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I KEEP six honest serving-men;
 (They taught me all I knew)

Their names are What and Where and When
 And How and Where and Who.
I send them over land and sea,

 I send them east and west;
But after they have worked for me,

 I give them all a rest.

I let them rest from nine till five,
 For I am busy then,

As well as breakfast, lunch, and tea,
 For they are hungry men:

But different folk have different views:
 I know a person small—

She keeps ten million serving-men,
 Who get no rest at all!

She sends ‘em abroad on her own affairs,
 From the second she opens her eyes—

One million Hows, two million Wheres,
 And seven million Whys!

Rudyard Kipling (1902)
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Scope of this thesis

Piwi-interacting RNAs (piRNAs) are germ line-specific small RNA molecules that have a function 
in genome defense and germ cell development. They associate with a specific class of  Argonaute 
proteins, named Piwi, and function through an RNA interference-like mechanism. These small 
RNA molecules play an important role in defending the germline against transposons, which 
are selfish DNA elements that can move and/or multiply themselves to new positions in the 
genome, thereby endangering the genomic stability of  an organism

PiRNAs discriminate themselves from most other small RNA molecules by carrying a 2’O 
methylgroup at their 3’ end. The protein that methylates piRNA is the methyltransferase Hen1. 
We studied the role of  Hen1 in the zebrafish D. rerio and the nematode C. elegans.
Zebrafish Hen1 is specifically expressed in germ cells and is essential for maintaining a female 
germ line. In hen1 mutant testes, piRNAs become unstable and transposons are mildly upregulated. 
Hen1 protein localizes to nuage through its C-terminal domain, which is a perinuclear structure 
consisting of  RNA and many proteins related to RNA-interference (chapter 2). 

In chapter 3 we describe the function of  small RNA methylation in C. elegans. The C. elegans 
methyltransferase HENN-1 is responsible for the methylation of  two germline expressed small 
RNA species, the 26G siRNA and piRNAs. We showed that the stability of  piRNAs is hardly 
affected in henn-1 mutant animals. However, most 26G RNA display reduced stability and have 
additional uracils at their 3’ end. In addition, HENN-1 does not form a stable complex with the 
Piwi protein that bind piRNAs, but HENN-1 localizes close to the regions that also host Piwi 
proteins.

Small RNAs not only influence expression of  proteins at the RNA level, they can also induce 
silencing at the DNA level by preventing transcription of  RNA. In chapter 4, we showed that in 
C. elegans, the Piwi pathway can initiate gene silencing by inducing heterochromatin formation. 
More specifically, the piRNA pathway initiate an extremely stable form of  gene silencing on 
a transgenic, single-copy target. This type of  silencing is faithfully maintained over tens of  
generations by factors known to act in the nuclear RNAi pathway. This nuclear pathway induces 
tri-methylation of  lysine 9 of  histone 3 - a repressive chromatin mark- on their target loci.

Finally, in chapter 5 we screen for novel factors in the C. elegans piRNA pathway to gain more 
insight in the biogenesis and function of  piRNAs and the downstream siRNA pathway.
In conclusion, we studied two ‘methylation steps’ of  the Piwi-pathway, starting with the 3’ end 
methylation of  piRNAs by Hen1 and moving towards the histone methylation initiated by the 
C. elegans specific Piwi-pathway.
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Part 1 - Interfering with RNA

1. Introducing RNAi

Discovery
A paper by S.A. Wingard published in the year 
1928 in “the journal of  Agricultural Research” may 
be considered as the first RNA-silencing paper, 
although the author was not aware that he was 
dealing with RNAi. He infected the lower leafs of  
a tobacco plant with the Tobacco Ringspot Virus 
(TRSV). The infection spread through the plant, 
however the upper leafs remained unaffected. 
Wingard noticed that somehow the upper leafs 
were protected against the virus, while the lower 
leafs were not, see figure 1. At the time, he could 
not find an explanation for his observations 1.

Almost 80 years later, the first footsteps were set 
in understanding this phenomenon. The initial 
clues came from observations on gene silencing 
in Arabidopsis and C. elegans. Fire and colleges 
wanted to understand how gene expression was 
regulated in the nematode C. elegans and used 
the unc-22 gene to study this 2. Unc-22 encodes 
the myofilament protein 7-9 and is involved in 
muscular contraction. Loss of  this gene leads 
to severe muscular spasms, making the worms 
“twitch” 2.
Injection of  unc-22 mRNA did not change the 
worms behavior, however, when double-stranded 
unc-22 RNA (dsRNA) was injected, the worms 
started to twitch severely. The phenotype was 
very similar to worms lacking UNC-22 2. They 
were puzzled by this observation; could it be that 
dsRNA of  a certain gene is able to silence the 
endogenously expressed version? 

Figure 1 The article “Hosts and symptoms 
of Ring Spot, a virus disease of plants” by 
S.A. Wingard was published in the year 1928 
in “the journal of Agricultural Research”. 
This may be considered as the first RNA-
silencing paper.



17

1
RNAi 
The observation that dsRNA of  a gene can silence the endogenous version was later called RNA 
interference (RNAi), see figure 2. Shortly after the discovery of  C. elegans RNAi, the mechanism 
was also identified in plants, fungi, and animals, showing that is was highly conserved 3. 
RNAi is triggered when an endonuclease called Dicer cleaves dsRNA into ~20-25 nt long 
duplexes 4. These duplexes have two nucleotide overhangs at 3’ end, containing a 3’ OH-group. 
The other end bears a 5’ phosphate and these duplexes are incorporated into an Argonaute 
protein 5. One of  the strands of  these duplexes is removed, leaving an Argonaute protein bound 
to a small single-stranded RNA molecule (sRNA). This complex, also called the RISC (for RNA-
induced-silencing complex), is able to target RNA molecules that are complementary to the 
small guide RNA, see figure 2 6,7. When an Argonaute binds to its target RNA, it can cleave the 
RNA or suppress its translation 3. 
RISC can contain additional proteins that influence the function of  the loaded Argonaute 
protein. These additional proteins can for example redirect the target RNA molecule to sites for 
mRNA storage or recruit the de-capping and/or de-adenylation complex 3. 

So, what happened when Fire et al fed the worms dsRNA directed against the endogenous unc-22 
gene? The endonuclease Dicer processed the dsRNA of  unc-22 into small duplexes. An Argonaute 
(RDE-1) was loaded with these duplexes and able to target the endogenously expressed unc-22 
mRNA. This resulted in suppression of  the mRNA, causing the same phenotype as the unc-22 
mutants 8.
The dsRNA that triggers RNAi can originate from different sources. It can be genomically 
encoded, forming hairpin-like structures after transcription. These are targeted by Dicer 
and processed into so-called microRNAs (miRNAs), which are involved regulation of  gene 
expression. DsRNA can also be externally introduced by for example viruses. Externally 
introduced dsRNA is processed into small interfering RNAs (siRNAs), and these can serve as 
an antiviral defense mechanism 9.
What S.A. Wingard observed in the upper leafs of  the TRSV-infected Tobacco plants was 
this anti-viral defense mechanism. In viral infection, dsRNA can be produced by the RNAi 
machinery by using the the viral RNA as a template. This dsRNA is processed by Dicer into 
single stranded RNA duplexes. These siRNA-molecules travel via the phloem to the upper leafs, 
protecting it against the virus when it arrives there 10. 

Argonautes
Argonaute proteins are at the heart of  RNAi. They are the key-players of  each RNAi-related 
pathway and can be subdivided into three sub-clades, see figure 3 11. The first group contains 
the Argonaute proteins that are involved in the microRNA and siRNA pathways. The second 
clade covers the Piwi proteins, which are germline specific Argonautes that bind Piwi-interacting 
RNAs (piRNAs). PiRNAs are germline-expressed small RNAs, involved in transposon silencing 
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and germ-cell maintenance 16. The third 
clade is a worm-specific clade, also called the 
worm-specific Argonautes or WAGOs. Many 
Argonautes from this clade have lost their slicer 
activity, which is the ability to cleave RNA 12.

Argonaute proteins contain three domains: PIWI 
domain, PAZ domain and MID-domain and an 
unstructured N-terminus (figure 3). Until the 
structure of  the eubacterial Argonaute (pfAgo) 
was solved, it was unknown which player in the 
RNAi pathway was responsible for target-RNA 
cleavage 13. The crystal structure revealed that the 
PIWI-domain of  pfAgo contains an RNase H 
folds, which is able to cleave RNA. Furthermore, 
the domain has three highly conserved amino 
acids: DDH. This motif  is often referred to as 
the catalytic triad and is responsible for target 
RNA cleavage/Slicer activity. It is also involved 
in cleavage of  the passenger strand; one of  
the strands of  the small RNA duplex that is 
not incorporated into the Argonaute protein. 
The other strand, the guide strand, remains 
bound to the Argonaute. The PAZ domain 
binds its 3’ end, while the MID-domain binds 
its 5’ end, anchoring the small RNA within the 
Argonaute protein 14. The N-terminus of  Piwi-
family proteins contains arginines that can be 
symmetrically di-methylated, which is a binding 
signal for scaffold proteins 15.
An Argonaute can recognize its target RNA 
molecule by perfect complementarity or with mismatches. In the first case, it can cleave the 
target and thereby degrading its target RNA molecule. Cleavage occurs between nucleotide 10 
and 11, counted from the 5’ end of  a small RNA molecule. The nucleotides 2-8 (from the 5’ 
end of  a small RNA) are called the “seed region”, which is most important the region of  a small 
RNA for target recognition 3.  

Amplification step 
In worms, plants and yeast an additional step in the RNAi pathway exists, which involves an 

Figure 2 A model of the basic steps in RNAi. 
Dicer cleaves dsRNA into ~20-25 nt long 
duplexes, which are incorporated into 
an Argonaute protein. One of the strands 
of these duplexes is removed, leaving an 
Argonaute protein bound to a small single-
stranded RNA molecule (sRNA). The loaded 
Argonaute can target an RNA transcript and 
silence it. In plants, nematodes and yeast, an 
additional step exists that amplifies the target 
silencing. An RdRP generates short transcripts 
from a targeted RNA. In nematodes, 
these transcripts are processed in a Dicer 
independent way into secondary siRNAs and 
bound by the WAGOs, which can target other 
RNA transcripts and enhance the silencing.
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RNA-depended-RNA-Polymerase (RdRP), see figure 2. When bound to primary siRNAs, an 
Argonaute can recruit an RdRP. An RdRP uses the targeted RNA as a template to generate 
dsRNA. This dsRNA is processed into secondary siRNAs, thereby reinforcing the silencing 
process.  In Arabidopsis and S. pombe, processing of  the dsRNA involves cleavage by Dicer 16. 
However, in the nematode C. elegans Dicer is not required for the generation of  secondary 
siRNAs. These siRNAs are 22 nt in length, often start with a guanine and are therefore also 
called 22G siRNAs. The 5’ ends of  these 22G siRNAs carry a triphosphate, which is a product 
of  an RdRP and would be absent in endonuclease cleavage by Dicer 17,18. It is believed that these 
short RdRP products are loaded into WAGOs, which bind their 5’ triphosphate end. The 5’ 
guanine of  a 22G siRNA is thought to be a result of  selection by the WAGOs. It is unknown 
how the 3’ ends of  22G siRNAs are processed, however the 3’-5’-exonuclease MUT-7 might 
have a role in that.  
There are four RdRPs in C. elegans: RRF-1, RRF-2, RRF-3 and EGO-1. RRF-1 and EGO-1 
function in the germline and somatic tissue. RRF-3 is involved in the endo-siRNA pathway (see 
below). The role of  RRF-2 remains unknown 19,20.

Figure 3 (A) The phylogenetic tree of Argonaute family proteins from different organisms, displaying 
the Ago clade, the Piwi clade and the worm specific clade, the Wago-clade (adapted from Yigit et 
al, 2006). (B) Model of the crystal structure of the P. furiosus Argonaute.
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2. RNAi pathways in C. elegans

This part of  the introduction will mainly focus on the small RNA pathways found in the 
nematode C. elegans. The pathways discussed in the research chapters will be explained in more 
detail. 
C. elegans has twenty-seven Argonautes and is an important model in the RNAi field. These 
twenty-seven Argonautes can be subdivided into different pathways, depending on their 
function. One pathway is the exogenous RNAi (exoRNAi) pathway, which is triggered by the 
external introduction of  dsRNA. The other pathways are involved in regulation of  endogenously 
expressed RNAs and include the microRNA pathway, the piRNA pathway, two nuclear RNAi 
pathways and the 26G endo-siRNA pathway. All these pathways will be individually discussed. 

Exogenous RNAi pathway
The exogenous RNAi pathway is involved in processing of  artificially introduced dsRNA, by 
for example viruses, bacteria or by micro-injection into worms. Introducing dsRNA has been 
a great tool for studying gene function. A gene can be knocked down by for example feeding 
worms bacteria that express dsRNA against a C. elegans endogenously expressed RNA. The 
worm eats the dsRNA-expressing bacteria and absorbs dsRNA, resulting in down-regulation 
of  the endogenous version throughout the whole animal. The dsRNA is processed by Dicer 
and loaded into a the Argonaute RDE-1. Although the PIWI-domain of  RDE-1 is capable 
of  cleaving RNA, it is not needed for target silencing. Instead, RDE-1 recruits the RdRP to 
generate 22G siRNAs. These 22G siRNA are responsible for silencing 21.

microRNA pathway
Lin-4 was the first microRNA (miRNA) ever discovered and is an essential regulator in the 
developmental timing of  C. elegans 22. MiRNAs are preferentially bound by the Argonautes ALG-
1 and ALG-2, see figure 4A. Their precursors are transcribed by RNA polymerase II. The capped 
and polyadenylated primary transcripts (pri-microRNAs) fold into hairpin-like structures. These 
secondary structures are recognized by the Drosha/Dicer complex and processed into ~21 nt 
long duplexes. The duplexes have two nucleotide overhangs, contain internal mismatches and 
are loaded into ALG-1 and ALG-2 23. One of  the two strands of  the duplex is incorporated into 
RISC and the complex binds its target RNA molecule mostly by imperfect base-pairing. 
MiRNAs predominately recognize 3’UTRs of  mRNA transcripts, thereby silencing these 
transcripts. They can prevent translation by recruitment of  the de-adenylation and de-capping 
complex, resulting in degradation of  the mRNA. Their targets can also be stored in processing 
bodies (P-bodies), to prevent them from being translated. P-bodies are distinct granules in the 
cytoplasm and contain many proteins involved in mRNA processing, storage and decay.  Upon 
a trigger, e.g. a heat shock, the silenced target RNA is released from the “storage” P-bodies 
and targeted for translation. The miRNA-pathway does not recruit an RdRP for generation of  
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secondary siRNAs 8.

Endogenous siRNAs ~ 26Gs
Another class of  endogenously expressed small RNAs is the 26G siRNAs class (figure 4B). 
This class comprises small RNAs that are 26 nt long and start with a 5’ guanine. They can be 
divided into two subpopulations based on their partner. One group is bound by the Argonautes 
ALG-3 and its paralog ALG-4 and is essential for spermatogenesis. The other group binds to 
ERGO-1, which belongs to the Piwi-subfamily of  Argonautes and is engaged in embryogenesis 
and oogenesis. Both pathways are two-step pathways and each step involves amplification by an 
RdRP 24-26.

Loss of  spermatogenic 26G siRNAs leads to temperature depended sterility. These ALG-3/4 
specific 26G siRNAs are antisense to hundreds of  spermatogenesis-enriched mRNAs and their 
loss results in up-regulation of  many of  these mRNAs 24.
Many 26G siRNAs bound to ERGO-1 are complementary to ancient gene duplications. Their 
role might be to prevent expression of  these duplicated noncoding sequences. However, a clear 
role has not been identified and loss of  ERGO-1 does not lead to an obvious phenotype, except 
an enhanced RNAi phenotype, see below 25.

Both types of  26G siRNAs interact with components of  the ERI-pathway. Loss of  one of  the 
ERI-pathway components results in an enhanced RNAi (eri) effect. For example, eri-mutant 
worms eating dsRNA against unc-22 have a more severely twitching phenotype, compared to 
wild-type controls. It is believed that proteins involved in the exogenous RNAi pathway also 
function in the endogenous RNAi pathway. When both pathways are competing for the same 
factors, loss of  the endogenous RNAi pathway could lead to improved functioning of  the 
exogenous RNAi pathway, resulting in an enhanced exogenous RNAi effect 26.

The ERI-complex includes the RdRP RRF-3, Dicer (DCR-1) and the dsRNA binding protein 
RDE-4.  The polymerase RRF-3 produces dsRNA from a target transcript. DCR-1 (Dicer) 
cleaves the dsRNA into 26 nt long fragments, as can be seen by the 5’ monophosphate it leaves 
behind. These 26 nt long fragments are loaded into one of  the Argonautes and instead of  directly 
down-regulating their targets, the complex recruits another RdRP, RRF-1. This polymerase is 
responsible for the generation of  22G siRNAs, which are loaded into the WAGOs 24,25.

Nuclear RNAi: CSR-1 pathway
The Argonaute CSR-1 is involved in chromosome segregation. Loss of  CSR-1 or its pathway 
components leads to failure in chromosome alignment at the metaphase plate and kinetochores 
do not orientate to the spindle poles 27,28.
In C. elegans, the CSR-1 pathway is involved in the formation of  centromeres, which are the 



22

1

parts of  a chromosome that links sister chromatids during cell division. The centromeres of  
C. elegans are not located to a single point on the chromatids, like in many other organisms. 
Instead, their centromere function is spread along the entire chromosome, a phenomenon 
known as holocentric chromosome. The formation of  holocentric chromosomes occurs in a 
22G siRNA-depended manner, which are bound by the Argonaute CSR-1 (figure 5A). Although 
CSR-1 bound 22G siRNAs are antisense to thousands of  germline-expressing genes, the CSR-1 
pathway does not silence these transcripts. 

CSR-1 functions together with the RdRP EGO-1, the Tudor domain containing protein EKL-
1, the nucleotidyltransferase CDE-1 and the helicase DRH-3. A model was proposed in which 
EGO-1 generates 22G siRNAs from germline transcripts in the P-bodies. These 22G siRNAs 

Figure 4 (A) Model of the C. elegans microRNA pathway. The miRNA precursors are transcribed by 
RNA polymerase II They fold into hairpin-like structures, which are  recognized by the Drosha/Dicer 
complex and processed into ~21 nt long duplexes. The duplexes have two nucleotide overhangs, 
contain internal mismatches and are loaded into the Argonautes ALG-1 and ALG-2. One strand is 
incorporated into RISC and the complex binds its target RNA molecule mostly by imperfect base-
pairing. (B) Model of the C. elegans endogenous siRNA pathway. This pathway is triggered by the 
polymerase RRF-3, which produces dsRNA from a target transcript. DCR-1 (Dicer) cleaves the dsRNA 
into 26 nt long fragments and these are loaded into ALG3 and ALG-4 (involved in spermatogenesis) 
or ERGO-1 (important for oogenesis and embryogenesis). These Argonautes recruit another RdRP, 
RRF-1, which is responsible for the generation of WAGO bound 22G siRNAs. 
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Figure 5 (A) A proposed model of 
the CSR-1 pathway. EGO-1, the CDE-
1, EKL-1 and DRH-3 could interact 
and generate 22G siRNAs that are 
loaded into CSR-1. This complex 
could be involved in incorporation 
of centromeric histones (CENP-A) 
and thereby assuring proper 
chromosome segregation. (B) 
Model of the NRDE-pathway. The 
Argonaute protein NRDE-3 binds 
a 22G siRNA and localizes to the 
nucleus, where it interacts with 
NRDE-2. This complex binds the 3’ 
end of nascent pre-mRNA via base-
pairing and this triggers the 
recruitment of NRDE-1. NRDE-1 
associates with chromatin and pre-
mRNA. NRDE-4 is believed to be 
involved in loading or stabilizing 
NRDE-1 onto chromatin. Binding of 
NRDE-1 and NRDE-4 to chromatin 
could result in recruitment of the 
H3K9me3-machinery and thereby 
enforcing heterochromatin 
formation.
(C) In S. pombe, small RNAs are 
produced from pericentromeric 
repeats and initiate heterochromatin 
formation, resulting in stabilization 
of centromeres during mitosis 31. 
The RNA-Induced Transcriptional 
Silencing complex (RITS) contains an 
Argonaute protein (Ago1), which is 
loaded with siRNAs, and subsequently 
targets pericentromeric transcripts 
(see figure BOX 1). Binding results in 
recruitment of another complex, 
which contains an RNA-dependent-
RNA-polymerase/RdRP (Rdp1) that 
generates double-stranded RNA 
(dsRNA). Dicer (Dcr1) processes the 
dsRNA, thereby generating new 
siRNAs that are in turn bound by 
Ago1. In this way, a feedback loop 
is generated. Another complex, 
the Clr4 containing complex, 
recognizes the RITS and RdRP-
containing complex. Clr4 is a histone 
methyltransferase that methylates 
histone H3 tails at lysine 9. This leads 
to the binding of  HP1Swi6, a homolog 
of the heterochromatin protein 
HP1, resulting in heterochromatin 
formation and chromosome 
condensation necessary for 
chromosome segregation 32. 

C
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are loaded into CSR-1, which localizes to the nucleus to target nascent transcripts. It could 
be possible that EGO-1, DRH-1 and EKL-1 generate more 22G siRNAs from the nascent 
transcripts in the nucleus, thereby generating a feedback loop, which has similarities to the 
nuclear RNAi pathway in S. pombe (see figure 5C). The role of  nuclear RNAi component CDE-
1 is to uridylate 22G siRNAs bound by CSR-1. Uridylation is the tailing of  RNA molecules by 
adding uracil’s to their 3’ end. Loss of  cde-1 leads to elevated levels of  these CSR-1-bound 22G 
siRNAs and chromosome missegregation 27,28. The CSR-1 complex physically associates with 
chromosomes and might have a direct role in formation of  the centromeres, which are important 
for spindle attachment. The complex could play a role in the incorporation of  centromeric 
histones (CENP-A).

Nuclear RNAi: NRDE-pathway
Another nuclear RNAi pathway in C. elegans is the NRDE pathway, which has similarities to the 
nuclear RNAi pathway in S. pombe, see figure 5B and 5C. The NRDE pathway tri-methylates H3 
histones at lysine 9, resulting in heterochromatin formation. 
The somatic NRDE pathway consists of  at least four proteins; NRDE-1 to NRDE-4. The 
Argonaute protein NRDE-3 binds 22G siRNAs and transports them to the nucleus, where it 
interacts with NRDE-2. NRDE-2 is a large nuclear protein with two domains usually found in 
RNA processing factors (serine/arginine-rich domain and a HAT-like domain). NRDE-2 and 
loaded NRDE-3 together are able to bind the 3’ end of  nascent pre-mRNA via base-pairing. 
NRDE-3 lacks the ability to cleave its targets, indicating that silencing of  nasent RNA does not 
involve slicing 29.
Binding of  NRDE-3 and NRDE-2 to nascent RNA triggers the recruitment of  NRDE-1. This 
is a factor that links the small RNA pathway to the H3K9 methylation pathway. In nrde-1 mutants, 
NRDE-3 still binds to nascent RNA, however this binding does not result in silencing 30.
NRDE-1 associates with chromatin and pre-mRNA. NRDE-4 is believed to be involved in loading 
or stabilizing NRDE-1 onto chromatin. In nrde-4 mutants, NRDE-1 still localizes to mRNA, 
however the binding to chromatin is lost. Binding of  NRDE-1 and NRDE-4 to chromatin could 
result in recruitment of  the H3K9me3-machinery and enforcing heterochromatin formation. 
This results in silencing at the transcriptional level 30.

In conclusion, the NRDE-pathway is important for heterochromatin formation on its target 
loci. However, loss of  any NRDE factor does not directly lead to a phenotype. Only after 
approximately five generations a phenotype can be observed, in which loss of  the pathway leads 
to sterility. It remains unknown why these mutants become sterile after five generations and not 
before.
Taken together, there are at least two nuclear RNAi pathways active in C. elegans, one responsible 
for proper chromosome segregation and another for heterochromatin formation. 
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Part 2: Germ cells and piRNAs

Germ cell formation
Animal embryos arise from a single cell, which is the result of  the fusion between two germ 
cells; an egg cell and a sperm cell. Proper germ cell development is essential for the survival and 
evolution of  species. 
The early germ cells that still need to differentiate to male or female gametes are called primordial 
germ cells (PGCs). Their germ cell fate can be determined in two ways; by inherited cytoplasmic 
determinants (germplasm) or reprogramming of  somatic cells. 

Germplasm
In flies, nematodes, frogs and fish, germ cells are induced by germplasm. In the nematode C. 
elegans germ cells are created by inheritance of  P-granules, which are germplasm-like granules. 
During the first cell division, the AB and P1 cells are formed, of  which the P-granules are all 
asymmetrically distributed into P1. P1 divides in two cells: P2 and EMS, of  which P2 receives 
the P-granules. P2 divides into P3 and C and so on. During each division, P-granules localize to 
the P-cells, which eventually give rise to the germ linage. In this way, germ cells are determined 
by the cells that inherit P-granules. 

In the zebrafish Danio rerio, primordial germ cells are also specified by the inheritance of  
germplasm. Germplasm can be found at the first cleavage planes of  a 2-cell embryo. In the 
next cell division, germplasm moves again to the cleavage planes, which results in the 
formation of  four “germplasm strips” at the 4-cell embryo. During subsequent cell divisions, 
the germplasm remains at these planes, until 32-cell stage where it forms ‘subcellular granules’ 
in four cells. These cells will become the future PGCs. Around 4k cell-stage, the germplasm 
appears to delocalize from the granules and spread throughout the cytoplasm. From that stage 
onward, both cells inherit the cytoplasmic germplasm after cell division, thereby increasing the 
number of  PCGs. After approximately 4 hours of  development, PCGs start to migrate towards 
their future gonads, where they finish their journey around 24 hours post fertilization with a 
population of  25-50 cells 33. 
Around 3 to 4 weeks post fertilization, all PGCs develop into a juvenile ovary. Sex chromosomes 
have not been identified in zebrafish. Whether the gonad further develops into an ovary or 
changes its fate into a testis is believed to depend partially upon external factors, like food 
availability and density of  a fish population 34.

Induced germ cell formation
In mammals, germ cells arise from a small population of  extraembryonic mesoderm cells of  
the epiblast, as a consequence of  signaling from neighboring tissues. These somatic cells are 
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BOX 1 | Jumping transposons
Transposable elements (TEs) are sequences in the DNA that have the ability to move and/or multiply 
themselves to new positions in the genome. TEs can be found in all organisms, from prokaryotes to 
eukaryotes. A large fraction of the host’s genome consists of TEs. For example, in C. elegans 12% of 
its genome is occupied by transposons. In mice this is 37% and 45% of the human genome comprises 
TEs 83. 
Transposons are a thread to genome stability. They induce double-stranded breaks, and insertion of 
a transposon into a gene can lead to the loss of function of that gene. They also have the tendency 
to form repetitive sequence islands, which leads to ectopic recombination. On the other hand, they 
promote evolution by reshaping the genome, allowing recombination events that are normally not 
possible and modulate gene expression. So, there is a delicate balance between the activity of TE 
and fitness of the host 36.
The mobilization of TEs to new positions in the genome is called transposition. There are two ways of 
transposition: copy-paste or cut-paste. The copy-paste method is performed by class I transposons, 
also called the retro-transposons. Class II transposons or DNA transposons make use of the cut-paste 
method, see figure below.
Active DNA transposons have not been identified in mammals. In organism other than mammals, 
only ten active elements have been found and two of them are Tc1 and Tc3, which are active in C. 
elegans. 
DNA transposons encode a transposase gene, flanked by  terminal inverted repeats (TIRs). The Tc1 
transposase consist of a DNA binding domain, a NLS and a catalytic domain, responsible for DNA 
cleavage. Two transposase-molecules recognize the TIRs and bind them via their DNA binding 
domain. They cleave the 5’ end of the TIRs and bring these cleaved ends together by forming a 
transposase-dimer. The 3’ ends are cleaved and the TE is excised. The excised TE can be integrated 
at a new location in the genome. The transposase complex needs a random TA sequence for 
integration. 
Retro-transposons can be divided into two subclasses: the non-LTRs and the LTRs (Long Terminal 
Repeats). LINEs are transposons that belong to the non-LTR subclass and they have been evolving 
during 160 million years. They consist of two open reading frames (ORFs) and a 5’ promoter. ORF1 
encodes a nucleic acid binding protein and ORF2 encodes for a protein with endonuclease and 
reverse transcriptase activity. The latter protein enters the nucleus and cleaves one strand of 
chromosomal DNA target site. This cleavage creates a 3’ hydroxyl group that serves as a primer 
for the reverse transcriptase. The LINE RNA transcript is used as a template and it this way a newly 
integrated LINE transposon is formed. 
The other subclass of retro-transposons, the LTRs, has many similarities to retroviruses. They contain 
LTRs at both ends and encode integrases and glycosaminoglycan (GAG) proteins. An LTR transposon 
transcript is reverse transcribed into cDNA.  Double stranded cDNA is formed and recognized by 
the integrase. This process takes place in virus-like particles, formed by the GAG-proteins in the 
cytoplasm. The integrase-complex moves to the nucleus, where it inserts the dsDNA into the 
genome. 
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reprogrammed to germ cells. This involves gradual genome-wide loss of  DNA methylation, 
clearing marks that control somatic gene expression and imprints 35.
Opening up the genome and stripping it of  repressive marks can have major consequence. 
When transposable elements are stripped from their repressive marks, they could become 
active 35. Transposable elements are sequences in the DNA that have the ability to move and/
or multiply themselves to new positions in the genome. This activity is called transposition 
(see box 1). Transposons are a thread to the genomic stability of  an organism, due to their 
mobile character and induction of  double-stranded breaks. They also have the tendency to 
form repetitive sequence islands, which can lead to ectopic recombination 36. Silencing of  these 
transposons is of  highest importance for the existence of  an organism, especially in its germline, 
which transmits genetic information to the next generation. 

