene groups changing expres
sion (Table 2). Among the 688 genes with decreased expression in the 
dot-1.1 mutant, we found 7 genes with elevated antisense siRNAs and 8 
genes with elevated sense siRNA. These overlaps are smaller (RF < 1) 
than expected by chance and indicate a significant depletion of siRNA- 
changed genes among the downregulated group. Among the 1291 
genes with elevated expression in the dot-1.1 mutant, there were 39 
genes with upregulated antisense siRNAs and 89 genes with elevated 
sense siRNAs; both overlaps showed significant overrepresentation 
above expected by chance (RF > 1). Therefore, we conclude that 
increased siRNA abundance and elevated expression of corresponding 
genes in dot-1.1(knu339) show a significant correlation. 

In many cases, changes in both sense and antisense siRNAs were 
detected but low read counts and variability among the samples did not 
allow to count them as significant in both directions. Nonetheless, a few 
examples with significantly elevated sense and antisense siRNAs were 
identified (Fig. 2). 

To determine whether siRNA elevation caused changes in gene 
expression in dot-1.1(knu339) we used the dot-1.1(knu339); rde-4 
(ne301) double mutant strain. Since RDE-4 is required for primary 
siRNA production [25–27] and rde-4(ne301) suppressed the lethality of 
dot-1.1(knu339), the dependence of gene expression changes on RDE-4 
activity would support siRNA-dependent regulation. We evaluated the 

effect of dot-1.1(knu339) on siRNA target gene expression by comparing 
dot-1.1(knu339); ced-3(n1286) to ced-3(n1286) background and dot-1.1 
(knu339); rde-4(ne301) to rde-4(ne301). We chose genes with decreased 
(C06A5.12, fbxb-3, gln-3) or increased (cpr-3, Y47H10A.5, pcp-2, 
F54G2.1) expression in dot-1.1(knu339); ced-3(n1286) compared to 
ced-3(n1286) according to RNA-seq accompanied with significant 
changes in sense siRNA levels. The cases with sense siRNA changes were 
chosen to test their prediction value in identifying RNAi-regulated 
genes. First, we determined how the expression of the chosen siRNA 
target genes changed in ced-3(n1286) and rde-4(ne301) (Fig. 3A). In 
both backgrounds we observed variable changes in gene expression 
compared to wild-type that did not reach statistical significance. 
Consistent with our sequencing data, the addition of dot-1.1(knu339) to 
ced-3(n1286) led to expected alterations (increase or decrease) in gene 
expression in six out of seven cases (except for gln-3); expression changes 
in three genes (C06A5.12, cpr-3, and Y47H10A.5) reached statistical 
significance (Fig. 3B). However, the effect of dot-1.1(knu339) on siRNA 
target gene expression was not observed in the rde-4(ne301) back
ground, indicating the dependence of changes on RDE-4 activity and 
thus siRNA production (Fig. 3B). Notably, the Y47H10A.5 gene is known 
to be negatively regulated by the RDE-1/RDE-4 pathway in adult worms 
[46]. 

These results suggest that: 1) RDE-4-dependent siRNAs can activate 
genes, and 2) dot-1.1(knu339) lethality could be due to elevated 
expression of some genes. We have not anticipated these results because 
the dsRNA-dependent RNAi pathway is only known to associate with 
gene silencing (reviewed in [29]). 

