
 

 

 University of Groningen

Aggregation-promoting factors in neurodegenerative diseases
Alvarenga Fernandes Sin, Olga

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Alvarenga Fernandes Sin, O. (2016). Aggregation-promoting factors in neurodegenerative diseases:
Insights from a C. elegans model. [Thesis fully internal (DIV), University of Groningen]. University of
Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/ae89c627-07db-427a-8f11-603afb730c14


CHAPTER IV

Functional sequestration of MOAG-2/LIR-3 
by polyglutamine expansion proteins

 

Olga Sin1,2, Tristan de Jong1, Michelle Kudron3, Renée Seinstra1, Alejandro Mata-
Cabana1, Céline Martineau1, Roméo Willinge Prins1,  Hai Hui Wang1, 

Wytse Hogewerf1, Valerie Reinke3,  Victor Guryev1, Ellen Nollen1

1 European Research Institute for the Biology of Aging, Groningen University of 
Groningen, University Medical Centre Groningen, The Netherlands

2 Graduate Program in Areas of Basic and Applied Biology, University of Porto, Porto, 
Portugal

3 Department of Genetics, Yale University School of Medicine, New Haven, USA.

Manuscript in preparation



Chapter IV

86

Abstract
Aging-related protein aggregation is one of the hallmarks of neurodegenerative 
disorders such as Alzheimer’s, Parkinson’s and polyglutamine diseases. The 
cellular processes that drive protein aggregation in these diseases have 
remained largely unknown. Using a forward genetic screen in a C. elegans model 
for polyglutamine aggregation, we here identified lin-26-related gene 3 (lir-3) as 
modifier of protein aggregation (moag-2) that promotes protein aggregation. 
A mutation or a deletion in moag-2/lir-3 reduced protein aggregation.  
moag-2/lir-3 encodes a protein of unknown function with a putative 
nuclear localization domain and two domains that are homologous to 
nucleotide-binding C2H2 zinc finger domains. By combining chromatin 
immunoprecipitation sequencing and RNA sequencing, we found that  
MOAG-2/LIR-3 is preferentially associated with promoter regions of RNA 
Polymerase III-regulated non-coding RNAs and regulates their expression in 
wild type N2 nematodes. This regulation is lost in worms that express proteins 
with expanded polyglutamine tracts. These results suggest that, by driving 
polyglutamine aggregation, MOAG-2/LIR-3 can no longer execute its normal 
function thus resulting in a transcriptional change of small non-coding RNAs. 
Together, our results show that aggregation-prone disease proteins can turn 
benign cellular proteins into aggregation-promoting factors, at the expense of 
their biological function. The functional switch can be explored as a therapeutic 
target to interfere with aggregation events in neurodegenerative diseases.
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Introduction
Neurodegenerative diseases like Alzheimer’s, Parkinson’s or polyglutamine 
diseases are a major health concern and demand a better understanding of 
the disease pathogenesis in order to make disease-modifying treatments 
available. One core pathological hallmark of neurodegenerative diseases is 
the presence of protein aggregates in different brain areas of affected patients 
[1]. These insoluble, macromolecular structures are particularly enriched in 
aggregation-prone proteins which, by exposing regions of their amino acid 
sequence, begin to self-associate or aggregate with other proteins of the cell, 
thereby hampering normal cellular function [2-4]. Depending on whether 
these proteins remain soluble and misfolded or acquire amyloidogenic 
properties they will be localized to different cellular compartments where they 
can either be degraded and recycled by the ubiquitin-proteasome machinery 
or form insoluble aggregates [5, 6]. It is not resolved whether these protein 
aggregates are causing disease. The current view is that soluble oligomeric or 
fibrillar precursors to these aggregates are cytotoxic and that aggregation is a 
protective measure to sequester these harmful species [7-10].

The cellular factors that drive protein aggregation are poorly understood. 
Direct aggregation-promoting factors have been identified [11-14]. SH3GL3 (or 
endophilin-3) is a SH3-domain GRB2-like 3 protein that was suggested to interact 
directly with the polyglutamine stretch within exon 1 of the huntingtin gene 
to promote aggregation [14]. This interaction was proposed to be dependent 
on the polyglutamine length of mutant huntingtin or its aggregated form [14, 
15]. MOAG-4/SERF was identified as a direct modifier of polyglutamine, alpha-
synuclein and amyloid-beta-induced aggregation [11, 12]. MOAG-4/SERF is 
a predominantly disordered protein of unknown function that was shown 
to drive aggregation by transient binding to aggregation-prone proteins at 
the early stages of the aggregation pathway [11, 12]. Cell non-autonomous 
regulation of protein aggregation has been described with the example of 
unc-30, a homeodomain transcription factor involved in the synthesis of the 
inhibitory neurotransmitter GABA [16]. Mutation of unc-30 impairs neuronal 
signaling at the neuromuscular junction and enhances protein aggregation in a  
C. elegans model for polyglutamine diseases [16].
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A wide variety of genetic screens have been performed to find genes that 
regulate aggregation and aggregation-associated toxicity in animal models for 
neurodegenerative diseases [12, 17-22]. Here, we describe a forward genetic 
screen where we sought for genes that normally drive protein aggregation in 
a C. elegans model for polyglutamine diseases. We identified moag-2/lir-3 as a 
modifier of aggregation that, when mutated, reduced aggregation up to 51% in 
a polyglutamine model. We demonstrate that MOAG-2/LIR-3 is a transcriptional 
regulator that promotes the transcription of small non-coding RNAs (ncRNA), 
including small nucleolar RNAs (snoRNAs) and transfer RNAs (tRNAs), in wild 
type nematodes. We propose that MOAG-2/LIR-3 shifts its role in the presence 
of polyglutamine from a transcriptional regulator of ncRNAs to an aggregation-
promoting factor.

