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 40	
Abstract 41	

Telomerase deficiency in human somatic cells results in telomere erosion and 42	

senescence. Small RNAs that target telomeres have been observed in diverse 43	

organisms but their functions are not well characterized. We define an endogenous 44	

small RNA pathway in Caenorhabditis elegans that promotes heterochromatin formation 45	

at telomeres via Dicer, the perinuclear Argonaute protein WAGO-1 and the nuclear 46	

Argonaute protein HRDE-1. Loss of telomerase induces biogenesis of siRNAs that 47	

target the telomeric lncRNA TERRA, whereas loss of both telomerase and small RNA-48	

mediated telomeric silencing induces TERRA expression, DNA damage, and an 49	

accelerated sterility phenotype. These phenotypes can be rescued by exogenous 50	

telomeric siRNAs or by loss of the DNA damage response protein EXO-1.  Thus, 51	

endogenous siRNAs interact with TERRA to promote heterochromatin formation in a 52	

manner that is critical for the stability of naturally eroding telomeres.  We propose that 53	

small RNA-mediated genome silencing could be broadly relevant to regulation of 54	

proliferative aging. 55	

 56	

Introduction 57	

Telomeres are repetitive nucleoprotein structures that protect the ends of linear 58	

eukaryotic chromosomes from degradation and recognition as double-stranded DNA 59	

breaks (Maciejowski and de Lange, 2017, Shay, 2016).  In most human somatic cells, 60	

which are deficient for telomerase reverse transcriptase, telomeres erode over 61	

progressive cell divisions, eventually triggering replicative senescence	(Holohan et al., 62	

2014, Shay, 2016).  Telomere shortening thus acts as a barrier to tumorigenesis, but 63	

may also contribute to organismal aging through impaired stem cell function, 64	

regeneration, and organ maintenance (Donate and Blasco, 2011, Shay, 2016).  65	

Regulating the rate of telomere erosion in telomerase-negative cells is therefore crucial 66	

to maintain this balance between tumor suppression and age-related tissue decline (Li 67	

et al., 2017, Maciejowski and de Lange, 2017).  Tumor cells escape telomere-triggered 68	

senescence by stabilizing telomere length, either through reactivation of telomerase or 69	

through activation of the telomerase-independent recombination-mediated telomere 70	
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maintenance pathway termed Alternative Lengthening of Telomeres (ALT) (Pickett and 71	

Reddel, 2015). 72	

 73	

Telomeres have features characteristic of heterochromatin in that they associate with 74	

the heterochromatin protein HP1 and contain transcriptionally repressive histone marks 75	

such as methylation of H3K9 and H4K20 (Benetti et al., 2007, McMurchy et al., 2017). 76	

Nonetheless, telomeres are transcribed into the G-rich long noncoding RNA (lncRNA) 77	

termed TERRA, a feature widely conserved among eukaryotes, and lower levels of the 78	

C-rich antisense lncRNA ARRET have also been reported (Azzalin et al., 2007). TERRA 79	

is transcribed from the subtelomere into the telomere by RNA polymerase II and is 80	

upregulated at shortened and damaged telomeres, where it may recruit telomerase and 81	

chromatin modifiers to promote telomere elongation (Azzalin and Lingner, 2015, 82	

Cusanelli et al., 2013). Telomere elongation represses expression of TERRA through 83	

increased methylation and HP1 binding (Arnoult et al., 2012). Notably, telomere 84	

shortening in mice with telomerase defects and overexpression of a negative regulator 85	

of telomere length have been associated with loss of heterochromatic marks at 86	

telomeres and subtelomeres (Benetti et al., 2007, Benetti et al., 2008). 87	

 88	

Transcriptional silencing and heterochromatin deposition at repetitive segments of the 89	

genome such as the pericentromere (Holoch and Moazed, 2015, Reinhart and Bartel, 90	

2002) require long non-coding RNA (lncRNA) transcripts that promote biogenesis of and 91	

interact with small RNAs that direct heterochromatin factors to target genomic loci.  92	

Endogenous sources of double-stranded RNA such as sense-antisense transcript 93	

hybrids can be processed into small RNAs that play roles in creating and maintaining 94	

siRNA-mediated heterochromatin, where paradoxically RNA expression is required for 95	

genomic silencing.  Bidirectional transcription of telomeres has been linked to 96	

production of telomeric siRNAs that promote subtelomeric DNA methylation in 97	

Arabidopsis (Vrbsky et al., 2010).  The presence of similar telomeric siRNAs has also 98	

been observed in Tetrahymena, mouse stem cells, and human cell lines (Cao et al., 99	

2009, Rossiello et al., 2017), but their functional relevance at canonical telomeres is not 100	

well understood in any experimental system.  101	
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 102	

Germline transcription in C. elegans is regulated in part by a network of small RNA 103	

pathways that promote silencing or expression of target loci in a sequence-specific 104	

manner (Billi et al., 2014). Transcription of potentially harmful foreign genetic elements 105	

including transposons and transgenes is repressed by 21 nucleotide PIWI-interacting 106	

RNAs or piRNAs. These interact with PRG-1, a member of the PIWI clade of Argonaute 107	

proteins that recognizes RNA targets of piRNAs based on sequence complimentarity 108	

with up to 3 mismatches (Bagijn et al., 2012, Batista et al., 2008, Das et al., 2008). RNA 109	

target recognition triggers the recruitment of RNA-dependent RNA polymerases 110	

(RdRPs) that act in Mutator bodies, which are associated with perinuclear P granules, to 111	

create de novo 22 nucleotide secondary siRNAs with a 5’ guanine (22G RNAs)	(Pak 112	

and Fire, 2007). These 22G RNAs are loaded onto worm-specific Argonaute proteins 113	

(WAGOs) such as the nuclear WAGO HRDE-1, which promotes heterochromatin 114	

deposition at target loci (Ashe et al., 2012, Buckley et al., 2012). Germline transcription 115	

is protected by a separate set of 22G RNAs that interact with the anti-silencing 116	

Argonaute protein CSR-1 (Avgousti et al., 2012, Wedeles et al., 2013) . Aside from the 117	

piRNA pathway, 22G activity can be triggered by primary siRNAs from other sources. 118	

For example, DCR-1, the C. elegans homologue of the highly conserved RNAse class 119	

III enzyme Dicer, can cleave endogenous and exogenous double stranded RNA 120	

transcripts to create primary 26G RNAs, which bind a distinct set of Argonautes to 121	

trigger target silencing through the 22G pathway described above (Bernstein et al., 122	

2001, Ketting et al., 2001, Knight and Bass, 2001).  123	

 124	

Here we describe an endogenous siRNA pathway that represses TERRA via 125	

heterochromatin formation and functions redundantly with telomerase to promote 126	

telomere stability. 127	

 128	

Results 129	

 130	

Loss of endogenous siRNAs or XNP-1/ATRX does not promote ALT 131	
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High levels of TERRA and loss of the histone H3.3 chaperone subunits ATRX and 132	

DAXX commonly occur in human ALT cancers (Flynn et al., 2015, Lovejoy et al., 2012).  133	