3.2.1. Genes misregulated by dot-1.1 deletion are enriched in RDE-1- 
dependent and ALG-4-dependent siRNA targets 

To further understand which downstream component of RNAi could 
be mediating the increase in gene expression in dot-1.1(knu339) em
bryos, we utilized comprehensive datasets generated by Claycomb and 
colleagues that describe siRNA depletion in 19 Argonaute mutants [42]. 
We compared genes upregulated or downregulated in dot-1.1(knu339) 
with the lists of siRNA-depleted target genes in the 19 mutant back
grounds [42] (Tables S4, S5). We found only two Argonautes (RDE-1 and 
SAGO-2) whose target genes were significantly enriched among the 
genes upregulated in dot-1.1(-) (Fig. 4A, Tables S4, S5). This suggests 
that RDE-1 and SAGO-2 may act sequentially in the RNAi pathway 
activated by dot-1.1(knu339), similar to their function in the exo-RNAi 
pathway induced by dsRNA [28]. On the contrary, there was only one 
Argonaute (ALG-4) whose target genes were enriched in dot-1.1 
(-)-downregulated dataset (Fig. 4B). Consistently, genes targeted by 
alg-4-dependent siRNAs were significantly depleted from the dot-1.1 
(-)-upregulated dataset (Table S4). We conclude that RDE-1 may acti
vate genes, together with RDE-4, in the dot-1.1(knu339) background, 
and that ALG-4 may be responsible for the reduced expression of some 
genes in the dot-1.1 mutant. The latter conclusion is consistent with the 
increased abundance of the chromatin silencing mark H3K9me2 at 
ALG-3/4-target genes in dot-1.1(knu339) [6]. Many groups of the 
Argonaute-dependent siRNA target genes were significantly underrep
resented from the groups of genes misregulated by dot-1.1(knu339), 
including CSR-1, ALG-1, ALG-2, ALG-3, ERGO-1, HRDE-1, NRDE-3, 
PPW-1, PPW-2, PRG-1, SAGO-1, WAGO-1, and WAGO-4 targets 
(Tables S4, S5). Therefore, these Argonautes are unlikely to cause 
aberrant changes in gene expression seen in dot-1.1(knu339). 

3.2.2. Genes upregulated by dot-1.1 deletion include 27% of those found 
downregulated in alg-5(ram2) 

The Argonaute protein ALG-5 has not yet been functionally con
nected to any specific RNAi-related pathway, although gene expression 
changes in the alg-5(ram2) null mutant have been reported [33]. 
Notably, ~2.6 times as many genes showed reduced expression in the 
alg-5 mutant (248) compared to the upregulated ones (96) [33]. 
Remarkably, 27% of these downregulated genes were present in the 

Fig. 7. Exon 6 of the ced-3 gene folds into a hairpin. The model of the two- 
dimensional structure of the 128 nt sequence of ced-3 exon 6 flanked by the 
proximal intronic nucleotides AG and GU was generated by the mfold 4.7 
program [52]. 
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group of genes with elevated expression in dot-1.1(knu339) (Fig. 4C, E). 
The downregulated genes in alg-5(ram2) and the set of genes with in
creases in both sense siRNA and mRNA in dot-1.1(knu339) also signifi
cantly overlapped (Fig. 4C, D). Importantly, this overlap includes the 
genes F54G2.1 and Y47H10A.5, which showed an RDE-4-dependent 
increase in expression in the dot-1.1(knu339) mutants (Fig. 3B). These 
findings suggest that ALG-5 plays a role in siRNA-dependent gene acti
vation in the absence of H3K79 methylation. 

3.3. Functional analysis of gene expression changes occurring in dot-1.1 
(knu339) embryos 

We used Gene Ontology (GO) database for the functional annotation 
of dot-1.1(knu339) upregulated and downregulated genes. The upregu
lated group was strongly enriched in proteolysis-related processes, 
including peptidase activities (Fig. 5A). The cell surface and cuticle 
structure categories, as well as cytoskeleton and motor activity func
tions, were also enriched (Fig. 5A). The downregulated group of genes 
was enriched in metabolic transferase activities, amino acid metabolism, 
protein dimerization, macromolecule biosynthesis, and nervous system 
function (Fig. 5B). Notably, we have reported DOT-1.1 complex-medi
ated control of enhancers regulating neural and sensory-response 
pathway genes earlier [2]. 

3.3.1. Soma-enriched genes similar to Y47H10A.5 are upregulated in dot- 
1.1(knu339) embryos 

The Y47H10A.5 gene shows predominant expression in somatic tis
sues of the worm and is a known RNAi target repressed by an RDE-1- 
bound miRNA and secondary siRNAs produced by RNA-dependent 
RNA polymerases (RdRP) [46]. Surprisingly, we found 