Results
Inactivation of MOAG-2/LIR-3 reduces polyglutamine aggregation
To identify genes that drive protein aggregation, we performed a forward 
genetic screen in a C. elegans model that expresses an aggregation-prone 
polyglutamine stretch of 40 residues fused to YFP (Q40-YFP) in the body-
wall muscle cells [12]. We screened for mutants that reduced polyglutamine 
aggregation, which we named modifiers of aggregation (moag) ([12] 
and unpublished data). moag-2(pk2183) (hereafter designated simply as  
“lir-3(pk2183)”) presented a 51% reduction in the number of aggregates relative 
to the wild type Q40 animals in their fourth larval stage (Figure 1A, B). SNP-
mapping and genome sequencing allowed us to fine-map the causal mutation 
and revealed six genes as putative candidates for moag-2 (Figure S1B). For one 
of these, which mapped to lir-3 (lin-26 related; sequence: F37H8.1; accession 
number: NC_003280), the causative mutation was in the start codon, replacing 
the first methionine with an isoleucine (Met1Ile) (Figure 1C, S1B). lir-3 encodes 
a LIN-26-like zinc finger protein of unknown function (http://wormbase.org, 
March 2014). It is predicted to have two zinc finger domains of the C2H2 
type (residues 191-214 and 224-247) at the carboxyl terminus (Figure S1C) 
and a nuclear localization signal spanning amino acid residues 132 to 141   
(http://nls-mapper.iab.keio.ac.jp/, March 2014). LIR-3 shares two non-canonical 
C2H2 zinc finger motifs with LIN-26 (31 to 35% identical), LIR-1 (20 to 31% 
identical) and LIR-2 (25% identical) [23].
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To assess whether moag-2 was lir-3, we generated a lir-3(tm813) deletion 
mutant (hereafter designated simply as “lir-3(tm813)”) and crossed it with the 
polyglutamine animals. This strain has a 795 bp deletion that spans residues 
276 to 1070 of the F37H8.1 sequence that causes a premature stop codon  
(Figure 1C, S1C). The partial deletion of lir-3 caused a 35% reduction of 
aggregates relative to the wild type animals (Figure 1D). Animals heterozygous 
for the lir-3 deletion allele exhibited a similar number of aggregates as wild 
type, supporting that the reduction of aggregation was recessive and due to 
the loss of function of lir-3 (Figure 1D). We next asked whether overexpression 

Figure 1. Identification of moag-2/lir-3 as an aggregation-promoting factor. (A) Number of aggregates 
in Q40 animals and Q40;moag-2(pk2183) animals. (B) Representative images of Q40 animals and  
Q40;moag-2(pk2183) animals. Scale bar, 75 μm (C) Chromosomal location of lir-3 (F37H8.1, Chromosome 
II, reverse strand of assembly; http://www.wormbase.org, WS248), showing the point mutation in the 
start codon (red arrowhead), the partial deletion (red bar) and the rescue fragment (green). (D) Number 
of aggregates in Q40 animals with wild type, heterozygous and homozygous deletion for the lir-3(tm813) 
allele. (E) Number of aggregates in Q40 animals and Q40;lir-3(tm813) animals, with and without transgenic 
overexpression of an injected lir-3 construct, using its endogenous promoter. (F) Filter retardation assay with 
five-fold serial dilutions of crude protein extract from Q40 animals and Q40;moag-2/lir-3 mutant animals. 
See also Figure S1D. Q40-YFP and α-tubulin expression were included as controls. (G) Q40-YFP transcript 
expression detected by RNA seq in L4 animals and protein expression detected in urea-treated L4 and day 
one adult animals. In all panels, aggregate counting, representative images and filter retardation assay were 
performed at the L4 stage and represented is the average of three biological replicates. Data are represented 
as mean ± SEM and significance was calculated using one-tailed unpaired t-test. **p<0.01; ***p<0.001
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of lir-3 could restore the aggregation phenotype. We injected a rescue construct 
with full-length lir-3 including a 1.5 kb sequence upstream of the start codon to 
include its endogenous promoter as well as 330 bp downstream to include the 
3’ UTR (Figure 1C). The expression of the lir-3 rescue fragment in Q40;lir-3(tm813) 
animals was able to restore the aggregation phenotype by 2-fold (p<0.05), 
therefore confirming lir-3 as the gene responsible for driving aggregation in 
our polyglutamine model (Figure 1E). In summary, these results demonstrate 
that lir-3 is the moag-2 gene.

One property of aggregates in the brains of neurodegenerative disease 
patients, which is also captured by the C. elegans polyglutamine model, 
is that they are typically resistant to strong detergents, such as sodium 
dodecyl sulfate (SDS) [24-26]. To establish whether MOAG-2/LIR-3 promoted 
aggregation of SDS-insoluble polyglutamine aggregates, we performed 
a filter retardation assay on lysates of wild type and moag-2/lir-3 mutant 
polyglutamine animals [27, 28]. This assay enables the detection of SDS-
insoluble protein aggregates while smaller, soluble species are not captured. 
Both Q40;moag-2/lir-3(pk2183) and Q40;moag-2/lir-3(tm813) mutants 
presented less SDS-insoluble aggregates than their corresponding Q40 
controls (Figure 1F). The reduction of SDS-insoluble aggregates was more 
pronounced in the point mutant (43%; p=0.491) than in the deletion mutant 
(26%; p=0.1828) (Figure S1D). Mutation or partial deletion of moag-2/lir-3 
did not detectably reduce the transcription or the protein expression level of  
Q40-YFP, indicating that moag-2/lir-3 does not reduce aggregation by reducing 
expression level of the Q40-YFP protein (Figure 1F, G). Together, these results 
indicate that moag-2/lir-3 drives the formation of SDS-insoluble aggregates.

MOAG-2/LIR-3 is C2H2-domain protein associated with RNA 
Polymerase III promoters 
Having established that mutation of moag-2/lir-3 reduces polyglutamine 
aggregation, we next investigated the endogenous function of the protein. 
C2H2 zinc finger domains are predominantly associated with DNA-binding 
transcription factors but may also have other functions such as mediating 
protein-protein interactions or binding to RNA [29-31].  Bioinformatic 
analysis combined with manual curation predicted MOAG-2/LIR-3 to be a 
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Figure 2. MOAG-2/LIR-3 preferentially binds to promoters of small ncRNAs. (A) Comparison between the 
composition of the gene biotypes bound by MOAG-2/LIR-3 (1kb around TSS) and those distributed genome-
wide. See also Figure S2A. (B) MOAG-2/LIR-3 binding sites within -1000 and +1000 bp from TSS for protein-
coding, ncRNA, tRNA and snoRNA genes. (C) Enriched consensus DNA motifs for MOAG-2/LIR-3 with p value.  
(D) Number of MOAG-2/LIR-3 binding sites containing Box A and Box B. (E) Heat map showing the binding 
of different transcription factors to promoters of C. elegans protein-coding, snoRNA and tRNA genes. The 
hierarchical clustering was generated using the average linkage cluster method with a binary metric distance.
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transcription factor [32, 33]. To explore this possibility, we took advantage 
of chromatin immunoprecipitation followed by deep sequencing (ChIP 
seq) as previously described, using L4-staged animals that express an 
integrated construct of lir-3 fused to a GFP tag [34, 35]. This analysis yielded 
a total of 678 unique MOAG-2/LIR-3 binding sites, of which 404 overlapped 
with 813 C. elegans genes. Further analyses of these genes revealed that 
MOAG-2/LIR-3 binding was enriched in the transcription start sites (TSS) of 
tRNA genes (35.7%, p<0.001), snoRNA genes (6.3%, p<0.001), rRNA genes 
(2.5%, p<0.001) and snRNA genes (2.2%, p<0.002) (Figure 2A, B, S2A). While  
MOAG-2/LIR-3 was also found in the vicinity of protein-coding and other ncRNA 
genes, this binding was not significantly enriched (Figure 2A, B). 