The ATRX/DAXX complex mediates histone H3.3 incorporation at telomeres and 134	

interacts with methylated H3K9 and HP1 to promote heterochromatin formation (Wong 135	

et al., 2010), which has been proposed to repress ALT by protecting telomeres from 136	

replication stress and TERRA expression	(Udugama et al., 2015).  We have previously 137	

shown that 10-20% of C. elegans strains that are deficient for telomerase can be 138	

maintained indefinitely through the activation of ALT (Cheng et al., 2012).  Because 139	

human ALT cancers are characterized by ATRX-mediated heterochromatin dysfunction, 140	

we reasoned that small RNA factors that promote heterochromatin silencing might 141	

regulate the establishment of ALT. We tested this hypothesis by passaging trt-1 142	

telomerase mutant strains that were deficient for biogenesis of either primary or 143	

secondary siRNAs by transferring 100s of worms per strain weekly, which reliably 144	

allows survival of 10-20% of strains via ALT (Cheng et al., 2012).  Loss of either primary 145	

siRNAs (trt-1; dcr-1) or downstream secondary siRNAs (trt-1; mut-7 and trt-1; mut-14) 146	

did not significantly alter the proportion of strains that survive via ALT (Figure 1A, Table 147	

S1).  Similarly, loss of the histone H3.3 chaperone XNP-1/ATRX itself did not affect the 148	

establishment or maintenance of ALT (Table S1), indicating that loss of neither siRNA- 149	

nor XNP-1/ATRX-mediated heterochromatin formation is sufficient to promote ALT.  150	

 151	

Small RNA and heterochromatin factors repress rapid sterility when telomerase is 152	

deficient 153	

C. elegans strains mutant for telomerase reverse transcriptase, trt-1, become uniformly 154	

progressively sterile – analogous to crisis that is induced by telomere erosion, 155	

chromosome fusion and genome catastrophe in checkpoint-deficient telomerase-156	

negative mammalian cells – when 6 worms are passaged weekly (Ahmed and Hodgkin, 157	

2000), which eliminates survival via ALT (Cheng et al., 2012).  Intriguingly, when 158	

passaged by transferring 6 L1 larvae per week, trt-1 mutant lines lacking primary or 159	

secondary siRNA biogenesis factors became sterile significantly faster than trt-1 single 160	

mutants (Figure 1B, Table S2).  siRNA-deficient trt-1 strains rapidly accumulated end-161	

to-end chromosome fusions by generation F12, a characteristic of telomerase mutants 162	
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that have grown for more than 20 generations (Figure 1G). These strains also displayed 163	

high levels of DNA damage by generation F6 that were not observed for trt-1 single 164	

mutant controls (Figure 1H).  As oocyte karyotypes can only reliably detect the 165	

presence of multiple chromosome fusions, we performed genetic crosses that would be 166	

capable of detecting a single heterozygous end-to-end chromosome fusion (Ahmed and 167	

Hodgkin, 2000). Chromosome fusions cause non-disjunction events during meiosis that 168	

elicit dominant embryonic lethality or X0 male phenotypes in progeny of heterozygous 169	

F1 animals. We crossed four independent trt-1 dcr-1 F4 hermaphrodites and failed to 170	

detect fused chromosomes that were present in generation F24 trt-1 mutant controls (p 171	

= 3.841e-05 for males and p = 3.61e-05 for dead embryos, Mann Whitney U test) (Table 172	

S3). Together, these results suggest that loss of small RNAs and telomerase elicits 173	

telomere damage but not telomere fusions in early generations, and that the rapid 174	

sterility of these strains in later generations is promoted by critically shortened 175	

telomeres that give rise to abundant end-to-end chromosome fusions.  Small RNA 176	

factors required to prevent this accelerated sterility included RDE-4, which binds 177	

endogenous dsRNA and forms a complex with the Dicer nuclease DCR-1, and the 178	

Argonaute RDE-1, which acts with the RNA-dependent RNA polymerase RRF-3 to 179	

promote production of dsRNA-derived primary siRNAs (Gent et al., 2010, Steiner et al., 180	

2009, Tabara et al., 2002) (Figure 1B).  The MUTATOR proteins MUT-7 and MUT-14, 181	

which also were required to prevent rapid sterility in trt-1 (Figure 1B), promote 182	

amplification of 22G secondary siRNAs that act as downstream effector siRNAs by 183	

promoting mRNA degradation in the cytoplasm or transcriptional silencing in the 184	

nucleus (Billi et al., 2014, Ketting et al., 1999, Tijsterman et al., 2002).   185	

 186	

Southern blotting suggested that dcr-1 and mut-14 single mutants do not have shorter 187	

telomeres than wildtype or trt-1 mutant strains (Figure S1), which implies that the 188	

accelerated sterility of small RNA-deficient trt-1 mutant strains is unlikely to be a 189	

consequence of short telomeres that are inherited from gametes of small RNA-deficient 190	

grandparents. We tested this premise using genetics, by crossing a trt-1; dcr-1 double 191	

mutant hermaphrodite with dcr-1 mutant males, singling trt-1 +/-; dcr-1 -/- F1 192	

hermaphrodites and isolating trt-1; dcr-1 double mutant F2. This cross was repeated 15 193	
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times, to create a trt-1; dcr-1 double mutant strain whose telomeres should be 194	

exclusively derived from the dcr-1 mutant background. The trt-1; dcr-1 15x strain 195	

became sterile slightly more slowly than freshly created trt-1; dcr-1 double mutants (p = 196	

0.07) (Fig. 1H), indicating that shortened telomeres transmitted from the dcr-1 mutant 197	

cannot explain the rapid sterility of trt-1; dcr-1 double mutants. Because none of the 198	

small RNA single mutants tested became progressively sterile or accumulated 199	

chromosome fusions (Figure 1G), we conclude that telomere maintenance is not 200	

impaired in small RNA-deficient lines in the presence of telomerase.  We analyzed the 201	

dynamics of telomere erosion using terminal restriction fragment analysis, but did not 202	

observe an obvious difference between trt-1 and siRNA-deficient trt-1 mutant strains 203	

(Figure S2). Two other small RNA factors, RRF-2 and ERI-1, were not required to 204	

prevent rapid onset of sterility, indicating that the endogenous siRNA pathway that 205	

requires ERI-1	(Gent et al., 2010, Han et al., 2009) is dispensable for telomere 206	

protection in the absence of telomerase (Figure 1B). 207	

 208	

We hypothesized that small RNAs might repress rapid sterility by directing chromatin 209	

factors to telomeres to promote deposition of heterochromatic marks. C. elegans 210	

telomeres have previously been reported to be enriched for H3K9me2 and bound by the 211	

HP1 homolog HPL-2, which promotes H3K9me2 deposition and heterochromatin 212	

formation, but not by the other C. elegans HP1 homolog HPL-1, which interacts with 213	

H3K9me3 (Canzio et al., 2014, McMurchy et al., 2017). We confirmed that H3K9me2 214	

but not H3K9me3 was enriched at C. elegans telomeres using high throughput 215	

sequencing data sets generated from chromatin immunoprecipitation (ChIP) 216	

experiments performed by independent groups (McMurchy et al., 2017, Zeller et al., 217	

2016). Moreover, we observed small H3K9me2 domains that extended into the 218	

subtelomere at all twelve C. elegans chromosome ends (Figure 3A-D).  H3K4 219	

methylation, which is associated with regions of active transcription, must be removed 220	

by demethylases prior to deposition of repressive H3K9 methylation (Greer et al., 2010, 221	

Li et al., 2008).  Similar to primary and secondary siRNA-deficient trt-1 strains, loss of 222	

HPL-2 but not HPL-1, and loss of either of the two C. elegans H3K4 demethylases 223	