RDE-4-dependent upregulation of Y47H10A.5 in dot-1.1(knu339) 
(Fig. 3), whereas it is expressed lower in alg-5(ram2) [33]; both findings 
suggest positive regulation by RNAi. Y47H10A.5 belongs to a group of 
genes that show a steep increase in mRNA expression from early embryo 
to late embryo and from embryo to L1 larval stage [47]. A corresponding 
protein signature has been identified by mass spectrometry (15 proteins) 
[48] and includes proteins related to muscle function, such as actin and 
DIM-1 (Disorganized Muscle), as well as galectins (LEC-1–3) and 
aspartic protease ASP-6. These functional categories are over
represented among the dot-1.1(knu339) upregulated genes (Fig. 5A). 
Remarkably, the asp-6 and lec-2 (Fig. 6) genes show a significant in
crease in both mRNA and siRNA levels in dot-1.1 mutants, and asp-6 is 
targeted by RDE-1-regulated siRNAs [42]. These observations point to a 
positive role of endogenous RNAi in supporting an increase in the 
expression of soma-enriched genes at the late embryogenesis and early 
larval stages. At the same time, DOT-1.1 negatively modulates the ac
tivity of the RNAi pathway(s). 

3.3.2. Functional connection to proteolysis 
As we discussed earlier (Table 2), genes with increased primary 

siRNAs (sense or antisense) were overrepresented among the dot-1.1 
(knu339) upregulated mRNA group. These include several protease- 
coding genes, such as asp-6, asp-1, asp-3, asp-12, cpr-4, and nas-30, as 
well as those corresponding to cuticle components (collagens, galectins) 
and actin/myosin complex (myo-1, myo-3). Importantly, we have 
observed large vacuoles in arrested dot-1.1(knu339) larvae [6], which 
could be due to the elevated activity of the proteases. 

dot-1.1(knu339) lethality is suppressed by ced-3(n1286) loss-of- 
function [2]. CED-3 is itself an apoptotic protease, and it also pro
motes the expression of some protease genes, such as pcp-2 [49], which 

Fig. 8. siRNA production at the ced-3 locus. UCSC Genome Browser (http://genome.ucsc.edu) was used for data visualization, only minus strand reads are shown. 
The track order is the same as in Fig. 2 with additional two wild-type replicates from a different sequencing experiment shown at the bottom. sRNA reads corre
sponding to exon 6 are consistently produced in all samples. 
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is upregulated in dot-1.1(knu339). We attempted but could not assay 
regulation of ced-3 by dot-1.1 in our experimental setup using ced-3 
(n1286) background, which still produces mRNA [32], because of the 
strongly decreased expression of ced-3 in ced-3(n1286) mutants 
compared to wild-type (Fig. 3A). However, ced-3 was among the genes 
expressed lower in alg-5(ram2), and it was also found downregulated in 
other RNAi-related mutants: rrf-1, rrf-3 (RdRPs) [50] and dcr-1 (Dicer) 
[51]. Therefore, ced-3 expression may be elevated by a small 
RNA-mediated process in dot-1.1(knu339) causing mutant lethality. 
Notably, exon 6 of the ced-3 pre-mRNA folds into a hairpin structure that 
may be recognized by Dicer (Fig. 7). We detected primary siRNAs cor
responding to exon 6 of the longer ced-3 mRNA isoform (Fig. 8), which 
suggests possible direct regulation by the RNAi pathway(s). 

Overall, our analyses of mRNA and siRNA changes observed in dot- 
1.1(knu339) are consistent with our previously published genetic 
studies showing suppression of dot-1.1(knu339) lethality by ced-3, rde-4, 
and rde-1 loss-of-function mutants [2]. Now, we can summarize our 
findings in a model where the loss of dot-1.1 results in elevated pro
duction of RDE-4-dependent siRNAs, likely bound by RDE-1 and ALG-5, 
and causes elevated expression of protease genes, including ced-3, which 
leads to embryonic and larval death (Fig. 9). Given that genes expressed 
lower in dot-1.1(knu339) showed overrepresentation in ALG-4 targets 
and that our earlier findings detected elevated heterochromatin marks at 
ALG-3/4 target genes in dot-1.1(knu339) [6], we propose that RDE-4 

dependent silencing siRNAs function with ALG-3/4 Argonautes. 