We then asked whether the binding sites were enriched in any consensus 
sequence motif that could be recognized by MOAG-2/LIR-3. From the 678 
binding sites initially identified in our ChIP seq, more than half of the sites 
contained Box A and Box B sequence motifs, 301 of which contained both 
motifs (Figure 2C, D). Box A and Box B constitute the canonical type 2 promoter 
site recognized by the RNA Polymerase (Pol) III complex [36, 37]. Pol III is 
responsible for the transcription of structural or catalytic small nuclear RNAs 
(snRNAs), of tRNAs and of snoRNAs, which mediate chemical modifications of 
other RNA molecules [37-40]. 

These findings led us to hypothesize that MOAG-2/LIR-3 could bind to the 
same target promoters as Pol III. Several C. elegans transcription factors have 
been shown to bind in the proximity of non-coding genes, including PHA-
4, PQM-1 and GEI-11 [41]. This prompted us to ask whether the association 
of MOAG-2/LIR-3 with the RNA Pol III complex resembled the binding of 
these transcription factors to the promoters of non-coding genes. To answer 
this question, we collected publicly available ChIP seq data for known 
transcription factors of C. elegans (http://www.modencode.org; September 
2014) and analyzed their binding to the promoters of protein-coding genes, 
snoRNA and tRNA genes (Figure 2E). While there is little association of  
MOAG-2/LIR-3 with the promoters of protein-coding genes, there is a strong 
similarity of MOAG-2/LIR-3 binding profile with a group of factors clustered 
together with representative components of the RNA Pol III complex, including 
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Pol III, the TATA binding protein (TBP-1), two subunits of the transcription factor for  
Pol III C (TFC-1 and TFC-4) and the nuclear pore proteins NPP-3 and NPP-13, 
which were recently shown to associate with the RNA Pol III complex to regulate 
tRNA and snoRNA splicing [36]. The binding of these factors is very abundant in 
the promoters of snoRNAs as well as tRNAs (Figure 2E, arrowhead), in contrast 
to the majority of the other transcription factors. Together, we demonstrated 
that MOAG-2/LIR-3 binds to the promoters of small ncRNA genes suggesting 
that MOAG-2/LIR-3 is associated with Pol III transcription.

MOAG-2/LIR-3 is a positive regulator of the RNA Pol III-mediated 
transcription of small ncRNAs
Because MOAG-2/LIR-3 bound to the promoters of small ncRNA genes, we 
next asked what consequence this binding would have for the transcription of 
the Pol III downstream targets. We therefore compared the RNA expression in 
wild type animals to moag-2/lir-3 mutant animals by transcriptome profiling. 
In line with the absence of MOAG-2/LIR-3 at Pol II promoter sites, we did 
not find any differentially expressed protein-coding genes in the mutants 
compared to the wild-type N2 animals, thereby excluding MOAG-2/LIR-3 as a 
transcriptional regulator of protein-coding genes (Figure 3C, S3A). Mutations in  
moag-2/lir-3, however, did result in the downregulation of snRNAs (p<0.001), 
snoRNAs (p<0.001) and tRNAs (p<0.001) in both mutants, demonstrating that 
MOAG-2/LIR-3 is required for Pol III-mediated transcription of these small ncRNAs 
(Figure 3C, S3A). We next asked where MOAG-2/LIR-3 was positioned relative 
to RNA Pol III complex, by comparing the positions of the ChIP seq signals of  
MOAG-2/LIR-3 relative to the different components of the RNA Pol III complex. 
For both the tRNA and snoRNA genes, all factors localized to the Box A and  
Box B containing promoter region, consistent with previous reports  
(Figure 3A, B) [36]. MOAG-2/LIR-3 was positioned to the same sites  
(Figure 3A, B). Together, these results indicate that MOAG-2/LIR-3 functions 
as a positive regulator of the Pol III-mediated transcription of small ncRNAs in  
C. elegans.
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Figure 3. MOAG-2/LIR-3 regulates transcription 
of small ncRNAs. (A) Boxplot showing the 
relative expression of different gene biotypes in  
lir-3(pk2183) relative to the wild type N2 
background. Coding: protein coding genes; 
ncRNA: non-coding RNA; Pseudo: pseudogenes; 
snRNA: small nuclear RNA; snlRNA: snRNA-like 
RNA, snoRNA: small nucleolar RNA; tRNA: transfer 
RNA. See also Figure S3A. ***p<0.001 (B) Positions 
of ChIP seq signal maxima relative to TSS (right y 
axis) with maximum normalized read count (left y 
axis) for the 51 snoRNA genes and the 290 tRNA 
genes picked in this study. Bottom box represents 
the motif position of Box A and Box B relative to 
snoRNA and tRNA genes. See also Figure S2B. (C) 
Diagram showing the positions of the RNA Pol III 
factors and MOAG-2/LIR-3 estimated from data 
presented in panel (B). 
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Regulation of protein aggregation by MOAG-2/LIR-3 is independent 
of its role as a transcriptional regulator
Next, we asked whether MOAG-2/LIR-3 regulated protein aggregation via 
the RNA Pol III–mediated transcription of the small ncRNAs. We therefore 
knocked down by RNAi, one-by-one, the individual components of the RNA 
Pol III complex in both the wild type and the moag-2/lir-3(pk2183) mutants. 
To confirm RNAi knockdown, we also looked for RNAi-associated phenotypes 
other than aggregation. If Pol III-mediated transcription would play a role, 
this would result in a reduction in the amount of aggregates in the wild type 
Q40 animals but not in the moag-2/lir-3 mutants. As a control, knockdown of  
Pol II decreased the amount of aggregates in both the wild type and the 
mutant animals, indicating that a reduction in the expression of coding 
genes has an effect independent of moag-2/lir-3 (Figure 4A). Knockdown of 
Pol III, TBP-1, TFC-1 and TFC4 did not alter aggregation in the Q40 nor in the  
Q40;moag-2/lir-3 mutant strains, indicating that reduction of Pol III-mediated 
transcription in the absence of moag-2/lir-3 is not responsible for the reduction 
of aggregation (Figure 4A). Reduction of npp-13 or of tRNA processing enzymes 
also did not alter the aggregation phenotype, indicating that neither small 
RNA processing nor the availability of mature tRNAs plays a role in reduction of 
aggregation (Figure 4A, B). These results indicate that the regulation of protein 
aggregation by MOAG-2/LIR-3 is separate from its role in RNA transcription 
with the RNA Pol III complex. 