Figure 6 (A) The ping-pong amplification model explained. In Drosophila, Aub loaded with an 
antisense piRNA can target a sense transposon transcript or a sense piRNA precursor transcript 
and cleave it. By doing so, it generates the 5’ end of a new piRNA. Ago3 binds the 5’ end of this 
cleaved sense transcript. The 3’ end is thought to be processed by an exonuclease and methylated. 
In this way a new Ago3-bound piRNA is generated and Ago3 can target an anti-sense transcripts. 
This could be a transcript from a piRNA cluster and the processing of this transcript results in the 
formation of a new piRNA. (B) The ping-pong signal is a 10 nt overlap of the 5’ end of two piRNAs of 
opposite direction and is a result of Piwi/Ago3 cleavage
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Piwi proteins 
One of  the defense mechanisms against transposable elements in the germline is the piRNA/
Piwi-pathway. The Piwi proteins are germline expressed Argonautes that bind to a subclass of  
small RNAs; the Piwi-interacting RNAs or piRNAs. These piRNAs are 21- 31 nt long and are 
methylated at their 3’ end. The production of  piRNAs is Dicer independent and it involves a 
single stranded precursor 37-40. 

So, how is the piRNA pathway able to silence transposons? And how are piRNAs generated 
if  they do not need Dicer? In here, we will discuss the piRNA biogenesis pathway and how 
their piRNA precursors are transcribed from genomic clusters. Piwi proteins are able to cleave 
transposon RNA transcripts, leading to their degradation. However, do they also have a role 
outside transposon silencing? 
Furthermore, we will focus on the cytoplasmic granules where many of  the piRNA-pathway 
components are located. Some of  these components are recently discovered and involved in 
Piwi loading or processing of  piRNA precursor transcripts. 

piRNA biogenesis in Drosophila
Three Piwi proteins have been identified in Drosophila; Piwi, Aubergine and Ago3. Piwi is 
expressed in the germ cells and the ovarian somatic cells surrounding the germ cells. Aubergine 
(Aub) and Ago3 are only present in germ cells, not in the somatic cells 41.
The piRNA biogenesis is occurs via two pathways: the primary and the secondary pathway. 
The ovarian somatic cells express the primary pathway and this pathway involves Piwi. Both 
pathways are present in the germ cells. Piwi and Aub function in the germ cell-specific primary 
piRNA pathway. Aub and Ago3 are essential for the secondary pathway 42.

Secondary pathway
The secondary pathway is the so-called ping-pong pathway or amplification pathway, see figure 
6A. In this pathway, Aub and Ago3 function together to create new piRNA and at the same time 
silence transposons. Aub, loaded with an antisense piRNA, can target a transposon transcript 
and cleave it. By doing so, it generates the 5’ end of  a new piRNA. Ago3 binds the 5’ end of  
this cleaved transposon transcript. The 3’ end is thought to be processed by an exonuclease and 
methylated by the methyltransferase Hen1. In this way a new Ago3-bound piRNA is generated 
from a transposon transcript and consequently silences the transposon.
Ago3 loaded with a transposon-derived piRNA can target a piRNA precursor transcript.  These 
precursor transcripts contain many antisense transposon sequences. Targeting and cleavage 
of  these transcripts by Ago3 leads to a similar production of  new piRNAs. These piRNAs, 
antisense to transposon sequences, are loaded into Aub 42-44. 

In this way, two Piwi proteins ‘play ping-pong’ together to amplify the piRNA pool and at the 
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same time silence active transposon transcripts. The way Aub and Ago3 work together to form 
new piRNA can be seen in the ping-pong signature. This signature is a 10 nt overlap at the 5’ 
ends of  Aub and Ago3 bound piRNAs (see figure 6B). It is a result of  Aub and Ago3 cleavage, 
of  which their PIWI-domain always cleaves the target RNA at the 10th position from the 5’ end.  
Aub bound piRNAs have a bias for a uracil at the first nucleotide, which results in an adenosine 
at the 10th position of  an Ago3 bound piRNA 42-44. See for zebrafish piRNA pathway box 4. 

Primary piRNA pathway 
The ping-pong pathway is triggered when Aub targets a transposon transcript. However, how 
is the first Aub-bound piRNA created that starts the amplification cycle? This involves the 
enigmatic primary piRNA pathway. A part of  the piRNAs is maternally contributed and they 
may be able to initiate the formation of  new piRNAs 45. New primary piRNAs can also be 
generated by an unknown mechanism, and these could feed into the secondary pathway. 

The somatic cells of  Drosophila only express the primary piRNA pathway and therefore this 
pathway can be studied independently of  the ping-pong pathway. This gives a better understanding 
in how primary piRNAs are generated in the germ line. 
The piRNAs found in the somatic ovarian cells are mainly derived from one genomic cluster, 
the flamingo cluster. The long precursor transcripts from this cluster are processed in so called 
“Yb-bodies” in the cytoplasm. Yb-bodies localize close to mitochondria and contain the RNA 
helicase Yb, another helicase Armitage (Armi), the endonuclease Zucchini (Zuc), Piwi and the 
Tudor-domain containing protein Vreteno (Vret). These proteins are involved in the generation 
of  piRNAs from precursor transcripts 41,46-48.
Zuc and Armi are both essential for loading of  Piwi with piRNAs. Loss of  one of  these two 
proteins results in unloaded and unstable Piwi. Furthermore, piRNAs are still produced in Piwi 
mutants that are unable to cleave RNA (Slicer dead) 48. This suggest that the 5’ ends of  piRNAs 
in the primary pathway are created differently than the ones of  the ping-pong pathway, where 
two Piwi-proteins are needed to generate 5’ ends of  piRNA. 

Zuc could be responsible for the cleavage of  long piRNA precursors into intermediate ones and 
thereby generating the 5’ end of  piRNAs. It was recently shown that the crystal structure of  Zuc 
has similarities to the bacterial endonuclease Nuc 3,49-51. Zuc forms a dimer and thereby creates 
a groove that could accommodate ssRNA or ssDNA molecule. In addition, the endonuclease 
specifically cleaves ssDNA and ssRNA molecules in vitro, while it leaves the double stranded 
forms intact. The cleavage products of  Zuc carry a 5’ monophosphate, similar to the 5’ end of  
mature piRNAs. Zucchini’s cleavage is aspecific, but selection for the 5’ uracil might come from 
Piwi binding by the MID domain. In this way, Zuc could cleave long precursor transcripts into 
intermediate ones, which are selected by Piwi for a 5’ uracil. 
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Intermediate piRNA precursors
Intermediate length piRNA-precursors (25-70 nt long) have been identified in Drosophila and in 
zebrafish 47, 64. Tudor-1 (Tdrd-1), an interacting partner of  zebrafish Piwi protein Zili (homologue 
of  Ago3) binds intermediate transcripts up to 100 nt in length. These intermediates, also known 
as TATs (for Tudor Associated Transcripts), are of  opposite polarity to the piRNAs that co-IP 
with Tdrd-1, suggesting that TATs are piRNA targets. TATs display a ping-pong signal and have 
identical 5’ end as mature piRNAs. This suggests that TATs are intermediate piRNA precursors 
that still need 3’ end trimming to become mature 64.

These intermediate precursors need to be processed into 26-31 nt long mature piRNAs. 
However, it is largely unknown how the 3’ end of  a piRNA is processed. It is believed that this 
process involves a 3’-5’ exonuclease. Once the intermediate piRNA is bound to a Piwi protein, 
an exonuclease could digest the unbound 3’ end until the piRNA reaches its mature length. The 
PAZ-domain of  the Piwi protein could bind the 3’ end, thereby protecting it for further cleavage 
by the exonuclease. 
One of  the indications for this 3’ end processing came from mice. The piRNAs bound by the 
mouse Piwi proteins Mili (~26 nt long) and Miwi (~30 nt long) differ in length, but some have 
identical 5’ end. This suggests that their 3’ end may be formed by nuclease activity 37,52.

Figure 7 Schematic representation of the Drosophila specific piRNA-pathway in the nucleus and 
perinuclear nuage. See text for details about each process. The role of Mael is explained in the 
discussion.



31

1BOX 2 | Role of Hen1 in the piRNA pathway
Hen1 was first identified in a mutagenesis screen for new players involved in the reproduction of 
Arabidopsis. Loss of Hua Enhancer 1 (HEN1) led to an enhanced phenotype of HUA1/HUA2, two 
proteins involved the control and formation of the reproductive organ of Arabidopsis, hence the 
name. Hen1 mutants showed a wide range of developmental effects, like reduced leaf size, plant 
height and decreased female fertility 84,85.
A few years later, it was shown that HEN1 was responsible for the methylation of microRNAs and 
siRNAs. The methylation specifically occurs at the 3’ end of an RNA molecule. HEN1 transfers a 
methyl group from its co-factor S-adenosyl methionine (SAM) to the 2’ hydroxyl group at the 3’ end 
of a substrate RNA, creating a 2’O-CH3 

86.
Loss of hen1 resulted in decreased microRNA levels. The microRNAs that were still detectable were 
heterogenic in size. These microRNAs had identical 5’ UTR, which indicated that their 3’UTR was 
heterogenic. Sequencing of these miRNAs revealed that the 3’ end contained additional uracils. 
The tailing of RNA molecules by adding uracil’s to the 3’ end is called uridylation. This U-tailing is 
often a signal for 3’-5’ degradation, and is recognized by the exosome. Taken together, miRNAs in 
Arabidopsis are methylated to prevent uridylation and as a consequence degradation 87.

The Arabidopsis HEN1 specifically methylates small RNA duplexes. The crystal structure of plant HEN1 
gave better insight in the way HEN1 recognizes and methylates its substrates, see figure below. The 
protein contains two dsRNA binding domains, which ‘grasp’ the dsRNA molecule. The RNA duplex 
has two ssRNA overhangs, created by Dicer processing. One 3’ end overhang is bound by the 
La-motif containing domain (LCD), positioning the duplex. The other 3’ end is methylated by the 
methyltransferase domain (MTase domain), which occurs in an Mg2+ dependent way. This domain 
is attached to the rest of the protein by a flexible linker. This flexibility might enable the methylation 
of small RNA duplexes within a size range of 20 to 24 nt, instead of a fixed length. The MTase domain 
and the LCD together function as a molecular ruler; size selecting HEN1’s substrates 80,86.

Plant HEN1 and its animal homologues only share the highly conserved MTase domain (figure 8). The 
animal Hen1 is less than half the size of Arabidopsis HEN1 and the dsRNA binding domains and La 
motifs are absent. The animals MTase domain is N-terminal and it has an extra C-terminal part that 
is absent in Arabidopsis HEN1. It is unclear how animal Hen1 is able to recognize and bind the RNA 
substrate, however the animal specific C-terminal domain could play a role 80.
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piRNA methylation
The intermediate piRNAs are processed to mature ones and are methylated at their 3’ end. 
At which step of  the piRNA biogenesis pathway methylation occurs, is unclear. The protein 
responsible for this methylation is the methyltransferase Hen1. A truncated version of  mouse 
Hen1 was shown to methylate single-stranded small RNA molecules in vitro 53,54. Studies in 
Drosophila showed that the Hen1 homologue dmHen1 (also referred to as Pimet) methylates 
the piRNAs and the siRNAs bound by Ago2. Loss of  dmHen1 leads to decreased amounts of  
piRNAs and the RNA level of  piRNA targets is increased. GST-tagged dmHen1 interacts with 
Ago3, Piwi and Aub 15,54,55.
It is unclear why piRNAs are methylated and most other small RNAs species are not. The 
plant Arabidopsis is an exception to that, since both its siRNAs and miRNAs are methylated by 
HEN1 (see box 2 for a more detailed description). Loss of  plant HEN1 leads to uridylation and 
degradation of  these small RNAs 56. However, if  animal Hen1 also protects piRNAs against 
degradation needs further investigation.

Loading of Piwi
Many factors assist Piwi proteins in the biogenesis of  piRNAs. Recently, new factors have been 
described that aid Piwi-proteins in piRNA loading, see figure 7. Crystal structures of  bacterial 
AGO show a conformational change when AGO binds to nucleic acids 57. The chaperone Hsp90 
and the co-chaperone Shutdown (Shu) could be candidates that assist in a conformational change 
of  Piwi. Shutdown interacts with Hsp-90 via its TPR-domain. It localizes to Yb bodies where 
it likely interacts with unloaded Piwi. Loss of  Shutdown leads to an increase of  transposon 
transcripts in the soma and the germline, due to defects in the primary piRNA pathway and the 
ping-pong pathway 58. 
Olivieri and colleagues showed that the piRNA pathway of  Drosophila can be divided into three 
groups of  piRNA biogenesis factors. Group 1 is specific for the primary piRNA biogenesis, 
group 2 is essential for the ping-pong pathway and the last group is needed for both pathways. 
Group 3 includes proteins that are essential for RNA loading (e.g. Shutdown and Armitage) 
and 3’ end trimming. Loss of  this last group resulted in a collapse of  the Piwi- and Aub-bound 
piRNAs. This indicates that next to Piwi, Aub is also loaded with primary piRNAs. After loading, 
these two Piwi separate into different pathways, of  which Piwi translocates to the nucleus and 
Aub interacts with Ago3 to amplify the piRNA pool 58. 
 
The mouse homologue of  Shutdown, Fkbp6, is required for piRNA biogenesis and interacts 
with the Piwi protein Miwi2. Loss of  Fkbp6 results in activation of  LINE-1 transposons and 
reduced DNA methylation at transposon loci. Upon loading, Miwi2 translocates to the nucleus 
and is involved in DNA methylation on transposon loci 59. In Fkbp6 mutant mice, biogenesis 
of  Miwi2 bound piRNAs is lost and nuclear import of  Miwi2 is greatly reduced. The chaperone 
complex in mice might assist Miwi2 in the release of  its nuclear localization signal (NLS), leading 
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to nuclear localization of  Miwi2 60.  

Nuage: germ cell specific processing bodies
In the somatic ovarian cells of  Drosophila, many piRNA-pathway components localize to Yb-
bodies, where they are believed to process precursor transcripts in mature piRNAs and silence 
transposons 48. However, Yb is not expressed in germ cells. So, do piRNA pathway components 
also localize to specific bodies in germ cells and if  so, to where? 

Many of  these components can be found in “nuage”, which is French for cloud. Nuage are 
electron-dense granular structures that localize close to the nuclear pores and to the inter-
mitochondrial cement, which is the area in-between clustered mitochondria 61, see figure 8. 
Germ cell specific piRNA biogenesis is believed to occur in nuage. Aub and Ago-3 are found in 
nuage where they could associate to generate piRNAs via the ping-pong pathway 42.

Tudor proteins: the scaffold of nuage
Tudor-domain proteins (TDRD proteins) are involved in the proper localization of  piRNA- 
pathway components to nuage. TDRD proteins consist of  one or multiple Tudor domains, that 
bind to symmetrical or asymmetrical dimethyl-arginines (aDMAs/sDMAs) 62. These conserved 
DMAs are present in the N-terminus of  Piwi proteins and in the RNA helicase Vasa/MVH, 
however they are absent in Argonautes from the Ago-clade. The enzyme that symmetrically di-
methylates these arginines at the N-terminus of  Piwi proteins is PRMT5 63.
There are eleven TDRD proteins identified in flies and seven in mice that are involved in the 
piRNA pathway. Many TDRD-proteins have multiple Tudor-domains, which could be up to 
eleven domains in the TDRD-protein Tud in Drosophila. TDRD-proteins with multiple Tudor-
domains could simultaneously interact with several DMA-containing proteins 62. In that way, 
TDRDs could function as a ‘platform’ by scaffolding proteins involved in the piRNA pathway. 
For example, Tud interacts with Aub and Ago-3. These two Piwi proteins need to interact closely 
for proper functioning of  ping-pong pathway and Tud could assist in that by binding to both 
of  them 63.

Separation of the piRNA pathway components to different processing 
bodies
Some TDRD proteins show specificity to their binding partner. For example, in mouse TDRD-1 
associates with Mili while TDRD-9 binds to Miwi2. Loss of  TDRD-1 or TDRD-9 leads to LINE-
1 transposon activation, male specific sterility defects and a changed piRNAs profile 64-66. These 
TDRD proteins might be involved in directing Mili and Miwi2 to distinct granules. Mili containing 
granules (also called pi-bodies) can be found in the inter-mitochondrial cement, where it co-
localizes with the RNA helicase MVH (mouse Vasa homolog), and TDRD-1. Miwi2-containing 
granules (also called piP-bodies) localize adjacent to pi-bodies and also harbor Maelstrom, 
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MVH and TDRD-9. Pi-bodies 
are solely involved in the piRNA 
pathway, while piP-bodies bear many 
similarities to somatic P-bodies that 
are involved in mRNA storage and 
decay. The pi-body and piP-body do 
interact with each other. Loss of  pi-
bodies induces disintegration of  piP-
bodies, however not vice versa.

piRNA precursor transcripts 
Biogenesis of  piRNAs occurs via 
the primary pathway or the ping-
pong pathway. This process is 
believed to occur mainly in the Yb-
bodies or nuage. In here, transposon 
transcripts and piRNA precursor 
transcripts are processed into mature 

piRNAs. However, how are these piRNA precursors generated? Are they transcribed from 
certain loci? And how is their transcription regulated?  How are these transcripts transported to 
their cytoplasmic processing bodies (Yb-bodies, pi/piP/P-bodies or nuage)?

Deep sequencing of  piRNAs revealed that they map back to specific clusters in the genome; 
the piRNA clusters. These clusters produce in total up to several million individual piRNAs, 
compared to a few hundred miRNAs that can be found in the genome. The clusters can range 
in size from a few kilobases (kb) to over 100 kb in length 37,39.

Transcription of  piRNA precursors from these clusters can occur in one direction (uni-strand 
cluster) or in both directions (bidirectional /dual strand clusters). The piRNAs derived from a 
cluster (uni or dual strand) all have the same strand orientation, suggesting that they are processed 
from one long precursor. In addition, insertion of  a transposon (a P-element ) at the 5’ end of  
a Drosophila uni-strand cluster (the flamingo locus), disrupted the production of  all piRNAs from 
this cluster, even the ones that were more than 100 kilobases away from the 5’ end insertion. This 
indicates that these piRNAs were produces from one long precursor 42,67.
Nearly all piRNA clusters in Drosophila are located in pericentromeric or telomeric heterochromatin 
42. The heterochromatin protein Rhino binds to the dual strand cluster 42AB (see figure 7). Its 
association is needed for precursor piRNA production from that cluster, since loss of  rhino 
results in collapse of  the ping-pong pathway 68.

nucleus 

nucleolus 

mitochondria

cytoplasm
2 µm

nuage

Figure 8 Electron microscopy image of 3 weeks zebrafish 
gonad. Nuage is is visible as electron-dense regions close 
to the nuclear membrane (white striped line) and is often 
associated with mitochondria. Image made by Stefan 
Redl.
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BOX 3 | Fishy Piwies
In zebrafish, there are two Piwi paralogues: Ziwi and Zili. Both Piwi proteins are essential for proper 
germ line development. Ziwi mutants show increased transposon activity and their germ cells go 
into apoptosis early in development. Zili mutants are also infertile, however this is due to the inability 
of germ cells to differentiate 43,88. 
Ziwi is maternally provided and localizes to nuage at the first day post fertilization, see figure 
below. Maternal contribution of Zili was not detected. The first expression of Zili can be seen at 
three days post fertilization in the PGCs. At that time point, Zili can be found in the nucleus and is 
diffusely expressed in the cytoplasm, while Ziwi is only detectable in the perinuclear nuage. Nuclear 
expression of Zili seems to be excluded from DAPI dense regions. At seven days post fertilization, Ziwi 
has left nuage and is distributed throughout the cytoplasm. Zili disappeared from the nucleus and 
is also evenly distributed throughout the cytoplasm. 
At three weeks post fertilization, a juvenile ovary starts to form, which further develops into an ovary 
or changes its fate to testis. At the same time, Ziwi remains expressed in the cytoplasm, while Zili is 
present in nuage. Following ovary development, Ziwi can still be found in the cytoplasm at the first 
two oocyte-stages and localizes to the perinuclear nuage at stage III. Zili remains in the perinuclear 
nuage during all three stages of oocyte development. At stage IV, Ziwi moves to the cortex of the 
oocyte and Zili becomes nuclear 43,88.  
Ziwi is similar to mouse Miwi2 and binds piRNAs that are sense and antisense to transposon transcripts. 
Zili binds sense piRNA and resembles mouse Mili. However their roles in the ping-pong pathway are 
the opposite. Ziwi/Mili bind primary piRNAs that trigger the ping-pong amplification loop, while Zili/
Miwi2 bind secondary siRNAs. 
It remains unclear what the nuclear function of Zili is. In mice and Drosophila, Miwi2 and respectively 
Piwi localize to the nucleus where they have a role in chromosomal remodeling 81. Miwi2 and 
Piwi mostly bind piRNAs that are anti-sense to the transposons, enabling them to possibly target 
transposon transcripts in the nucleus 73. However, Zili binds piRNAs of the same polarity as transposon 
transcripts, making it unlikely that it binds transposon transcripts. It might have an influence on piRNA 
clusters (formation), since it has the ability to recognize transcripts derived from these clusters. 
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Transport of precursors to nuage
However, it is unclear how piRNA precursor transcripts are directed from their transcription loci 
to the cytoplasm for processing. After their transcription from a piRNA cluster, these piRNA 
precursors could leave the nucleus via the nuclear pores. At the other side of  the nuclear pore, 
they could enter the perinuclear nuage and become targeted for processing into mature piRNAs. 
In Drosophila it has recently been shown that the nuclear DEAD-box protein UAP56 is involved 
in this transport. UAP56 co-localizes with Rhino and binds to piRNA precursor transcripts (see 
figure 7). Rhino and UAP56 both localize to piRNA cluster loci, which are in close proximity to 
the cytoplasmic nuage found on the other side of  the nuclear membrane. Nuage is marked by the 
RNA helicase Vasa. When the binding of  UAP56 to Rhino is lost, germline piRNA biogenesis 
is disrupted, transposons become activated and Vasa localization to the perinuclear nuage is 
lost. The close localization of  these two loci suggests the existence of  a piRNA-processing 
compartment that crosses the nuclear envelope 69.

piRNA precursors of C. elegans
The piRNA of  C. elegans are not derived from long precursor transcripts, but are individually 
transcribed from 16 thousand genomic loci. These loci broadly cluster over two regions on 
chromosome IV and each piRNA locus contains a conserved upstream motif  which is ~ 40 bp 
away from piRNA (figure 9) 70. The motif  is an 8-mer sequence (CTGTTTCA), which is essential 
for individual expression of  piRNAs. It has low nucleosome occupancy and is surrounded by an 
A/T-rich region, known to repel nucleosomes 70,71. Nucleosome poor regions are characteristic 
of  promoters and therefore Cecere et al. were wondering if  this motif  could be a transcriptional 
binding site. They showed that the Forkhead family (FKH) of  transcription factors recognize 
the motif  and is needed for piRNA precursor transcription. Loss of  the germline-enriched FKH 
protein UNC-130 resulted in reduced expression of  mature piRNAs. RNA pol II is enriched at 
the motif  and initiates transcription of  the piRNA precursor at the -2 position of  the mature 
piRNA. Most piRNA precursors are 26 nt in length and have a 5’ cap 71,72. They are processed 
into 21 nt long mature piRNAs by an unknown mechanism. 

Role of Piwi proteins outside transposon silencing
The piRNA pathway is involved in transposon silencing in many organisms. A deficient piRNA 
pathway leads to transposon upregulation and loss of  germ cells. It is unclear if  this loss is a 
consequence of  transposon activation or if  the piRNA pathway has additional roles in germ 
cell development. In mice and C. elegans, the piRNA pathway also functions outside transposon 
silencing and loss of  this function also leads to reduced fertility or sterility. 

In mice, a specific class of  piRNAs, the pachytene piRNAs, do not target transposon sequences, 
suggesting that they have a role other than silencing transposons. These piRNAs are expressed in 
pachytene stage of  prophase I of  meiosis, which is ~14 days after birth. In this stage, homologous 
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chromosomes completely pair and chromosomal crossover occurs. 
The murine piRNA pathway comprises three Piwi proteins, which are Mili, Miwi2 and Miwi. Mili 
is expressed in the male and female germline, while Miwi and Miwi2 are specific for the male 
germline 73. Mili (in pre-pachytene) and later on Miwi (in pachytene spermatocytes and round 
spermatids) bind pachytene piRNAs, which are mainly derived from intergenic regions. Loss of  
Miwi leads to infertile male mice due to an arrest of  the germ cells at the round spermatid stage. 
The RNA targets of  pachytene piRNAs are unknown and therefore it remains unclear what 
the function is of  this specific class of  piRNAs. It has been postulated that they are involved in 
meiotic timing and post-meiotic events through transcriptional/translational regulation, however 
this hypothesis still needs to be proven 37-40,74.

piRNAs in C. elegans 
Like the pachytene piRNAs in mice, the C. elegans piRNAs also lack obvious targets. Of  all 
transposons in C. elegans, only one is known to be targeted by the piRNA pathway, which is 
the TC-3 transposon. Loss of  the Piwi protein PRG-1 leads to a 3-4 fold upregulation of  
this transposon. This implied that function of  piRNAs in C. elegans is also outside transposon 
silencing.
C. elegans has two Piwi proteins: PRG-1 and PRG-2. PRG-1 is essential for the piRNA biogenesis. 
The function of  PRG-2 is unknown. PRG-1 is expressed in the germ line and localizes to 
P-granules, which are similar to nuage. Loss of  PRG-1 leads to reduced fertility, likely due to its 
role in a late stage of  spermatogenesis 75. PRG-1 binds piRNAs, which are 21 nt in length and 
start with a 5’ uracil and therefore they are often referred to as 21U RNAs 76,77. The preference 
for a 5’ uracil has also been observed for Piwi proteins in other animals.

Downstream amplification pathway
If  the piRNAs are not predominately involved in transposon silencing, what could be their 
function? PiRNAs are extremely diverse and sequence-specific targets are absent. To better 
understand their role, Bagijn et al created worms carrying an in vivo piRNA-sensor to “sense” 
the functionality of  the piRNA pathway 78. The reporter is a histone 2B coupled to a GFP 
with a perfect complementary binding site for an endogenously expressed piRNA in its 3’UTR. 
Analysis of  the small RNA population in these worms revealed an extra population of  22G 
siRNAs, targeting the piRNA-sensor 78. These 22G siRNAs act downstream of  many RNAi 
pathways in C. elegans and are a product of  an RdRP 17,18.
Most 22Gs siRNAs mapped back within 20bp of  the piRNA-binding site, indicating that PRG-1 
recruits an RdRP near the target site. 22G siRNAs generated by an RdRP are loaded into worm-
specific Argonaute proteins, or WAGOs 17,18. Loaded WAGOs continued the silencing cascade 
on a post-transcriptional level. One piRNA sequence can trigger the generation of  many 22G 
siRNAs, thereby amplifying the silencing signal, similar to the ping-pong pathway in other 
animals. 
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Targets of C. elegans piRNA pathway
Of  the ~16.000 species, only 289 piRNAs match a target molecule with perfect complementary 
and 29 of  them triggered an RdRP to generate 22G siRNAs. All the others do not have any 
obvious targets. Therefore, Bagijn and colleges were wondering if  these piRNAs might bind 
their targets by incomplete complementarity. This hypothesis was further supported by the 
observation that piRNA-sensor was also silenced when mismatches were introduced in its 
piRNA-binding site. 

Since the piRNA pathway triggers the formation of  22G siRNAs, possible piRNA targets 
should also have a population of  22G siRNAs. Hence, Bagijn et al (2012) and Lee et al (2012) 
analyzed the piRNA and 22G siRNA populations in genome-wide manner. By allowing up to 2 
mismatches outside the seed region and one within, Ashe et al observed 3-fold enrichment of  
secondary siRNAs at potential piRNA binding sites. When they focused on the most abundantly 
expressed piRNAs (top 20%), they found a 9-fold enrichment for 22G siRNAs in wild-type 
worms, relative to prg-1 mutants 79.

Figure 9  The piRNA of C. 
elegans are individually 
transcribed from 16 
thousand genomic loci. 
Each piRNA locus contains 
a highly conserved eight 
nucleotide long motif 
which is ~ 40 bp upstream 
of the piRNA and essential 
for its expression. The 
Forkhead family (FKH) 
of transcription factors 
recognize the motif and 
initiate the formation of 
26 nt long and capped 
piRNA precursor. These 
precursors are processed 
in an unknown way into 
21 nt long piRNAs that 
are methylated at their 
3’ end and bound by the 
Piwi protein PRG-1. The 
Piwi protein can target 
transcripts by incomplete 
base-pairing and recruits 
and RdRP near its target 
site. This RdRP triggers the 
formation of 22 G siRNAs 
that are loaded into 
WAGOs, which enhance 
the target silencing.
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By tolerating mismatches and focusing on sites where piRNAs trigger the formation of  22G 
siRNAs, targets of  PRG-1 could be determined. They found that piRNA target loci were 
depleted of  protein coding genes and mostly contained pseudogenes and transposon loci. This 
observed depletion was conserved in a related nematode species C briggsae, despite the fact that 
piRNAs themselves are not conserved 78. 
In conclusion, piRNAs trigger a downstream 22G siRNA pathway by binding their targets 
mostly in a non-complementary way. The 22G siRNA pathway amplifies the silencing signal and 
thereby resembling the ping-pong pathway found in other organisms. 