4. Discussion 

Genomic analyses described here were motivated by our discovery 
that the dsRNA-initiated RNAi pathway is responsible for dot-1.1 
(knu339) lethality since it was suppressed by the rde-4 and rde-1 loss-of- 
function mutants [2]. In mammals, reduced H3K79 methylation upon 
downregulation of DOT1L leads to ectopic deposition of silenced chro
matin marks, such as H3K9 and H3K27 methylation (reviewed in [4]). 
Both H3K9me and H3K27me can be induced by the dsRNA-dependent 
RNAi pathway in C. elegans [53–55]. Thus, in our earlier report, we 
tested the hypothesis that H3K79me depletion by dot-1.1(knu339) 
would result in global RNAi-dependent elevation in H3K9 methylation 
[6]. Although H3K9me was indeed globally elevated at the enhances 
occupied by DOT-1.1 in dot-1.1(knu339), this increase was not depen
dent on rde-1 or rde-4. However, we found an increase in H3K9me levels 
at the genes targeted by siRNAs dependent on ALG-3 and ALG-4 Argo
nautes [56] and some of them showed potential regulation by rde-1 and 
rde-4 [6]. Therefore, we concluded that dot-1.1(knu339) lethality was 
likely due to ectopic RNAi-dependent silencing of some specific genes 
rather than global perturbations in siRNA populations or chromatin 
landscape. 

Here, consistently with earlier work, we found an enrichment of alg- 

Fig. 9. Genetic model of the relationship 
between DOT-1.1, RNAi pathway compo
nents, and siRNA target genes. In the absence 
of the dot-1.1 function (dotted gray lines), there 
is reduced H3K79 methylation (H3K79me), 
resulting in an increase in antisense transcrip
tion. The sense and antisense transcripts form 
dsRNA, which are recognized and bound by 
RDE-4. The dsRNA is processed by the Dicer 
complex, which includes RDE-4, and forms 
pools of 1) activating siRNAs bound by RDE-1 
or ALG-5 which upregulate protease gene 
expression, resulting in apoptosis and lethality 
dependent on ced-3, as well as 2) silencing 
siRNAs bound by ALG-3 or ALG-4, resulting in 
inhibition of genes involved in metabolism and 
the nervous system. 
Created with BioRender.com.   

T. Liontis et al.                                                                                                                                                                                                                                  



BBA Advances 3 (2023) 100080

12

4-dependent siRNA targets among the genes downregulated in dot-1.1 
(knu339). However, the connection between the genes upregulated in 
dot-1.1(knu339) and small RNA-mediated gene regulation was much 
stronger. First, we found a significant overlap between the upregulated 
genes and the upregulated siRNAs matching them. Second, we deter
mined that the elevation of mRNA expression driven by dot-1.1(knu339) 
is not observed in rde-4(-). Third, rde-1-dependent siRNA targets were 
enriched among the genes upregulated in dot-1.1(knu339), and, finally, 
these upregulated genes were overrepresented among the group of genes 
with reduced expression in alg-5(-) [33]. Thus, unexpectedly, we un
covered positive regulation of gene expression by the dsRNA-dependent 
RNAi pathway in dot-1.1(knu339). We note that the dot-1.1(-)-upregu
lated genes (e.g. cpr-3, Y47H10A.5, pcp-2) did not show significantly 
reduced expression in rde-4(-) compared to the wild type. However, they 
were found downregulated by alg-5(-). ALG-5 is among the least studied 
C. elegans Argonautes. It is expressed in the germline [33,42] and has 
been implicated in the regulation of the developmental timing of 
germline development [33] and specifically in promoting entry into 
meiosis [57]. Our data suggest that ALG-5 may be involved in 
siRNA-dependent gene activation and function together with RDE-4 and 
RDE-1, at least in dot-1.1(knu339) background. Notably, ALG-5 belongs 
to the sub-family of C. elegans Argonautes which are closely related to 
the mammalian AGO proteins. There are reports of the gene-activating 
potential of AGO in mammals (reviewed in [58]). Therefore, it would 
be interesting to compare the mechanism of action of ALG-5 to those 
described for AGO in other systems. 