Polyglutamine expansion proteins suppress transcription of small 
ncRNAs
We next aimed to address why the role of MOAG-2/LIR-3 in driving protein 
aggregation was independent of its role as a transcriptional regulator. We 
therefore first compared the RNA expression profiles of wild type Q40 animals 
to moag-2/lir-3 mutant Q40 animals. In contrast to wild type N2 animals, in 
the presence of polyglutamine there was no longer a change in the relative 
expression levels of the small ncRNAs (Figure 4C). When we then measured the 
absolute levels of all RNAs, we found that, in contrast to the protein-coding 
RNAs, pseudogenes and other ncRNAs, the expression of snRNAs, snoRNAs 
and tRNAs was already strongly reduced in wild type Q40 animals, indicating 
that polyglutamine expansion proteins downregulated ncRNA expression  
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Figure 4. MOAG-2/LIR-3 drives aggregation by converting into an aggregation-promoting factor. 
(A) Number of aggregates measured upon RNAi knockdown of individual components of the RNA  
Pol III complex in Q40 and Q40;lir-3(pk2183) animals. Aggregate counting was performed at young adult 
stage. As an internal quality control for RNAi, squares indicate penetrance (100% [closed] and 0% [open]) 
of all associated visible RNAi phenotypes other than aggregation. See also Figure S4A. (B) Number of 
aggregates measured upon RNAi knockdown of tRNA processing enzymes in Q40 and Q40;lir-3(pk2183) 
animals.  Aggregate counting was performed at L4 stage. In panels A and B, data are represented as 
mean ± SEM and significance was calculated using two-tailed unpaired t-test. (C-E) Boxplot showing 
the relative expression of different gene biotypes in (C) Q40 and Q40;lir-3(pk2183); in (D) N2 and Q40 
wild type animals (Q40 wild type outcrossed from pk2183); and in (E) lir-3(pk2183) in the N2 and Q40 
genetic backgrounds. See also Figure S4C-D. Coding: protein coding genes; ncRNA: non-coding RNA; 
Pseudo: pseudogenes; snRNA: small nuclear RNA; snlRNA: snRNA-like RNA, snoRNA: small nucleolar RNA; 
tRNA: transfer RNA.*p<0.05; **p<0.01; ***p<0.001, ns is not significant. In all panels, the average of three 
biological replicates is represented. (F) Working hypothesis for the role of MOAG-2/LIR-3 as an aggregation-
promoting factor. In wild type animals, MOAG-2/LIR-3 normally regulates the transcription of small ncRNAs, 
namely snRNAs, snoRNAs and tRNAs. However, when polyglutamine expansion proteins are expressed,  
MOAG-2/LIR-3 switches its function from transcriptional regulator to an aggregation-promoting factor, 
thereby driving polyglutamine aggregation.



Functional sequestration of MOAG-2/LIR-3 by polyglutamine expansion proteins

97

(p<0.001; Figure 4D). We observed this reduction in expression to a lesser 
extent in the moag-2/lir-3 mutant Q40 animals compared to the mutant N2 
animals, suggesting that part of the downregulation in the wild type animals 
was caused by polyglutamine inhibition of MOAG-2/LIR-3 (p<0.001; Figure 4E).  
Indeed, this finding explained why mutations in moag-2/lir-3 could no longer 
reduce the expression in these Q40 animals (Figure 4C, S4C).

Altogether, these data suggest a switch of function of MOAG-2/LIR-3 in presence 
of polyglutamine expansion proteins from its biological role as a transcriptional 
regulator to a pathological role as an aggregation promoter at the expense of 
its own function (Figure 4F).

Discussion
Aggregation-prone disease proteins have been found to cause age-related 
neurodegenerative diseases but the cellular processes that drive their 
aggregation and toxicity are still not fully understood.  Using a genetic screen 
in a C. elegans model for disease, we here identified MOAG-2/LIR-3 as regulator 
of RNA Pol III transcription that — in presence of polyglutamine expansion 
proteins — turns into a positive regulator of polyglutamine aggregation. 

The role of MOAG-2/LIR-3 as a transcription factor has been previously 
suggested by others [23, 32, 33]. Its initial discovery as a putative transcription 
factor was due to its structural similarity to the C2H2 zinc fingers of LIN-26, a 
fate regulator responsible for the differentiation of non-neuronal ectodermal 
cells and somatic gonad epithelium [23, 42, 43]. By combining ChIP seq with 
RNA sequencing, we provide the first experimental evidence of MOAG-2/LIR-3 
being a regulator of transcription.

In C. elegans, several transcription factors have been shown to bind to more 
than 10% to the promoters of small ncRNAs, but only one (GEI-11) is predicted 
to regulate ncRNAs [41]. We showed that MOAG-2/LIR-3 is required for the 
transcription of snRNA, snoRNA and tRNA genes and — unlike the majority 
of the other transcription factors — MOAG-2/LIR-3 bound to the same target 
genes as the RNA Pol III complex.
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MOAG-2/LIR-3 expression in C. elegans has been described to localize to 
the nucleus of body wall muscle cells, the vulval muscles, the spermatheca, 
the head and tail ganglia and the ventral nerve cord, from embryogenesis 
throughout adulthood (www.transgeneome.mpi-cbg.de, March 2014 and 
[32, 33]). A microarray performed in two distinct mechanosensory neurons 
— the touch receptor neurons and the FLP neurons — revealed that  
moag-2/lir-3 was upregulated in the FLP sensory neurons, suggesting that 
moag-2/lir-3 is required for FLP differentiation [44]. Because the expression of  
MOAG-2/LIR-3 is limited to a subset of cell types, this suggests that MOAG-2/LIR-3 
could be a tissue-specific regulator of transcription rather than a core component 
of the RNA Pol III machinery. Such cell type specific regulators of RNA Pol III have 
been described for human cells and proposed to accommodate tissue-specific 
needs for small non-coding RNAs ([45, 46], also reviewed in [39, 47]). Whether  
MOAG-3/LIR-3 has a similar role remains to be established.