Outstanding questions
The first part of  this thesis will focus on the role of  the methyltransferase Hen1 in the germ 
cells of  D. rerio and C. elegans. HEN1 methylates small RNAs in Arabidopsis and it has been 
shown that methylation prevents U-tailing and subsequent degradation. Does Hen1 have a 
similar protecting role for piRNAs? Is piRNA methylation essential for its stability? Does loss 
of  piRNA methylation leads to transposon activation? And what is the role of  Hen1 in the 
zebrafish germline development? In addition, plant HEN1 was shown to bind unmethylated 
small RNAs via its dsRNA-binding domains 80. However, animal Hen1 lacks an RNA binding 
domain. How does animal Hen1 interact with piRNAs, if  it cannot bind RNA? 

In C. elegans it was shown that the methyltransferase HENN-1 methylates piRNAs and 26G 
siRNAs 70. What is the function of  3’ end methylation on the stability of  these two distinct small 
RNA populations? In other words, does loss of  HENN-1 have a different impact on these two 
small RNA species? And what is the role of  HENN-1 in germline development of  C. elegans? 
The 26G siRNAs and piRNAs are germline specific, is this the same for HENN-1? In chapter 2 
and 3 of  this thesis, we will address these questions and provide an answer. 

Chapter 4 of  this thesis will focus on a major question in the piRNA pathway biology field. 
Many Piwi proteins localize to the nucleus where they have an unknown function. Loss of  the 
nuclear localization of  these Piwi proteins leads to transposon upregulation 81. This suggests that 
their nuclear function is important for proper performing of  the piRNA pathway. 
In mice, Miwi2 localizes to the nucleus and triggers DNA methylation on transposon loci 73. In 
Drosophila it has been suggested that the Piwi pathway can induce heterochromatin formation on 
its targets 82. This suggests that Piwi proteins also have a transcriptional role and might induce 
epigenetic changes in the germline that are inherited to the next generation. In chapter 4 we 
focus on the role of  PRG-1 at the transcriptional level. It was shown that the C. elegans piRNAs 
are involved in silencing of  pseudogenes and transposons via the 22G siRNA pathway. However, 
it remains unclear what the exact function is of  these piRNAs. Does the piRNA pathway also 
silence its targets at the transcriptional level, via e.g. heterochromatin formation? And does this 
affect the germline in the next generations? 
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Furthermore, to better understand the C. elegans piRNA pathway, we screened for new players 
involved in this pathway. By identifying new Piwi-pathway players, we hope to obtain more 
insight in how piRNAs and 22G siRNAs are generated.  

References

1. Wingard S.A. (1928). Hosts and symptoms of  ring spot, a virus disease of  plants. J. Agric. 
Res. 37, 127–153

2. Fire, A. et al. Potent and specificgenetic interference by double-stranded RNA in 
Caenorhabditis elegans. Nature 391, 806–811 (1998).

3. Ghildiyal, M. & Zamore, P. D. Small silencing RNAs: an expanding universe. Nat Rev Genet 
10, 94–108 (2009).

4. Bernstein, E., Caudy, A. A., Hammond, S. M. & Hannon, G. J. Role for a bidentate 
ribonuclease in the initiation step of  RNA interference. Nature 409, 363–366 (2001).

5. Zamore, P. D., Tuschl, T., Sharp, P. A. & Bartel, D. P. RNAi: double-stranded RNA directs 
the ATP-dependent cleavage of  mRNA at 21 to 23 nucleotide intervals. Cell 101, 25–34 
(2000).

6. Matranga, C., Tomari, Y., Shin, C., Bartel, D. P. & Zamore, P. D. Passenger-Strand Cleavage 
Facilitates Assembly of  siRNA into Ago2-Containing RNAi Enzyme Complexes. Cell 
123, 607–620 (2005).

7. Rand, T. A., Petersen, S., Du, F. & Wang, X. Argonaute2 Cleaves the Anti-Guide Strand 
of  siRNA during RISC Activation. Cell 123, 621–629 (2005).

8. Grishok, A. RNAi mechanisms in Caenorhabditis elegans. FEBS letters 579, 5932–5939 
(2005).

9. Lee, Y., Jeon, K., Lee, J. T., Kim, S. & Kim, V. N. MicroRNA maturation: stepwise 
processing and subcellular localization. EMBO J 21, 4663–4670 (2002).

10. Molnar, A. et al. Small Silencing RNAs in Plants Are Mobile and Direct Epigenetic 
Modification in Recipient Cells. Science 328, 872–875 (2010).

11. Carmell, M. A. The Argonaute family: tentacles that reach into RNAi, developmental 
control, stem cell maintenance, and tumorigenesis. Genes & Development 16, 2733–2742 
(2002).

12. Tolia, N. H. & Joshua-Tor, L. Slicer and the Argonautes. Nat Chem Biol 3, 36–43 (2007).
13. Song, J. J. Crystal Structure of  Argonaute and Its Implications for RISC Slicer Activity. 

Science 305, 1434–1437 (2004).
14. Wang, Y. et al. Nucleation, propagation and cleavage of  target RNAs in Ago silencing 

complexes. Nature 461, 754–761 (2009).
15. Vagin, V. V. et al. Proteomic analysis of  murine Piwi proteins reveals a role for arginine 

methylation in specifying interaction with Tudor family members. Genes & Development 23, 
1749–1762 (2009).

16. Ketting, R. F. The Many Faces of  RNAi. Developmental Cell 20, 148–161 (2011).



41

1
17. Gu, W. et al. Distinct Argonaute-Mediated 22G-RNA Pathways Direct Genome 

Surveillance in the C. elegans Germline. Molecular Cell 36, 231–244 (2009).
18. Sijen, T., Steiner, F. A., Thijssen, K. L. & Plasterk, R. H. A. Secondary siRNAs Result from 

Unprimed RNA Synthesis and Form a Distinct Class. Science 315, 244–247 (2007).
19. Nishikura, K. A Short Primer on RNAi-RNA-Directed RNA Polymerase Acts as a Key 

Catalyst. Cell 107, 415–418 (2001).
20. Smardon, A. et al. EGO-1 is related to RNA-directed RNA polymerase and functions in 

germ-line development and RNA interference in C. elegans. Current Biology 10, 169–178 
(2000).

21. Steiner, F. A., Okihara, K. L., Hoogstrate, S. W., Sijen, T. & Ketting, R. F. RDE-1 slicer 
activity is required only for passenger-strand cleavage during RNAi in Caenorhabditis 
elegans. Nat Struct Mol Biol 16, 207–211 (2009).

22. Pasquinelli, A. E. & Ruvkun, G. Control of  developmental timing by micrornas and their 
targets. Annu. Rev. Cell Dev. Biol. 18, 495–513 (2002).

23. Tops, B. B. J., Plasterk, R. & Ketting, R. F. The Caenorhabditis elegans Argonautes ALG-1 
and ALG-2: almost identical yet different. 71, 189–194 (2006).

24. Conine, C. C. et al. Argonautes ALG-3 and ALG-4 are required for spermatogenesis-
specific 26G-RNAs and thermotolerant sperm in Caenorhabditis elegans. Proceedings of  the 
National Academy of  Sciences 107, 3588–3593 (2010).

25. Vasale, J. J. et al. Sequential rounds of  RNA-dependent RNA transcription drive 
endogenous small-RNA biogenesis in the ERGO-1/Argonaute pathway. Proceedings of  the 
National Academy of  Sciences 107, 3582–3587 (2010).

26. Gent, J. I. et al. Distinct phases of  siRNA synthesis in an endogenous RNAi pathway in C. 
elegans soma. Molecular Cell 37, 679–689 (2010).

27. Wolfswinkel, J. C. V. et al. CDE-1 Affects Chromosome Segregation through Uridylation 
of  CSR-1-Bound siRNAs. Cell 139, 135–148 (2009).

28. Claycomb, J. M. et al. The Argonaute CSR-1 and Its 22G-RNA Cofactors Are Required 
for Holocentric Chromosome Segregation. Cell 139, 123–134 (2009).

29. Guang, S. et al. Small regulatory RNAs inhibit RNA polymerase II during the elongation 
phase of  transcription. Nature 465, 1097–1101 (2010).

30. Burkhart, K. B. et al. A Pre-mRNA–Associating Factor Links Endogenous siRNAs to 
Chromatin Regulation. PLoS Genet 7, e1002249 (2011).

31. Volpe, T. A. Regulation of  Heterochromatic Silencing and Histone H3 Lysine-9 
Methylation by RNAi. Science 297, 1833–1837 (2002).

32. Grewal, S. I. RNAi-dependent formation of  heterochromatin and its diverse functions. 
Current Opinion in Genetics & Development 20, 134–141 (2010).

33. Raz, E. Primordial germ-cell development: the zebrafish perspective. Nat Rev Genet 4, 
690–700 (2003).

34. Siegfried, K. R. & Nüsslein-Volhard, C. Germ line control of  female sex determination in 
zebrafish. Dev. Biol. 324, 277–287 (2008).

35. Hajkova, P. et al. Epigenetic reprogramming in mouse primordial germ cells. Mechanisms of  
Development 117, 15–23 (2002).



42

1
36. Kazazian, H. H. Mobile Elements: Drivers of  Genome Evolution. Science 303, 1626–1632 

(2004).
37. Aravin, A. et al. A novel class of  small RNAs bind to MILI protein in mouse testes. Nature 

442, 203–207 (2006).
38. Vagin, V. V. A Distinct Small RNA Pathway Silences Selfish Genetic Elements in the 

Germline. Science 313, 320–324 (2006).
39. Girard, A., Sachidanandam, R., Hannon, G. J. & Carmell, M. A. A germline-specific 

class of  small RNAs binds mammalian Piwi proteins. Nat Cell Biol (2006).doi:10.1038/
nature04917

40. Lau, N. C. et al. Characterization of  the piRNA Complex from Rat Testes Science 313, 
363–367 (2006).

41. Malone, C. D. et al. Specialized piRNA Pathways Act in Germline and Somatic Tissues of  
the Drosophila Ovary. Cell 137, 522–535 (2009).

42. Brennecke, J. et al. Discrete Small RNA-Generating Loci as Master Regulators of  
Transposon Activity in Drosophila. Cell 128, 1089–1103 (2007).

43. Houwing, S. et al. A role for Piwi and piRNAs in germ cell maintenance and transposon 
silencing in Zebrafish. Cell 129, 69–82 (2007).

44. Aravin, A. A., Hannon, G. J. & Brennecke, J. The Piwi-piRNA pathway provides an 
adaptive defense in the transposon arms race. Science 318, 761–764 (2007).

45. Brennecke, J. et al. An epigenetic role for maternally inherited piRNAs in transposon 
silencing. Science 322, 1387–1392 (2008).

46. Saito, K. et al. A regulatory circuit for piwi by the large Maf  gene traffic jam in Drosophila. 
Nature 461, 1296–1299 (2009).

47. Saito, K. et al. Roles for the Yb body components Armitage and Yb in primary piRNA 
biogenesis in Drosophila. Genes & Development 24, 2493–2498 (2010).

48. Olivieri, D., Sykora, M. M., Sachidanandam, R., Mechtler, K. & Brennecke, J. An in 
vivo RNAi assay identifies major genetic and cellular requirements for primary piRNA 
biogenesis in Drosophila. EMBO J 29, 3301–3317 (2010).

49. Voigt, F. et al. Crystal structure of  the primary piRNA biogenesis factor Zucchini reveals 
similarity to the bacterial PLD endonuclease Nuc. (2012).doi:10.1261/rna.034967.112

50. Nishimasu, H. et al. Structure and function of  Zucchini endoribonuclease in piRNA 
biogenesis. Nature 1–6 (2012).doi:10.1038/nature11509

51. Ipsaro, J. J., Haase, A. D., Knott, S. R., Joshua-Tor, L. & Hannon, G. J. The structural 
biochemistry of  Zucchini implicates it as a nuclease in piRNA biogenesis. Nature 1–7 
(2012).doi:10.1038/nature11502

52. Reuter, M. et al. Miwi catalysis is required for piRNA amplification-independent LINE1 
transposon silencing. Nature 1–6 (2011).doi:10.1038/nature10672

53. Wang, Y. et al. Supplemental info Nucleation, propagation and cleavage of  target RNAs in 
Ago silencing complexes. Nature 461, 754–761 (2009).

54. Horwich, M. D. et al. The Drosophila RNA methyltransferase, DmHen1, modifies 
germline piRNAs and single-stranded siRNAs in RISC. Current Biology 17, 1265–1272 
(2007).



43

1
55. Saito, K. et al. Pimet, the Drosophila homolog of  HEN1, mediates 2’-O-methylation of  

Piwi-interacting RNAs at their 3’ ends. Genes & Development 21, 1603–1608 (2007).
56. Li, J., Yang, Z., Yu, B., Liu, J. & Chen, X. Methylation protects miRNAs and siRNAs from 

a 3’-end uridylation activity in Arabidopsis. Current Biology 15, 1501–1507 (2005).
57. Wang, Y., Sheng, G., Juranek, S., Tuschl, T. & Patel, D. J. Structure of  the guide-strand-

containing argonaute silencing complex. Nature 456, 209–213 (2008).
58. Olivieri, D., Senti, K.-A., Subramanian, S., Sachidanandam, R. & Brennecke, J. The 

Cochaperone Shutdown Defines a Group of  Biogenesis Factors Essential for All piRNA 
Populations in Drosophila. Molecular Cell 47, 954–969 (2012).

59. Aravin, A. A. & Bourc’his, D. Small RNA guides for de novo DNA methylation in 
mammalian germ cells. Genes & Development 22, 970–975 (2008).

60. Xiol, J. et al. A Role for Fkbp6 and the Chaperone Machinery in piRNA Amplification and 
Transposon Silencing. Molecular Cell 47, 970–979 (2012).

61. Al-Muktar, K. A. K. & Webb, A. C. An ultrastructural study of  primordial germ cells, 
oogonia and early oocytes in Xenopus laevis. J. Embryol. Exp. Morphol. 26, 195–217 (1971).

62. Chen, C., Nott, T. J., Jin, J. & Pawson, T. Deciphering arginine methylation: Tudor tells the 
tale. Nat Rev Mol Cell Biol 12, 629–642 (2011).

63. Kirino, Y. et al. Arginine methylation of  Piwi proteins catalysed by dPRMT5 is required 
for Ago3 and Aub stability. Nat Cell Biol 11, 652–658 (2009).

64. Huang, H.-Y. et al. Tdrd1 acts as a molecular scaffold for Piwi proteins and piRNA targets 
in zebrafish. EMBO J 1–11 (2011).doi:10.1038/emboj.2011.228

65. Reuter, M. et al. Loss of  the Mili-interacting Tudor domain–containing protein-1 activates 
transposons and alters the Mili-associated small RNA profile. Nat Struct Mol Biol 16, 639–
646 (2009).

66. Shoji, M. et al. The TDRD9-MIWI2 Complex Is Essential for piRNA-Mediated 
Retrotransposon Silencing in the Mouse Male Germline. Developmental Cell 17, 775–787 
(2009).

67. Malone, C. D. & Hannon, G. J. Small RNAs as Guardians of  the Genome. Cell 136, 
656–668 (2009).

68. Klattenhoff, C. et al. The Drosophila HP1 Homolog Rhino Is Required for Transposon 
Silencing and piRNA Production by Dual-Strand Clusters. Cell 138, 1137–1149 (2009).

69. Zhang, F. et al. UAP56 Couples piRNA Clusters to the Perinuclear Transposon Silencing 
Machinery. Cell 151, 871–884 (2012).

70. Ruby, J. G. et al. Large-Scale Sequencing Reveals 21U-RNAs and Additional MicroRNAs 
and Endogenous siRNAs in C. elegans. Cell 127, 1193–1207 (2006).

71. Cecere, G., Zheng, G. X. Y., Mansisidor, A. R., Klymko, K. E. & Grishok, A. Promoters 
Recognized by Forkhead Proteins Exist for Individual 21U-RNAs. Molecular Cell 47, 734–
745 (2012).

72. Gu, W. et al. CapSeq and CIP-TAP Identify Pol II Start Sites and Reveal Capped Small 
RNAs as C. elegans piRNA Precursors. Cell 151, 1488–1500 (2012).

73. Aravin, A. A. et al. A piRNA pathway primed by individual transposons is linked to de 
novo DNA methylation in mice. Molecular Cell 31, 785–799 (2008).



44

1
74. Deng, W. & Lin, H. miwi, a murine homolog of  piwi, encodes a cytoplasmic protein 

essential for spermatogenesis. Developmental Cell 2, 819–830 (2002).
75. Wang, G. & Reinke, V. A C. elegans Piwi, PRG-1, Regulates 21U-RNAs during 

Spermatogenesis. Current Biology 18, 861–867 (2008).
76. Das, P. P. et al. Piwi and piRNAs Act Upstream of  an Endogenous siRNA Pathway to 

Suppress Tc3 Transposon Mobility in the Caenorhabditis elegans Germline. Molecular Cell 
31, 79–90 (2008).

77. Batista, P. J. et al. PRG-1 and 21U-RNAs interact to form the piRNA complex required for 
fertility in C. elegans. Molecular Cell 31, 67–78 (2008).

78. Bagijn, M. P. et al. Function, Targets, and Evolution of  Caenorhabditis elegans piRNAs. 
Science 337, 574–578 (2012).

79. Ashe, A. et al. piRNAs Can Trigger a Multigenerational Epigenetic Memory in the 
Germline of  C. elegans. Cell 150, 88–99 (2012).

80. Huang, Y. et al. Structural insights into mechanisms of  the small RNA methyltransferase 
HEN1. Nature 461, 823–827 (2009).

81. Olovnikov, I., Aravin, A. A. & Toth, K. F. Small RNA in the nucleus: the RNA-chromatin 
ping-pong. Current Opinion in Genetics & Development 22, 164–171 (2012).

82. Brower-Toland, B. et al. Drosophila PIWI associates with chromatin and interacts directly 
with HP1a. Genes & Development 21, 2300–2311 (2007).

83. Muñoz-López, M. & García-Pérez, J. L. DNA transposons: nature and applications in 
genomics. Curr. Genomics 11, 115–128 (2010).

84. Chen, X. & Meyerowitz, E. M.  HUA1 and HUA2 Are Two Members of  the Floral 
Homeotic AGAMOUS Pathway. Molecular Cell 3, 349–360 (1999).

85. Chen, X., Liu, J., Cheng, Y. & Jia, D. HEN1 functions pleiotropically in Arabidopsis 
development and acts in C function in the flower. Development 129, 1085–1094 (2002).

86. Chan, C., Zhou, C., Brunzelle, J. & Huang, R. Structural and biochemical insights into 
2’-O-methylation at the 3’-terminal nucleotide of  RNA by Hen1. Proceedings of  the National 
Academy of  Sciences 106, 17699–17704 (2009).

87. Ren, G., Chen, X. & Bin Yu Uridylation of  miRNAs by HEN1 SUPPRESSOR1 in 
Arabidopsis. Current Biology 1–6 (2012).doi:10.1016/j.cub.2012.02.052

88. Houwing, S., Berezikov, E. & Ketting, R. F. Zili is required for germ cell differentiation 
and meiosis in zebrafish. EMBO J 27, 2702–2711 (2008).13 



45

1





2
Hen1 is required for oocyte development and 

piRNA stability in zebrafish

Maartje J. Luteijn1,3 , Leonie M. Kamminga1,3 , Marjo J. den Broeder1, Stefan Redl2, 
Lucas  J. T. Kaaij1, Elke F. Roovers1, Peter Ladurner2, Eugene Berezikov1 and René F. 

Ketting1

1Hubrecht Institute-KNAW & University Medical Centre Utrecht, Uppsalalaan 8, 3584 CT 
Utrecht, The Netherlands. 2Institute of Zoology, Technikerstrasse 25, A-6020 Innsbruck, Austria.  

 Equal contribution

EMBO Journal, November 2010



48

2

Abstract

Piwi-interacting RNAs (piRNAs) are germ line-specific small RNA molecules that have a 
function in genome defence and germ cell development. They associate with a specific class of  
Argonaute proteins, named Piwi, and function through an RNA interference-like mechanism. 
piRNAs carry a 2′-O-methyl modification at their 3′ end, which is added by the Hen1 enzyme. 
We show that zebrafish hen1 is specifically expressed in germ cells and is essential for maintaining 
a female germ line, whereas it is dispensable in the testis. Hen1 protein localizes to nuage through 
its C-terminal domain, but is not required for nuage formation. In hen1 mutant testes, piRNAs 
become uridylated and adenylated. Uridylation frequency is highest on retro-transposon-derived 
piRNAs and is accompanied by decreased piRNA levels and mild derepression of  transposon 
transcripts. Altogether, our data suggest the existence of  a uridylation-mediated 3′–5′ exonuclease 
activity acting on piRNAs in zebrafish germ cells, which is counteracted by nuage-bound Hen1 
protein. This system discriminates between piRNA targets and is required for ovary development 
and fully efficient transposon silencing.

Article published in: The EMBO Journal 29, 3688 (21 
September 2010) - 3700 doi:10.1038/emboj.2010.233
Link to article (here)
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Introduction 

Small RNAs are potent regulators of  gene expression in many different systems. These RNA co-
factors provide sequence specificity to so-called Argonaute proteins that, when targeted to RNA 
and/or DNA, can initiate a variety of  responses 1. The most basic activity of  Argonaute proteins 
is target cleavage. This is a very specific endonucleolytic activity generating 5′-phosphate and 
3′-hydroxyl groups 2, and it is targeted to the phosphodiester bond opposite bases 10 and 11 
of  the small RNA molecule 3. Interestingly, in animal systems, many Argonaute proteins have 
lost their nucleolytic activity, and have adopted other mechanisms to affect the activities of  their 
targets.

In animal germ cells, a specific subset of  Argonaute proteins is expressed: the Piwi proteins 
4. This subfamily has retained its endonucleolytic activity 5 and is guided to their targets by 
Piwi-interacting RNAs (piRNAs) 6,7. In most systems, multiple Piwi paralogues are present 
8. In zebrafish, there are two Piwi paralogues: Ziwi and Zili 9,10. Together, Piwi proteins and 
piRNAs are required for a number of  different processes, including germ cell differentiation and 
meiosis10,11, 12,13. On a molecular level, Piwi proteins are required for transposon control. Whether 
this relates directly to the germ cell defects observed in Piwi mutants is currently unclear.

In all systems studied a major part of  the Piwi-associated piRNAs are derived from repetitive 
elements 10,12,14,15. In vertebrates, including zebrafish, retro-elements, or RNA-based transposons, 
give rise to the most abundant piRNA populations 9,15. As the mode of  piRNA biogenesis 
responds to the actual presence of  transposon transcripts (see below), this bias towards retro-
elements may reflect the inactivity of  DNA transposons in vertebrates 16.
Biogenesis of  piRNAs is distinct from the processing of  short-interfering RNAs (siRNAs) and 
microRNAs (miRNAs): piRNAs are not derived from double-stranded RNA (dsRNA) precursors 
by Dicer 9,17, but from single-stranded RNA. The current models on piRNA biogenesis involve 
a central function for the Piwi proteins themselves, with Piwi protein-mediated target cleavage 
generating the 5′ ends of  new piRNAs 5,10,14,15. These 5′ ends are bound by another Piwi protein 
paralogue, followed by trimming of  the 3′ end, resulting in a characteristic piRNA length and 
3′-end heterogeneity for each Piwi paralogue. Consequently, different Piwi paralogues tend to 
bind piRNAs of  different polarity; in zebrafish, Ziwi generally binds piRNAs that are anti-sense 
to transposon coding regions and Zili has a preference for sense piRNAs 10. When both sense 
and anti-sense transcripts of  a piRNA-targeted locus are present, this mechanism creates a cyclic 
process in which specific piRNA species can be amplified. This is often referred to as the ping-
pong cycle 14.

Apart from the Dicer-independent mode of  biogenesis, piRNAs differ in yet another aspect 
from miRNAs and most siRNAs in animals: they are methylated on the 2′-hydroxyl group at 
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Figure 1 Hen1 is a conserved methyltransferase in zebrafish. (A) Alignment of hen1 homologs in 
different vertebrates. Full-length Hen1 protein of zebrafish was used for experiments in (B) and (C). 
The red bar depicts the methyltransferase domain and the blue bar shows the C-terminal domain 
used in Figure 3. Asterisks symbolise conserved residues. (B) Purified GST-Hen1 and GST protein 
visualized on gel after staining with Page Blue. (C) GST-Hen1 is able to methylate RNA, but cannot 
do this if the RNA carries a 2’)-methyl group at its 3’ end. Upper panel shows reaction of purified GST 
or GST-Hen1 with methylated and unmethylated piRNA. The lower panel shows RNA loading control 
stained with SYBRGold.
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their 3′ end 9,17-19. This modification is found on all small RNAs in Arabidopsis  20, but in the animal 
kingdom it is found almost exclusively on piRNAs, with the notable exception of  endogenous 
siRNAs in Drosophila 21. The enzyme responsible for placing this modification onto miRNAs 
in plants is HEN1 22, an enzyme with a methyltransferase domain and two dsRNA-binding 
domains. This is consistent with plant HEN1 modifying dsRNA precursors during miRNA 
biogenesis in Arabidopsis. Recently, a crystal structure of  Arabidopsis HEN1 has been reported, 
showing how the dsRNA-binding domains and the methyltransferase domain come together, 
resulting in the proper positioning of  the 3′ ends of  the miRNA precursor in the catalytic site 
23. In plants lacking HEN1, miRNAs are destabilized and are subject to 3′-end uridylation and 
degradation, resulting in pleiotropic phenotypes 24-26.

In animals, putative Hen1 homologues have been identified 27, but these lack the dsRNA-binding 
regions found in the plant HEN1 enzyme, implying that they do not act on double-stranded 
substrates. Indeed, it has been shown that animal Hen1 can methylate single-stranded RNAs, 
bind to Piwi proteins, and is required for piRNA accumulation and efficient Piwi-pathway activity  
18,21,28,29. We show that zebrafish Hen1 is specifically expressed in germ cells and is required for 
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shows hen1 is specifically expressed in the germ cells. The gapdh is shown as loading control.
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oocyte development, and consequently, female development of  zebrafish. Hen1 localizes to 
nuage through interactions with its C-terminal domain (CTD), but is not essential for nuage 
formation. As expected, Hen1 mediates piRNA methylation, and we reveal that this prevents 
both adenylation and uridylation. We show that uridylation, but not adenylation, is associated 
with piRNA destabilization, most likely through a 3′–5′ exonucleolytic pathway. Consequently, 
in hen1 mutants, transposon transcripts can be mildly up-regulated. The uridylation process 
discriminates between RNA- and DNA-based transposable elements, possibly reflecting target-
dependent uridylation of  piRNAs in the absence of  Hen1.

Results

Zebrafish hen1
The likely zebrafish homologue of  the hen1 gene has previously been identified through bio-
informatic analysis as ENSDARG00000018871 27. Sequence comparison shows that the protein 
encoded by this locus aligns well with other vertebrate Hen1 homologues (Figure 1A). This 
homology is mainly observed in the N-terminal part of  the protein, which is predicted to 
harbour the catalytic methyltransferase activity. Indeed, structural analysis has confirmed this 
hypothesis23. The C-terminal regions of  these putative Hen1 homologues differ substantially 
(Figure 1A).
We cloned the cDNA of  this putative hen1 homologue into an Escherichia coli expression vector 
and purified Hen1 using a GST moiety fused to its N-terminus (Figure 1B). This fusion protein 
shows methyltransferase activity on a single-stranded RNA oligonucleotide, and is inhibited by 
the presence of  a 2′-O-methyl modification on the 3′ most terminal ribose ring of  its substrate 
(Figure 1C). Together, these observations strongly suggest that ENSDARG00000018871 indeed 
is the zebrafish homologue of  HEN1, and we will refer to this gene as hen1.

Gonad-specific expression of hen1
We analysed hen1 mRNA expression during zebrafish development using in situ hybridization 
(ISH) (Figure 2A). This revealed that hen1 starts to be expressed around 3 weeks of  age, 
specifically in the gonad. Comparison with expression of  the germ cell marker vasa strongly 
suggests germ cell-specific expression. This point in development corresponds to the start of  
sex determination in the zebrafish 30, and to the timing of  the first phenotypes observed in 
ziwi mutant zebrafish 9. Hen1 expression remains present in the adult gonads, both in the male 
as well as in the female, although testis-specific expression is relatively weak. RT–PCR analysis 
confirms that expression of  hen1 in the adult is also restrained to the gonads (Figure 2B).
Hen1 subcellular localization
Next, we set out to analyse the subcellular localization of  Hen1 protein in germ cells. In the 
absence of  functional anti-sera, we injected embryos with mRNAs encoding GFP-tagged Hen1, 
flanked by a 3′UTR of  the nos1 gene. This 3′UTR destabilizes the mRNA in somatic cells, 
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while keeping it stable in primordial germ cells (PGCs), resulting in PGC-specific expression 
at 24 h of  development  31. Untagged GFP is localized throughout the PGC cytoplasm. In 
contrast, GFP:Hen1 localizes to distinct granules around the nucleus (Figure 3A). These 
structures resemble a germ cell-specific structure named nuage, and we previously described the 
localization of  Piwi protein Ziwi to nuage in PGCs 9. We, therefore, performed a co-localization 
experiment using antibodies against endogenous Ziwi and the GFP part of  the Hen1:GFP 
fusion protein (Figure 3B). The granules stained by the antibodies overlap perfectly, indicating 
that Hen1, like Ziwi, localizes to nuage.