The enrichment of proteases among the genes upregulated in dot-1.1 
(knu339), including rde-4-dependent elevation of cpr-3 (cysteine prote
ase) and pcp-2 (prolyl carboxy peptidase), targeting of asp-6 (aspartyl 
protease) by rde-1-dependent siRNAs [42], and the requirement of 
several RNAi genes for proper ced-3 expression [50,51], strongly sug
gests that the overactive proteolysis background of dot-1.1(knu339) 
causes its RNAi-dependent lethality. Furthermore, we have been using a 
ced-3 mutant background for maintaining dot-1.1(knu339), and the 
newly found RNAi-dependent activation of ced-3 itself is the most likely 
direct cause of dot-1.1 mutant lethality. 

What is the mechanism of elevated RDE-4-dependent siRNA pro
duction in dot-1.1(knu339)? Since RDE-4 binds dsRNA [25,26], and 
since nascent transcription, including antisense transcription, is 
elevated when DOT-1.1 recruitment to chromatin is compromised by 
zfp-1 reduction-of-function [1,2], it is logical to assume the answer is 
elevated dsRNA accumulation at these siRNA-producing loci. We 
observed primary siRNA production at loci with annotated transcription 
in both directions, such as tail-tail overlaps and transcription units 
embedded in large introns. In the case of the ced-3 gene activated by 
RNAi, the siRNAs are produced from the exon forming a hairpin. Our 
discovery of RNAi-dependent gene activation in dot-1.1(knu339) opens 
new directions for mechanistic studies of this process, which can occur 
at transcriptional and/or post-transcriptional levels. 

Our experiments were performed using embryo preparations, the 
developmental stage when dot-1.1(knu339) mutant generally dies, and 
we now have molecular readouts of RNAi-dependent gene activation in 
the embryo, such as cpr-3, and F54G2.1. At the same time, we uncovered 
an overlap between genes upregulated in dot-1.1(knu339) embryos and 
downregulated in alg-5(-) adults [33]. Since ALG-5 is only expressed in 
the germline, there is a possibility that primary siRNAs leading to em
bryo gene activation are produced in the germline and inherited by the 
zygote. This scenario has recently been described for maternally pro
duced primary siRNAs inducing zygotic silencing detected via a reporter 
[59]. 

Ultimately, activation of RDE-4-dependent RNAi in dot-1.1(knu339) 
is a result of transcription misregulation in this mutant background. In 
C. elegans, using Global Run-On (GRO) sequencing (GRO-seq), we found 
a negative feedback mechanism where the ZFP-1/DOT-1.1 complex 
negatively modulates transcription of highly expressed genes enriched 
for DOT-1.1 binding at the promoters [1]. This type of regulation likely 

occurs genome-wide, since H3K79me deposition follows transcription 
and therefore low levels of H3K79me are present at all transcriptionally 
active regions. This notion was corroborated by our subsequent analyses 
of the original GRO-seq data [2]. Importantly, in differentiated 
mammalian cells, DOT1L was shown to inhibit a transition from tran
scription initiation to elongation by RNA Polymerase II, and embryonic 
stem cells that naturally exclude DOT1L from the nucleus exhibit 
elevated nascent transcription [60]. Therefore, the elimination of 
DOT-1.1/DOT1L is expected to be associated with a more pluripotent 
cell state. Indeed, the dot-1.1 mutation was isolated from an unbiased 
screen for factors restricting the plasticity of epidermis cells in C. elegans 
[61]. 

Moreover, a comprehensive evaluation of Gene Expression Plasticity 
(GEP), a measure of the capacity of genes to change their expression in 
different conditions, through the analyses of numerous datasets from 
four organisms (human, mouse, Drosophila, and C. elegans) identified 
H3K79 methylation as a factor restricting GEP across these species [62]. 
It was determined that GEP was poorly correlated with the level or the 
broadness of gene expression, but genes high in GEP were enriched 
among immune response categories as well as disease susceptibility gene 
groups [62]. Considering our finding of the activation of the 
RDE-4-dependent RNAi pathway upon H3K79me loss, we propose that 
RNAi activation correlates with GEP increase. The heritability of siRNA 
changes in C. elegans has recently been evaluated in experimental evo
lution experiments; it lasted for 2–3 generations [63]. It would be 
interesting to test the possibility that in the dot-1.1; ced-3 mutant 
background increased GEP would allow for both a higher frequency of 
siRNA epimutations and their longer persistence. 
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