RBR-2/KDM5 or SPR-5/LSD1, caused accelerated senescence in trt-1 mutants (Figure 224	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted March 31, 2018. ; https://doi.org/10.1101/292722doi: bioRxiv preprint 

https://doi.org/10.1101/292722


8		

1C). Thus, H3K4 demethylation and H3K9me2 deposition prevent telomere instability in 225	

the absence of telomerase.   226	

 227	

The histone remodeling protein XNP-1/ATRX has previously been implicated in 228	

telomeric heterochromatin formation and interacts with unmethylated H3K4 and 229	

methylated H3K9 deposited on the histone variant H3.3 (Udugama et al., 2015).  trt-1 230	

xnp-1 double mutants went sterile significantly faster than trt-1 single mutants but not as 231	

fast as small RNA deficient trt-1; mut-7 double mutants (Figure 1D). This suggests that 232	

XNP-1 may mediate some, but not all heterochromatin formation at telomeres, possibly 233	

because siRNA-dependent methylation of histones other than H3.3, such as canonical 234	

histone H3 or H4 can promote telomere stability.  Additionally, because loss of both 235	

XNP-1 and MUT-7 did not cause an additive effect on survival in trt-1 mutant strains 236	

(Figure 1D), these genes may function in the same pathway, which implies that siRNAs 237	

direct the chromatin remodeler XNP-1 to telomeres to repress rapid sterility in the 238	

absence of telomerase.  239	

 240	

Increased expression of TERRA in small RNA and chromatin deficient trt-1 strains 241	

We hypothesized that DCR-1 and RDE-4 may interact with telomeric dsRNA produced 242	

from bidirectional transcription of telomeres into TERRA and ARRET, to create primary 243	

siRNAs that are then amplified into a secondary siRNA population that triggers small 244	

RNA-dependent silencing of TERRA (Rossiello et al., 2017, Vrbsky et al., 2010).  To 245	

test whether small RNA and chromatin factors regulate telomeric transcription we 246	

measured the abundance of TERRA by qRT-PCR at three chromosome ends using 247	

primers within their H3K9me2-coated subtelomere domains (Figure 3A-D).  Compared 248	

to trt-1 single mutant controls, TERRA was upregulated in early-generation trt-1; rde-4, 249	

and trt-1; mut-14 and trt-1; spr-5 double mutants (Figure 2A).  These high levels of 250	

TERRA transcription were markedly induced in small RNA and heterochromatin 251	

mutants that lacked telomerase, consistent with the hypothesis that TERRA 252	

transcription is specifically induced at damaged or shortened telomeres (Porro et al., 253	

2014, Rossiello et al., 2017). 254	

 255	
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We next used RNA Fluorescence In Situ Hybridization (FISH) to confirm the effects on 256	

TERRA expression and to examine its cell and tissue localization. In wildtype control 257	

and trt-1 mutant hermaphrodite and male worms, TERRA was expressed at low levels 258	

in the soma as well as the pachytene region of the meiotic germline (Figures 2B-D, S3-259	

4), which corresponds to the location of several lncRNA-mediated germline silencing 260	

processes (Taylor et al., 2015), including Meiotic Silencing of Sex Chromosomes in 261	

mammals and C. elegans (Heard and Turner, 2011) and a transcriptional burst of 262	

piRNAs in mammals that primes genomic silencing in germ cells prior to gametogenesis 263	

(Gou et al., 2014).  Compared to both wildtype control and trt-1 or dcr-1 single mutant 264	

strains, trt-1; dcr-1 double mutant strains had increased expression of TERRA in the 265	

germline (Figures 2B-D, S3) and soma (Figures S3-4) by the F6 generation.  266	

Endogenous siRNAs thus regulate telomeric transcription in both the soma and 267	

germline during telomere attrition, likely through the production of siRNAs that directly 268	

target the heterochromatin factors HPL-2, RBR-2 and SPR-5 to telomeres.     269	

 270	

Subtelomeric siRNAs are upregulated in telomerase mutants 271	

Telomeric siRNAs have been observed in protists, plants and mammals (Cao et al., 272	

2009, Vrbsky et al., 2010). We therefore interrogated 92 publicly available small RNA 273	

sequencing libraries created from RNA isolated from various C. elegans strains and 274	

found rare reads that mapped perfectly to the C. elegans telomere repeat (TTAGGC)n, 275	

occurring at a frequency of 1 per 10,000,000 reads. piRNAs with up to 3 mismatches 276	

can target regions of the C. elegans genome for silencing (Bagijn et al., 2012) , and we 277	

found that telomeric siRNAs with up to 3 mismatches were substantially more abundant 278	

than those with perfect telomere repeat sequence (1 per 100,000). Telomeric siRNAs 279	

with zero to two mismatches were significantly more likely to be composed of the 280	

telomeric G-strand sequence than would be expected by chance (p < 2.2e-16, binomial 281	

test) (Figure 3E). The proportion of telomeric siRNAs with one or two mismatches 282	

beginning with a G nucleotide was significantly greater than that for all mappable reads 283	

(p < 1e-15, Fisher’s exact test) and the median length for these RNAs was 22 284	

nucleotides (Figure 3D, F), suggesting that telomeric siRNAs mapping imperfectly to 285	

telomeres are enriched for 22G RNA species. This is consistent with the model that 286	
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primary siRNAs recruit RNA-dependent RNA polymerases to target RNAs in order to 287	

create secondary effector siRNA populations de novo that are highly enriched for 22G 288	

RNAs (Gu et al., 2009). We compared levels of telomeric siRNAs from wild-type with 289	

those of small RNA mutants that promote telomere stability in the absence of 290	

telomerase, such as dcr-1, rde-4, mut-7, mut-14, and found that levels of telomeric 291	

siRNAs were sometimes depleted in these backgrounds, but not always (File S1).  292	

 293	

Given that telomeric siRNAs are rare in small RNA sequencing data sets, we 294	

hypothesized that loss of telomerase might elicit production of telomeric siRNAs in a 295	

manner that might depend on Dicer. We therefore isolated RNA from wildtype control, 296	

trt-1 single mutant, and trt-1; dcr-1 double mutant strains and prepared small RNA 297	

libraries. We sequenced these libraries deeply in an effort to detect rare telomeric 298	

siRNAs. We obtained ~20,000,000 reads each for 6 data sets and found that our trt-1 299	

dcr-1 data sets were strongly depleted of 22G RNAs that were previously reported to 300	

depend on dcr-1 (Figure S5A)	(Gent et al., 2010). To assess TRT-1-dependent changes 301	

in siRNAs throughout the genome, we counted the number of 22G reads mapping 302	

uniquely antisense to protein-coding genes and found upregulation of siRNAs at 720 303	

loci and downregulation at 456 loci in trt-1 animals compared with wild-type (Figure 304	

S5B). Of the upregulated loci, 465 were not upregulated in trt-1; dcr-1 animals 305	

compared with wild-type, indicating DCR-1 dependence. We did not find significant GO 306	

terms in loci with either up or downregulated siRNA production. Given the importance of 307	

both TRT-1 and siRNAs in germline function, we asked whether the loci with differential 308	

siRNA production were enriched for germline-enriched genes. We used previously 309	

published data on germline expression (Ortiz et al., 2014) and found significant 310	

enrichment for germline-enriched genes in both upregulated and downregulated loci (p 311	

< 1e-19 and p < 1e-33 respectively, Pearson’s Chi Square test with Bonferroni 312	

correction) (Figure S5C). This may reflect a form of epigenome dysregulation within 313	

germ cells that occurs as a consequence of telomerase deficiency. siRNAs mapping to 314	

transposons were unaffected by loss of TRT-1, with the exception of the CER-10 LTR 315	

retrotransposon, for which siRNAs were three-fold downregulated (Figure S5D). 316	

 317	
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We detected no siRNAs composed of perfect telomere repeats in any genetic 318	

background, but found some with up to 3 mismatches, whose levels did not change 319	

substantially in siRNAs from trt-1 single mutants or trt-1; dcr-1 double mutants (Figure 320	