In C. elegans, the nuclear pore protein NPP-13 has been described to 
associate with the RNA Pol III complex, which regulates the efficient 
processing of snoRNA and tRNA transcripts [36]. Knockdown of  
NPP-13 results in abnormally long snoRNA and tRNA transcripts that cannot 
be processed into their mature form [36]. We did not find unprocessed 
transcripts neither for snoRNA nor tRNAs in moag-2/lir-3 mutant animals 
(data not shown), which excludes the possibility that MOAG-2/LIR-3 is 
required for RNA Pol III transcript processing. Moreover, knockdown of  
NPP-13 did not alter aggregation, which suggests that mutations in  
moag-2/lir-3 do not alter aggregation by interfering with the nuclear pore 
complex.

In this study, expression of an aggregation-prone protein downregulated 
the levels of snRNAs, snoRNAs and tRNAs, demonstrating that aggregation-
prone proteins also affect the non-coding genome. One explanation for 
this downregulation is that the aggregation-prone proteins sequestered or 
changed the localization of MOAG-2/LIR-3, and perhaps also components of 
the RNA Pol III complex. Several intrinsically disordered proteins, which include 
proteins involved in transcriptional regulation, are known to be sequestered 
by aggregation-prone proteins into aggregates [3, 48-51]. One example 
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is Sp1, which can no longer bind to its DNA targets due to sequestration 
by mutant huntingtin [52, 53]. Because MOAG-2/LIR-3 is a small (284 aa), 
predominantly disordered protein (75.5%) (http://bip.weizmann.ac.il/fldbin/
findex, June 2015), its sequestration could explain the lower levels of small 
ncRNAs observed in presence of aggregation-prone proteins. Nevertheless, 
the fact that aggregation-prone proteins affect small ncRNA expression poses 
the interesting question whether this is correlated their toxicity. It will also be 
interesting to find whether the cellular downregulation of small ncRNAs is a 
consequence specific for polyglutamine expansion proteins or shared by other 
aggregation-prone proteins such as alpha-synuclein and amyloid-beta.

Individual knockdown of the components of the RNA Pol III complex did not 
affect aggregation in Q40 animals, indicating that RNA Pol III transcription is 
not related to the effect of moag-2/lir-3 mutations on protein aggregation. 
Impaired processing of precursor tRNA into its mature form or mutations in the 
tRNA body sequence have been implicated in neurodegeneration [54-59]. In  
C. elegans, mutations in the tRNA body sequence can result in protein 
misfolding, protein aggregation and neurological defects [60, 61]. We found, 
however, that knockdown of tRNA processing enzymes as well as factors known 
to cooperate with those enzymes (rtcb-1, clpf-1 and gtbp2 homolog) did not 
alter the aggregation phenotype in Q40 animals, also indicating that impaired 
tRNA processing is not the cause for protein aggregation in our model. The 
glutaminyl tRNA that specifically recognizes the CAG codon is required in high 
demand during translation of the expanded CAG tract in huntingtin, eventually 
resulting in its depletion [62]. According to our data, there is no evidence for a 
preferential enrichment or depletion of glutaminyl pre-tRNAs in Q40 animals 
(data not shown). In addition, while we cannot account for mature tRNAs 
present in the body wall muscle cells, which would require detection in a 
tissue-specific manner, the polyglutamine expression levels are not decreased 
in the moag-2/lir-3 mutant animals, reducing the possibility that the availability 
of glutaminyl tRNAs plays a role. 

Several transcription factors have been implicated in protein aggregation, but 
none with known function related to RNA Pol III transcription [53, 63]. Our results 
indicate that MOAG-2/LIR-3 regulated protein aggregation independently of its 
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role in small ncRNA transcription and processing, as shown by RNAi knockdown 
experiments. One possibility is that MOAG-2/LIR-3 drives aggregation directly. 
Precedents for aggregation-promoting factors include SERF1A, which can drive 
aggregation of a variety of disease proteins via a transient direct interaction 
with early aggregation intermediates and SH3GL3, which was shown to bind 
physically to the huntingtin protein or its mutated form through the SH3 
domain [11, 12, 14, 15]. 

Components of the RNA Pol II complex have been reported to be part of protein 
aggregates. Such an example comes from TBP, which was localized to nuclear 
inclusions of SCA-1, -2, -3 and neurofibrillary tangles of Alzheimer’s disease [64-
66]. A regulatory role for TBP in protein aggregation, as we observe here for 
MOAG-2/LIR-3, however, has not been reported.

In summary, this work reveals that protein aggregation can affect the non-
coding genome by altering the expression of ncRNA genes available in the cell. 
Secondly, this work opens yet another perspective on how aggregation-prone 
disease proteins can impair cellular homeostasis by inhibiting transcription of 
non-coding RNAs and converting normal cellular proteins into aggregation-
promoting factors at the expense of their function. 

Methods
Strains and genetics
Standard methods were used for culturing C. elegans at 20ºC [67]. The  
LIR-3::GFP strain (OP312) was generated by biolistic transformation to produce 
an integrated, low-copy transgene of the WRM0637aB05 fosmid, recombineered 
with GFP:3XFLAG in frame at the carboxy terminus of the lir-3 locus [34]. To 
synchronize animals, eggs were collected from gravid hermaphrodites by 
hypochlorite bleaching and hatched overnight in M9 buffer. The desired 
amount of L1 animals were subsequently cultured on nematode growth 
medium agar plates (#633185, Greiner Bio-One) seeded with OP50 bacteria. 
The following strains were used or generated: wild type N2 (Bristol), AM141 
rmIs133[P(unc-54)Q40::YFP]X [68],  OP312 wgIs312[P(lir-3)::TY1::EGFP::3xFLAG 
+ unc-119(+)] [35, 69], OW1002 lir-3(tm0813)II , OW1003 rmIs133[P(unc-54)
Q40::YFP]X;lir-3(tm813)II, OW1004 rmIs133[P(unc-54)Q40::YFP]X, OW1019 
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moag-2 (pk2183), OW1020 rmIs133[P(unc-54)Q40::YFP]X;moag-2(pk2183)II, 
OW1021 rmIs133[P(unc-54)Q40::YFP]X, OW1086 rmIs133[P(unc-54)::Q40::YFP]X, 
OW1087 rmIs133[P(unc-54)::Q40::YFP]X; zgEx221[P(myo-3)::CFP + P(lir-3)::lir-3]; 
lir-3(tm813)II, OW1090 rmIs133[P(unc-54)::Q40::YFP]X, OW1091 rmIs133[P(unc-
54)::Q40::YFP]X; zgEx226[P(myo-3)::CFP + P(lir-3)::lir-3]; lir-3(tm813)II, OW1100 
rmIs133[P(unc-54)::Q40::YFP]X; wgIs312[P(lir-3)::TY1::EGFP::3xFLAG + unc-119(+)].