As described above, the Hen1 protein can roughly be divided into two functional units: the 
N-terminal region containing the methyltransferase domain and a more divergent CTD with 
unknown function. We tested both regions (also see Figure 1A) for nuage-targeting properties. 
As shown in Figure 3C, the CTD of  Hen1 alone can direct GFP to nuage, suggesting that this 
region of  the protein is responsible for the observed co-localization of  Hen1:GFP with Ziwi, 
possibly through direct interaction between the CTD and Ziwi (see Discussion). Interestingly, 
we note that placing a GFP tag on the C-terminus of  the CTD fragment results in less efficient 
expression compared with placing GFP on the N-terminus, suggesting that the CTD is most 
stable as the true C-terminal end of  a protein.

Loss of hen1 affects germ cell development
From an ENU-mutagenized library, we obtained a mutant allele of  hen1, sa0026, in which the 
splice-donor site between the last two exons is affected (Figure 4A). Although hen1 mutant 
transcripts can still be detected, this mutation strongly affects splicing between exons 5 and 6 
(Figure 4A), resulting in a stop codon after 108 nucleotides. Therefore, this allele may produce a 
C-terminally truncated version of  the Hen1 protein. Animals homozygous for hen1(sa0026) are 
viable and fertile. Strikingly, among 297 homozygous adults, we only identified one female animal, 
whereas heterozygous and homozygous wild-type animals typically showed around 60% females, 
indicating that hen1(sa0026) homozygosity strongly interferes with the establishment of  an adult 
female gonad (Supplementary Table S1). Unfortunately, the sex of  the one female animal only 
became apparent after dissection of  the animal, preventing phenotypic analysis other than RNA 
analysis. Attempts to generate more female hen1 mutants by decreasing population density and 
increasing food availability during development only yielded male hen1 mutant animals.

To analyse germ cell development in closer detail, we looked at gonad and germ cell morphology 
during development. We dissected gonads from different stages, and visualized germ cells 
using vasa ISH (Figure 4B). Gonad development is clearly affected in hen1 mutants, as indicated by 
the slow increase of  gonad size compared with wild-type (Supplementary Figure S1). Sectioning 
of  gonads from 4 and 5-week-old animals identified 5-week-old hen1 mutant individuals in 
which both male and female germ cells are present, indicating that sex determination in these 
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Figure 3.  The C-terminal domain of Hen1 controls localization to germ granules. (A) mRNA of hen1 
tagged with GFP and the nanos 3’ UTR (lower panel) or only GFPnos (upper panel) was injected 
into a one-cell embryo. The upper panel shows GFP is not localized in primordial germ cells (PGCs), 
whereas Hen1-GFP localized to germ granules at 24 hours post fertilisation. mRNA containing a 
3’ UTR of nanos is only stable in the germ line. (B) Hen1-GFP co-localises with Ziwi protein in germ 
granules (nuage). Hen1-GFP was visualised with a GFP antibody. Scale bar is 10 µm. (C) Schematic 
representation of Hen1 shows the Methyltransferase and C-terminal domain. The three different 
constructs were injected into one cell embryos and expression of GFP was assessed at 24hpf. Scale 
bar is 10 µm.
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Figure 4 Germ line development in hen1 mutant fish is delayed. (A) Left panel: Schematic 
representation of the hen1 gene in zebrafish. Arrows indicate the splice-donor mutation in hen1 
between exon 5 and 6. Right panel: RT-PCR analysis on specific regions of the hen1 mRNA. The 
primers used are indicated in the left panel; dashed line indicates primers spanning exon-exon 
boundary. (B) In situ hybridization for vasa in hen1 heterozygous (upper panels) and mutant (lower 
panels) zebrafish shows presence of germ cells. In the heterozygous animal oocytes (white arrows) 
are clearly formed at five weeks in three out of four animals (also see Figure S1). However, in five-
week-old hen1 mutants, in two out of five animals, only some oocytes (white arrow) are present. This 
suggests sex determination is not yet complete. Scale bar is 100 µm. (C) Heamatoxylin and eosin 
staining of wildtype (left) and mutant (right) testis. Even though hen1 mutant zebrafish develop into 
male only, testis development does not seem to be affected, base on morphology and fertility. 
Stages of spermatogenesis are (SG) spermatogonia, (SC) spermatocytes, (ST) spermatids, and 
(S) sperm. (D) Electron microscopy of wild-type (left) and hen1 (right) mutant gonads to visualise 
nuage at 3 weeks of age shows no differences in localisation and density of nuage. Nuage is often 
associated with both the nuclear membrane and mitochondria (m) and is visible as regions of 
higher density (white arrows). Lower panels show enlargement of boxed areas in upper panels. N: 
nucleus, Nu: nucleolus. 
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animals has not yet completed as it has in their wild-type siblings. Adult hen1 mutants have testes 
that are indistinguishable from wild type, based on morphological analysis (Figure 4C).

As Hen1 localizes to nuage, we compared nuage between wild type and hen1 mutant siblings at 
3 weeks of  age, using electron microscopy (Figure 4D). In these experiments, nuage is visible 
as an electron dense granular structure, often associated to both the nuclear membrane and 
mitochondria. No differences in density and localization of  these structures between wild type 
and hen1 mutant fish could be observed. Taken together, these data show that hen1 is dispensable 
for nuage formation and the initiation of  both oogenesis and spermatogenesis, but is essential 
for maintaining oocyte development.

Reduced piRNA levels in hen1 mutants
To zoom in to the molecular level, we analysed piRNA biogenesis in adult testes of  hen1 mutants 
and wild-type siblings. First, we checked whether the 2′-O-methyl modification requires Hen1, 
as would be expected from previously published work 21,28,29. We used mild oxidative treatment 
followed by a β-elimination reaction to test this. Unmodified RNA molecules loose their most 
3′ base during this procedure and retain a 3′-phosphate group, resulting in an apparent two-
base pair size shift, whereas RNA molecules with a 2′-O-methyl modification at their 3′ end 
are unaffected (Figure 5A, left panel). Consistent with previous findings 9, Ziwi- and Zili-
bound piRNAs, isolated from immunoprecipitates from wild-type animals, are resistant to this 
treatment, reflecting their modified status. In contrast, both types of  piRNAs from hen1 mutant 
animals become sensitive, indicating loss of  the modification (Figure 5A; Supplementary Figure 
S2A, right panels). The fraction of  hen1 mutant piRNAs shifting upon oxidative treatment 
indicates that hen1(sa0026) is a strong loss-of-function allele.
Clearly, this experiment reveals that piRNAs are still present in the hen1 mutant. However, the 
experimental procedure prevents a quantitative assessment. We, therefore, analysed piRNAs in 
total RNA preparation of  both wild type and hen1 mutant gonads on northern blots, using a 
probe detecting a single piRNA species (piR80). This revealed strongly reduced piR80 levels 
(Figure 5B and Supplementary Figure S2B), only just detectable on blots made from small gels 
in which the usually somewhat broad piR80 signal remains more focussed (Figure 5C).

Loss of Hen1 affects piRNA 3′ end stability
We next deep-sequenced small RNA libraries from adult testes total RNA of  wild-type 
and hen1 mutant animals. Libraries were constructed using adapter ligation to both 5′ and 3′ 
ends of  the small RNAs, allowing accurate assessment of  both 5′ and 3′ ends of  each cloned 
RNA species. For wild-type and hen1 mutant samples, we obtained over eight- and nine-million 
sequence reads, respectively, of  which 85% could be mapped to the Zv8 assembly of  the 
zebrafish genome (Supplementary Table S2; Supplementary Figure S3). Sequences annotated as 
rRNA, snRNA, snoRNA, and tRNA were removed from further analysis. The remaining RNA 
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shows ß-elimination on synthetic RNA with or without a 2’ OMethyl group. RNA without modification 
is sensitive to ß-elimination which results in a shift on gel, whereas RNA with a modification is no 
longer sensitive to oxidation. The right panel shows the same procedure with RNA isolated from 
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contrast, piRNA-80 cannot be detected in the hen1 mutant. At the bottom, the same Northern blot 
was probed for let-7a as control for ß-elimination and loading. (C) Northern blot on wildtype and 
mutant hen1 testes for piRNA-80. piRNA-80 is clearly detectable in wildtype testes, but the levels 
are significantly lower in then hen1 mutant, also when increasing amount of RNA were loaded. In 
addition, piRNA-80 seems to be shorter in the mutant. Let-7a is shown as loading control.
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species displays a bimodal-length distribution reflecting the two major small RNA populations 
in the adult zebrafish testis: miRNAs and piRNAs.

In Figure 6A, we have plotted the length distributions of  both these classes. From this it is 
clear that while the length profile of  miRNAs is unaffected by loss of  Hen1, the piRNA profile 
indicates a shortening of  this species, mirroring what can be seen on northern blot (Figure 
5C). This sequencing approach does not reveal the drop in piRNA levels that we observed 
on northern blot (Figure 5B and C). This is likely caused by the fact that the 2′-O-methyl 
modification interferes with the ligation of  the cloning adapter at the 3′ end. Thus, upon loss of  
the modification in the hen1 mutant, ligation becomes more efficient, counteracting the reduced 
piRNA levels. This effect is even more pronounced when poly-adenylation is used to tag the 3′ 
end of  piRNAs during the cloning procedure (Supplementary Figure S3).
Biogenesis of  piRNAs is accompanied by a so-called ping-pong signature: a strong tendency of  
piRNAs from the two Piwi paralogues to be derived from opposite strands and overlap 10 bases 
at their 5′ ends 14. This is likely imposed by the catalytic activities of  the Piwi proteins themselves 
and the presence of  this signature in piRNA sequence libraries can be taken as a measure for 
the activity of  the Piwi proteins. This ping-pong signature is very similar in both the wild type 
and the hen1 mutant-derived piRNA libraries (Supplementary Figure S4), suggesting that piRNA 
synthesis is not affected by loss of  Hen1. The fact that a wild-type ping-pong signature can 
be observed in hen1 mutants suggests that the observed overall shortening of  piRNAs is due 
to loss of  bases at their 3′ end. We also find that piRNAs show increased heterogeneity at 
their 3′ ends relative to their 5′ ends in hen1 mutants compared with wild type (Figure 6B). 
Taken together, our data suggest that a 3′–5′ exonuclease activity is responsible for the observed 
piRNA destabilization in hen1 mutants.

Hen1 inhibits adenylation and uridylation of piRNAs
In Arabidopsis, HEN1 protects miRNAs from uridylation and destabilization 26, and in mammals, 
a miRNA has been reported to be adenylated 32. Furthermore, we recently identified an enzyme 
in Caenorhabditis elegans that destabilizes siRNAs through uridylation 33. For these reasons we 
analysed the small RNA sequence reads for the presence of  3′ non-templated bases. Interestingly, 
miRNA-reads rather frequently have additional A or T residues, reflecting adenylation and 
uridylation. This is not affected by loss of  Hen1 activity, consistent with the lack of  miRNA 
methylation in zebrafish. In contrast, piRNAs in wild-type testis carry non-templated bases at 
their 3′-end less frequently. In the hen1 mutant background, adenylation and uridylation both rise 
significantly: five- and seven-fold, respectively (Figure 6C). The added A and U-tails on both 
miRNAs and piRNAs are short, with >90% of  all the tails being only one or two bases long 
(Supplementary Figure S5A).
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either the same 5’ end or the same 3’ end. Pairs that share both ends or none were not included in 
the analysis. n= 3593068 for the wild-type and n= 3538814 for the hen1 mutant. (C) Non-templated 
residues found at the 3’ ends of small RNA species. MiRNAs in wildtype and mutant zebrafish show 
frequent addition of A or T residues. In wild-type testis piRNA infrequently have non-templated 
bases, but in hen1 mutant testis piRNAs show frequent adenylation and uridylation. (D) Quantitative 
PCR (qPCR) for different retro-elements (I1, Ngaro and GypsyDR2) and DNA elements (EnSpmN1 and 
Polinton). These are encircled in Figures 6E and F. Shown is the average of three experiments in each 
of which three different control genes have been analysed (tubulin, gapdh and ef1a). *: p<0.005, 
unpaired t-test. (E) Uridylation and adenylation frequencies of retro-elements plotted versus their 
change in cloning frequency. For retro-elements a negative correlation (R2 = 0.21) was observed 
between the frequency of piRNA uridylation and piRNA abundance. No correlation was observed 
between adenylation and cloning frequency (R2 = 0.007). qPCR (Figure 6C) was done for encircled 
elements. (F) Uridylation and adenylation frequencies of DNA elements plotted versus their change 
in cloning frequency. For DNA elements no correlation (R2 = 0.02) was observed between the 
frequency of piRNA uridylation and piRNA abundance. No correlation was observed between 
adenylation and cloning frequency (R2 = 0.007). qPCR (Figure 6C) was done for encircled elements.
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Differential uridylation of DNA and retro-element piRNAs
Roughly 40% of  all piRNAs we cloned map to transposable elements, and it has been shown 
in various organisms, including zebrafish, that piRNAs function in silencing these repeats 
10,14,15. We, therefore, determined transcript levels from five different transposons in wild type 
and hen1 mutant zebrafish (Figure 6D). This revealed significant up-regulation of  transcripts 
from the I1 retro-element, whereas four other transposon transcripts showed no significant 
differences, although we note a tendency for them to be slightly up-regulated. These latter four 
include two DNA transposons, EnSpmN1 and Polinton, and two retro-elements, GypsyDR2 and 
Ngaro. Our data are consistent with the mild effects of  loss of  Drosophila hen1 on transposon 
transcripts 21. 

We next looked at transposon-derived piRNAs in more detail. First, we asked whether there are 
transposons whose piRNA levels are more strongly affected by hen1 mutation than others. We 
extracted transposon-targeting piRNAs from both the wild type and the hen1 mutant-sequencing 
data. After scaling the data, we plotted for each element the number of  sequence reads obtained 
from wild type versus that obtained from the hen1 mutant (Supplementary Figure S5B). No 
individual transposon stood out in this analysis; only some deviations were observed, and these 
were related to elements with low read counts. Consequently, we restricted ourselves in the rest 
of  the analysis to only those elements for which we retrieved at least 3000 reads in both the wild 
type and hen1 mutant libraries (Supplementary Table S3).

We then probed whether the observed uridylation and adenylation frequencies of  piRNAs in 
the hen1 mutant differ between piRNAs coming from different transposon types. Upon plotting 
the frequency of  uridylation versus the piRNA-cloning frequency of  individual transposons 
from the hen1 mutant (Supplementary Figure S5C), we observed a statistically highly significant 
trend for retro-element-derived piRNAs to be more frequently uridylated than DNA element-
derived piRNAs (10.0±1.7 versus 8.2±1.9%; P=3 × 10–9). No significant difference was observed 
for adenylation frequencies (3.7±1.5 versus 3.8±0.8%; P=0.59). Interestingly, this difference in 
average uridylation frequency is accompanied by a small difference in cloning frequencies between 
wild type and hen1 mutant as well: piRNAs from retro-elements are slightly underrepresented 
in the hen1 mutant library (Supplementary Figure S5D). Comparing ratios between mutant and 
wild-type library read counts yields a small, but significant difference between the two transposon 
classes (hen1/wt=1.12±0.45 for DNA elements and hen1/wt=0.98±0.32 for retro-elements 
(P=0.013; paired t-test).

A correlation between piRNA uridylation and piRNA abundance can also be observed at the 
level of  individual transposons. When we plot for each element the uridylation and adenylation 
frequencies versus their change in cloning frequency, a negative correlation between the frequency 
of  piRNA uridylation and piRNA abundance (R2=0.21) is observed for retro-elements (Figure 
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6E). Uridylation frequencies did not correlate with decreased cloning frequencies in case of  
DNA transposons (R2=0.02) (Figure 6F). No correlation was observed between adenylation and 
cloning frequency (R2=0.007) (Figure 6E and F).

Potential piRNA uridylation enzymes
Although a conclusive identification of  the uridylating and adenylating activities acting on 
piRNAs falls outside the scope of  this work, we analysed a number of  potential candidate 
enzymes in terms of  their expression. We identified seven candidates based on their homologies 
to the mammalian non-canonical polyA-polymerases TUTases 1–7, as these include both 
adenylating and uridylating enzymes 34-37. For reasons discussed below, we consider drtutase2, 
drtutase4, and drtutase7 to be the most likely candidates responsible for the observed piRNA 
modifications.
Complete or nearly complete zebrafish sequences encoding homologues of  the mammalian 
TUTases could be retrieved from public databases (Supplementary Table S4), with the exception 
of  drTUTase4. The complete hypothetical cDNA for this gene was assembled in silico from 
a number of  previously identified gene predictions and verified by RT–PCR and sequencing 
(Supplementary Figure S6). Using RT–PCR, we determined that all seven dr tutases are expressed 
in the gonads, but many also in other tissues (Supplementary Figure S7A). ISHs for drtutases 2, 4, 
and 7 (Supplementary Figure S7B) revealed that they are expressed in the germ cells of  the ovary. 
Interestingly, these genes express most prominently in stages I–II. Early and late stages oocytes 
appear to be rather devoid of  these transcripts.

Discussion

The results we present here describe zebrafish Hen1 as a factor required for ovary development. 
On a molecular level, we firmly place Hen1 in the zebrafish Piwi pathway: Hen1 can localize 
to nuage and is required for the 2′-O-methylation of  piRNAs in the adult testis. In its absence, 
terminal transferase activities start to act on piRNAs, leading to adenylation and uridylation, 
with uridylation correlating with destabilization of  piRNAs. Below we discuss the implications 
of  these findings in more detail.

Zebrafish sex determination
Zebrafish sex determination is poorly understood, and no sex determining chromosomes or 
loci have been identified. Initially, all individuals develop immature non-functional ovaries  38. In 
some, oocytes degenerate and male germ cell development initiates 39. The factors that control 
this process are not well known. Environmental factors play a role; for example, raising zebrafish 
in low densities with ample food favours female development, whereas crowding and scarcity of  
food result in mainly male development 30. In addition, temperature influences the outcome of  
the sex determination process 39. Finally, one factor that is well known to be essential for female 
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development and is directly related to our study on hen1 is the presence of  germ cells 30 40.

Zebrafish lacking Piwi proteins develop strictly as infertile males. In ziwi mutants, infertility 
is due to the loss of  germ cells through apoptosis early in development  9. However, animals 
lacking Zili retain their germ cells, but these fail to differentiate 10. This indicates that the mere 
presence of  any germ cell is not sufficient to support female development.
Hen1 mutants also develop as males, even in conditions in which, by far, most of  the heterozygous 
and homozygous wild-type littermates develop as females (raising embryos in low densities with 
ample food; data not shown). But in contrast to the piwi mutants, hen1 mutants are fertile, showing 
that in hen1 mutants germ cells are not lost. Interestingly, we show that hen1 mutant gonads 
produce early stage oocytes, similar to their wild-type siblings. Apparently, Hen1 is required 
to maintain early oocytes or to further differentiate them, and failure to do so may trigger the 
observed switch to male development in hen1 mutant animals.

Interestingly, not all defects in oocyte maturation lead to male development: we have described a 
missense mutation in zili that triggers meiotic defects, while still permitting female development 
10. Taken together, phenotypic analysis of  the various piwi-pathway mutants strongly suggests that 
an event early in oogenesis, but after oocyte specification is important to oocyte maintenance 
and subsequent female development in zebrafish. Whether this relates to transposon activity is 
presently not clear.

Piwi pathway in testis and ovary
The onset of  hen1 expression in zebrafish, around 3 weeks of  development, coincides with the time 
around which zebrafish sex determination takes place 38. This is also the time when ziwi mutant 
zebrafish loose their germ cells 9. As Ziwi, together with piRNAs, is maternally provided, this 
may indicate that around this time a wave of  de novo piRNA synthesis is required to provide 
the proliferating germ cells with sufficient piRNAs. Obviously, this would require synthesis of  
additional Ziwi and Hen1 protein. It is likely that these processes are the basis of  the germ cell 
defects observed in both ziwi and hen1 mutants, with the defect in the ziwi mutant being much 
stronger as it totally blocks the piwi pathway, whereas lack of  Hen1 merely makes it less efficient.

However, there are indications that piRNA biosynthesis also occurs earlier. At 3 days of  
development, zili becomes expressed in the PGCs and Zili protein translocates to the nucleus. 
In analogy to the mouse Miwi2 data 41, we hypothesize that Zili becomes loaded with newly 
made piRNAs and is transported to the nucleus to exert its function. Lack of  Zili prevents 
these events and inhibits further PGC differentiation. Yet, zygotic loss of  Hen1 does not inhibit 
PGC development. Potentially, Hen1 protein, but not hen1 RNA, is provided maternally, similar 
to Ziwi, thus permitting normal piRNA biogenesis and PGC development at these early time 
points in development.
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Hen1 localizes to nuage
We found that a Hen1:GFP fusion protein, when introduced into PGCs localizes to nuage. 
This would be expected if  indeed endogenous Hen1 is provided maternally, as Ziwi localizes 
strongly to nuage in PGCs as well 9. Furthermore, piRNA biogenesis is presumably occurring 
in these structures 42. We found that the C-terminal region of  Hen1, the CTD, is sufficient 
for this localization. Interestingly, a model of  animal Hen1 binding to a Piwi protein has been 
proposed, based on structural work on the Arabidopsis HEN1 protein  23. This model proposes 
a direct interaction between the Hen1 CTD and Piwi. However, we have not been able to detect 
interaction between Hen1, or the Hen1 CTD with any part of  Ziwi or Zili in a yeast-two-hybrid 
experiment (data not shown). This may either indicate that there is no direct interaction between 
Hen1 and Piwi, or that the Piwi protein has to bind a small RNA to allow the interaction. As 
Hen1 presumably should work only on loaded Piwi proteins, the latter option seems a realistic 
possibility.
Interestingly, the hen1(sa0026) allele we describe produces detectable levels of  mRNA that may 
produce a C-terminally truncated protein, unable to localize to nuage. Given the strong effect 
of hen1(sa0026) on piRNA methylation, it appears that this domain may indeed be critical for 
Hen1 function. Unfortunately, we have so far been unable to generate Hen1-specific antibodies 
to further test this idea.

piRNA adenylation and uridylation
We have described a differential response of  piRNAs in the hen1 mutant depending on the type 
of  target. Interestingly, we find more frequent uridylation on piRNAs derived from potentially 
active transposons. This may relate to the fact that the 3′ end of  an Argonaute-bound small 
RNA is bound by the PAZ domain, and only becomes available for modification if  the small 
RNA base pairs extensively with a target. Therefore, the uridylation we observe on unmethylated 
piRNAs may well require target recognition, an idea that has been proposed before based on 
work on uridylation of  miRNAs and siRNAs in Chlamydomonas 43, and has been shown for 
miRNAs and siRNAs in Drosophila and human cells 44. Such target-dependent uridylation would 
likely result in the observed difference in uridylation between DNA element-derived piRNAs 
and RNA element-derived piRNAs, as zebrafish, like most vertebrates 16, has no known active 
DNA transposons in its genome. Note that this hypothesis would also imply that the observed 
adenylation of  piRNAs is independent of  target recognition, as it does not discriminate between 
different elements.

The uridylating and adenylating enzymes remain unknown at the moment. Seven non-canonical 
polyA polymerases, some with uridylating activities have been identified so far 37. TUTase1 is the 
mitochondrial polyA polymerase 45,46 and has been implicated, like TUTase3 in Histone mRNA 
uridylation 47. U6 TUTase acts specifically on U6 snRNA 48, and TUTase5 has not been well 
described. Only TUTase2 and 4 have been linked to RNA interference-like pathways before. 
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Mammalian TUTase2 homologues have been shown to polyadenylate their mRNA targets 
49, similar to the C. elegans homologue GLD-2 50. However, in mouse, TUTase2 has also been 
implicated in miRNA stabilization through adenylation of  the mature miRNA 32. Furthermore, 
TUTase4 has in vitro uridylation activity 34 and is involved in uridylation of  miRNA precursors 
51. TUTase7 resembles TUTase4 in domain structure and in vitro activity 34 and is the closest 
homologue of  the C. elegans CDE-1 protein, which is involved in siRNA uridylation  33. For these 
reasons, we consider drTUTases2, 4, and 7 the most likely candidates for the adenylation and 
uridylation of  hen1 mutant piRNAs. However, it should be noted that the in vivo characterization 
of  many of  these enzymes is relatively limited, especially for TUTase5.

We found that drtutases2, 4, and 7 are expressed in germ cells, although not specifically in germ 
cells. Therefore, if  these enzymes are indeed involved, their activities are not specific to the Piwi 
pathway. Consistent with this finding, the previously described miRNA adenylation was found 
in liver 32 and the target-dependent uridylation activity described by Ameres et al (2010) is also 
active in somatic cells.

piRNA degradation
We describe that uridylation, but not adenylation, is associated with destablilization of  
piRNAs. This destabilization likely involves a 3′–5′ exonuclease activity, based on the finding 
that hen1 mutant piRNAs tend to become shorter at their 3′ ends, not at their 5′ ends. A 
prominent 3′–5′ exonuclease is the exosome 52, a cytoplasmic activity that has been implicated 
in specific cases of  small RNA biogenesis 53. Whether TUTase4, TUTase7, and the exosome are 
indeed involved in piRNA homeostasis will have to be determined through further experimental 
analysis.

Concluding remarks
The zebrafish hen1 mutant described here is a model in which the Piwi pathway is crippled, but 
still active. It represents the first vertebrate system in which piRNA stability is decreased and 
offers opportunities to further refine our knowledge of  the Piwi pathway in vertebrate germ 
cells as it allows for proper germ cell function and development, while at the same time it has 
measurable effects on the Piwi pathway.

Materials and methods

Zebrafish strains and genetics
Zebrafish were kept under standard conditions 54 and staged according to Kimmel et al (1995) 
55. The hen1 splice-donor mutant (sa0026) was derived from ENU mutagenized libraries using 
target-selected mutagenesis as described 56. Fish with mutant alleles were outcrossed against 
wild-type fish (AB or TL) and subsequently incrossed to obtain homozygous offspring.
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Genotyping
DNA was purified from caudial fin tissue, taken from anesthetized zebrafish. A hen1 fragment 
was amplified with the following primers and PCR products were sequenced.
Hen1_exon5_F AGGAAACAGCTATGACCATGAAAG AGGCAATGAAAGTACATC
Hen1_intron5/6 TGTAAAACGACGGCCAGTGAT TTAGGGAATGCAATTT ACC

In vitro methyltransferase activity assay
The methyltransferase assay was performed as described previously 20. A 100 μl reaction 
containing 50 mM Tris–HCl (pH 8.0), 100 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 2 mM 
DTT, 5% glycerol, 80U RNasin, 0.5 μCi S-adenosyl-l-[methyl-14C] methionine (Amersham), 5 
μg purified protein (GST or GST-hen1), and 1 nmol of  RNA substrate was incubated for 2 
h at 37°C. The reaction was stopped with proteinase K for 15 min at 65°C after which it was 
extracted by phenol/chloroform. Small RNAs were precipitated with ethanol and analysed on a 
12% acrylamide gel. The gel was treated with an autoradiography enhancer (En3hance, Perkin 
Elmer) and exposed to X-ray film at −80°C.

Whole-mount ISH
Embryos and gonads were fixed in 4% PFA overnight at 4°C. Embryos older than 48 h and 
gonads were treated with proteinase K. ISH was performed as described previously 9. The tissue 
was embedded in plastic for sectioning.