4A). We next examined 22G RNAs at subtelomeric regions (defined as the 2kb of 321	

sequence adjacent to the telomere) and found that these were present in wildtype 322	

samples at the left end of chromosome III, and that their abundance was increased two-323	

fold in trt-1 single mutants and their presence almost entirely eliminated in trt-1; dcr-1 324	

double mutants (Figure 4C, E). Subtelomeric siRNAs were also observed within 1kb of 325	

the telomere at the left ends of chromosomes I and IV in trt-1 mutants and not in 326	

wildtype or trt-1; dcr-1 double mutants (Figure 4B, D). The right ends of Chromosomes I 327	

and III and the left end of Chromosome II all showed at least a two-fold increase in 328	

subtelomeric siRNAs in trt-1 and/or trt-1; dcr-1 double mutants (Figure 4E). We 329	

observed a significant bias for subtelomeric siRNAs whose sequences correspond to 330	

the C-rich telomere strand (antisense to TERRA) for the left arms of Chromosomes I 331	

and III (p < 1e-13 and p < 1e-43 respectively, binomial test with Bonferroni correction) 332	

and for the right arm of Chromosome I (p < 1e-172, binomial test with Bonferroni 333	

correction) while the nucleotide sequences of subtelomeric siRNAs at the left arm of 334	

Chromosome IV and the right arm of Chromosome III showed a bias for subtelomeric 335	

TERRA, suggesting that they were created from ARRET (p < 1e-11, p = 0.006 336	

respectively, binomial test with Bonferroni correction) (Figure 4F). These observations 337	

suggest that telomere dysfunction triggers the upregulation of small RNA biogenesis at 338	

multiple subtelomeres, through both DCR-1-dependent and -independent mechanisms.  339	

 340	

We next studied data sets of small RNAs that immunoprecipitate with HRDE-1 and 341	

WAGO-1, Argonaute proteins that promote silencing in the germline, as well as with the 342	

germline anti-silencing Argonaute CSR-1 (Table S3). Enrichment of small RNAs for 343	

each protein was calculated by dividing the number of reads in the immunoprecipitate 344	

library by the number of reads in the corresponding input library. Telomeric siRNAs 345	

were enriched in WAGO-1 immunoprecipates relative to input, but this was not the case 346	

for HRDE-1 or CSR-1 (Figure 3G). Enrichment of subtelomeric small RNAs in WAGO-1 347	

was detected at all chromosome ends tested apart from the right arm of Chromosome I 348	
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(some chromosome ends were not tested due to an absence of reads in the input 349	

library). Enrichment was also detected for HRDE-1 at all chromosome ends excluding 350	

the right arm of Chromosome I and the left arm of Chromosome III (Figure 3H). 351	

Interestingly, CSR-1 showed the opposite pattern of enrichment to WAGO-1 and HRDE-352	

1, with enrichment at none of the chromosome ends apart from the right end of 353	

Chromosome I. The ribosomal DNA, the most highly expressed locus in the C. elegans 354	

genome, is immediately adjacent to this telomere (Wicky et al., 1996), and it is therefore 355	

possible that siRNA activity takes a predominantly anti-silencing function at this 356	

chromosome end.  We asked if either Argonaute that associates with telomeric or sub-357	

telomeric siRNAs, WAGO-1 or to a lesser degree HRDE-1, promotes telomere 358	

maintenance in the absence of telomerase and found that both wago-1 trt-1 and trt-1; 359	

hrde-1 double mutants displayed rapid sterility phenotypes in comparison to trt-1 single 360	

mutants (p < 1e-11 and p < 1e-12, respectively, log rank test) (Figure 1E).  361	

 362	

Telomeric siRNAs and loss of EXO-1 repress sterility in the absence of 363	

telomerase 364	

Although we failed to detect siRNAs with perfect telomere repeat sequence in our 365	

siRNA data sets, these were present at very low levels in data sets generated by other 366	

groups (Figure 3D-F) and could be difficult to detect for technical reasons. We 367	

hypothesized that if loss of small RNAs directly targeting the telomere were responsible 368	

for the rapid sterility in siRNA-deficient trt-1, then reintroduction of exogenous telomeric 369	

siRNAs might rescue this phenotype.  To address this experimentally, we used a viable 370	

dcr-1 allele, mg375, which is deficient for endogenous siRNA production but is 371	

hypersensitive to exogenous RNAi when fed E. coli expressing dsRNA (Welker et al., 372	

2010).  trt-1; dcr-1(mg375) double mutants that were passaged on bacteria expressing 373	

telomeric dsRNA remained fertile significantly longer than those expressing dsRNA from 374	

an empty vector control (Figure 4A). This delay of sterility did not occur for trt-1 single 375	

mutant controls. Moreover, trt-1; dcr-1(mg375) strains fed telomeric dsRNA had 376	

markedly reduced levels of DNA damage at F6 in comparison to trt-1; dcr-1(mg375) 377	

strains grown on control RNAi or on regular OP50 bacteria that do not express dsRNA 378	

(Figure 1F, 5C).  379	
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 380	

In budding yeast, artificially-induced TERRA overexpression promotes telomere 381	

shortening in cis by forming RNA:DNA hybrids that stall telomeric replication forks as 382	

well as by stimulating telomeric resection by Exo1 (Maicher et al., 2012, Pfeiffer and 383	

Lingner, 2012). We therefore hypothesized that loss of EXO-1 might rescue the 384	

accelerated sterility phenotype in siRNA-deficient telomerase mutants.  trt-1; exo-1; 385	

mut-14 triple mutant lines survived significantly longer than trt-1; mut-14 double mutants 386	

(Figure 5B) and showed reduced DNA damage and expression of moderate levels of 387	

TERRA at F6 (Figures 5B, S5). Moreover, trt-1; exo-1 double mutant controls remained 388	

fertile even longer than trt-1 single mutants (Figure 5B), indicating that EXO-1-mediated 389	

resection promotes telomere-shortening-induced senescence in the absence of 390	

telomerase, both at normal telomeres and at telomeres lacking siRNA-mediated 391	

silencing.  While trt-1; exo-1 double mutant controls remained fertile longer than trt-1 392	

single mutants, this was not true for trt-1 single mutants grown on exogenous telomeric 393	

dsRNA (Figure 5A, B). Thus, although loss of exo-1 rescues the rapid sterility 394	

phenotype in small RNA-deficient telomerase mutants, resection by EXO-1 also likely 395	

promotes telomere shortening in trt-1 single mutants independent of siRNA production 396	

and telomeric heterochromatin structure.   397	

 398	

 399	

Discussion 400	

 401	

We propose the following model, based in part on our observations: upon telomere 402	

shortening or damage, TERRA expression is transiently induced, which may recruit 403	

telomerase (Moravec et al., 2016).  If telomerase is present, shortened telomeres are 404	

elongated.  When telomerase is deficient, TERRA expression is suppressed via an 405	

endogenous small RNA pathway that interacts with TERRA to facilitate telomeric 406	

heterochromatin deposition.  We observed upregulation of telomeric and subtelomeric 407	

siRNAs in telomerase mutants, which may act as a negative feedback mechanism to 408	

maintain appropriate levels of TERRA in the absence of telomerase.  H3K9me2 but not 409	

H3K9me3 is present at wildtype C. elegans telomeres, and we found that the C. 410	
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elegans HP1 homolog HPL-2 that binds to and specifically stabilizes H3K9me2 411	

(McMurchy et al., 2017) represses telomere instability in the absence of telomerase. We 412	

therefore propose that siRNAs function at naturally eroding telomeres to promote 413	

heterochromatin formation in a manner that suppresses a form of replication-dependent 414	