EMS Mutagenesis and Mapping 
Mutagenesis was performed using standard C. elegans ethyl methanesulfonate 
(EMS) methodology [70]. Eight thousand mutagenized genomes were 
screened for suppressors of aggregation. moag-2(pk2183) was identified by 
single-nucleotide polymorphism mapping to a region between base 9,400,743 
and 11,827,697 on linkage group II [71]. Next generation sequencing was 
performed in that region to identify candidate genes for moag-2. CLC Bio  
(Qiagen, http://www.clcbio.com) and MAQGene softwares were utilized for 
mapping the mutation in F37H8.1 [72].

Creation of transgenic strains
For the rescue experiment, a genomic construct of lir-3 spanning 1500bp 
upstream to 330bp downstream of F37H8.1 was amplified from N2 
genomic DNA by nested PCR using primers F1: CGCTCACAGTCAACGTCG; 
R1: CCATGCGATTTGACACATTTCG; F2: CGGCATTGCTCTTGTCGTGC and R2: 
GCATCTCATGAAACCAGACGC. The resulting PCR fragment was cloned into the 
pGEM-T Easy Vector (Promega) and sequenced. Transgenic lines were made 
by injecting ~20 ng/ul of construct along with ~10 ng/ul of pPD136.61 [P(unc-
54::CFP)] in N2 animals.

RNAi experiments
RNAi experiments were performed on NGM agar plates containing 1 mM IPTG 
and 50 mg/ml ampicillin that were seeded with RNAi bacteria induced with 
IPTG to produce dsRNA. Animals were synchronized by hypochlorite bleaching 
and L1 animals were grown on RNAi plates (#628103, Greiner Bio-One) and 
used for the experiments at L4 stage, unless stated otherwise.
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Quantification of aggregates
The number of aggregates present in whole animals was counted using a 
fluorescence dissection microscope (Leica Microsystems, Wetzlar, Germany). 
A minimum of 20 animals was counted in three biological replicates, unless 
stated otherwise. 

Filter retardation assay 
The protocol was adapted from Wanker et al [27, 28]. Briefly, crude worm 
lysates from synchronized L4 animals were resuspended in FTA Sample Buffer 
(10 mM Tris-Cl pH 8.0; 150 mM NaCl; 2% SDS) and disrupted using a bead-
beater (FastPrep 24, MP Biomedicals) for 7 cycles of 20 seconds bead beating/5 
minutes rest per cycle. Supernatants were transferred to new 1.5 ml tubes and 
protein concentration was determined using the BCA Protein Assay Kit (#23227; 
Thermo Scientific Pierce). To detect SDS-insoluble aggregates, 100 ug of total 
protein was mixed with 1 M DTT and FTA Sample buffer (final concentration  
40 ug/100 ul) and heated for 98ºC for 5 minutes. Samples were filtered through 
a 0.22 micron cellulose acetate membrane using a Bio-Dot microfiltration 
apparatus (Biorad) and 100 ug of total protein was used followed by five-
fold serial dilutions. Proteins were blocked for 30 minutes with 5% milk in 
TBS-T. Membranes were incubated with GFP (#632381, Clontech) or α-tubulin 
(#T6074-200UL, Sigma) primary antibodies at a 1:5000 dilution overnight at 
4ºC. Incubation with secondary antibody anti-mouse was applied at a 1:10.000 
dilution for 1 hour at room temperature. Antibody binding was visualized with 
an ECL kit (#RPN2232, Amersham).

Chromatin immunoprecipitation sequencing
ChIP assays were conducted as previously described [35, 41]. Worm staging 
was achieved by bleaching and L1 starvation.  Arrested L1 animals were plated 
on peptone-enriched NGM plates seeded with OP50 bacteria and grown 
for 48 hours for L4 collection at 20°C.  Samples were crosslinked with 2% 
formaldehyde for 30 minutes at room temperature and then quenched with 
1 M Tris pH 7.5. The pelleted worms were subsequently flash frozen in liquid 
nitrogen and stored at -80°C. Samples were sonicated using a microtip to obtain 
mostly 200 to 800 bp DNA fragments. For each sample, 2.2 or 4.4 mg of cell 
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extract was immunoprecipitated using a goat anti-GFP, GoatV (gift from Kevin 
White). The enriched DNA fragments and input control (genomic DNA from the 
same sample) for two biological replicates were used for library preparation 
and sequencing as previously described [73]. Briefly, samples were libraried 
and multiplexed using the Ovation Ultralow DR Multiplex Systems 1-8 and 
9-16 (NuGEN Technologies Inc., San Carlos, CA) following the manufacturer’s 
protocol except Qiagen MinElute PCR purification kits were used to isolate the 
DNA. Library size selection in the 200-800 bp range was achieved using the 
SPRIselect reagent kit (Beckman Coulter, Inc., Brea, CA) and sequencing was 
performed on the Illumina HiSeq 2000 platform.  To search for MOAG-2/LIR-3 
specific binding sites, only binding sites consistent across both replicates and 
within a range of -400 bp to +100 bp distance from TSS were considered. In 
addition, we excluded highly occupied target regions to avoid false positives 
in our analysis [74]. The ChIP seq data used was obtained from modENCODE 
DCC (http://www.modencode.org; September 2014). All ChIP-seq data have 
been deposited in Gene Expression Omnibus (GEO), under accession number 
(in preparation). 

RNA sequencing
Worms were grown to L4 stage and total RNA was extracted using TRIzol 
Reagent (Life Technologies) according to the manufacturer’s description. 
For polyA RNA sequencing, the TruSeq Sample Preparation V2 Kit was used 
(Illumina). For non-coding RNA sequencing (mRNA, snoRNA, tRNA and large 
ncRNA), a protocol has been described previously [36]. Briefly, total RNA was 
treated with DNAseI and depleted from rRNA with the Ribominus Eukaryote Kit  
(#A10837-08, Invitrogen). Fragmentation of RNA was performed using a 
Fragmentation Buffer (#AM8740, Ambion) and cDNA was generated using the 
Superscript II Kit (Invitrogen). cDNA libraries were subjected to high-throughput 
single-end sequencing (50 bp) in an Illumina HiSeq 2500 instrument. The RNA 
sequencing dataset has been submitted to GEO, under accession number (in 
preparation).  RNA-sequencing data was mapped to WS220 genome reference 
using TopHat 2.0.9 program [75] and gene annotation from Ensembl release 
66. Per gene expression data was normalized as fragments per million mapped 
(FPM). Data visualization and statistical tests were conducted using R scripts.
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Bioinformatic Analysis 
Conserved domains were identified using SMART (Simple Modular Architecture 
Research Tool) [76, 77]. Prediction of nuclear signal localization was done with 
NLS Mapper [78]. Prediction of protein folding was done with FoldIndex [79]. 
The algorithm used for motif discovery was The MEME Suite [80]. Orthologs 
were identified using protein BLAST search and aligned with T-Coffee multiple 
sequence alignment tool [81]. Amino acid predictions were performed using 
ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi).
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Supplemental figures