Primers in situ probes:
Vasa probe_F ggtagctcatggaaaatgactggtgattcgttcag
Vasa probe_F cggtaatacgactcactatagggctcagtgagtcacaaagtc
TUT1_Exon5/6 _F aacaacaaggtggcgatga
TUT1_Exon7/8_T7_R caggtaatacgactcactatagggtgcaacagtttttctaacgtg
TUT2_RT_exon7_8_Fw ggacagaatcagtggagtgga
TUT2_RT_exon11_12_T7_R cagg taatacgactcactataggg gcttgtcccatttgaaaaca
TUT4_exon5/6_Fw cccgtcttacaagagatttttga
TUT4_exon8/9_T7_R caggtaatacgactcactataggggaagttggtcattttgcgaga
TUT7_Exon24_25_F tttctctaaagtgtgtgatattggaga
TUT7_27_28_T7_R caggtaatacgactcactatagggctcaagtcgaacggatcctc

RT–PCR and qPCR
Total RNA was isolated from testis using FastRNA Pro Green kit (Q-Bio gene). RNA was 
treated with DNaseI (Promega) and isolated with Trizol. cDNA was synthesized using Oligo 
dT primers and subsequently used for semi-quantitative PCR or qPCR. Quantitative PCR was 
performed on a Biorad ICycler system (MiQ5) with SYBR Green. See below for primers used 
for quantification.
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RT-PCR primers
RT_exon5_6_F acagactgctatacagggtggtg
RT_exon6_R taagcgcacttccatcagc
RT_exon1_2_F ccgacctagaaaggtcatcg
RT_exon 3_4_R tgttcgatcagctcaacacat RT_exon5_6_F acagactgctatacagggtggtg
RT_exon6_R taagcgcacttccatcagc
RT_exon1_2_F ccgacctagaaaggtcatcg
RT_exon 3_4_R tgttcgatcagctcaacacat
GAPDH_F acagttgtaagcaatgcctcct
GAPDH_R tatcccagaattcctttcatgg

qPCR primers
EnSpm_F GATTGGCCATTGTGTTCAC ATGC
EnSpm_R GCTGTGACTGTCATAGGTTTACC
I1_F GAGTTGA GGATTGGAAGATCATT
I-1_R CTTGAGTTTTAGCAATAGAAAATCTAAA TC
GypsyDR2_F GAAATCACCTGTGCATTTAC
GypsyDR2_R ATGCAG ACATTGGGTAAAGC
Ngaro1_F GGGAGCGATCGAGACCTACC
Ngaro1_ R CAATCATATCACGTGCTCCTCTCG
Polinton-1_F CCTGACAATGTT GTCAGCCTG
Polinton-1_R CATGAAAGCTAAGGGTATAACTCTG
Ef1a_F GGCCACGTCGACTCCGGAAAGTCC
Ef1a_R CTCAAAACGAGCCT GGCTGTAAGG
GAPDH_F GTGGAGTCTACTGGTGTCTTC
GAPDH_R GTG CAGGAGGCATTGCTTACA
Tubulin_F CCTGCTGGGAACTGTATTGT
Tubulin_R TCAATGAGTTCCTTGCCAAT

mRNA injections
Capped full-length mRNA or mRNA from specific domains were synthesized using mMESSAGE 
SP6 RNA Polymerase (Ambion) and purified using RNeasy spin columns (Qiagen). Zebrafish 
embryos were injected with 300 pg of  full-length hen1mRNA, 300 pg mRNA of  Hen1 CTD, and 
150 pg mRNA of  the MT-domain of  Hen1. Embryos were fixed for 2 h in MeOH and analysed 
using confocal fluorescence microscopy.

GFP:hen1_FL
Fl_3’_F ggggacagctttcttgtacaaagtgg ccacc acc gcc aca ccg ttc tc
Fl/nos_F ggggacagctttcttgtacaaagtggccacccatctgaggcagcaatgg
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nosUTR_3’_R ggggacaactttgtataataaagttggaaaatgtttatattttcctcac

GFP: hen1MTD
MTD_3’_F ggggacagctttcttgtacaaagtgg ccacc acc gcc aca ccg ttc tc
MTD/nos _F cagattgcagtgttccagagagagcggacattgatgctc
NosUTR_3’_R ggggacaactttgtataataaagttggaaaatgtttatattttcctcac

GFD: hen1CTD
Hen1_CTD_F ggtagctatggagacgaa gagcggacattgatgctc
CTD/nos_3’_F ggggacagctttcttgtacaaagtggccacccatctgaggcagcaatgg
NosUTR_3’_R ggggacaactttgtataataaagttggaaaatgtttatattttcctcac

Hen1FL:GFP
FL_5’_F ggggacaagtttgtacaaaaaagcaggctccaccatgaccgccacaccgttctc
Fl_5’_R ggggaccactttgtacaagaaagctgggtgttcgtctccatagctaccaag

Primers mRNA expression of  dr tutases  in multiple tissues
TUT1_Exon5/6 _Fw aacaacaaggtggcgatga
TUT1_Exon7/8_T7_Rev caggtaatacgactcactatagggtgcaacagtttttctaacgtgtc
TUT2_exon7_8_Fw ggacagaatcagtggagtgga
TUT2_exon11_12_T7_R caggtaatacgactcactataggggcttgtcccatttgaaaacag
TUT3_Exon56_Fw caagcagcaatatcctgtgtt
TUT3_Exon8/9_T7_Rev caggtaatacgactcactataggggcattgccccatatgaactt
TUT4_Fw aacagtcgtgtgcagcatct
TUT4_Rev cagcatccttgtgttgtgct
TUT5_Exon6/7 _Fw cagtttcttacagttacacccaaga
TUT5_Exon8/9_T7_R cagg taatacgactcactataggg ccc aaa gtg ctg tca ctg
TUT6_Fw tcgtctgtgaacacctttgggctt
TUT6_T7Rev cagg taatacgactcactataggggtcgatacctgaacacaactgcag
TUT7_Exon24_25_F tttctctaaagtgtgtgatattggaga
TUT7_27_28_T7_R cagg taatacgactcactataggg ctcaagtcgaacggatcctc

Histological analysis
Fish were killed in ice-cold water, decapitated, and fixed overnight in 4% PFA in PBS at 4°C. 
Gonads were isolated from the fish and in gradual steps transferred to 75%ethanol after which 
they were embedded in paraffin for sectioning. Paraffin sections were stained with haematoxylin 
and eosin for histological analysis.
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Electron microscopy
Trunks of  3-week-old zebrafish were fixed with half-strength Karnovsky fixative (pH 7.4) 57 and 
post-fixed with 1% OsO4 in 0.05 M cacodylate buffer (pH 7.4), dehydrated in acetone series, 
and embedded in Spurr’s low viscosity resin (Spurr, 1969). Semi-thin, 1-μm-thick sections were 
cut with a histo-Butler diamond knife (Diatome) and mounted on glass slides. After drying, the 
sections were stained with methylen blue Azur II mixture according to Richardson  58 for light 
microscopy. Ultrathin sections (70 nm in thickness) were placed on copper grids, stained with 
uranyl acetate followed by lead citrate, and examined with an electron microscope (ZEISS Libra 
120 energy filter electron microscope). Image acquisition and analysis were performed using 
a 2 k Vario Speed SSCCD camera (Droendle), the iTEM software (TEM imaging platform, 
Olympus), and Adobe Photoshop.

Northern blotting and β-elimination
Total RNA was isolated using FastRNA Pro Green kit (QBiogene). For regular northern 
blotting, 5 μg RNA was loaded on a 15% polyacrylamide gel and blotted according to standard 
procedures. To test the presence of  the 3′-end modification of  piRNAs, 20 μg total RNA was 
treated with NaIO4 followed by β-elimination as described previously 17. This was loaded on a 
12% polyacrylamide gel and blotted according to standard procedures. Blots were prehybridized 
in hybridization buffer (Ambion) for 20 min and hybridized overnight at 37°C for DNA probes 
and 60°C for LNA probes. After washing (20 min at 37°C in 2 × SSC/0.2%SDS and 20 min at 
37°C in 1 × SSC/0.1% SDS for DNA probes; 20 min at 50°C in 1 × SSC/0.1% SDS and 20 
min at 50°C in 0.5 × SSC/0.1% SDS for LNA probes), blots were exposed to phosphor-imager 
screens that were scanned on a BAS-2500 imager.

Probes
piR28 5’-AGCCTCTGGAGCTGGTTGGCAT
piR30 5’-TGGACGAAAAGATTCGCTGGCA
piR31 5’-GCATGTGGCTCTGTGTT
piR80 5’-TCGTCGCGGAGCAGCCCAT
let-7 5’-AACTATACAACCTACTACCTCA

Immunoprecipitation and β-elimination
Immunoprecipitation and 5′-end 32P-labelling of  the immunoprecipitated RNA was performed 
as described previously 10. Half  of  the RNA sample was treated with NaIO4 followed by 
β-elimination 17 and phenol/chloroform extraction. The untreated and β-eliminated samples 
were loaded on a 15% polyacrylamide-sequencing gel. The gel was fixed, dried, and exposed 
overnight to phosphor-imager screens.
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Deep sequencing
Small RNAs in the size range of  19–31 bases were excised from a denaturing gel. Adaptors were 
ligated to the 5′ and 3′ ends of  the isolated RNA, and the product was converted to cDNA using 
a primer on the 3′ adaptor. After 15 cycles PCR amplification of  the library, the product was gel 
purified and sequenced on a Solexa platform.

Sequence analysis
Adaptor sequences were trimmed from generated data using custom scripts. The resulting 
inserts were mapped to the zebrafish genome (Zv8 assembly) using the megablast programme  
59, allowing mismatches in the reads starting from nucleotide 19 and considering the longest 
possible matches as true mapping positions. The mismatched 3′ ends of  the reads were trimmed, 
keeping track of  the identity of  trimmed nucleotides for later counting. Genomic annotations of  
mapped reads were retrieved from the Ensembl database (release 56) using Perl API provided by 
Ensembl 60. Read counts for the different annotated classes are listed in Table S2. Sequences will 
be made available at GEO upon publication.

Analysis of  transposon-derived piRNAs
piRNA reads derived from the various annotated transposable elements were isolated from the 
sequencing data. For comparison between libraries hen1 mutant read counts were scaled to 
match the wild-type read count (scaling factor 0.8567; based on total reads from both libraries 
mapping to transposons). Statistics on global adenylation and uridylation frequencies of  different 
transposon types were performed with a two-tailed t-test. Differences of  transposon piRNA 
characteristics between wild-type and hen1 mutants were analysed using a paired, one-tailed t-test.
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Figure S1. Wild-type and hen1 mutant gonads. Gonads were dissected from hen1 heterozygous or 
homozygous mutants, and stained for vasa mRNA to visualize germ cells. All pictures were taken at 
a 2.5x maginification.
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Figure S2. Beta-elimination analysis (A) The left panel shows ß-elimination on synthetic RNA with or 
without a 2’O-methyl group. RNA without modification is sensitive to ß-elimination which results in 
a shift on gel, whereas RNAs with a 2’O-methyl modification is no longer sensitive. The right panel 
shows the same treatments on piRNAs isolated from immunoprecipitation with Ziwi antibodies. 
(B) Northern blots on total RNA isolated from the indicated genetic backgrounds, probed for the 
indicated piRNAs. Blots were done using both testis RNA and ovary derived RNA. Hen1 mutant ovary 
RNA was isolated from the one female individual we retreived.
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to a class of piRNAs that map to regions of the 
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Figure S4. Ping-pong signatures. Ping-pong 
signature of piRNAs cloned from wild-type and 
hen1 mutant animals. First we asked for piRNAs 
that map to opposite strands of the same locus, 
then we asked how many bases their 5' ands were 
overlapping. Results are plotted as a percentage 
relative to the total number of overlapping 
piRNAs.
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Figure S5. Deep sequencing analysis. (A) Length of A and U tails observed on piRNAs.
(B) Scatter-plot of transposon read counts observed in wild-type and hen1 mutant libraries. Each 
dot represents an individual transposon type. (C) Percentage uridylated piRNAs versus cloning 
frequency of piRNAs derived from retro-elements or DNA elements in hen1 mutants. Retro-element-
derived piRNAs are more frequently uridylated than piRNAs coming from DNA elements (10.0 ± 1.7% 
versus 8.2 ± 1.9%; p = 3*10-9). (D) Similar plot as in S5B, but now focused only on transposons that have 
at least 3.000 reads in both libraries. The scale is now linear.
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TUTase	   Accession	  
number	  

#	  
amino	  
acids	  

Chromosomal	  
position	  (Zv8)	  

Predicted	  
or	  cDNA	  

drTUTase1	   XM_687164.3	   580	   Chr	  12:	  27,703,665-‐
27,713,295	  

pred.	  

drTUTase2	   NM_001020600.1	   489	   Chr5:53,398,137-‐
53,412,679	  

cDNA	  

drTUTase3	   XM_692023.4	   653	   Chr7:38,268,984-‐
38,302,884	  

pred.	  

drTUTase4	   XM_002666528.1	  
XM_001335483.3	  

1445	   Chr23:	  38936010-‐
38950932	  (inverted	  

segment	  of	  the	  
genome)	  

pred.	  

drTUTase5	   XM_680973.3	   762	   Chr19:26,790,880-‐
26,801,515	  

pred.	  

U6	  
drTUTase	  

BC098614.1	   797	   Chr12:11,013,190-‐
11,027,473	  

cDNA	  

drTUTase7	   XM_685750.4	   1199	   Chr5:	  71874529	  -‐	  
71919997	  

pred.	  

	  
Table S4. TUTases in the zebrafish. Predicted indicates computationally identified transcripts based 
on homolgies
with ESTS from both zebrafish itself and other species. cDNA indicates a complete cDNA clone has 
been identified and sequenced

	   	   	   	  
genotype	   #♂	   #	  ♀	  
+/+	   108	   136	  
+/-‐	   295	   346	  
-‐/-‐	   296	   1	  
	  
	  Table S1 Sex ratios in offspring of 

hen1 heterozygous animals

Category Wild-type hen1 
miRNA 217847 416433 
Transposon piRNA 2590397 3122019 
genic piRNA 430583 410056 
other piRNA 3899033 4133676 
rRNA 6801 14087 
snRNA 11091 18146 
snoRNA 389 708 
tRNA 29 36 

TableS2 Deep-sequencing numbers
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Abstract

RNA interference (RNAi)–related pathways affect gene activity by sequence-specific recruitment 
of  Ago proteins to mRNA target molecules. The sequence specificity of  this process stems from 
small RNA (sRNA) co-factors bound by the Ago protein. Stability of  sRNA molecules in some 
pathways is in part regulated by Hen1-mediated methylation of  their 3′ ends. Here we describe 
the effects of  the Caenorhabditis elegans HEN1 RNA–methyl-transferase homolog, HENN-1, on 
the different RNAi pathways in this nematode. We reveal differential effects of  HENN-1 on 
the two pathways that are known to employ methylated sRNA molecules: the 26G and 21U 
pathways. Surprisingly, in the germline, stability of  21U RNAs, the C. elegans piRNAs, is only 
mildly affected by loss of  methylation; and introduction of  artificial 21U target RNA does not 
further destabilize non-methylated 21U RNAs. In contrast, most 26G RNAs display reduced 
stability and respond to loss of  HENN-1 by displaying increased 3′-uridylation frequencies. 
Within the 26G RNA class, we find that specifically ERGO-1–bound 26G RNAs are modified 
by HENN-1, while ALG-3/ALG-4–bound 26G RNAs are not. Global gene expression analysis 
of  henn-1 mutants reveals mild effects, including down-regulation of  many germline-expressed 
genes. Our data suggest that, apart from direct effects of  reduced 26G RNA levels of  henn-1 on 
gene expression, most effects on global gene expression are indirect. These studies further refine 
our understanding of  endogenous RNAi in C. elegans and the roles for Hen1 like enzymes in 
these pathways.

Article published in: PLoS Genet. 2012;8(7):e1002702 
( 19 July 2012). doi: 10.1371/journal.pgen.1002702.
Link to article (here)

http://www.plosgenetics.org/article/info%3Adoi%2F10.1371%2Fjournal.pgen.1002702
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Introduction

RNA silencing pathways are sequence-specific mechanisms acting in gene regulation and 
genome protection 1 2-5. Characteristic properties of  these pathways are the involvement of  a 
protein of  the Argonaute (Ago) family that derives its sequence specificity from a bound small 
RNA (sRNA) molecule 6,7. Many different Ago paralogs exist and the type of  Ago protein acting 
in a particular pathway will dictate the effect of  that RNA silencing pathway. Ago proteins have 
a characteristic domain structure. They consist of  a rather variable N-terminal region, followed 
by PAZ, MID and PIWI domains. The PAZ and MID domains function in binding the 3′ and 
5′ ends of  the sRNA co-factor respectively. The sRNA runs through the PIWI domain where it 
is exposed such that it can readily engage in base-pairing with potential target RNA molecules. 
The PIWI domain itself  has an RNaseH-like fold and can be involved in direct endo-nucleolytic 
cleavage of  the targeted RNA. However, in some Ago paralogs amino-acids at key catalytic 
positions are incompatible with hydrolysis, most likely crippling enzymatic activity.

sRNA molecules acting in RNA silencing can be formed through several biochemical routes 
involving either double stranded (ds) or single stranded (ss) RNA precursors 5,8.  When dsRNA is 
involved, the enzyme Dicer usually produces sRNAs, a reaction that has been well characterized. 
Pathways using ssRNA as a substrate for the production of  sRNAs are much less understood. 
In some pathways endo-nucleases create the 5′ ends of  new sRNAs. Presumably, this 5′ end is 
then bound by an Ago protein after which the 3′ end of  the RNA is trimmed to fit the Ago 
protein1. In other pathways, RNA dependent RNA polymerases (RdRP) synthesize stretches of  
RNA that may be directly bound by Ago proteins 9-11. This type of  sRNA is characterized by a 
5′-tri-phosphate group, likely derived from the first nucleotide used by the RdRP enzyme.

Some types of  sRNA are methylated on the 2′hydroxyl group of  their 3′ terminal nucleotide. 
The enzyme responsible for this, HEN1, has been first described in plants 12. Following this 
discovery, HEN1 homologues have been described in Drosophila 13,14, mouse 15, Tetrahymena16 and 
zebrafish17. Biochemically, HEN1 activity has been intimately linked with piRNA biogenesis; it 
likely acts on the piRNA precursor while it is already bound by a Piwi protein18. Consistent with 
this idea, miR-277 in Drosophila can be found methylated or not depending on whether it has been 
loaded into Ago1 or Ago2 19. Ago proteins hosting methylated sRNAs have an adapted PAZ 
domain that allows and prefers a 2′-O-methylated base at the 3′ end of  the sRNA 20. Functionally, 
it has become clear that 3′ end methylation can protect sRNAs from the non-templated addition 
of  uridine residues 19,21 that in turn have been suggested to trigger degradation of  sRNAs 12,22,23. 
Uridylation of  sRNAs has been shown to be especially relevant for sRNAs displaying extensive 
complementarity with their targets, reaching out to their 3′ ends 19. The mechanism behind this 
observation likely involves release of  the 3′ends of  such highly complementary sRNAs from the 
PAZ domain, making them accessible for 3′end modifying activities.
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In the nematode C. elegans a large number of  endogenous RNA silencing (endoRNAi) pathways 
has been identified, each being characterized by specific types of  Ago proteins and their bound 
sRNA cofactors. One of  these is the highly conserved miRNA pathway, mediated by the Ago 
proteins ALG-1 and ALG-2. Other RNA silencing pathways in C. elegans are the 26G, 21U and 
22G pathways. These names reflect the size of  the sRNA co-factors involved and the prevalence 
of  G or U residues at their 5′ ends. In oocytes and embryos, the Piwi-related Ago protein ERGO-
1 binds 26G RNAs 24,25 while during spermatogenesis the ALG-1/2-related Ago proteins ALG-3 
and ALG-4 act as 26G RNA hosts 24,26. The C. elegans Dicer homolog DCR-1 has been shown 
to be required for 26G RNA production, presumably using dsRNA that is produced through 
the action of  the RNA dependent RNA polymerase (RdRP) enzyme RRF-3 27,28. The targets of  
the 26G pathways are readily identified as they display perfect sequence complementarity to the 
genes from which they are derived.

21U RNAs 29 are bound by the Piwi-type Ago proteins PRG-1 and PRG-2 30,31. The biogenesis 
of  21U RNAs is poorly understood. Their genomic templates are clustered in specific regions on 
one chromosome and each 21U locus is characterized by a specific upstream motif  that may serve 
either as an RNA processing signal or as a promoter element 29. No further components related 
to 21U RNA biogenesis have been identified. For most 21U RNAs no perfectly complementary 
sequences other than their regions of  origin are present in the C. elegans genome. A small number 

Author Summary

Small RNAs (sRNAs) have been shown to be potent regulators of  gene expression in many 
different systems. They act by providing sequence specificity to Argonaute (Ago) proteins that 
in turn affect the expression and/or stability of  mRNAs, or affect chromatin structures through 
recognition of  nascent transcripts. Stability of  sRNAs can be regulated by methylation of  their 
3′ end. This modification prevents addition of  uridine residues that can destabilize the sRNA. 
The enzyme that catalyzes the methylation of  sRNAs has been identified in Arabidopsis: HEN1. 
We describe studies on the C. elegans homolog of  Hen1, henn-1. Our findings show that HENN-
1 protein does not stably associate with the Ago proteins binding methylated sRNAs, but that 
HENN-1 does localize to subcellular regions known to host these factors. We find that the two 
known methylated sRNA species in C. elegans (21U and 26G) respond differently to loss of  henn-
1. While HENN-1 is required for 26G RNA stability in the germline, it has limited impact on 
21U RNAs. In addition, we demonstrate that only ERGO-1–bound 26G RNAs are methylated, 
while those bound by ALG-3/4, are not. Our findings further refine the general understanding 
of  21U and 26G RNA pathways and identify two separable effects of  HENN-1 on these RNAi–
related mechanisms.
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of  21U RNAs target the DNA transposon Tc3, resulting in 22G RNA production from Tc3 
elements 31. However, in general terms, it is difficult to predict targets of  21U RNAs purely 
based on sequence homology. Phenotypes of  prg mutants 30-32, however, indicate that these Piwi 
proteins do have endogenous functions and that therefore 21U RNAs do have endogenous 
targets. Indeed, in recent work, Bagijn et al identify 21U RNA targets displaying varying degrees 
of  target complementarity 33.

Both 26G and 21U pathways can be considered as primary RNAi pathways, as they have been 
shown to trigger the production of  secondary 22G RNAs by activating the RdRP enzymes RRF-1 
and EGO-1 on targeted mRNAs 24-26,30,31,33,34. 22G RNA production can also be initiated through 
other triggers, such as exogenous RNAi, i.e. RNAi triggered through exogenously introduced 
dsRNA. In this case RDE-1 acts as the primary Ago protein, after which the secondary 22G 
RNAs are fed into a variety of  secondary Ago proteins 35,36. In other cases, such as in the CSR-
1 mediated 22G pathway 37, a primary Ago protein has not yet been identified. Nonetheless, 
EGO-1 and RRF-1 are still required for the production of  CSR-1-bound 22G RNAs. Targets 
of  22G pathways are readily identified, as 22G RNAs display perfect complementarity to the 
genes from which they originate. Phenotypes of  mutants in these various pathways are diverse. 
In some cases, multiple Ago proteins have to be mutated in order to visualize phenotypic defects 
35, in other cases mutation of  a single Ago protein already induces an effect 36-38.

The two endogenous primary sRNA classes in C. elegans that have been described to date, 26G 
and 21U RNAs, are 2′O-methylated 29. In order to reveal the impact of  this 3′-end modification 
is on these two sRNA types, we here describe studies on the C. elegans HEN1 homologue, 
HENN-1.

Results

HENN-1 is the C. elegans homolog of Hen1
Based on homology, C02F5.6 is the C. elegans homolog of  Arabidopsis HEN1 39 (Figure S1). We 
purified a recombinant GST-tagged version of  C02F5.6 and tested this protein for methylating 
activity on the 3′ end of  ssRNA molecules (Figure 1A). Indeed, C02F5.6 can methylate sRNA 
molecules in vitro and this activity is blocked by the presence of  a 2′O-methyl group at the 
terminal 3′ base of  the substrate (Figure 1A). This reaction does not display major sensitivity to 
the identity of  the terminal 3′ base of  the substrate (Figure 1B). We named C02F5.6 henn-1, for 
HEN1 of  nematode-1.

To study HENN-1 in vivo, we isolated two C. elegans strains carrying mutant alleles of  C02F5.6 
40, and out-crossed them with wild-type animals. Both henn-1 alleles result in slightly reduced 
brood size counts and normal survival (Figure S2). One allele, pk2295, introduces a premature 
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Figure 1. HENN-1 is the C. elegans homolog of Hen1. (A) Left panel: protein gel stained with PageBlue 
shows purified GST, GST-HENN-1 and GST-HENN-1(D151N) proteins used to perform methyltransferase 
assays as shown in the right panel and B. Right panel: in vitro methyltransferase activity assay. RNA 
oligos were incubated with indicated proteins and 14C-labelled SAM. Reaction products were run 
on a 12% acryl-amide gel. (B) In vitro methyltransferase assay using different RNA substrates each 
differing in the identity of the most 3′ nucleotide. (C) Northern blot analysis using RNA from wild-
type, henn-1(pk2452), henn-1(pk2295) and henn-1(pk2295); pgl-3:HENN-1::GFP animals. Blots were 
probed for 21UR1 and 26G species siR26-263. Probing for let-7 serves as loading and as oxidation-β-
elimination control. (D) Response of wild type (N2), henn-1(pk2295) and henn-1(pk2295); pgl-3:henn-
1:GFP to dpy-13 RNAi. Henn-1(pk2295) sensitivity is significantly higher than both controls (two-tailed 
t-test, n = 5: p<0.05 for both). (E) Response of wild type (N2), henn-1(pk2295) andhenn-1(pk2295); 
pgl-3:HENN-1::GFP to pos-1 RNAi, delivered at three different dosages: undiluted (100%), diluted 
one to one (50%) and diluted one to four (25%). At 50% pos-1 RNAi, henn-1(pk2295); pgl-3:HENN-
1::GFP animals display significant rescue (p = 0.01) of the henn-1(pk2295) RNAi defect (p<0.0005). 
The p-values at 25% pos-1 RNAi are p = 0.04 for both the henn-1(pk2295) RNAi defect and the rescue. 
P-values were calculated with a two-tailed t-test, n = 10.
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stop at position 347, in the C-terminal part of  the protein. The other allele, pk2452, introduces 
a missense mutation in the catalytic domain of  HENN-1, changing the aspartic acid at position 
151 to an asparagine (Figure S1). This effectively replaces a carboxyl group (COOH) for an amide 
group (CONH2). Through structural analysis 41, the homologous residue in Arabidopsis HEN1 
(D745) has been shown to be involved in binding the AdoMet/AdoHcy cofactor and 
therefore pk2452 represents a good candidate allele for inducing loss of  HENN-1 activity. We 
tested this by making recombinant GST-HENN-1(D151N), and subjected this protein to our in 
vitro RNA methylation assay (Figure 1A). This revealed reduced activity of  HENN-1(D151N), 
suggesting that cofactor binding or release may indeed be affected.

To probe the effects of  these two henn-1 alleles in vivo we analyzed 21U RNAs using Northern 
blotting, probing for 21U species 21UR1 (Figure 1C). In both henn-1 alleles a faster migrating 
band appears below the mature 21UR1 form, suggesting that a fraction of  the 21U RNAs 
become shorter when HENN-1 activity is compromised. We also checked for the presence 
of  2′O-methylation on 21UR1 by applying oxidation followed by mild alkaline treatment. 
This procedure removes the ultimate 3′ base from non-modified RNA molecules, leaving a 3′ 
phosphate, while modified sRNAs such as 21U RNAs are resistant 42. Indeed, wild-type 21UR1 
is resistant to this treatment but 21UR1 isolated from henn-1(pk2295) animals is fully sensitive 
(Figure 1C). Henn-1(pk2452)-derived 21U RNA displays partial sensitivity to this procedure, 
indicating that henn-1(pk2452) is a hypomorphic allele of  henn-1. These defects are partially 
rescued by transgenic GFP::HENN-1 expression driven by a heterologous promoter (pgl-3) 
(Figure 1C).

We also tested whether 26G RNAs are affected by HENN-1 (Figure 1C). Northern blotting 
revealed that the stability of  26G-263 is significantly affected, preventing robust detection of  
26G-263 after oxidation and β-elimination. However, overexposure of  the blot does reveal a 
very weak signal at the height where we would expect unprotected 26G-263 to run after this 
treatment (Figure S3). Taken together we conclude that HENN-1 can methylate RNA in vitro 
and is required for 21U and 26G RNA methylation in vivo.

Exogenous RNAi is affected 
Since HENN-1 methylates 26G RNAs, and the 26G RNA pathways have been found to interact 
with exogenous RNAi (exoRNAi) 24,25,43-46,  we asked whether henn-1 mutants displayed exoRNAi 
defects. RNAi against dpy-13 (somatic RNAi) revealed an enhanced RNAi phenotype (Eri) in the 
soma of  henn-1(pk2295) mutants (Figure 1D). This can be rescued by expressing HENN-1::GFP 
from a pgl-3 promoter. Similar Eri phenotypes can also be observed upon RNAi against sqt-3, lir-
1 and pop-1 (Figure S4). In contrast, RNAi against the germline gene pos-1 reveals a mild, but 
significant RNAi defective (Rde) phenotype that is partly rescued by pgl-3 driven HENN-1::GFP 
(Figure 1E). The Rde phenotype is not specific for pos-1, as we observe comparable results when 
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we perform RNAi against another germline expressed gene, gpb-1 (Figure S4). This is, to our 
knowledge, the first C. elegans mutant that displays a mixed Eri/Rde phenotype.

HENN-1 expression analysis
To analyze endogenous HENN-1 protein we raised antibodies to a peptide representing the 
very N-terminal part of  HENN-1. On Western blots, affinity purified fractions of  this antibody 
recognize a protein of  roughly the correct size in protein extracts from wild-type animals, 
while henn-1(pk2295) mutant extracts lack this protein (Figure 2A). Interestingly, henn-1(pk2452)
animals produce normal amounts of  HENN-1 (Figure 2A), suggesting that the loss of  21U 
RNA methylation described above indeed results from reduced enzyme activity, rather than 
from reduced HENN-1 stability. On Western blots we can detect HENN-1 in all stages of  wild-
type animals, with strong expression in embryos and adults (Figure 2A, 2B). Also animals that 
lack germ cells (glp-4 mutants) express HENN-1, albeit at a reduced level (Figure 2A). These data 
indicate that HENN-1 is expressed rather ubiquitously, with strong expression in the germline 
and embryos.