DNA damage that activates transcription of TERRA and associated small RNAs. 415	

However, when small RNAs fail to promote heterochromatin formation at telomeres in 416	

the absence of telomerase, our data suggest that EXO-1-mediated DNA damage then 417	

leads to dysfunctional telomeres accompanied by high levels of TERRA that are 418	

observed in early-generation trt-1; dcr-1 double mutants (Figure 5). Importantly, loss of 419	

EXO1 in telomerase-negative mice has been shown to extend lifespan and improve 420	

organ maintenance by repressing ssDNA formation and the DNA damage response 421	

(Schaetzlein et al., 2007), suggesting a conserved role for Exonuclease-1 in the 422	

metazoan response to dysfunctional telomeres.  It is possible that heterochromatin 423	

creates a more compact telomere architecture that is resistant to nucleolytic attack by 424	

EXO-1.  Alternatively, damage signaling from eroding telomeres may recruit EXO-1 and 425	

other DNA damage factors. 426	

 427	

Our results demonstrating that high levels of TERRA are associated with telomere 428	

instability might be consistent with a role for TERRA expression in the DNA damage 429	

response as discussed by two recent studies. First, in mammals TERRA expression 430	

occurs in response to a distinct form of telomeric damage - acutely deprotected, non-431	

replicating telomeres in the presence of telomerase – and is accompanied by production 432	

of telomeric siRNAs that promote DNA damage response factor recruitment (Rossiello 433	

et al., 2017). Second, a recent study in S. cerevisiae showed that increased TERRA 434	

expression and persistent telomeric R-loops in telomerase mutants can repress 435	

senescence by promoting recombination, indicating that increased levels of TERRA can 436	

in some contexts be beneficial (Graf et al., 2017). Our observations that high levels of 437	

TERRA are induced in telomerase negative small RNA mutants in response to EXO-1 438	

(Figure 5), suggest that TERRA may be induced by or integral to a telomeric DNA 439	

damage response.  440	

 441	
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We detected subtelomeric siRNAs that were dependent on Dicer and that interacted 442	

with the Argonaute proteins WAGO-1 and HRDE-1 (Figure 3H), both of which promoted 443	

telomere stability in the absence of telomerase. These Argonaute proteins are known to 444	

be active in the germline and bind to RdRP-generated 22G RNAs that target 445	

overlapping groups of transcripts, including genes, transposons and pseudogenes (Gu 446	

et al., 2009). Moreover, WAGO-1 localizes to perinuclear P-granules (or germ 447	

granules), where it could promote either transcriptional or post-transcriptional  gene 448	

silencing (Gu et al., 2009), whereas HRDE-1 is localized to the nucleus where it 449	

promotes transcriptional gene silencing. The C. elegans Piwi homolog PRG-1 also 450	

localizes to P granules, where it interacts with piRNAs to promote the biogenesis of 451	

secondary 22G RNAs that may interact with HRDE-1 molecules that transiently enter P 452	

granules before entering the nucleus to promote heterochromatin silencing. Moreover, 453	

HRDE-1 and WAGO-1 have been shown to function redundantly to promote 454	

transgenerational epigenomic silencing of transgenes, a form of permanent epigenomic 455	

silencing that is initiated by PRG-1/Piwi and associated piRNAs (Ashe et al., 2012, 456	

Buckley et al., 2012). Given that HRDE-1 and WAGO-1 interact with 22G siRNAs that 457	

map to distinct and overlapping subtelomeres, we propose that these Argonaute 458	

proteins collaborate to promote heterochromatin formation at subtelomeres, such that 459	

both P-granule localized WAGO-1 and nuclear Argonaute HRDE-1 play important roles 460	

in this silencing process. Although proteomics has been performed for both HRDE-1 461	

and WAGO-1, these Argonaute proteins do not physically interact with one another or 462	

possess common interacting proteins (Akay et al., 2017, Shirayama et al., 2014). We 463	

propose that EXO-1-mediated telomere resection is accompanied by expression of 464	

TERRA and ARRET, resulting in low levels of dsRNA that would elicit Dicer recruitment 465	

via RDE-4 to create a primary siRNA population that would be amplified by RdRPs to 466	

create 22G RNAs that associate with WAGO-1 and HRDE-1 to promote telomeric 467	

silencing (Figure 6).  468	

 469	

We did not detect any telomeric siRNAs lacking mismatches in our analysis of siRNAs 470	

from telomerase mutants, nor could we identify Dicer-dependent telomeric siRNAs that 471	

had mismatches. However, we did find that exogenous telomeric siRNAs were able to 472	
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complement the premature sterility of trt-1 dcr-1 mutants (Figure 4A). Together, our 473	

results suggest that while telomeric siRNAs can promote telomere stability in the 474	

absence of telomerase, that subtelomeric transcripts are templates for de novo 475	

synthesis of endogenous siRNAs that are relevant to telomere repeat stability. 476	

Consistently, TERRA transcription in S. pombe initiates in the subtelomere but rarely 477	

extends into the telomere (Moravec et al., 2016). We propose that TERRA is not 478	

significantly expressed in RNAi deficient mutants that possess wildtype telomerase, 479	

because telomerase is capable of healing telomeric damage that occurs in the absence 480	

of small RNA-mediated heterochromatin formation. 481	

 482	

Small RNAs promote genomic silencing of many types of transposons and are essential 483	

for the stability of Drosophila melanogaster telomeres, which are composed of non-LTR 484	

retrotransposons that are distinct from the simple repetitive sequences that are 485	

maintained by telomerase and cap chromosome ends in most organisms (Pardue and 486	

DeBaryshe, 2003).  siRNAs function at Drosophila telomeres to promote 487	

heterochromatin-mediated genome silencing via the Drosophila homologs of HP1 and 488	

ATRX, thereby preventing telomere instability (Chavez et al., 2017, Fulcher et al., 489	

2014).  Small RNA-mediated control of telomere stability through regulation of 490	

heterochromatin is therefore a conserved feature of both non-canonical and canonical 491	

telomeres. siRNA dysfunction at Drosophila telomeres leads to immediate telomere 492	

deprotection and fusion in embryos, whereas C. elegans siRNA mutants telomeres 493	

have normal lengths (Figure S1). When both telomerase and C. elegans siRNA factors 494	

are removed, telomeres trigger a DNA damage response in many germ cells but this 495	

does not result in telomere fusions for several generations, each generation 496	

representing 8-10 cell divisions. This indicates that the accelerated sterility phenotype of 497	

siRNA-deficient trt-1 mutants is not a consequence of a defect in acute telomere 498	

uncapping, but rather an acceleration of the onset of crisis.  We speculate siRNA-499	

mediated heterochromatin formation at telomeres modulates the stability of telomeres in 500	

diverse organisms that maintain their telomeres via telomerase-mediated telomere 501	

repeat addition. 502	

 503	
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Since most human somatic cells do not express telomerase, our findings may be 504	

generally relevant to understanding how cells control the rate of telomere shortening in 505	

the absence of telomerase through modulation of telomeric transcription and chromatin 506	

either in the germ cells, in the early embryo or in adult somatic cells.  Increased TERRA 507	

expression and telomeric R-loops have been reported to associate with high levels of 508	

DNA damage in ICF syndrome cells, which are deficient for DNA methylation at 509	

repetitive segments of the genome, including telomeres, and undergo rapid telomere 510	

shortening and senescence (Sagie et al., 2017).  As telomeric damage associated with 511	

senescence can induce broad changes to chromatin and histone biosynthesis 512	

(O'Sullivan et al., 2010), and our data suggest that the reverse may also be true; global 513	

dysfunction of the epigenome, which may be a hallmark of human aging (Zhang et al., 514	