Figure S1. (A) Representative bright field images of L4-staged Q40 and Q40;lir-3(pk2183) animals. Insets 
show a magnification of the vulva. Scale bar, 75 μm (B) List of candidate genes for moag-2 obtained by 
whole genome sequencing. (C) Amino acid sequence of LIR-3 with the predicted nuclear localization 
signal (NLS, residues 132-141) and C2H2 zinc finger domains (residues 191-214 and 224-247). Grey 
shadow indicates location of the point mutation and the deleted residues in the lir-3(tm813) mutant. (D) 
Quantification of filter retardation assays. Immunoblots were quantified by densitometry using ImageJ. 
Presented is the ratio (fold change) between protein levels of Q40;moag-2/lir-3 mutants relative to their 
corresponding wild types (corrected to α-tubulin as a loading control). Filter retardation assay was performed 
at the L4 stage and represented is the average of three biological replicates. Data are represented as  
mean ± SEM and significance was calculated using one-tailed unpaired t-test. *p<0.05

Figure S2. (A) Number of MOAG-2/LIR-3 binding sites per gene biotype and total number of known  
C. elegans genes. p value was calculated by permutation test. (B) Number of MOAG-2/LIR-3 binding sites 
containing Box A and Box B in snoRNA and tRNA genes. (C) Number of snoRNA genes encoded by RNA Pol II 
or III genome-wide and detected in this study.
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Figure S3. Boxplot showing the relative expression of different 
gene biotypes in lir-3(tm813) relative to the wild type N2 
background. Coding: protein coding genes; ncRNA: non-
coding RNA; Pseudo: pseudogenes; snRNA: small nuclear RNA; 
snlRNA: snRNA-like RNA, snoRNA: small nucleolar RNA; tRNA: 
transfer RNA.***p<0.001

significance was calculated using two-tailed unpaired t-test. (C-E) Boxplot showing the relative expression 
of different gene biotypes in (C) lir-3(tm813) relative to its wild type in the Q40 background; in (D) in the N2 
and Q40 wild type animals (Q40 control outcrossed from  lir-3(tm813)); and in (E) lir-3(tm813) in the N2 and 
Q40 genetic backgrounds. Coding: protein coding genes; ncRNA: non-coding RNA; Pseudo: pseudogenes; 
snRNA: small nuclear RNA; snlRNA: snRNA-like RNA, snoRNA: small nucleolar RNA; tRNA: transfer RNA. 
*p<0.05; **p<0.01; ***p<0.001; ns is not significant. In panels B to E, the average of three biological replicates 
is represented. 

Figure S4. (A) Number of aggregates measured upon RNAi 
knockdown of individual components of the RNA Pol III complex 
in Q40 and Q40;lir-3(tm813) animals. Aggregate counting was 
performed in young adult stage. Represented is the average of four 
biological replicates. (B) Number of aggregates measured upon 
knockdown of tRNA synthetases in Q40 and Q40; lir-3(pk2183) 
animals. Asterisk indicates genes previously known to reduce 
protein aggregation. In panels A and B,  an internal quality control 
for RNAi was performed and squares indicate penetrance (100% 
[closed] and 0% [open]) of all associated visible RNAi phenotypes 
other than aggregation. Data are represented as mean ± SEM and 
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Table S1. Overview and statistical analysis of aggregate counting experiments.

Replicates 
(N)

Strain
Mean ± 

SEM
versus

Mean ± 
SEM

p value

Figure 1A

N=3 Q40 33 ± 0.85 Q40;lir-3(pk2183) 17 ± 0.64 < 0.0001

Figure 1D

N=3 Q40 49 ± 1.0
Q40;lir-3(tm813) 31 ± 0.72

< 0.0001

Q40;lir-3(het) 47 ± 1.0 < 0.0001

Figure 1E

N=3 Q40 35 ± 1.32 Q40 + lir-3 overexpression 43 ± 1.26 p = 0.0001

Q40;lir-3(tm813) 13 ± 0.80 Q40;lir-3(tm813) + lir-3 overexpression 27 ± 0.97 < 0.0001

Figure 4A

N=3 Q40 on control RNAi 32 ± 5.85 Q40;lir-3(pk2183) on control RNAi 14 ± 4.99 p = 0.0393

Q40 on ama-1 (Pol II) 20 ± 1.50 Q40;lir-3(pk2183) on ama-1 (Pol II) 5 ± 0.70 p = 0.0004

Q40 on rpc-1 (Pol III) 34 ± 6.65 Q40;lir-3(pk2183) on rpc-1 (Pol III) 15 ± 5.85 p = 0.05

Q40 on tbp-1 (TBP) 36 ± 7.31 Q40;lir-3(pk2183) on tbp-1 (TBP) 16 ± 6.20 p = 0.0479

Q40 on tftc-5 (TFC-1) 39 ± 8.19 Q40;lir-3(pk2183) on tftc-5 (TFC-1) 16 ± 5.36 p = 0.0383

Q40 on npp-13 34 ± 6.89 Q40;lir-3(pk2183) on npp-13 14 ± 5.35 p = 0.0401

Figure 4B

N=3 Q40 on control RNAi 34 ± 1.53 Q40;lir-3(pk2183) on control RNAi 15 ± 0.99 < 0.0001

Q40 on hoe-1 (RNAse Z) 37 ± 1.11 Q40;lir-3(pk2183) on hoe-1 (RNAse Z) 17 ± 0.94 < 0.0001

Q40 on hpo-31 36 ± 2.14 Q40;lir-3(pk2183) on hpo-31 14 ± 0.70 < 0.0001

Q40 on T06D8.9 (TSEN15) 38 ± 1.82 Q40;lir-3(pk2183) on T06D8.9 (TSEN15) 16 ± 1.41 < 0.0001

Q40 on F52C12.3 (TSEN54) 33 ± 1.30 Q40;lir-3(pk2183) on F52C12.3 (TSEN54) 16 ± 1.13 < 0.0001