In order to analyze the subcellular localization of  HENN-1, we expressed transgenic, GFP-
tagged HENN-1 in the germline from a heterologous promoter (pgl-3) and analyzed expression 
using confocal microscopy (Figure 2C). As described above, this C-terminal GFP fusion is 
functional and is expressed at levels similar to those of  endogenous HENN-1 (Figure 2A). In 
early embryos we find HENN-1::GFP rather diffuse in the cytoplasm, with the exception of  the 
P-lineage, the progenitors of  the future germ cells. In this lineage we find HENN-1::GFP in 
discrete granules (Figure 2C). At later stages, HENN-1::GFP localizes to peri-nuclear granules in 
the germ cells. This includes the Z2 and Z3 cells, the proliferating germ cells in L2–L3 animals 
and the germline nuclei in the adult gonad. These granular structures seem to disperse upon 
differentiation of  germ cells into oocytes (Figure 2C). Interestingly, in zebrafish we also observe 
diffuse Hen1 localization in oocytes (not shown), which is followed by nuage-bound Hen1 
during embryogenesis 21, suggesting that this may be an evolutionary conserved property of  
HEN1-like enzymes. It should, however, be noted that some non-HENN-1-associated GFP 
protein may be present as we can detect a potential GFP-only signal in Western blots of  HENN-
1::GFP transgenic animals (Figure S5).

P-granules are known to host many RNAi pathway components including PRG-1 30. We checked 
whether the embryonic HENN-1::GFP-positive granules co-localize with P-granules, using 
PGL-1 as a marker 47. This revealed that PGL-1 and HENN-1::GFP often co-localize (Figure 
2D), although many HENN-1::GFP and PGL-1 foci appear to be adjacent rather than fully 
overlapping.
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Figure 2. HENN-1 expression analysis. (A) Western blot analysis for HENN-1 expression in different 
mutant backgrounds. Glp-4(bn2) animals contain almost no germ cells. Tubulin is shown as loading 
control. (B) Western blot analysis for HENN-1 expression at different time points during development 
of C. elegans. Glp-4(bn2) animals contain almost no germ cells. Tubulin is shown as loading control. 
(C) Confocal images (single z-plane) of HENN-1::GFP expressing animals at different developmental 
stages. Nuclei of embryonic germ cells are outlined in white boxes. Blastomere identities in the four-
cell stage embryos are indicated. Scale bars are 10 µm. (D) Immuno-fluorescence with anti-PGL-1 
and anti-GFP antibodies. The white arrowhead indicates a site of co-localization. Scale bars are 10 
µm. (E) Western blots for HENN-1 (top) and PRG-1 (bottom) on fractions obtained after gel filtration.
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HENN-1 does not form a stable complex with PRG-1
To probe the molecular surroundings of  HENN-1 we subjected embryonic extracts to size-
exclusion chromatography. The resulting fractions were analyzed by Western blotting, probing 
for HENN-1. This revealed that HENN-1 is present in a complex of  roughly 150 kDa (Figure 
2E). Given the approximately 50 kDa size of  HENN-1 itself  these data suggest that HENN-1 
either is present as a tri-mer in our extracts, or partners with one or more additional proteins. 
A good candidate for such a HENN-1 binding protein is PRG-1, since the PRG-1 bound 21U 
RNAs are methylated and it has been previously shown that Drosophila Hen1 interacts physically 
with Ago proteins 14. However, PRG-1 elutes from size-exclusion columns at much higher 
molecular weight than HENN-1 (Figure 2E). Furthermore, PRG-1 localization to P-granules 
is not affected by loss of  HENN-1, as visualized by a GFP::PRG-1 reporter (Figure S6A) and 
yeast-two-hybrid experiments failed to show a direct interaction between HENN-1 and PRG-1 
(data not shown). Finally, PRG-1 is present at normal levels in HENN-1 mutant animals (Figure 
S6B). We therefore conclude that HENN-1 is not a stable interaction partner of  PRG-1 and is 
not required for PRG-1 stability and localization.

HENN-1 enhances 21U RNA–mediated silencing
In Tetrahymena, flies and zebrafish, loss of  Hen1 activity has been shown to impair Piwi pathway 
activity, accompanied by a reduction in piRNA levels13,14,16,21. However, 21U RNA levels do 
not seem to be affected significantly in henn-1 mutant animals. We therefore asked whether the 
silencing activity of  the PRG-1 pathway is compromised in henn-1mutant animals. We first asked 
if  the Tc3 transposon becomes activated in henn-1(pk2295) mutants, as Tc3 has been identified 
as a 21U RNA target 31. We did this by testing the reversion frequency of  a Tc3 insertion 
allele of  the unc-22 gene. In this assay we could not detect enhanced Tc3 activity in absence of  
HENN-1 (reversion frequency <10−7; data not shown). To probe the effects of  henn-1 on 21U 
targets further, we introduced a transgene that is silenced by 21UR1 through the presence of  
a 21UR1 complementary site in the 3′UTR of  the mRNA encoding a GFP-Histone 2B fusion 
protein34. As expected, loss of  PRG-1 de-silences this reporter (Figure 3A). Placement of  the 
same transgene in henn-1(pk2295) (Figure 3A) or henn-1(pk2452) (data not shown) backgrounds 
results in a mild increase in GFP:H2B signal, indicating reduced silencing of  the GFP reporter 
in absence of  HENN-1 function.

21UR1 is not subject to target-dependent destabilization
As it has been shown that sRNA stability can be affected by the presence of  target RNA 
molecules that display extensive complementarity 19, we checked 21UR1 levels in wild-type 
and henn-1 mutant backgrounds in both absence and presence of  the 21UR1 sensor. Using 
Northern blotting as a read-out we have been unable to find significant and consistent effects 
of  21UR1 target RNA on the levels of  21UR1 in wild-type and henn-1 mutant animals. In Figure 
3B a representative blot is shown. Also the relative amounts of  20-mer versus 21-mer species do 
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not display consistent effects. An explanation for this observation could be that in C. elegans 21U 
mediated silencing proceeds via a downstream endoRNAi process 34. This downstream step 
may reduce the levels of  the 21UR1 sensor such that they become too low to trigger 21UR1 
destabilization. We therefore repeated the experiment in a mut-7 mutant background, in which 
the 22G RNA pathway downstream of  PRG-1 is inactivated, resulting in strongly increased 
21UR1 sensor activity 34. Indeed, upon loss of  mut-7 the 22G RNAs derived from the sensor 
RNA disappear, but we still do not observe significant effects of  the 21UR1 sensor on 21UR1 
in henn-1 mutant animals (Figure 3B). From these data we have to conclude that, in contrast to 
other sRNAs 19, 21UR1 stability is not strongly affected through target RNA recognition, even 
when the target RNA is perfectly complementary.

Figure 3. henn-1 affects 21UR1 sensor activity. (A) Activity of a transgene expressing GFP (21UR1 
sensor), silenced by 21U species 21UR1 in wild-type, prg-1(pk2298) and henn-1(pk2295) mutant 
backgrounds. The gonads are outlined with a white dashed line. (B) Northern blot analysis of 21UR1 
in young adult animals of the indicated genotypes. “Sensor” refers to the 21UR1 sensor also shown in 
panel A. Signal intensities are related to let-7, and the 21UR1:let-7 ratio in N2 is set at one. The 21-mer 
and 20-mer signals of the 21UR1 probe have also been quantified separately. The signal intensity of 
the 20-mer relative to the total 21UR1 signal is presented. Repetition of this blot with two independent 
biological samples has shown that the apparent differences are not reproducible. The 22G-sensor 
blot shows the signals obtained after hybridizing probes homologous to the 21UR1 sensor.
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Figure 4. Global effects of henn-1 on 21U RNAs. (A) Bar diagram displaying the different annotated 
small RNA reads obtained after deep-sequencing. Reads from structural RNAs were removed 
before analysis. (B) The expression level of 21U RNAs in wild-type and henn-1 mutant backgrounds. 
Total 21U reads are normalized to total miRNA reads. The differences between wild-type and henn-
1 mutant samples are significant (Chi-squared test; p<10 -10). (C) Length distribution plot of 21U 
RNAs. (D) Scatter plot displaying the fraction of 20-mer species of individual 21U RNA loci that were 
represented by at least 250 raw reads (20+21-mers) in each of the libraries used for this analysis 
(henn-1(pk2452) and henn-1(pk2295)). (E) Scatter plot displaying individual 21U loci represented by 
at least 250 raw reads (20+21-mers) in each of the libraries used for this analysis (wild-type and 
henn-1(pk2295). X-axis: fold loss of reads in the henn-1(pk2295) background relative to wild-type. 
Y-axis: fold increase of 20-mer species in the henn-1(pk2295) background relative to wild-type. (F) 
Bar diagram displaying the frequencies of non-templated base additions found on 21U reads, as a 
percentage of the total 21
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HENN-1 has minor effects on global 21U RNA stability
In order to study the effects of  HENN-1 on sRNAs in general, we prepared sRNA libraries from 
wild type, henn-1(pk2452) and henn-1(pk2295) young adult animals. To enrich for 2′-O-methylated 
small RNAs we also made libraries of  the same RNA preparations, but after oxidative treatment 
with obtained reads to the C. elegans genome (WS220) and annotated miRNAs, 22G RNAs, 26G 
RNAs and other types of  RNAs based on Ensemble database v.62 (Tables S1 and S2). We then 
expressed the read counts as reads per million (rpm), excluding reads matching to structural 
RNAs, such as rRNA and tRNA (Table S3). A bar diagram reflecting the abundance of  the 
various identified sRNA classes in each of  the libraries is depicted in Figure 4A.

As observed before 25, oxidation of  the wild-type sample enriches for 21U RNAs. Consistent 
with the above described loss of  21U RNA methylation, this effect is less pronounced in thehenn-
1(pk2452) sample, and oxidation of  RNA obtained from henn-1(pk2295) animals does not 
enrich for 21U RNA at all (Figure 4A). In the non-oxidized libraries we clone fewer 21U RNAs 
from henn-1 mutant samples compared to wild-type (Figure 4B), but the overall loss of  21U 
RNAs is rather small. This is consistent with our Northern blotting data showing that 21UR1 
levels do not decrease when HENN-1 is lost, but contrasts the fate of  piRNAs in other systems 
where loss of  HEN1 homologs has been described 12-14,16,21. Again consistent with our Northern 
blotting data, we observe an increase of  20-nucleotide-long reads from 21U loci (Figure 4C). 
Since we only annotate a read as a 21U RNA when its 5′ end precisely matches annotated 
21U RNAs, this indicates increased variability at the 3′ end upon loss of  2′-O-methylation. 
The frequency of  20-mers for individual 21U species varies significantly, ranging from as low 
as 3% to almost 70% (Figure 4D). Plotting the frequencies of  20-mer species observed in 
the henn-1(pk2452) background versus those observed in the henn-1(pk2295) background (Figure 
4D) revealed a strong linear correlation (R2 = 0.7), with the 20-mer frequencies in the henn-
1(pk2295) background slightly higher that that in the henn-1(pk2452) background. In addition, an 
overall weak, but positive correlation (R2 = 0.3) can be observed between the increase of  20-mer 
frequency of  a given 21U species and the loss of  that species upon disruption of  henn-1 (Figure 
4E). From these results we draw the following conclusions. First, the frequency of  20-mer 
species of  individual 21U RNA species is reproducible and likely reflects a specific phenomenon 
rather than intrinsic noise. Second, the appearance of  20-mer versions of  a specific 21U RNA 
reflects the stability of  that individual 21U RNA species. This is very similar to observations 
relating to piRNAs in absence of  Hen1 in zebrafish 21, although the observed effects of  henn-
1 on 21U RNAs are much weaker.

Next, we analyzed the identity of  non-templated nucleotides at the 3′ end of  21U RNA reads 
that have been trimmed off  during the mapping process. We classified these trimmed reads as 
either ‘U-trim’, in case only non-matching T-bases were found at the end of  a sequence, ‘A-trim’ 
or ‘Other’. Normally, 21U RNAs are rather infrequently extended at their 3′ end, as reflected 
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by the low percentage of  trims (Figure 4F). In addition, there is no strong bias for U-trims. 
This contrasts to what we have described for zebrafish piRNAs 21. Upon loss of  HENN-1 
activity 3′end extension frequencies increase, but still they do not display enrichment for U-trims 
(Figure 4F). Since uridylation has been proposed to correlate with destabilization, these findings 
are consistent with the observation that 21U RNA levels do not significantly decrease in henn-
1 mutant animals. Unfortunately, the low abundance of  most individual 21U RNAs in our 
libraries, including those described to recognize Tc3 and 21UR1, prohibits meaningful analysis 
of  uridylation frequencies in further detail.

Differential effects of HENN-1 on ERGO-1– and ALG-3/4–bound 26G 
RNAs
Next, we analyzed 22G and 26G RNAs in wild-type and henn-1 mutant samples. In order to 
increase the 22G fractions in our libraries we also prepared wild-type and henn-1(pk2295) libraries 
from TAP-treated RNA, a treatment that reduces 5′-triphosphate groups to mono-phosphate, 
allowing the ligation of  5′ adaptor oligos to the 22G class sRNAs. Both 22G and 26G RNAs are 
found as sub-populations of  RNA molecules that we initially classify as ‘siRNA’: antisense reads 
mapping to annotated genes. To analyze 26G and 22G classes individually we extracted 22G and 

Figure 5. Effects of 22G and 26G RNAs. (A) Length distribution plots of ‘siRNA’ category, containing 
both 22G and 26G RNAs, in diverse libraries. (B) Bar diagram displaying the frequencies of non-
templated base additions found on 26G reads, as a percentage of the total 26G read count. 
P<0.0001 for henn-1(pk2452) and henn-1(pk2295) relative to wild-type (Chi-squared test). (C) Ratio 
of ALG-3/4 and ERGO-1 bound 26G RNAs as derived by previously described annotation (see main 
text), in diverse libraries. P-values of all differences <0.001 (Chi-squared test). (D) The 22G counts, 
in rpm, for all genes in total, ERGO-1, ALG-3/4 and CSR-1 target genes. 22G count for ‘Total’ was 
divided by 100 for better visualization.



95

3

26G RNAs from the siRNA group, asking for a length of  22 or 26 nucleotides respectively and 
the presence of  a 5′G.

Plotting length distribution profiles of  the siRNA class as a whole (Figure 5A) reveals that 
the 22 and 26 nucleotide sub-populations dominate in wild-type animals. Consistent with the 
finding that 26G RNAs are 2′-O-methylated, the 26 nucleotide peak increases when wild-type 
RNA is oxidized before cloning. Interestingly, 26 nucleotide reads are less prominent in henn-
1(pk2452) mutants and almost completely drop to background levels in henn-1(pk2295) animals. 
This indicates that, unlike 21U RNAs, 26G RNAs strongly depend on HENN-1 for stability. 
This is also reflected in the frequency of  uridylation of  26G RNAs in both wild-type and henn-
1 mutant animals (Figure 5B): in all samples U-trims are most abundant and U-trim frequencies 
rise sharply upon progressive inactivation of  HENN-1. It should be noted, however, that also 
other types of  non-templated extensions increase in frequency, including adenylation. These 
data show that 26G RNAs are less stable and more prone to non-templated nucleotide additions, 
including uridylation, when they are not methylated.

We further analyzed 26G RNAs with regard to their hosting Ago protein. To reduce potential 
background from 22G RNAs we only used the non-TAP treated libraries for these analyses. It 
has previously been shown that 26G RNAs can be divided into two classes: those binding to 
ERGO-1 24,25 and those binding to ALG-3 or ALG-4 (ALG-3/4) 24,26. We annotated our 26G 
reads as ERGO-1 or ALG-3/4 26G RNA (Table S4) based on these studies. We then asked 
whether both types of  26G RNA respond similarly to loss of  HENN-1 by plotting the ratio of  
ALG-3/4 and ERGO-1 bound 26G RNAs. This revealed a striking increase in ALG-3/4 26G 
RNAs relative to ERGO-1 26G RNAs upon henn-1 mutation (Figure 5C). While this could be 
caused by the fact that henn-1 mutant strains are slightly Him, e.g. they have more males in their 
progeny than wild-type strains, we also observed a decrease of  ALG-3/4 26G RNA cloning 
frequencies upon oxidative treatment of  the RNA, indicating that they are not methylated 
(Figure 5C). Together, these data strongly suggest that 26G RNAs are only methylated in the 
context of  ERGO-1, and not in the context of  ALG-3/4.

Finally, we addressed the behavior of  22G RNAs based on the wild-type and henn-1(pk2295) 
TAP treated libraries. Global levels of  22G RNAs are roughly 30% lower in henn-1(pk2295) 
animals (Figure 5D and Figure S7), without indications for major changes in size distribution 
(Figure 5A) or uridylation frequencies (Figure S8). To check whether the global decrease of  22G 
RNAs is caused directly by lower ERGO-1 26G RNA levels we asked whether the 22G RNA 
counts of  the ERGO-1 pathway, the ALG-3/4 pathway and the CSR-1 pathway (a 26G RNA 
unrelated endogenous RNAi pathway) are differentially affected by henn-1 mutation. Since CSR-1 
targets many genes, we selected the top-ranking CSR-1 targets, asking for a cloning frequency 
of  at least 500 rpm and a cloning ratio of  at least 0.9 from CSR-1 IPs 37 (Table S3). Surprisingly, 
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the 22G RNA populations of  all these gene categories go down roughly 30% (Figure 5D). Thus, 
while ERGO-1 mediated 22G RNA biogenesis may be directly affected by loss of  HENN-1 and 
the subsequent loss of  ERGO-1 bound 26G RNAs, our data does not provide direct support 
for this hypothesis.

HENN-1 affects global germline expression levels
Finally, we performed micro array analysis on young adult animals to see how henn-1 affects 
gene expression and how this relates to the effects we see on sRNA populations. Two technical 
replicates on two biological samples were analyzed and we considered genes to be significantly 
affected when the p-values in both arrays were below 0.05 and the change in expression level was 
at least two-fold. This resulted in a set of  160 genes that are up- and 267 genes that are down-
regulated (Table S3) in henn-1(pk2295) animals. We analyzed the nature of  these genes by asking 
for enrichment of  gene expression domains as defined by Kim et al. 48. Up-regulated genes are 
enriched for functions related to collagen while down-regulated genes are enriched for germline 
and embryonic expression, including 16 out of  the 104 top-CSR-1 targets (Figure 6A, Table S3). 
Interestingly, when we relate the array data to our sRNA sequencing data (the TAP treated wild-

Figure 6. Gene expression analysis of henn-1 mutants. (A) Venn diagram showing the overlap 
between up- and down-regulated genes and the gene expression domains, as defined by Kim et 
al. 48, for which they are most enriched. The Holm-Bonferroni corrected p-value is given. ‘Mount 7’: 
Germline–enriched. ‘Mount 14’: Collagen. (B) Box-plot displaying the 22G coverage per gene in 
wild-type and henn-1(pk2295) mutant libraries. Genes are grouped into ‘Down’ and ‘Up’, reflecting 
their expression status in henn-1(pk2295) mutant animals relative to wild-type animals. Statistical 
significance between N2 and henn-1 mutant datasets was assessed with a Wilcoxon rank sum test 
(paired) and found to be highly significant (p<10 -16). Similarly, non-paired Wilcoxon rank sum testing 
of the 22G coverage between ‘Down’ and ‘All’, and ‘Up’ and ‘All’ also revealed highly significant 
differences (p<10−16).



97

3

type and henn-1(pk2295) libraries), we find that down-regulated genes are relatively rich in 22G 
RNA coverage, while up-regulated genes are relatively 22G RNA deprived (Figure 6B). In both 
up- and down-regulated gene classes the 22G RNA coverage drops approximately 30% upon 
loss of  HENN-1. These data suggest that the observed expression changes are not triggered 
through altered 22G RNA levels, but are more likely an indirect effect of  loss of  HENN-1.

Next, we specifically analyzed ALG-3/4 and ERGO-1 target genes. The vast majority of  the 399 
tested ALG-3/4 targets did not change expression level. None were up-regulated and only three 
were found to be down-regulated (Table S3). The read counts for 26G RNAs mapping to these 
three genes were too low to derive meaningful correlations, and 22G counts remained either 
the same or dropped slightly. We therefore conclude that loss of  HENN-1 does not directly 
affect ALG-3/4 target gene expression levels in young adult hermaphrodites. It should be noted, 
however, that ALG-3/4 targets are generally expressed during spermatogenesis, a stage that we 
have not specifically analyzed.
Out of  57 ERGO-1 targets tested, we only detect one with significantly changed expression 
levels. This gene, Y17D7B.4, is up-regulated in henn-1(pk2295) animals, accompanied by a 4-fold 
decrease in 26G RNA coverage and a two-fold drop in 22G RNA (Table S3). In fact, Y17D7B.4 
is the only gene among the up-regulated genes with significant 26G and 22G coverage. Although 
ERGO-1 target genes do not display general up-regulation in henn-1 mutant animals, it is striking 
that ERGO-1 targets do not follow the general down-regulation of  germline-expressed genes, 
such as for example CSR-1 target genes.

Discussion

We have addressed the C. elegans HEN1 ortholog HENN-1 in terms of  its activity and its sub-
cellular localization and have described its effect on the various endogenous RNAi pathways of  
this nematode. The major impact of  HENN-1 is on the ERGO-1 26G RNAi pathway, while 
ALG-3/4 26G RNAs are unaffected. Strikingly, 21U RNAs are major targets of  HENN-1, yet 
their stability in the germline is only marginally affected by loss of  HENN-1. Below, we further 
discuss the implications of  these findings.

Subcellular localization of HENN-1
Using a GFP-tagged HENN-1 protein we have been able to demonstrate the presence of  
HENN-1 in granules in the germline. These granules overlap partly with PGL-1 foci, suggesting 
that HENN-1 is in, or at least near P-granules. During oogenesis HENN-1 is more diffuse and 
is also observed within the nucleus. This is a pattern we also observe in zebrafish, suggesting that 
this differential localization in oocytes may be functionally relevant. Since HENN-1 functions 
during the biogenesis of  21U and 26G RNAs this suggests that both these small RNA types 
are made within P-granules, the nematode version of  an electron-dense and mitochondria-
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rich material known as nuage or germ-plasm in other organisms. This is consistent with 
many previously published findings regarding sRNA biogenesis in diverse model organisms, 
including C. elegans (reviewed in 5).

HENN-1 and exogenous RNAi
We describe an intriguing effect of  HENN-1 on RNAi triggered through exogenous dsRNA 
triggers. While loss of  HENN-1 diminishes the efficiency of  RNAi in the germline, it induces 
an RNAi hypersensitivity defect in the soma. The RNAi hypersensitivity in henn-1 mutants may 
be readily explained by the fact that mutations in the ERGO-1 pathway generally result in this 
phenotype 24,25,43-46. It has been proposed that hypersensitivity arises by reduced competition for 
shared components between the endoRNAi pathway mediated by ERGO-1 and the exoRNAi 
pathway mediated by the Ago protein RDE-1. However, why would henn-1 be required for 
exoRNAi in the germline? Perhaps this germline RNAi resistance is related to our observation 
that many germline genes are expressed at lower levels. This may include lower expression of  
exoRNAi related factors in henn-1 mutant animals. Indeed, seven different genes (mex-1, mex-
3, oma-1, puf-5, pie-1, egg-3 and pos-1) whose protein products are known to reside in P-granules 
are reduced. This may lead to reduced P-granule functionality and consequently reduced RNAi. 
Even more strikingly, two genes previously implicated directly in germline exoRNAi and co-
suppression, ppw-2 (wago-3) 49 and mut-7 50, are approximately three-fold down in henn-1 mutants 
(Table S3), providing a potential explanation for the opposing effects of  henn-1 on exoRNAi in 
the germline and the soma.

Function for HENN-1 in 26G pathways
We have shown that ERGO-1-bound 26G RNAs are methylated by HENN-1. Methylation 
of  these 26G RNAs has a stabilizing effect and prevents non-templated uridylation. In other 
systems, HEN1 homologs have similarly been implicated in sRNA stabilization, mostly in the 
context of  target RNA recognition 19,21. Since 26G RNAs have targets that display perfect 
complementarity, this result is consistent with these previous findings.
We have also shown that in contrast to ERGO-1-bound 26G RNAs, ALG-3/4-bound 26G 
RNAs are not methylated. What could be the cause behind this difference? First, the cell-type 
producing 26G RNAs may have an effect on their methylation status. ALG-3/4 bound 26G 
RNAs are present during spermatogenesis, while ERGO-1 26G RNAs are present in the female 
germline and the embryo. This would imply that HENN-1 activity during spermatogenesis is low 
or absent. Second, 26G RNAs may become methylated outside the context of  Ago proteins, after 
which ERGO-1 would preferentially bind methylated and ALG-3/4 non-methylated versions. 
Indeed, PAZ domains of  different Ago proteins that bind methylated or non-methylated sRNAs 
have differential affinities for methylated or non-methylated 3′ ends of  sRNAs 20. 

While these two options are certainly possible, we favor a third explanation for the difference 
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between ERGO-1 and ALG-3/4 26G RNA behavior. Interestingly, ERGO-1 is related in 
sequence to the Piwi proteins PRG-1 and PRG-2 that both bind methylated 21U RNAs, while 
ALG-3 and ALG-4 are more related to the Ago proteins ALG-1 and ALG-2 that are known 
to bind non-methylated miRNAs 35. Therefore, it is likely that the type of  Ago protein binding 
the 26G RNA is instructive in determining the 3′ end methylation status. Similarly, in Drosophila, 
one and the same sRNA sequence can be either methylated or not, based on the Ago protein by 
which it is bound 13,14,19 51. It is presently unclear why ERGO-1-type 26G RNAs would require 
HENN-1-mediated methylation and stabilization while ALG-3/4-type 26G RNAs do not.

Loss of  HENN-1 results in rather modest effects on 26G dependent 22G RNAs and gene 
expression levels. While direct targets of  the ERGO-1 pathway do display a drop in 22G RNAs, 
this could not be distinguished from a more global effect that decreases the 22G RNA coverage 
of  many other germline expressed genes. This overall drop in 22G RNAs derived from germline 
expressed genes is accompanied by a general decrease in mRNA from these same genes. Given 
these global effects it is difficult to dissect direct effects of  HENN-1 on published ERGO-1 
target genes. However, as ERGO-1 target genes escape the overall trend of  decreased expression 
of  germline-expressed genes, loss of  HENN-1 may indeed trigger direct up-regulation of  
ERGO-1 targets through a loss of  ERGO-1 triggered 22G RNAs.
Function for HENN-1 in the 21U RNA pathway

Finally, we describe a number of  findings regarding the function of  HENN-1 in the C. elegans 
Piwi pathway, or PRG-1 pathway. First, we do not find indications for stable interaction 
between HENN-1 and PRG-1. We have been unable to co-IP both proteins and using gel-
filtration experiments we observe HENN-1 and PRG-1 in distinct complexes. Regarding the 
first observation, we have similarly been unable to co-IP Hen1 and Zili from zebrafish gonadal 
extracts (unpublished data). This makes us believe that the previously published interactions 
between Hen1 and specific Ago proteins in Drosophila, which were based on GST-pull-down 
experiments 14, reflect transient interactions rather than stable complexes. Interestingly, we show 
that HENN-1 is found in a complex of  approximately 100 kDa, reflecting oligomerization and/
or stable association with another, as yet unknown factor. Such factors could be other Ago 
proteins such as ERGO-1. However, we favor the interpretation that HENN-1 binds a non-Ago 
protein. Possibly, this could be a nuclease involved in trimming the 3′ ends of  21U RNAs. In 
this scenario, HENN-1 activity may be directly coupled to 3′ end formation during 21U RNA 
biogenesis, as has been suggested for piRNA biogenesis in silk-moth derived cell-free extracts 18.

Surprisingly, henn-1 mutant animals display only minor effects on the global stability of  21U 
RNAs in the germline. This conclusion is based on 21U RNA abundance on Northern blots 
and on cloning frequencies analyzed through deep-sequencing. sRNA stability has been coupled 
to target recognition through a mechanism that likely involves the extraction of  the 3′ end 
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of  sRNAs from the PAZ domain upon target RNA binding 51. Typically, these interactions 
involve extensive base-pairing between sRNA and target RNA molecules. However, also when 
presented with a perfectly matching transgenic target RNA, the 21U-RNA species 21UR1 is not 
significantly destabilized, indicating that target dependent effects on the stability of  21U RNAs 
are limited. We note that henn-1 does affect 21U abundance in the embryo 52,53 suggesting that 
2′O-methylation plays a role in the stabilizing 21U RNAs over longer time intervals. The only 
significant effect of  loss of  henn-1 on 21U RNAs in the germline is on their length: significantly 
more 20-mer species are formed in absence of  HENN-1. Therefore, the major function of  
2′-O-methylation of  21U RNAs is to stabilize their extremely strict length of  21 nucleotides and 
not to prevent target dependent 21U-uridylation and de-stabilization. Since we show that henn-
1 mutant animals display defects in 21UR1-mediated silencing while 21UR1 levels remain 
unchanged, the maintenance of  21U RNAs as methylated 21-mers may be important for full 
PRG-1 activity. However, it should be kept in mind that 21UR1 sensor silencing depends on a 
downstream pathway mediated by factors that are shared with exoRNAi pathways, and we show 
that exoRNAi efficiencies are reduced in henn-1 mutant animals. This provides an alternative, 
and less direct explanation for the reduced silencing of  the 21UR1 sensor in henn-1 mutant 
backgrounds.