2015), could elicit rapid telomere instability and irreversible damage in cells that are 515	

deficient for telomerase. We propose that small RNAs could be generally relevant to 516	

lncRNA-mediated heterochromatin formation at telomeres and possibly elsewhere in the 517	

genome, such as loci that are subjected to parent-of-origin genomic imprinting (Holoch 518	

and Moazed, 2015, Taylor et al., 2015).  519	

 520	

Finally, we note that the C. elegans secondary siRNA biogenesis factor MUT-7 (Figure 521	

1A, B) is homologous to the exonuclease domain of human WRN1, which is commonly 522	

mutated in Werner’s syndrome and results in early-onset aging of multiple tissues. 523	

WRN1 deficiency is accompanied by accelerated telomere erosion and senescence 524	

phenotypes that can be rescued by telomerase expression (Shimamoto et al., 2015). 525	

While WRN1 and its homologs have been intensively studied for their roles in DNA 526	

recombination, WRN1 was recently shown to safeguard the epigenomic stability of 527	

heterochromatin	(Zhang et al., 2015). Our study suggests that Werner syndrome may 528	

be explained, in part, by defects in siRNA-mediated heterochromatin silencing at 529	

telomeres and elsewhere in the genome.  530	

 531	

 532	

 533	

 534	
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Materials and Methods 535	
 536	

Strains:  Unless otherwise noted, all strains were maintained at 20°C on nematode 537	

growth medium plates seeded with Escherichia coli OP50.  Strains used include Bristol 538	

N2 ancestral, wago-1(tm1414), trt-1(ok410), unc-29(e193), dpy-5(e61), dcr-1(mg375), 539	

hrde-1(tm1200), rde-1(ne219), rde-4(ne299), rrf-3(mg373), rrf-2(ok210), eri-1(mg366), 540	

mut-7(pk204), mut-7(pk720), mut-14(pk738), rbr-2(tm1231), spr-5(by101), xnp-541	

1(ok1823), xnp-1(tm678), hpl-1(tm1624), hpl-2(ok916), hpl-2(tm1479), exo-1(tm1842). 542	

A trt-1 unc-29 double mutant, where unc-29 is tightly linked to trt-1, was used to create 543	

strains used in this study. Double, triple and quadruple mutants were created using 544	

standard marker mutations and verified based on phenotype or genotype. 545	

DAPI staining: One-day-old adults were washed twice in M9, soaked in 150 µL of 546	

400ng/mL DAPI in ethanol solution for 30 min or until evaporated, rehydrated in 2 mL of 547	

M9 solution overnight at 4°C, and mounted in 8 µL VECTASHIELD mounting medium 548	

(Vector Laboratories).  Chromosome counts were performed under 60x magnification 549	

and a 359nm excitation wavelength using a Nikon Eclipse E800 microscope.   550	

qPCR: Non-starved mixed-stage worms were washed with M9 and RNA was extracted 551	

using 1 mL TRIZOL according to the manufacturer’s instructions.  For RT-PCR analysis, 552	

total RNA was treated twice with DNase I and was reverse transcribed with act-1 and a 553	

telomere-specific primer ((GCCTAA)3) using SuperScript II reverse transcriptase 554	

(Invitrogen).  For SYBR green reactions, subtelomere specific primers were designed 555	

within 200bp of the telomere-subtelomere junction. 556	

 557	

RNA FISH: RNA FISH was performed as previously described (Sakaguchi et al., 2014)  558	

with several modifications.  In brief, non-starved, mixed-stage animals were washed 559	

twice in M9 and three times in 1x DEPC-treated PBS.   Worms were fixed in 1mL 560	

fixation buffer (1x DEPC-treated PBS with 3.7% formaldehyde) for 45 min rotating at 561	

room temperature then washed twice in 1mL 1x DEPC-treated PBS.  Fixed animals 562	

were permeabilized overnight at 4°C in 70% ethanol in DEPC-treated H2O, then washed 563	

in 1 mL wash buffer [10% (vol/vol) formamide in 2x RNases-free SSC].  Aliquots of each 564	
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sample were removed prior to hybridization and treated with RNaseA for 1h at 37°C to 565	

ensure probe specificity to RNA.  Hybridization was performed at 30°C overnight in 100 566	

µL hybridization buffer (10% dextran sulfate, 2x RNase-free SSC, 10% deionized 567	

formamide, 50, 0.02% RNase-free BSA, 50 µg E. coli tRNA) with 1.25 µM probe.  Cy5-568	

labelled (GCCTAA)3 probe was used to detect TERRA transcripts.  Animals were 569	

washed twice with wash buffer, counterstained with 25 ng/mL DAPI for 30 min at room 570	

temperature, and mounted on glass slides in VECTASHIELD mounting medium (Vector 571	

Laboratories) before epifluorescence microscopy.   572	

 573	

IF: IF was carried out as previously described (Phillips et al., 2009) by fixing dissected 574	

gonads of 1 day old adults in 2% PFA for 10 minutes followed by a 1 minute postfixation 575	

in methanol. Rabbit anti-pS/TQ (Cell Signaling Technology) was used at a 1:500 dilution 576	

and mouse anti-RNA:DNA hybrid  S9.6 at 1:500 dilution.  Stained gonads were 577	

counterstained with DAPI and mounted with VECTASHIELD (Vector laboratories) 578	

before epifluorescence microscopy. 579	

 580	

RNAi: RNAi clone expressing dsRNA targeting C. elegans telomeres was constructed 581	

using NEB HiFi DNA assembly mix according to the manufacturer’s instructions.  200 582	

bp of telomeric repeats were amplified from cTel55x by PCR with 20 bp overlap to SpeI 583	

digested L4440.  Correct constructs were transformed into HT115 and RNAi was 584	

performed as previously described	(McMurchy et al., 2017). 585	

 586	

Southern Blot: C. elegans genomic DNA was digested overnight with Hinf1 (New 587	

England Biolabs), separated on a 0.8% agarose gel at 1.5 V/cm, and transferred to a 588	

neutral nylon membrane (Hybond-N, GE Healthcare Life Sciences).  A digoxigenin-589	

labelled telomere probe was hybridized and detected as described	(Ahmed and 590	

Hodgkin, 2000).  591	

 592	

Mrt and ALT assays: When telomerase-deficient trt-1(ok410) C. elegans mutants are 593	

passaged by using the standard Mortal Germline (Mrt) assay developed in our 594	

laboratory, which involves passaging six L1 larval animals to fresh plates weekly, 100% 595	
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become sterile within 20–30 generations. When trt-1(ok410) strains are passaged 596	

weekly by transferring a 1cm2 chunk of agar populated with ≈200–400 animals, 10-20% 597	

of the strains survive for hundreds of generations. Mantel-Cox Log Rank Analysis was 598	

used to determine differences of transgenerational lifespan between strains.  A z-test 599	

was performed to compare proportion of ALT survivors in chunked strains.  600	

 601	

RNA-seq: Animals were grown at 20°C on 100 mm NGM plates seeded with OP50 602	

bacteria. Two biological replicates were prepared for each genotype. RNA was 603	

extracted using Trizol (Ambion) followed by isopropanol precipitation. RNA samples 604	

were treated with 20U RNA 5’ polyphosphatase (Lucigen, RP8092H) for 30 minutes at 605	

37°C to remove 5’ triphosphate groups. Library preparation and sequencing was 606	

performed at the UNC School of Medicine High-Throughput Sequencing Facility 607	

(HTSF). RNA-seq libraries were prepared using the NEXTflex Small RNA Library Prep 608	