Q40 on rtcb-1 29 ± 1.47 Q40;lir-3(pk2183) on rtcb-1 16 ± 0.70 < 0.0001

Q40 on xpo-3 39 ± 1.59 Q40;lir-3(pk2183) on xpo-3 16 ± 0.99 < 0.0001

Q40 on pus-1 30 ± 1.58 Q40;lir-3(pk2183) on pus-1 16 ± 0.79 < 0.0001

Q40 on clpf-1 38 ± 1.01 Q40;lir-3(pk2183) on clpf-1 17 ± 1.37 < 0.0001

Q40 on T04H1.2 (GTBP2) 31 ± 1.16 Q40;lir-3(pk2183) on T04H1.2 (GTBP2) 16 ± 0.86 < 0.0001

Figure S4A

N=4 Q40 on control RNAi 26 ± 4.81 Q40;lir-3(tm813) on control RNAi 8 ± 1.34 p = 0.0055

Q40 on ama-1 (Pol II) 20 ± 1.12 Q40;lir-3(tm813) on ama-1 (Pol II) 8 ± 0.88 p = 0.0001

Q40 on rpc-1 (Pol III) 24 ± 2.77 Q40;lir-3(tm813) on rpc-1 (Pol III) 7 ± 1.03 p = 0.0006

Q40 on tbp-1 (TBP) 26 ± 2.91 Q40;lir-3(tm813) on tbp-1 (TBP) 9 ± 1.86 p = 0.0013

Q40 on tftc-5 (TFC-1) 29 ± 3.38 Q40;lir-3(tm813) on tftc-5 (TFC-1) 11 ± 2.16 p = 0.0021

Q40 on npp-13 24 ± 2.25 Q40;lir-3(tm813) on npp-13 8 ± 1.19 p = 0.0004

Figure S4B

N=3 Q40 on control RNAi 23 ± 1.71 Q40;lir-3(pk2183) on control RNAi 11 ± 1.15 < 0.0001

Q40 on cars-1 19 ± 1.42 Q40;lir-3(pk2183) on cars-1 9 ± 0.66 < 0.0001

Q40 on frs-1 20 ± 1.60 Q40;lir-3(pk2183) on frs-1 11 ± 0.74 < 0.0001

Q40 on nrs-1 24 ± 1.70 Q40;lir-3(pk2183) on nrs-1 14 ± 1.28 < 0.0001

Q40 on krs-1 25 ± 1.91 Q40;lir-3(pk2183) on krs-1 9 ± 1.00 < 0.0001

Q40 on aars-1 27 ± 1.88 Q40;lir-3(pk2183) on aars-1 14 ± 2.11 < 0.0001

Q40 on trs-1 20 ± 1.41 Q40;lir-3(pk2183) on trs-1 13 ± 1.04 < 0.0001

Q40 on wrs-2 23 ± 1.06 Q40;lir-3(pk2183) on wrs-2 13 ± 1.47 < 0.0001

Q40 on rrt-1 20 ± 1.44 Q40;lir-3(pk2183) on rrt-1 10 ± 0.79 < 0.0001

Q40 on lrs-1 20 ± 1.28 Q40;lir-3(pk2183) on lrs-1 15 ± 1.61 p = 0.0179
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Q40 on grs-1 15 ± 0.92 Q40;lir-3(pk2183) on grs-1 8 ± 0.60 < 0.0001

Q40 on prs-1 20 ± 1.27 Q40;lir-3(pk2183) on prs-1 10 ± 0.84 < 0.0001

Q40 on dars-1 17 ± 1.34 Q40;lir-3(pk2183) on dars-1 8 ± 0.82 < 0.0001

Q40 on irs-1 19 ± 1.29 Q40;lir-3(pk2183) on irs-1 10 ± 1.03 < 0.0001

Q40 on qars-1 22 ± 1.59 Q40;lir-3(pk2183) on qars-1 10 ± 0.73 < 0.0001

ns - not significant
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Table S2. List of RNAi foods used in knockdown experiments.

Sequence name Gene Description

L4440 - Empty vector
F36A4.7 ama-1 Large subunit of RNA Polymerase II
C42D4.8 rpc-1 Ortholog of the human RNA Polymerase III
T20B12.2 tbp-1 Ortholog of the human TATA-box-binding protein (TBP)
T02C12.3 tftc-5 Ortholog of the human general transcription factor IIIC (TFC-1)

Y37E3.15 npp-3
Nucleoporin required for normal nuclear pore complex distribution 
in the nuclear envelope; also described as being part of the RNA 
Polymerase III complex

E04A4.4 hoe-1 RNAse Z
F55B12.4 hpo-31 Predicted to have tRNA nucleotidyl transferase activity

T06D8.9 - 43% homologous to the human TSEN15 subunit of the tRNA splicing 
endonuclease

F52C12.3 - 31% homologous to the human TSEN54 subunit of the tRNA splicing 
endonuclease

F16A11.2 rtcb-1 Ortholog of the human tRNA splicing ligase (RTCB)
C49H3.10 xpo-3 Ortholog of the human importin beta 1
W06H3.2 pus-1 Putative mithochondrial tRNA synthetase

F29A2.4 clpf-1 48% homologous to mammalian RNA kinase protein, recently shown 
to associate with TSEN and drive tRNA splicing

T04H1.2 - 45% homologous to the human GTB-binding protein 2 protein, 
recently shown to prevent ribosome stalling

Y23H5A.7 cars-1 Cysteinyl amino-acyl tRNA synthetase
T08B2.9 frs-1 Phenylalanyl amino-acyl tRNA synthetase
F22D6.3 nrs-1 Asparaginyl amino-acyl tRNA synthetase
T02G5.9 krs-1 Lysyl amino-acyl tRNA synthetase
W02B12.6 aars-1 Alanyl amino-acyl tRNA synthetase
C47D12.6 trs-1 Threonyl amino-acyl tRNA synthetase
C34E10.4 wrs-2 Tryptophanyl amino-acyl tRNA synthetase
F26F4.10 rrt-1 Arginyl amino-acyl tRNA synthetase
R74.1 lrs-1 Leucyl amino-acyl tRNA Synthetase
T10F2.1 grs-1 Glycyl amino-acyl tRNA synthetase
T20H4.3 prs-1 Prolyl amino-acyl tRNA synthetase
B0464.1 dars-1 Aspartyl amino-acyl tRNA synthetase
R11A8.6 irs-1 Isoleucyl amino-acyl tRNA synthetase
Y41E3.4 qars-1 Glutaminyl amino-acyl tRNA synthetase