The 21U pathway in C. elegans is poorly characterized in terms of  endogenous targets. Almost 
no targets displaying extensive complementarity to 21U RNAs are present 30,31 a feature that 
is different from piRNA systems in other organisms. Yet, prg-1 mutant animals display clear 
phenotypes 30-32 suggesting that either PRG-1 has 21U-independent functions or that PRG-1:21U 
complexes regulate target RNAs through non-perfect base-pairing interactions. Interestingly, 
in a recent paper precisely such mismatched 21U RNA-target RNA interactions have been 
described 34. Perhaps it is this lack of  extensive target complementarity that has allowed the 
PRG-1 pathway to become uncoupled from target dependent 21U RNA modifying activities. 
Everything considered, it remains to be fully elucidated why C. elegans 21U RNAs are methylated.

Methods

Worm strains
Bristol N2 was the wild type strain used in this study. We used two henn-1 alleles,  pk2295 and 
pk2452, a premature stop (R347X) and a missense mutant (D151N) respectively. Strains carrying 
these alleles have been described before 40. Other alleles used in this study: prg-1(pk2298), glp-
4(bn2), mut-7(pk204) and mut-7(xf0007) (a new mut-7 allele, Q131X, picked up in a 21UR1 sensor 
activation screen in a henn-1(pk2295) mutant background). The 21UR1 sensor transgene is 
described by Bagijn et al. 34. A strain expressing HENN-1::GFP was made by MosSCI based 
transgenesis 54 using pCFJ150, modified to include the pgl-3 promoter, a C-terminal fusion of  
GFP to HENN-1 and the tbb-2 3′UTR 55.
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In vitro ethyltransferase activity assay
GST, GST-HENN-1 and GST-HENN-1(D151N) were expressed in E. coli and purified over 
GST-beads as described before 21.The missense mutation was introduced by side directed 
mutagenesis of  the vector (Stratagene). Equal amounts of  protein were loaded on a PAGE-SDS 
gel and stained with PageBlue according to Manufacturer directions. The methyltransferase assay 
was performed as described previously by Yu et al (2005) 12. A 100 µl reaction containing 50 mM 
Tris–HCl (pH 8.0), 100 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 2 mM DTT, 5% glycerol, 80U 
RNasin, 0.5 mCi S-adenosyl-L-[methyl-14C] methionine (Amersham), 5 µg purified protein (GST 
or GST-HENN-1), and 1 nmol of  RNA substrate was incubated for 2 h at 37°C. The reaction 
was stopped with proteinase K for 15 min at 65°C after which it was extracted by phenol/
chloroform. Small RNAs were precipitated with ethanol and analyzed on a 12% acrylamide gel. 
The gel was treated with an autoradiography enhancer (En3hance, Perkin Elmer) and exposed 
to X-ray film at −80°C. Sequences of  synthetic piRNAs were as described before 21. Sequences 
of  RNA oligos used with different 3′ end nucleotides:5′- UGAGGUAGUAGGUUGUAUAGU-
U/A/G/C.

Antibodies
Polyclonal HENN-1 antibodies were raised in rabbits, following injection of  synthetic peptides 
(Eurogentec, DoubleXP protocol). The peptide sequence yielding functional HENN-1 
antibodies was: MAHTSDGWGAPYDNQ-C (cysteine was added for coupling to KLH carrier). 
We generated rabbit polyclonal antibodies against PRG-1 using Peptide Specialty Laboratories 
(PSL, Heidelberg, Germany) following the 2× Epitope Immunisation protocol. Peptides 
used for immunization are: Antigen 1: SGRGRGRGSGSNNSGGKDQKYL-C, Antigen 
2:RQQGQSKTGSSGQPQKC. We purified sera using an antigen 2-coupled peptide column 
and used purified IgGs at 1:4,000 dilution in Western blot. PGL-1 antibody was obtained from 
DSHB (OIC1D4).

Northern blot and ß-elimination
Total RNA was isolated using RNA lysis buffer and Trizol. Subsequently, small RNA 
was isolated with the Mirvana kit. Northern blotting was done as described previously 
21. 20 µg of  small RNA was loaded on a 12% polyacrylamide gel and blotted according to 
standard procedures. Probe sequences: 21U-R1: GCACGGTTAACGTACGTACCA siR26-
263:TAGCATATGCATGCACCATAAACAAC let-7: AACTATACAACCTACTACCTCA. 
22G-1:AAAGTGGTCAAGCACGGTTAAC 22G-2: AGTAAACCCAGCTTTCTTGTAC.
Ambion hybridization buffer (ULTRAhyb-Oligo) was used. To test the presence of  the 3′-end 
modification of  21U-RNAs and 26G RNAs, 20 µg small RNA was treated with NaIO4 followed 
by β-elimination as described previously 42. Blots were exposed to phosphor-imager screens that 
were scanned on a BAS-2500 imager. Blots were analyzed using ImageQuant software.
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Immuno staining
Immuno staining protocols were followed as described before 23.

RNAi
RNAi was performed as described 56, using bacterial strains expressing dsRNA for the indicated 
target genes.

Library preparation
RNA was isolated following fast proteinase K mediated lysis of  the animals followed by 
adding 3 volumes of  Trizol LS. Further RNA isolation was as prescribed by the manufacturers 
(Invitrogen). Oxidation of  the RNA was done as described before 42. Small RNA libraries were 
prepared as described before 21, using 4-base bar-codes (ACTA or TACA) to allow sequencing 
of  two samples in one lane of  an Illumina GAII sequencer.

Sequence analysis
Raw sequence data were preprocessed to split reads according to barcodes and trim 3′ adapters. 
After grouping identical reads to remove redundancy, processed reads were mapped to the 
WS220 C.elegans genome assembly using MEGABLAST software 54 requiring perfect matching 
of  at least the 18 first nucleotides. Non-matching 3′ nucleotides were trimmed and recorded 
for the calculation of  non-templated read modification. Genomic annotations of  mapped loci, 
including 21U RNAs, were retrieved from Ensembl database (v.62) using custom scripts and 
Ensembl API 57. 

Microarrays
Custom 1×22 k arrays for C. elegans from Agilent were used according to manufacture′s 
protocol. 0.5 µg of  total RNA from young adults was converted into cRNA and labeled with 
Cy3 or Cy5. Samples were subsequently hybridized overnight and washed. A dye swap was 
included as a technical replicate. The whole experiment was done in duplicate. The data was 
analyzed using Array Assist and Feature extract software from Agilent. Expression domain 
analysis was performed using the following web-site:http://nemates.org/gl/cgi-bin/gl_mod.cgi 
?action=compare2

Data submission
Illumina sequencing data has been deposited at GEO, submission number GSE31783.
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Table S1. Read counts obtained for the various sequenced libraries. The numbers represent the 
numbers of reads obtained within each category. siRNA’ contains all reads complementary to 
annotated mRNAs. ‘senseRNA’ contains reads from mRNAs of sense polarity. The siRNA category 
holds both the 22G and 26G RNAs further discussed in this work. These two classes are not individually 
represented in this table. ‘Other’ category contains reads that partly overlap annotated transcripts 
and reads that overlap non-annotated transcripts, including potential non-annotated miRNAs. 
WT: wild-type. ox: RNA was oxidized with NaIO4 before cloning (enriches for 2′ O-methylated small 
RNAs). Note that the mapped reads from these libraries are much lower than non-oxidized libraries. 
This is caused by a high fraction of adaptor-only reads in the oxidized libraries, presumably caused 
by the fact that most other RNAs have become unclonable. tap: treated with TAP enzyme before 
cloning (removes 5′-tri-phosphates).

Sample 21U
22G 
RNA

26G 
RNA miRNA

Repeat
elements Other senseRNA

WT 192,700 49,081 36,452 6,734,722 127,454 745,737 387,983

WT ox 146,952 1,992 37,467 77,221 10,454 288,784 10,340

WT tap 115,548 738,873 13,712 2,699,325 252,823 1,862,168 210,090

henn-1(pk2452) 126,953 23,429 12,393 5,220,280 89,114 469,834 461,637

henn-1(pk2452) ox 104,578 3,251 18,523 102,850 18,186 315,549 58,878

henn-1(pk2295) 95,509 17,713 3,763 3,900,782 66,721 277,961 264,862

henn-1(pk2295) ox 1,354 163 45 30,368 2,491 33,009 14,531

henn-1(pk2295) tap 86,131 494,688 2,881 3,402,017 181,503 1,352,107 327,595

Sample rRNA snRNA snoRNA tRNA

Total 
mapped 
reads

WT 1,368,939 22,687 16,783 520,295 10,202,833

WT ox 13,806 9,595 495 10,865 607,971

WT tap 816,558 13,626 8,793 149,924 6,881,440

henn-1(pk2452) 1,090,623 13,951 13,143 238,672 7760,029

henn-1(pk2452) ox 104,178 193,010 5,949 90,394 1,015,346

henn-1(pk2295) 775,284 10,503 8,580 245,226 5,666,904

henn-1(pk2295) ox 27,723 48,490 1,142 22,798 182,114

henn-1(pk2295) tap 1,330,082 16,147 10,492 175,856 7,379,499

Supplementary information
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Table S2. 21U, 22G, and 26G species counts. This table displays the number of species sequenced 
for the three small RNA classes listed, irrespective of how often each species has been sequenced. 
The ‘Total mapped reads’ column reflects the total number of raw reads for these three small RNA 
species (also see Table S1).

 Sample 21U 22G RNA 26G RNA Total mapped reads

WT 4723 25429 1454 10202833

WT ox 3807 1304 910 607971

WT tap 2427 110062 796 6881440

henn-1(pk2452) 5228 14840 898 7760029

henn-1(pk2452) ox 5308 1060 669 1015346

henn-1(pk2295) 5137 11127 802 5666904

henn-1(pk2295) ox 378 27 13 182114

henn-1(pk2295) tap 3744 97204 605 7379499

Table S3. Normalized read counts in reads per million (rpm). The classes in this table represent reads 
not mapping to structural RNAs such as tRNAs or rRNAs. These together have been set to 1 million. 
The conversion factors for each library are given in the last column.

Sample 21U 22G 26G miRNA
Repeat
elements Other

Reads-rpm 
conversion

WT 24,723 6,297 4,677 864,401 16,359 95,678 0.1283

WT ox 265,968 3,605 67,812 139,765 18,921 522,670 1.8099

WT tap 23,341 149,252 2,770 545,385 51,082 376,158 0.2020

henn-1(pk2452) 21,569 3,981 2,106 887,000 15,142 79,825 0.1699

henn-1(pk2452) ox 193,940 6,029 34,351 190,732 33,725 585,186 1.8545

henn-1(pk2295) 22,091 4,097 870 902,258 15,433 64,292 0.2313

henn-1(pk2295) ox 20,420 2,458 679 457,972 37,570 497,809 15.0810

henn-1(pk2295) tap 17,252 99,086 577 681,427 36,355 270,827 0.2003
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Figure S1. Protein sequence alignment of HENN-1 and homologs. Protein sequence alignment 
of C. elegans HENN-1 (C02F5.6, splice variants a and b). The catalytic domain is underlined 
and conserved residues are labeled with an * (identical), : (very similar) or . (similar). The two 
mutated residues are indicated in the figure.

C02F56a         MAHTSDGWGAPYDNQTYVEAYEQLEIALLEPLDRILETANVEEFRPKFKNHQDPNDRKNK 60 
C02F56b         MAHTSDGWGAPYDNQTYVEAYEQLEIALLEPLDRILETANVEEFRPKFKNHQDPNDRKNK 60 
dmhen1          ------------------------------------------------------------ 
henmt1          ------------------------------------------------------------    

C02F56a         KNNDEEWRDSIYNIATDESDTDDHEQRKNFFQPPLQVQRNSFVKNTLMEFKRSSQIDISR 120 
C02F56b         KNNDEEWRDSIYNIATDESDTDDHEQRKNFFQPPLQVQRNSFVKNTLMEFKRSSQIDISR 120 
dmhen1          ----------MFSHKFICGSLTKMTETGITFDPPVYEQRYCATIQILEDARWKD--QIKK 48 
henmt1          -------------------------MTATPFSPPLYMQRYQFVIDYVKTYRPRK------ 29 
                                              *.**:  **   . : :   :  .        

C02F56a         LAVMGCGEMSLEKGICEYLGSFGTINVLSVDIDEPSLSIGQQLLGKAESIFLRKHLERNA 180 
C02F56b         LAVMGCGEMSLEKGICEYLGSFGTINVLSVDIDEPSLSIGQQLLGKAESIFLRKHLERNA 180 
dmhen1          VVEFGCAEMRFFQ-LMRRIETIEHIG--LVDIDKSLLMRNLTSVNPLVSDYIRSRAS--- 102 
henmt1          VIDFGCAECCLLKKLKFHRNGIQLLVG--VDINSVVLLKRMHSLAPLVSDYLQPSDG--- 84 
                :  :**.*  : : :      :  :    ***:.  *      :    * :::        

C02F56a         EILAVETGLPVLMRSYVGDILEPDHRFADVDAIVSMEVVEHIPLPNAKKFVENVLGTLMP 240 
C02F56b         EILAVETGLPVLMRSYVGDILEPDHRFADVDAIVSMEVVEHIPLPNAKKFVENVLGTLMP 240 
dmhen1          ---------PLKVQILQGNVADSSEELRDTDAVIAIELIEHVYDDVLAKIPVNIFGFMQP 153 
henmt1          ---------PLTIELYQGSVMEREPCTKGFDLVTCVELIEHLELEEVERFSEVVFGYMAP 135 
                         *: :.   *.: : .    . * : .:*::**:      ::   ::* : *  

C02F56a         RIFIFSTPNHEYNAVFG----MEPGEFRHGDHKFEMNRKEFSNWLEELSIRFPHYQIDPP 296 
C02F56b         RIFIFSTPNHEYNAVFG----MEPGEFRHGDHKFEMNRKEFSNWLEELSIRFPHYQIDPP 296 
dmhen1          KLVVFSTPNSDFNVIFTRFNPLLPNGFRHEDHKFEWSRDEFKNWCLGIVEKYPNYMFSLT 213 
henmt1          GAVIVTTPNAEFNPLLPG-----LRGFRNYDHKFEWTRAEFQTWAHRVCREHG-YSVQFT 189 
                  .:.:*** ::* ::          **: ***** .* **..*   :  ..  * .. .  

C02F56a         HYIGMTRGYENLSGASQAAVCR-----LQVDLN------TTLPQEVTPYEMVG--HLPCR 343 
C02F56b         HYIGMTRGYENLSGASQAAVCR-----LQVDLN------TTLPQEVTPYEMVG--HLPCR 343 
dmhen1          GVGNPPKEYESVGPVSQIAIFVR-KDMLEMQLVNPLVSKPNIDKESIPYKLIHTVEYPFY 272 
henmt1          GVGEAAGHWRDVGFCTQIAVFQRNFDGVNRSMS------NAEHLEPSVYRLLYRVVYPSL 243 
                     .  :..:.  :* *:       :: .:            *   *.::     *    

C02F56a         LGSRLIAYNLVKEAFLDWLEKIELQEHEP----------------RTDG-YSPYWIFNVQ 386 
C02F56b         LGSRLIAYNLVKEAFLDWLEKIELQEHEP----------------RTDG-YSPYWIFNVQ 386 
dmhen1          VDTRTEKEKLWTEVQIELQRFKRQFESSE----------------IEEGTYQDTCNMPIA 316 
henmt1          CDNNIYQKTLINEVLYEAQHLRQQWLIRENMNNNAHFYSPPLMEALHHGAEGNACEQQPV 303 
                 ...    .* .*.  :  .  .                        .*             

C02F56a         NILHHLKAP-----------VSFALTIDEKVAMQVSS----------------------- 412 
C02F56b         NILHHLKAP-----------VSFALTIDEKVAIKYIQGMTSRKVHAEYSHGFNGIVILQM 435 
dmhen1          FLLDRLEHVGATKERIEELLLENNLTVENECVLIVSSDQESEWSDPYKFSDRSSQDDALV 376 
henmt1          YQQGGIICVPLARVWSCPRVQALCGSLQRLREKLLEDERVRMSADGSALNLPADDDDDNV 363 
                     :                   :::.       .                         

C02F56a         -----VIGTVEF--------------------------- 419 
C02F56b         HSKEELIKTVQDNTL------------------------ 450 
dmhen1          DQEQEEERWDQGPES------------------------ 391 
henmt1          EEEEEEEEEENQQNVKAVSGAVNNMEEDWDRELGSYGDE 402 
                          :                             

henn-1 pk2452

henn-1 pk2295

Mg2+ sites

Methyltranserase domain based on Tkaczuk, BMC 2006

1.

2.

3.

1.

2.

3.

2.
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Figure S2. Brood size analysis of henn-1 mutants. Brood size and survival analysis of wild-type 
and henn-1 mutant strains.

Figure S3. Effect of henn-1 on 26G RNA. Northern blot for siR26–263 as shown in Figure 1, but 
enhanced using Photoshop.
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Figure S4. Effect of henn-1 on exoRNAi. (A) RNAi against sqt-3 in wild-type (WT), henn-
1(pk2295) andhenn-1(pk2295;henn-1::GFP animals, scoring for a roller phenotype. The effect of loss 
of sqt-3can be variable, depending on temperature and age of the animals and genetic alleles 
of sqt-3 display complex behavior 58, 59. For example, sqt-3(sc63) heterozygous animals are rollers, 
while sqt-3(sc63) homozygotes are normal moving 58. Therefore the apparent resistance of henn-
1 mutant animals to sqt-3 may in fact reflect an Eri phenotype. In fact, in one sub-optimal RNAi 
experiment we obtained rollers with henn-1 mutant animals, while WT animals displayed no 
phenotype. This suggests that the differences observed in the data presented are likely caused 
by RNAi hypersensitivity, rather than RNAi resistance. The differences between henn-1 and WT 
and henn-1 and henn-1; henn-1::GFP are statistically significant (p<0.005, T-test, n = 4). (B) RNAi 
against lir-1 in wild-type (WT), henn-1(pk2295)and henn-1(pk2295;henn-1::GFP animals scoring 
for survival until the L1 stage. The differences between henn-1 and WT and henn-1 and henn-1; 
henn-1::GFP are statistically significant (p<0.0005, T-test, n = 5). (C) RNAi against pop-1 in wild-type 
(WT), henn-1(pk2295)and henn-1(pk2295;henn-1::GFP animals, scoring for burst and protruding 
vulva phenotypes. The difference between henn-1 and WT is statistically significant (p<0.0005, 
T-test, n = 5). The vulva phenotype is not significantly rescued by the henn-1::GFP transgene, likely 
because thepgl-3 driven expression of henn-1::GFP does not reach into the vulva lineage. (D) RNAi 
against pop-1 in wild-type (WT), henn-1(pk2295) and henn-1(pk2295;henn-1::GFP animals. Although 
the vulva phenotype is not rescued, the complete sterility triggered by pop-1 in henn-1 animals is 
rescued by the pgl-3:henn-1::GFP transgene is visualized by the appearance of embryos on the 
plate. Burst and protruding vulvae are indicated by red and black asterisks respectively. (E) RNAi 
against gpb-1 in wild-type (WT), henn-1(pk2295) and henn-1(pk2295;henn-1::GFP animals, scoring for 
embryonic survival until L1 stage. The differences between henn-1 and WT and henn-1 and henn-1; 
henn-1::GFP are statistically significant (p<0.05 and p<0.005 respectively, T-test, n = 5).
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Figure S5. Western blot analysis of HENN-1::GFP transgenic 
animals. Western blot analysis of the indicated C. 
elegans lines with an anti-GFP antibody. ‘Free GFP’ 
indicates a protein that may represent GFP that has 
become separated from the HENN-1::GFP fusion protein.

Figure S6.HENN-1 and PRG-1 expression. (A) Images of GFP::PRG-1 germline nuclei in wild-type 
andhenn-1(pk2295) animals. (B) Western blot for HENN-1, PRG-1 and tubulin on samples derived 
from wild-type and henn-1(pk2295) animals.
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Figure S7. Northern blot for 
Y51G11C.51. Northern blot probed 
for Y51G11C.51 small anti-sense 
RNAs, using a mixture of DNA oligo 
nucleotides covering Y51G11.51. 
Signals are weak, but 26G and 22G 
RNA signals can be detected. In 
the henn-1 mutant samples the 26G 
signal is non-detectable anymore, 
while 22G RNA signal is still present, 
although weaker.
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Figure S8. Non-templated bases on 22G RNAs. Bar diagram displaying the 
frequencies of non-templated base additions found on 22G reads, as a 
percentage of the total 22G read count
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Abstract

In recent years, the Piwi pathway has been shown to regulate the silencing of  mobile genetic 
elements. However, we know little about how Piwi pathways impose silencing and even less 
about trans-generational stability of  Piwi-induced silencing. We demonstrate that the Caenorhabditis 
elegans Piwi protein PRG-1 can initiate an extremely stable form of  gene silencing on a transgenic, 
single-copy target. This type of  silencing is faithfully maintained over tens of  generations in 
the absence of  a functional Piwi pathway. Interestingly, RNAi can also trigger permanent gene 
silencing of  a single-copy transgene and the phenomenon will be collectively referred to as RNA-
induced epigenetic silencing (RNAe). RNAe can act in trans and is dependent on endogenous 
RNAi factors. The involvement of  factors known to act in nuclear RNAi and the fact that RNAe 
is accompanied by repressive chromatin marks indicate that RNAe includes a transcriptional 
silencing component. Our results demonstrate that, at least in C. elegans, the Piwi pathway can 
impose a state of  gene silencing that borders on ‘permanently silent’. Such a property may be 
more widely conserved among Piwi pathways in different animals.

Article published in: The EMBO Journal 31, 3422 - 
3430 (31 July 2012) | doi:10.1038/emboj.2012.213. 
Link to article (here)

http://www.nature.com.proxy.library.uu.nl/emboj/journal/v31/n16/full/emboj2012213a.html
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Introduction

Organisms need to protect themselves from the invasion of  exogenous nucleic acids such as 
transposons and retro-viruses. A widely conserved defence mechanism is based on small RNA 
molecules that recognize the invading species and trigger a silencing response on that sequence 1. 
Multiple small RNA-based mechanisms have been identified, each capable of  recognizing and 
silencing potentially harmful sequences through unique mechanisms 2. One of  these mechanisms 
is known as the Piwi pathway, named after the Argonaute-family protein Piwi that was first 
identified in Drosophila 3. Piwi proteins directly bind small RNA cofactors that are better known 
as piRNAs 4-6. Piwi–piRNA complexes have been studied in diverse organisms and in each case 
a role in the silencing of  transposable elements could be demonstrated 7,8. 
 
The Caenorhabditis elegans Piwi proteins are named PRG-1 and PRG-2, where PRG-1 is 
responsible for most, if  not all, silencing activities 9,10. Initially, only a few C. elegans piRNAs (also 
known as 21U RNAs) have been described to target a transposable element although many 
different piRNAs are produced and many transposons escape 21U-mediated recognition 9,10. 
However, more recent studies show that imperfect base-pairing between C. elegans piRNAs (also 
known as 21U RNAs) and target RNAs actually impose gene-regulatory effects on many more 
targets 11,12. Bagijn et al (2012) also revealed that PRG-1–21U complexes trigger a downstream 
endogenous RNAi pathway that is mediated by the Argonaute protein WAGO-9 and other 
endogenous RNAi factors such as MUT-7 and RDE-3. This response is accompanied by the 
production of  a class of  small RNA molecules known as 22G RNAs. Interestingly, this is quite 
similar to how other C. elegans Argonaute proteins like ERGO-1, ALG-3/4 and RDE-1 trigger 
secondary RNAi pathways 13-16.

A major question for Piwi pathway biology in general remains how Piwi-targets are silenced. 
In mice, a link has been suggested between Piwi-pathway activity and DNA methylation 17-19, 
suggesting that in mice the Piwi pathway is set-up to trigger the establishment of  a heritable state 
of  gene silencing. However, a causative link between Piwi-pathway activity and DNA methylation 
has been hard to demonstrate. Besides mammals, in flies it has also been suggested that piRNAs 
may trigger chromatin-related effects on their targets 20-23. Still, the interactions between the 
Piwi-pathway and chromatin are unclear at best, especially when target silencing is considered. 
We now show that the C. elegans Piwi (PRG-1) pathway can trigger the establishment of  an 
extremely stable state of  gene silencing. Once established, the silencing becomes independent of  
the initiating Piwi pathway itself. The maintenance of  silencing requires previously characterized 
nuclear RNAi pathway components 24-27, and the Argonaute protein WAGO-9. Furthermore, the 
chromatin at the silenced locus is characterized by repressive histone marks. The silenced state 
is much more stable than previously reported heritable RNAi 26,28-30, as it is inherited faithfully 
to 100% of  the progeny and can last for tens of  generations. Reactivation of  the silenced state 
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Figure 1 Piwi-initiated silencing of a single-copy transgene. (A) Images of animals with the indicated 
genotypes. The gonads are outlined with a dashed line. GFP expression from the 21Usensor is nuclear 
and chromosome bound due to the HIS-58 fusion. ‘100% stable’ indicates no observed spontaneous 
changes in GFP expression during months of culturing. Scale bars are 100 µm. (B) Quantification 
of spontaneous 21Usensor silencing in a henn-1 mutant background. Y-axis shows percentage 
of silenced animals in the broods of up to 10 individuals. X-axis displays the generation following 
the isolation of a single GFP-positive henn-1;21Usensor founder animal. Error bars reflect standard 
deviation of between 5 and 10 replicates. The F1 was scored on only one plate. (C) Animals wild-
type for henn-1 but carrying the 21Usensor were treated with RNAi against prg-1. Ten activated 
the sensor (right panel), 26 did not (left panel). Further culturing showed that the transgene is 
indeed stably silenced in animals that failed to activate (not shown). Note that these numbers not 
necessarily reflect the initiation rate of silencing (RNAe) but rather may reflect the fraction of RNAe 
animals present in the strain at the time of the experiment. Scale bars are 100 µm. (D) q-RT–PCR on 
mature mRNA and pre-mRNA isolated from 21Usensor(RNAe) (black bars) and 21Usensor(+) (green 
bars; set to 1) animals, both in a prg-1 mutant background. The qPCR was normalized to the two 
different reference genes indicated. Error bars reflect standard error based on three replicates.
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reveals a striking maternal effect, suggesting that during germline transmission, the silenced state 
is re-established through nuclear RNAi. In summary, we describe a tractable system that sheds 
new light on how Piwi proteins can trigger heritable gene silencing effects.

Results

Piwi-induced stable gene silencing
Recent work has described a transgenic system in which a specific 21U RNA, named 21UR1, 
targets the silencing of  a single-copy GFP–HIS-58 expressing transgene 11. This transgene will 
be referred to as ‘21Usensor’ throughout this manuscript. Subsequently, we described 31 that 
mutations in HENN-1, an enzyme involved in the methylation of  21U RNAs, can re-activate 
this sensor, despite the fact that 21U RNA levels remain virtually unchanged. Interestingly, 
significant 21U RNA-mediated repression is still present in henn-1 mutants, as the observed GFP 
levels in a henn-1 mutant background are far below those in a prg-1 mutant background. Upon 
culturing of  these henn-1 mutant animals, we noticed that the 21U sensor transgene had a strong 
tendency to become silenced, a phenomenon that we will refer to as RNA-induced epigenetic 
silencing (RNAe) throughout this manuscript (Figure 1A). Active transgenes will be marked 
with ‘+’. We determined the dynamics of  RNAe in a henn-1 mutant background by scoring the 
number of  animals that lost GFP expression in henn-1 mutant animals over the course of  five 
generations. This revealed that RNAe is initiated at every generation in a significant number of  
the progeny (Figure 1B). In all cases tested, when an animal became silenced, 100% of  its brood 
was silenced and remained silent for many generations. We checked whether the 21U sensor 
has an inherent tendency to become silenced, independent of  PRG-1. However, we have never 
observed spontaneous silencing of  an active 21Usensor(+) in a prg-1 mutant background, nor did 
we observe spontaneous silencing of  a similar reporter transgene that lacks a 21U RNA-binding 
site (non21Usensor; not shown). Thus, in a henn-1 mutant background, PRG-1 can initiate an 
extremely stable form of  gene silencing. RNAe can also be initiated in henn-1 wild-type animals, 
as we can identify animals carrying the 21U sensor in a henn-1 wild-type background that fail to 
activate the 21U sensor transgene upon RNAi against prg-1 (Figure 1C). Interestingly, we have 
observed that dsRNA-induced silencing of  a 21Usensor(+) transgene can also initiate a form of  
silencing that resembles RNAe (not shown). We have not observed any spontaneous reactivation 
of  either Piwi-induced or RNAi-induced silenced 21Usensor(RNAe) transgenes during day-to-
day culturing and manipulation for a period of  more than 6 months. We conclude that RNAe is 
much more stable than any previously described RNAi-related heritable silencing effects in C. 
elegans 26,28-30, although we note that antiviral responses in C. elegans have been reported to be 
similarly stable 32. In all further studies described in this manuscript we made use of  PRG-1-
initiated RNAe. 