Kit for Illumina (Bio Scientific). Libraries were sequenced on an Illumina HiSeq 2500 to 609	

produce approximately twenty million 50 bp single-end reads per library. 610	

 611	

Analysis of high throughput sequencing data: Publicly available RNA-seq datasets were 612	

download from the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) (see 613	

table X for library information). Adapter trimming was performed as required using the 614	

bbduk.sh script from the bbmap suite3 and custom scripts	(Bushnell, 2016). Reads were 615	

then filtered for 22G species or all species between 18 and 30 nucleotides in length 616	

using a custom python script. Reads were then converted to fasta format and mapped 617	

to the C. elegans genome (WS251) using bowtie (Langmead et al., 2009) with the 618	

following options: -M 1 -v 0 -best -strata. Uniquely mapping siRNAs were detected by 619	

replacing the -M 1 parameter with -m 1. To detect telomere-mapping sRNAs, reads 620	

were mapped to seven repeats of perfect telomere sequence (TTAGGC), allowing for 621	

zero mismatches. Unmapped reads were re-mapped to the telomere sequence, this 622	

time allowing for one mismatch. This step was repeated to detect reads that map to 623	

telomeres with two or three mismatches. Genes with differential siRNA abundance in trt-624	

1 were identified using DESeq2 (Love et al., 2014). To detect changes in the 625	

abundance of subtelomeric siRNAs in trt-1 and trt-1; dcr-1, 22G reads mapping to the 626	
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2kb of sequence adjacent to the telomere were counted for each chromosome arm. 627	

Counts were normalized by dividing by the total number of mapped reads for each 628	

library. A pseudocount of 1 was added to each normalized value to avoid division by 629	

zero errors. Replicates were averaged and the log2-fold change between mutant and 630	

wild-type was calculated for each subtelomere. Analysis of sequencing data was 631	

performed using the R statistical computing environment	(Team, 2017).  Genome 632	

regions were visualized using the Gviz R package	(Hahne and Ivanek, 2016).  633	

Immunoprecipitation datasets were used in Figure 3G, H but were excluded from the 634	

analysis shown in Figure 3D-F. To detected siRNAs targeting transposons, 22G reads 635	

were mapped to the C. elegans transposon consensus sequences downloaded from 636	

Repbase with bowtie, allowing for up to two mismatches. 637	

ChIP-seq reads were mapped to the genome as fastq files as described above without 638	

the size filtering step. Read coverage was calculated at each base using bedtools	639	

(Quinlan and Hall, 2010). Coverage values were normalized by dividing by the number 640	

of total mapped reads for each library and enrichment was calculated by dividing the 641	

normalized coverage for I.P. libraries by the normalized coverage of their respective 642	

input libraries.  643	

 644	

Accession numbers: RNA-seq data reported in this study are available under the 645	

accession number GEO: GSE111800. 646	
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 914	
Figure 1: Endogenous small RNA and chromatin factors repress telomere stability in 915	
the absence of telomerase.  (A) Survival curve of primary or secondary siRNA deficient 916	
telomerase mutants when 6 larval L1s are passaged weekly.  (B) Survival curve of 917	
double mutants for trt-1 and chromatin factors passaged by 6 L1s weekly.  (C) Histone 918	
H3.3 remodeling protein XNP-1 represses senescence in trt-1 mutants epistatically to 919	
the small RNA factor MUT-7.  (D) Survival curve of telomerase-deficient strains 920	
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passaged at ~100 worms weekly for 40 independent lines. One allele of xnp-1 (ok1823) 921	
extended survival but did not increase survival via ALT (Table S1). (E)  Small RNA and 922	
heterochromatin mutant trt-1 lines have high levels of chromosome fusions, comparable 923	
to tr-1 single mutants at F24. Fusions were assayed by diamidino-2-phenylindole (DAPI) 924	
staining of oocytes in diakinesis.  (F)  High levels of phospho-(Ser/Thr) staining in the 925	
meiotic gonad of trt-1; dcr-1 at F6 compared to N2 or trt-1. Scale bar, 25�m.  (B)-(D) 926	
***p < 0.001; ****p < 0.00001; ns, not significant, (Log rank test, n ��40 independent 927	
lines for each genotype). 928	
  929	
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 930	
 931	
Figure 2: (A)  Expression of TERRA from subtelomeres IIIL, VR, and XL is increased in 932	
siRNA and heterochromatin deficient telomerase mutants. cDNA was reverse 933	
transcribed with a telomere specific primer and qPCR was performed using 934	
subtelomere-specific primer pairs and normalized to act-1. Expression data are plotted 935	
relative to wildtype and represent the mean ± SEM of three biological replicates.  (B)  936	
RNA FISH signals of TERRA in meiotic germlines of hermaphrodites of the indicated 937	
genotypes.  TERRA foci are present in wildtype and trt-1 in the pachytene region and 938	
increased in trt-1; dcr-1. Scale bar, 10um.   (C) Representative RNA FISH images of 939	
TERRA in males show foci in the pachytene region of the germline which are increased 940	
in trt-1; dcr-1 compared to trt-1. Scale bar, 20 um.  (D) Quantification of germline 941	
TERRA foci (mean  ±  SEM, N=10 germlines).  942	
 943	
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 945	
Figure 3: Analysis of telomere-mapping small RNAs in published datasets. (A)-(C) 946	
ChIP-seq enrichment profiles at three chromosome ends constructed using published 947	
data	(McMurchy et al., 2017, Zeller et al., 2016). Small orange arrows between gene 948	
models and data tracks show the position of primers used in TERRA qRT-PCR 949	
experiments. (D) Proportion of telomere-mapping small RNA reads in published data 950	
beginning with a particular nucleotide. (E) Number of reads in published data mapping 951	
to the G-rich (TTAGGC) or C-rich (GCCTAA) telomeric strand. (F) Distribution of small 952	
RNA length in published data. (G) Enrichment (IP/input) of reads mapping to perfect 953	
telomere sequence with up to three mismatches in published immunoprecipitation 954	
datasets for three different Argonaute proteins. (H) Enrichment for subtelomeric siRNAs 955	
for datasets used in (G). Numbers 0-3 in (D), (E) and (F) indicate number of 956	
mismatches with perfect telomere. 957	
 958	
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 960	
Figure 4: Upregulation of subtelomeric siRNAs in telomerase mutants. (A) Number of 961	
telomere-mapping reads in wild-type, trt-1 and trt-1;dcr-1 libraries. Numbers 1-3 indicate 962	
number of mismatches. (B)-(D) 22G siRNAs at three subtelomeres. (E) Log2-fold 963	
change in siRNA abundance at subtelomeres relative to wild-typein trt-1 and trt-1 dcr-1 964	
animals. (F) Proportion of subtelomeric siRNAs mapping to the strand corresponding to 965	
the  G-rich (TTAGGC) and C-rich (TAAGCC) telomere strand in trt-1 animals. **** p < 966	
0.0001;  ** p < 0.01; ns, not significnat (Binomial test with Bonferroni correction). 967	
 968	
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 970	
Figure 5  Fast senescence in siRNA-deficient trt-1 is rescued by exogenous telomeric 971	
dsRNA or loss of Exonuclease-1.  (A) Survival of trt-1 or trt-1; dcr-1(mg375) on either 972	
empty vector control (EV) or bacteria expressing telomeric double-stranded RNA (telo 973	
dsRNA).  Log rank test relative to EV, ***P < 0.001 (B) Loss of exo-1 extends survival of 974	
trt-1; mut-14 lines.  (C)  Telomeric dsRNA and loss of exo-1 suppress accumulation of 975	
phospho-(Ser/Thr) in siRNA-deficient trt-1 by F6. Scale bar, 20um.   976	
 977	
 978	
 979	
 980	
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 981	
 982	
Figure 6:  Model.  In trt-1 telomerase mutants, telomeric erosion induces expression of 983	
the lncRNA TERRA, which engages production of sub-telomeric and telomeric siRNAs.  984	
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Small RNAs promote deposition of H3K9me2 and H3K4 demethylation to maintain 985	
heterochromatic silencing of the telomere, repressing excess transcription, R-loop 986	
formation, DNA damage, and rapid senescence.  In trt-1; dcr-1 double mutants, TERRA 987	
expression is not repressed, leading to DNA damage, possibly RNA:DNA hybrids, and 988	
rapid senescence, which is dependent on the nuclease EXO-1.   989	
 990	
 991	
 992	
 993	
 994	
 995	
 996	
 997	
 998	
 999	
Supplemental Information 1000	
 1001	
5 Supplemental Figures 1002	
 1003	
3 Supplemental Tables 1004	
 1005	
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Figure S1. Related to Figure 1. Terminal Restriction Fragment (TFR) analysis of 1007	
wildtype and single mutant strains using a telomeric probe. 1008	
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 1009	
 1010	
 1011	
 1012	
 1013	

 1014	
 1015	
 1016	

Figure S2. Related to Figure 1. TRF analysis of RNAi-deficient telomerase mutant 1017	
strains using telomeric probe. 1018	
 1019	
 1020	
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 1021	

 1022	
 1023	
 1024	
 1025	

Figure S3. Related to Figure 2. TERRA expression (yellow) in trt-1 and trt-1; dcr-1026	
1(mg375) 1 day old adults detected with a Cy5-labelled telomeric probe.   1027	
 1028	
 1029	
 1030	
 1031	
 1032	
 1033	
 1034	
 1035	
  1036	
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 1037	
 1038	
 1039	
 1040	
 1041	
 1042	
 1043	
 1044	
 1045	

 1046	

 1047	

 1048	

 1049	

 1050	

 1051	

 1052	

 1053	

 1054	

 1055	

 1056	

 1057	

Figure S4. Related to Figure 2. RNA FISH of TERRA expression in trt-1 and trt-1; dcr-1058	
1 males.  Note TERRA foci in the Pachytene region in both trt-1 and trt-1; dcr-1, as well 1059	
as lack of expression in the mitotic region and spermatocytes 1060	

 1061	

 1062	

 1063	

 1064	

 1065	
  1066	
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 1067	

 1068	

Figure S5. Related to Figure 3. Analysis of 22G small RNA species in telomerase and 1069	
Dicer mutants. (A) Number of reads mapping to DCR-1 targets identified by Gent et al. 1070	
(Gent et al., 2010). (B) log2 normalized mean read counts at every C. elegans gene for 1071	
trt-1 and wild-type. Genes identified as significantly differentially expressed by DESeq2 1072	
are shown in red. ( C) Proportion of all genes or genes downregulated (trt1_dn) or 1073	
upregulated (trt1_up) belonging to expression categories defined by Ortiz et al. (see 1074	
reference 54 in main text). (D) log2 normalized mean read counts at transposon 1075	
consensus sequences for trt-1 and wild-type. 1076	
  1077	
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 1078	
 1079	

 1080	
 1081	
 1082	
 1083	
 1084	
 1085	
 1086	
 1087	
 1088	
 1089	
 1090	
 1091	
 1092	
 1093	
 1094	
 1095	
 1096	

 1097	
 1098	
 1099	
Supplemental Table S1. Related to Figure 1. Statistical analysis of ALT survival 1100	
strains.  Loss of endogenous siRNA production (mut-7, mut-14, and dcr-1) or histone 1101	
chaperone XNP-1/ATRX does not increase survival via ALT. 1102	
 1103	
 1104	
 1105	
  1106	

 Lines 
tested 

Number ALT 
Survivors 

Z score p-value (two 
tailed) 

trt-1 40 6   

trt-1; mut-7(pk204) 40 4 0.6761 0.4965 

trt-1; mut-14(pk738) 40 4 0.6761 0.4965 

trt-1 xnp-1(ok1823) 40 6 0 1 

trt-1 xnp-1(tm678) 40 4 0.6761 0.4965 

trt-1; dcr-1 (mg375) 40 5 0.3247 0.74896 
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 1107	
 1108	

 1109	
 1110	
 1111	
 1112	
 1113	
 1114	
 1115	
 1116	
 1117	
 1118	
 1119	
 1120	
 1121	
 1122	
 1123	
 1124	
 1125	
 1126	
 1127	
 1128	
 1129	
 1130	
 1131	
 1132	
 1133	
 1134	
 1135	
 1136	
 1137	
 1138	
 1139	
 1140	
 1141	

 1142	
 1143	

Supplemental Table S2. Related to Figure 1.  Log rank analysis of survival curves.  1144	
N=40 independent lines for each genotype.  Strains were passaged by transferring 6 1145	
larval L1s weekly and scored as sterile when plates contained no new L1 larvae. 1146	
  1147	

Strain Log Rank test (Z=) p-value 

trt-1; mut-7(pk204) 9.79 <0.00001 

trt-1; mut-14(pk738) 9.96 <0.00001 

trt-1; dcr-1(mg375) 9.37 <0.00001 

trt-1; rde-1 8.23 <0.00001 

trt-1; rde-4 9.21 <0.00001 

trt-1; rrf-3 8.4 <0.00001 

trt-1; rrf-2 1.7 0.089 

trt-1; exo-1 7.38 <0.00001 

trt-1 xnp-1(ok1823) 4.3 <0.00001 

trt-1 xnp-1(tm678) 4.23 <0.0001 

trt-1 xnp-1(tm678); mut-7 9.21 <0.00001 

trt-1; sid-1 6.52 <0.00001 

trt-1; rbr-2(tm1231) 8.64 <0.00001 

trt-1; spr-5 (by101) 8.89 <0.00001 
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 1148	
 1149	
trt-1 F1 males dead embryos trt-1; dcr-1 F1 males dead embryos 
A1 13 6 A1 0 0 
A2 4 26 A2 0 0 
A3 8 24 A3 1 0 
D1 10 11 A4 0 0 
D2 11 4 B1 0 0 
D3 4 9 B2 0 0 
D4 13 15 B3 0 0 
   B4 0 0 
   C1 0 0 
   C2 0 6 
   C3 1 0 
   C4 0 0 
   D1 0 0 
   D2 0 0 
   D3 0 0 
   D4 0 0 
 1150	
 1151	
 1152	
Supplemental Table S3. Related to Figure 1. Counts of total F2 males and dead 1153	
embryos scored for F1 progeny from crosses of wildtype males with either late-1154	
generation F16 trt-1 mutant controls (n=2 independently grown strains, three F1 scored 1155	
for strain A and four for strain D) or early generation F4 trt-1; dcr-1 double mutant (n=4 1156	
strains, 4 F1 each scored for strains A, B, C and D) hermaphrodites. If a chromosome 1157	
fusion is present in any of the F1 animals, then it will cause weak non-disjunction of the 1158	
fused chromosomes, which leads to F2 dead embryos if an autosome is fused or to F2 1159	
males if the X chromosome is fused. 1160	
 1161	
 1162	
Supplemental File 1. Related to Figure 3. Levels of telomeric siRNAs from wild-type 1163	
and those of small RNA mutants. 1164	
 1165	
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