We quantified the silencing effect imposed by RNAe through q-RT–PCR on both mature and 
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Figure 2 Genetics of RNAe. (A) Crossing scheme illustrating the trans-acting capabilities of an RNAe 
silenced transgene. (B) Crossing scheme illustrating in trans silencing activities of a 21Usensor(RNAe) 
transgene in the female, but not in the male germline. Scale bars are 100 µm. (C) Crossing scheme 
displaying in trans silencing activity in oocytes and sperm that have lost the 21Usensor(RNAe) 
transgene. In the F2 two possible genotypes can be found, but a (nearly) homogeneous GFP 
expression status for was observed. Scale bars are 100 µm.
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primary transcripts. This revealed that both mRNA and pre-mRNA levels are strongly reduced 
in backgrounds showing RNAe (Figure 1D). These data indicate that RNAe may act at both the 
transcriptional and post-transcriptional levels.

Genetics of RNAe
Next we looked into the genetics of  the RNAe silenced transgene. First, we determined 
whether the silenced state was dependent on the presence of  PRG-1. Interestingly, while 
PRG-1 is absolutely required to initiate RNAe, it is dispensable during maintenance of  RNAe 
(Supplementary Figure S1; Table I). This reveals that PRG-1 purely acts as an initiator of  
RNAe. Furthermore, established RNAe silencing is inherited via both the male and the female 
germline, since animals carrying just one 21Usensor(RNAe) transgene copy do not express GFP, 
independent of  whether the transgene comes from the father or the mother (not shown). 

To probe if  RNAe can act in trans, we performed crosses in which an active, germline-
expressed transgene lacking 21U RNA-binding sites (non21Usensor(+)) was put into animals 
carrying 21Usensor(RNAe) transgenes. The non21Usensor transgene is integrated at the same site 
in the C. elegans genome as the 21Usensor transgene. First, we crossed prg-1 mutant males carrying 
a 21Usensor(RNAe) transgene with hermaphrodites containing the non21Usensor(+) transgene and 
analysed F2 offspring carrying non21Usensor transgenes only. These experiments revealed that, 

although transmission is not complete, 
the RNAe-state of  the 21Usensor can 
be imposed in trans (Figure 2A). The 
original 21Usensor (RNAe) transgene 
remained silent during this experiment 
(not shown). We note that for some 
unexplained reason, PRG-1 seems to be 
able to counteract RNAe spreading in 
trans, since we consistently observe that 
in prg-1 mutant backgrounds significantly 
more animals harbour non21Usensor 
(RNAe) transgenes (Figure 2A). This 
may indicate that PRG-1 could be 
involved in setting up anti-silencing 
responses as well. Nevertheless, this 
cross illustrates that RNAe can act in 
trans.
To separate the in trans effect from 
potential de novo RNAe initiation events 
in the F1 we repeated the cross, but now 

Genotype	   Germline	  GFP	  

prg-‐1(pk2298)	   -‐	  
mut-‐7(pk204)	   ++1	  
mut-‐7(pk204);	  prg-‐1(pk2298)	   ++1	  
wago-‐9(tm1200)	   	  	  +/-‐1	  
wago-‐9(tm1200);	  prg-‐1(pk2298)	   +1	  
wago-‐10(tm1332)	   -‐	  
wago-‐11(tm1127)	   -‐	  
C04F12.1(tm1637)	   -‐	  
wago-‐10(tm1332);	  wago-‐11	  (tm1127)	   -‐	  
wago-‐11(tm1127);	  C04F12.1(tm1637)	   -‐	  
nrde-‐1(gg088)	   +2	  
nrde-‐1(gg088);	  prg-‐1(pk2298)	   ++2	  
nrde-‐2(gg091);	  prg-‐1(pk2298)	   ++1	  
nrde-‐3(gg066)	   -‐	  
smg-‐2(e2008)	   -‐	  
smg-‐5(r860)	   -‐	  
	  

Table 1 Genetic requirements for RNAe. 1 First 
generation homozygous mutant animals did not show 
GFP expression. 2 First generation homozygous mutant 
animals was not analysed.
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Figure 3
Luteijn et al.
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Figure 3 RNAe-associated small RNAs. 
(A) Northern blot, probed for 21UR1 (top 
panel), 21Usensor-derived 22G RNA 
(middle panel; probe just upstream of the 
21UR1 recognition site), and let-7 (bottom 
panel). WT: wild-type animals. (B) Cloning 
frequencies (normalized to miRNAs and 
weighted to correct for non-unique 
reads) of small RNA reads from the two 
indicated genetic backgrounds (both 
wild-type for prg-1). Note that only egfp 
is specific for the transgene. The arrow 
indicates 21UR1 sequences for which the 
transgene has an engineered recognition 
site (dark green box). (C) Frequencies 
of base identities found at the 5’ end of 
cloned small RNAs that are anti-sense to 
egfp. Virtually no sense-RNA sequences 
matching to egfp were recovered. (D) 
Length distribution of small RNAs anti-
sense to egfp (blue) and of small RNAs 
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Figure 4 RNAe affects chromatin. (A) ChIP-qPCR on animals carrying 21Usensor(+), 21Usensor(RNAe) 
and 21Usensor(RNAe) transgenes reactivated by nrde-1 and wago-9 mutations. All strains also 
carried the prg-1(pk2298) allele. H3K9 tri-methylation was probed in the indicated regions of the 
transgene. ChIP-qPCRs were normalized against the gph-1 promoter. Error bars reflect standard 
error, based on three replicates. (B) Northern blot for 22G and 21U RNAs in genetic backgrounds 
in which the 21Usensor(RNAe) transgene has been reactivated. As loading control let-7 is shown. *: 
non-specific signal. WT: wild-type. Note that the 21UR1 probe also visualizes 22G RNAs.
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in a completely prg-1 mutant background, analysing GFP expression in the F1 (Figure 2B). This 
confirmed that an RNAe silenced transgene can act in trans, but only via the female germline. A 
21Usensor(RNAe) transgene brought in via the sperm is not able to efficiently induce silencing 
upon a non21Usensor(+) transgene (Figure 2B). This illustrates that the female germline carries 
a dominant factor that sets the expression status of  the transgene. Such a factor may involve 
a diffusible agent and/or direct allelic interactions. To examine this further, we performed an 
experiment in which we introduced a non21Usensor(+) transgene into an oocyte that has just lost 
a 21Usensor(RNAe) transgene. In this scenario, no allelic interactions between the two transgenes 
are possible. Still, such oocytes are capable to impose silencing upon the active transgene brought 
in via the sperm (Figure 2C). Again, sperm does not contain such a dominant activity (Figure 
2C). These data indicate that the in trans activity of  RNAe includes a diffusible, cytoplasmic agent 
in the female germline.

RNAe-associated small RNAs
Next, we tried to detect small RNAs derived from the (non)21Usensor(RNAe) transgenes in 
different genetic backgrounds. As published 11, we could easily detect 22G RNAs upon 21U 
RNA-induced silencing of  the 21Usensor(+) transgene (Figure 3A). Similar small RNAs were also 
observed, although at reduced levels, in strains carrying transgenes silenced through RNAe and 
placed in a prg-1 mutant background. Since 22G RNAs that are directly triggered through PRG-
1 are absent in these backgrounds, these results demonstrate that a 22G-like population can be 
maintained independently of  Piwi-pathway activity. To analyse these small RNAs in further detail 
we cloned small RNAs from strains carrying a 21Usensor(RNAe) or 21Usensor(+) transgene. This 
confirmed that GFP-derived 22G-like RNAs are present specifically in the RNAe displaying 
background (Figure 3B; Supplementary Tables S1 and S2). Like previously reported 22G-RNAs, 
the majority of  GFP-matching small RNA reads have a G-nucleotide at their 5′ end (Figure 3C) 
and show a size preference of  22 nucleotides (Figure 3D). We note that the cloned 22G-like 
RNAs are located quite far upstream from the 21UR1 recognition site that initiates the silencing, 
and seem to be further upstream compared with the 22G RNA sequences that were described 
by Bagijn et al (2012). This may reflect spreading of  22Gs to more distant, upstream regions 
during establishment or maintenance of  RNAe, compared with 22G RNA production that is 
triggered directly by PRG-1.

Genetic requirements of RNAe
We proceeded to identify genes that are required for RNAe. First, we checked the involvement 
of  MUT-7, a well-known endogenous RNAi factor that recently has been shown to be required 
for PRG-1-mediated silencing 11. We found that RNAe also depends on MUT-7 (Table 
I; Supplementary Figure S2). Interestingly, mut-7 behaves as a maternal effect gene in these 
crosses: loss of  MUT-7 only reactivates the sensor in the second generation of  homozygosity. 
This result indicates that RNAe may be established in the germline of  the parents. It also indicates 
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that MUT-7 is not required for the maintenance of  established RNAe within an individual. Two 
other genes previously implicated in the biogenesis of  some 22G RNAs are smg-2 and smg-5 33. 
Mutation of  neither of  these genes restored GFP expression of  the RNAe silenced transgene 
(Table I). The RNA-dependent RNA polymerase producing the RNAe-related 22G RNAs still 
has to be identified.

Next we set out to identify Argonaute proteins involved in RNAe. We first tested wago-9, also 
known as hrde-1 34, since it was recently shown to function in the Piwi pathway 11. Disruption 
of  WAGO-9 function reactivated the RNAe-silenced transgene, again only in animals coming 
from a wago-9 homozygous mutant hermaphrodite (Table I; Supplementary Figure S2). We 
note, however, that the GFP levels in wago-9 animals are notably lower than those observed in 
other mutant backgrounds, including mut-7, suggesting redundancy. Based on protein sequence, 
WAGO-9 is related WAGO-10, WAGO-11 and NRDE-3. We crossed mutant alleles of  wago-
10, wago-11 and nrde-3 into RNAe backgrounds but detected no reactivation of  GFP expression 
(Table I; Supplementary Figure S2). Thus, the activity mediating the remaining silencing activity 
in wago-9 mutants remains to be identified.

Finally, we tested whether nrde-1 and nrde-2 are required for maintenance of  RNAe. NRDE-
1 and NRDE-2 are factors known to interact with nascent RNA and the nuclear Argonaute 
protein NRDE-3 and play a role in the establishment of  repressive chromatin and the inhibition 
of  transcription elongation at target loci following RNAi 24,25,27,35. Interestingly, disruption of  
both nrde-1 and nrde-2 results in restoration of  GFP expression (Table I; Supplementary Figure 
S2), suggesting that RNAe at least partially acts at the chromatin level.
Interestingly, both nrde-1 and wago-9 mutants display enhanced de-silencing activity in prg-
1 mutant backgrounds compared with prg-1 wild-type backgrounds, while the prg-1 mutation 
alone does not reactivate the RNAe sensor at all (Table I; Supplementary Figure S2). Thus, upon 
disruption of  these two genes, PRG-1 re-engages in silencing of  the 21U sensor, independent 
of  WAGO-9 and NRDE-1, again suggesting redundancy. This effect is not observed in mut-
7 mutant animals (Table I; Supplementary Figure S2), suggesting that MUT-7 acts at an early step 
during PRG-1-mediated silencing, while WAGO-9 and NRDE-1 act downstream of  a branching 
point in the pathway.

RNAe induces repressive chromatin
To follow-up on the suggestion that RNAe induces changes at the chromatin level, we compared 
the chromatin states of  the 21Usensor(+) and 21Usensor(RNAe) transgenes using ChIP-qPCR. 
In order to focus our experiments on the maintenance phase of  RNAe, we performed these 
experiments in a prg-1 mutant background. To control for our ChIP efficiency, we first checked 
whether transposon Tc1 was enriched in our ChIP-qPCR experiments. This was indeed the case 
(Supplementary Figure S3). We then probed three distinct regions throughout the transgene. 
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Consistent with the above results, we find H3K9 tri-methylation to be significantly enriched in all 
tested regions of  the 21Usensor(RNAe) transgene (Figure 4A), while the 21Usensor(+) transgene 
did not show this enrichment. Among the tested regions is one upstream promoter fragment, 
indicating that repressive chromatin formation is not restricted to transcribed areas. H3K9 tri-
methylation was lost upon disruption of  nrde-1 or wago-9 (Figure 4A), just like RNAe-associated 
22G RNAs (Figure 4B).

Discussion

In conclusion, we describe a phenomenon, RNAe, in which the C. elegans Piwi pathway can 
initiate a state of  gene silencing that is extremely stable across generations. Similar findings were 
recently reported by others as well 12,36,37. Although the mechanism behind RNAe has to be 
further elucidated, we present a model for RNAe based on the data presented in this manuscript 
(Figure 4B). RNAe taps into a nuclear RNAi pathway that has been suggested to interfere with 
transcriptional elongation 27. The transitivity of  the silencing effect suggests that the involved 
factors are not stably bound to chromatin, but can diffuse through the nucleus and/or the 
cytoplasm. RNAe can be clearly separated into two phases: initiation and maintenance (Figure 
5). Initiation can be through different input signals, as both PRG-1 and double stranded RNA 
can trigger RNAe. This initiation phase is accompanied by the production of  22G RNAs. In case 
of  PRG-1 triggered silencing, these initiating 22G RNAs depend on the presence of  PRG-1 and 
the response appears to be a relatively local event as these 22G RNAs are found close to the 21U 
recognition site on the targeted mRNA 11.
Maintenance of  RNAe is also accompanied by 22G RNA biogenesis. Interestingly, these 
maintenance-related 22G RNAs are distinct from the initiating 22G RNAs, as they are 
independent of  PRG-1 and appear more upstream on the targeted mRNA. Like all 22G RNA 
studied so far, these small RNAs are most likely made by one of  the RNA-dependent RNA 
polymerases RRF-1 and/or EGO-1. They are dependent on MUT-7 and WAGO-9, the latter 
being a likely acceptor for these 22G RNAs. Furthermore, the maintenance associated 22G 
RNAs are lost upon disruption of  nrde-1, consistent with the previously proposed role for nrde-
1 in inheritance of  22G RNAs following RNAi 26. It will be interesting to analyse the requirements 
and the dynamics of  these two phases of  22G RNA production in further detail.
Given our finding that RNAe can be maintained within one generation in the absence of  MUT-7 
or WAGO-9, maintenance of  RNAe seems to involve two distinct steps: a MUT-7/WAGO-
9-dependent and a MUT-7/WAGO-9-independent step. The MUT-7/WAGO-9-independent 
phase may represent the heterochromatic nature of  the silenced locus. The observed H3K9 tri-
methylation of  the transgene under RNAe conditions may keep it silent independent of  ongoing 
RNAi. Following the parallels from the RNAi-chromatin pathway in Schizosaccharomyces pombe, the 
MUT-7/WAGO-9-dependent phase may reflect a requirement to re-initiate heterochromatin 
formation at each germline transmission by a nuclear RNAi pathway. Consistent with this notion, 
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H3K9 tri-methylation and 22G RNAs are lost from RNAe silenced transgenes upon disruption 
of  wago-9 or nrde-1. These data would suggest that WAGO-9, like its sequence-related paralog 
NRDE-3, is a nuclear Argonaute. Indeed, recently published papers confirm this idea 34,36,37. 
Since MUT-7 has also been described to be in the nucleus 38, we have to consider the possibility 
that RNAe-related 22G RNA biogenesis may be (partly) nuclear.

The just described mechanisms are characterized by redundancies that are revealed by 
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Figure 5 Model for RNAe in C. elegans. PRG-1, but also long dsRNA, can induce a form a stably 
inherited gene silencing, named RNAe. The maintenance of RNAe across generations depends on 
the exo-ribonuclease MUT-7, on the previously identified nuclear RNAi factors NRDE-1 and NRDE-2 
and on the Argonaute WAGO-9. In analogy with published work on NRDE-1/NRDE-2 and the nuclear 
Argonaute NRDE-3, we hypothesize that NRDE-2 and NRDE-1 bind to WAGO-9, while NRDE-1 may be 
bound to RNAe chromatin directly as well. The silencing pathway branches downstream of MUT-7, 
but upstream of WAGO-9. In addition to silencing, our results suggest that PRG-1 may also act to 
prevent silencing. See main text for further discussion.
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differences in expression levels upon reactivation of  an RNAe affected transgene through 
different mutations. One source of  redundancy may be found in different types of  RNAi-like 
pathways acting in parallel; for example, nuclear and cytoplasmic pathways. A second source of  
redundancy may be found between Argonaute proteins acting redundantly within similar, or 
identical pathways. Further experiments are required to resolve these issues.
Our findings indicate that PRG-1 may also be involved in generating an anti-silencing response, 
since the in trans effect of  RNAe seems to be more effective in prg-1 mutants. Furthermore, 
we detected a dominant activity in the female germline that is capable of  preventing RNAe 
establishment on an active transgene. In relation to these findings, it is interesting to note that 
we find 22G RNA derived from the endogenous part of  the 21U sensor transgene (his-58), and 
that these apparently do not trigger RNAe. Moreover, these his-58 22G RNAs are reduced when 
RNAe has been triggered, while the GFP 22G RNAs increase in abundance. We speculate that 
the his-58 derived small RNA may reflect an anti-silencing pathway that is also guided by small 
RNA molecules, potentially triggered by PRG-1 as well. Such a model, in which repressing and 
activating activities compete has recently also been suggested by others 36,37.

Finally, we note that RNAe is reminiscent of  stable gene silencing effects known as paramutation 
39,40. These effects were originally described in maize but were later detected in mammals as well. 
It will be interesting to further decipher RNAe and learn what is responsible for the extreme 
stability across generations and whether other Piwi pathways can initiate paramutation-like 
effects as well. In this light, the recently reported piRNA-mediated trans-generational effects 
in Drosophila  41 may be of  particular interest.

Materials and methods

Worm culture 
C. elegans was grown on OP50 bacteria according to standard laboratory conditions. The 
alleles used in this study are the following: prg-1(pk2298), henn-1(pk2295), wago-9(tm1200), wago-
10(tm1332), wago-11(tm1127), C04F12.1(tm1637), nrde-1(gg088),nrde-2(gg091), nrde-3(gg066), mut-
7(pk204), smg-2(e2008), smg-5(r860).

RNAi
RNAi was performed as described 42, using bacterial strains expressing dsRNA for the indicated 
target genes.

Transgenics
The transgene alleles were previously described in Bagijn et al (2012). 21Usensor: mjIS144. 
non21Uensor: mjIS145.
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Microscopy
GFP fluorescence was scored on a Leica DM6000 microscope and on a Zeiss M2Bio microscope. 
Images were taken on the DM6000 with fixed exposure times and illumination.

Northern blotting analysis
Total RNA was isolated using RNA lysis buffer and Trizol. Subsequently, small RNA was 
isolated with the Mirvana kit. Northern blotting was done as described previously 43. In all, 20 
μg of  small RNA was loaded on a 12%polyacrylamide gel and blotted according to standard 
procedures. Probe sequences:

21U-R1: GCACGGTTAACGTACGTACCA
let-7: AACTATACAACCTACTACCTCA.
22G-1: AAAGTGGTCAAGCACGGTTAAC
22G-2: AGTAAACCCAGCTTTCTTGTAC
22G-1 and 22G-2 probes were mixed before hybridization in Ambion hybridization buffer 
(ULTRAhyb-Oligo). Blots were exposed to phosphor-imager screens that were scanned on a 
BAS-2500 imager.

ChIP qPCR
ChIP was performed as described before by Mukhopadhyay et al (2008) 44. Antibodies: H3K9me3 
(Abcam, Cat# ab8898). The qPCR was performed in triplicate and revealed almost identical 
results in two biological duplicates.

Primers:
TC1 F1 aaccgttaagcatggaggtg
TC1 R1 cacacgacgacgttgaaacc
gph-1_promoter F3gcgcaagtttctgctgtttt
gph-1_promoter R3 cggaagattcacaagaagcaa
21Usensor mex_1 F1 gaccatgattacgccaagcta
21Usensor mex1 R1 TTTAATTCGGTGCGCCTTTA

21Usensor mex2 F1 ACTTTCCCCAAAATCCTGCT

21Usensor mex2 R1 CCTTCACCCTCTCCACTGAC

21Usensor egfp F1 GTCAGTGGAGAGGGTGAAGG

21Usensor egfp R1 TCGAGAAGCATTGAACACCA

21Usensor his58 F2 ACCGCTGTCCGTTTGATTCT

21Usensor his58 R2 GAAGAAGGGAATGCTTGAAAGG
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q-RT–PCR
Primers used for qPCR:

RT_egfp_intron_F CATATTTAAATTTTCAGGTGCTGAAGTCAAG

RT_egfp_intron_R GTTGTGTCTAATTTTGAAGTTCTGAAAATTTAAATCAG

RT_tbb-1_F GAGGCCAACAATGGCAAATACGTTCC

RT_tbb-1_R CCACCTCCAAGAGAGTGTGTGAGC

RT_pgl-3_F1 CCCACTGCTCCCTCAAAGCG

RT_pgl-3_R1 CAGTCCTTGGGCGAACTTTTTGAAG

RT_egfp_F CTACCTGTTCCATGGCCAAC

RT_egfp_R AGTTAACTTTGATTCCATTCTT

Deep sequencing
Libraries for deep sequencing were prepared as described in and sequenced on an Illumina 
platform 31. RNA samples were not treated to remove 5′-tri-phosphate groups, hence 22G 
cloning frequencies are relatively low. Bioinformatic analysis was essentially performed as 
previously described 31, using custom scripts to map reads to transgenic DNA. Small RNA 
sequences have been deposited at GEO, accession number GSE39226.
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Strain 21URNA miRNA 22G RNA Repeat Other Total

21USensor(RNAe) 506.815 12.205.522 53.753 238.879 4.572.467 17.892.436
21USensor 1.196.6445 16.702.844 27.592 305.494 6.004.143 24.236.718

TableS1. Deep sequencing Statistics

Figure S1: Genetics of RNAe.  Crossing scheme illustrating that once RNAe has been established, 
prg1 is dispensable. Note that if RNAe has not been established, silencing of the 21Usensor depends 
on prg1 (also see Figure S2).

henn-1(pk2295); 21Usensor(RNAe) x prg-1(pk2298)

prg-1(pk2298); 21Usensor(RNAe)

100% (n>50)

prg-1(pk2298); 21Usensor(RNAe) prg-1(pk2298);21Usensor(+)

Supplementary information
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nrde-1(gg088) nrde-1(gg088); prg-1(pk2298)

wago-9 (tm1200) wago-9(tm1200); prg-1(pk2298)

mut-7(pk204); prg-1(pk2298)

nrde-2(gg091 ); prg-1(pk2298)

prg-1(pk2298)mut-7(pk204)

Figure S2: Reactivation of RNAe transgenes. Fluorescence images of adult animals carrying 
21Usensor transgenes in diverse genetic backgrounds. In all mutants, except prg1(pk2298), 
the transgene was introduced in an RNAe-silenced state. All pictures were taken during one 
session with identical settings. Scale bars are 50µm.

Figure S3: Enrichment control for H3K9me3 ChIP. Quantification of the enrichment for Tc1 (a 
transposon known to be enriched for H3K9me3) during the H3K9me3 ChIP on 21Usensor(+) (green 
bars) and 21Usensor(RNAe) (black bars) animals. All strains also carried the prg1(pk2298) allele. 
The ChIP-qPCR was normalized against the gph1 promoter. Error bars reflect standard error, 
based on three replicates.
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Abstract

Piwi-interacting RNAs (piRNAs) are small RNA molecules that play an important role in 
gametogenesis and genome protection against invasive transposable elements. They are 
bound by a specific class of  Argonautes, the Piwi proteins which engage piRNAs to target 
and silence transposons. The piRNAs of  C. elegans share many similarities to the ones found 
in other species, but their biogenesis and function are only partially understood. Identification 
of  novel proteins involved in the piRNA pathway can give a better understanding of  piRNA 
processing, transposon silencing and its function in germ cell development. In order to identify 
novel proteins, we performed a mutant screen in C. elegans. In this screen we scored for the 
reactivation of  a GFP sensor that is silenced by a piRNA. We used the piRNA sensor in a henn-1 
mutant background as a sensitized setup and identified 16 mutants of  which one is defective in 
the biogenesis of  piRNAs. Further understanding of  this mutant will give more insight in how 
piRNAs are generated.
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Introduction

The Piwi pathway is involved in proper germline development and in defending the germline 
against transposons, which have the ability to randomly integrate into the genome and thereby 
disrupting its integrity 1-5. Piwi proteins bind to small RNA molecules (piRNAs) and this complex 
can recognize and cleave transposon transcripts 6,7 8. 
In C. elegans, the piRNA pathway is also involved in germline development and its loss leads to 
reduced fertility, although its role in transposon silencing is limited 9-11. The piRNAs in C elegans 
are exactly 21 nt long, the majority of  them contain a 5’ uracil and they are bound by the Piwi 
protein PRG-1 9-11. These piRNAs are often referred to as 21U RNAs. Most piRNAs bind their 
target by incomplete base-paring 12. Unlike the mammalian piRNAs, the piRNAs in C. elegans 
are individually transcribed from two clusters on chromosome IV 13. Their precursor transcripts 
are 26 nt in length and are 5’ capped 14. Transcription of  these piRNAs starts 2 nt upstream 
of  the mature piRNA and is initiated by the Forkhead family of  transcription factors. These 
transcription factors bind to an 8 nt long upstream motif  13,15. However it is unknown how these 
26 nt long precursors are processed into 21 nt long piRNAs. 
In vitro studies of  a silkworm oocyte-derived cell line showed that the Piwi protein Siwi can bind 
piRNA precursor transcripts at their 5’ end 16. Siwi has a preference for a 5’ uracil and it may 
select its precursors on that feature. The 3’ end is processed by an unidentified 3’-5’ exonuclease 
16. 

The 26 nt long precursors could be processed in a similar fashion, after their 5’ end is decapped. 
Most of  the mature piRNAs start with a 5’ U, which is the third base at the 5’ end of  the precursor. 
PRG-1 could be responsible for this 5’ uracil selection in a similar way as Siwi does, however the 
piRNA precursor needs to be shortened by 2 nt at the 5’ end. The processed precursor bound 
to PRG-1 could be cleaved into a 21 nt long mature piRNA by an 3’-5’ exonuclease. The 3’ end 
is methylated by the methyltransferase HENN-1 17-19.
In addition, it is believed loading of  piRNAs stabilizes the Piwi proteins. In Drosophila, it was 
observed that loss of  two factors involved in primary piRNA biogenesis (Zuc and Armi) affected 
the loading and stability of  Piwi 20,21. This suggests that loading of  Piwi increases its stability or 
Zuc and Armi are needed to stabilize Piwi. 

PRG-1 loaded with a mature piRNA can target an RNA transcript and this binding triggers 
a downstream amplification pathway. The Piwi protein recruits an RNA-dependent-RNA 
polymerase (RdRP) that generates short transcripts, which are processed into secondary siRNAs 
12,22,23. These siRNAs are 22 nt in length and start with a guanine, also referred to as 22G siRNAs 
22,23. The 22G siRNAs are bound by specific class of  Argonautes, the WAGOs. These WAGOs 
enhance the silencing of  transcripts, which were initially targeted by the piRNAs. 
This silencing also occurs at transcriptional level via the nuclear 22G siRNA pathway 24,25, which 
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results in the permanent silencing of  target loci 26-28.The target sequences of  the piRNA pathway 
are depleted of  protein coding genes and enriched for pseudogenes and transposable elements. 
The RNA-induced epigenetic stable silencing phenomenon (RNAe) is initiated by PRG-1, but 
can be maintained independently of  it by the downstream 22G siRNA pathway 26,27,29,30. 

Here, we set out a study to identify new factors of  the piRNA pathway and the downstream 
22G siRNA amplification pathway. By screening, we hope to get a better understanding of  these 
pathways and their role in germ cell development and RNAe. We identified 16 mutants which 
are defective in their piRNA pathway or 22G siRNA pathway. One new player in the piRNA 
pathway was found and further understanding of  the affected gene can give more insight in how 
primary piRNAs are generated.

Results

piRNA pathway mutant screen 
We screened for new players involved in the piRNA pathway and downstream 22G siRNA 
pathway of  C. elegans. To do this, we made use of  a sensor that senses the functionality of  
the piRNA pathway. This sensor consists of  a histone 2B coupled to a GFP with a perfect 
complementary binding site for an endogenously expressed piRNA (21U-R1) in its 3’UTR, see 
figure 1A. This in vivo piRNA sensor is under the transcriptional control of  the germline specific 
mex-5 promoter 12.

In prg-1 (pk2298) mutant animals, this sensor is turned completely on, while in wild type animals 
(N2) the sensor is silenced, see figure 1b. Mutants for the methyltransferase henn-1 show a slight 
activation of  the piRNA sensor. In order to increase the sensitivity of  the sensor, we performed 
the mutagenesis screen in a henn-1 (pk2295) background. By “crippling” the piRNA pathway, we 
hoped to identify factors of  which the loss will not turn the sensor on in a wild-type background. 

We mutagenized henn-1 mutant animals carrying a piRNA sensor (henn-1; piRNA-sensor) using 
ethyl methanesulfonate (EMS), which generates the conversion of  a guanine to an adenine.  We 
screened the progeny of  1270 F1 worms and identified 97 mutants in which the piRNA sensor 
was activated, see figure 1c. Of  these, 16 mutants were fertile and the sensor remained activated 
in their progeny. We named these mutants pid for Piwi pathway defective.
The expression levels of  the piRNA sensor were not the same in all mutants, see figure 2A. 
In the strains carrying xf15, xf28 and xf14, the expression of  the piRNAs sensor was similar 
to the expression in a prg-1(pk2298) mutant background, which lacks piRNAs. In pid-2 (xf17), 
pid-3 (xf18) and pid-4 (xf19) the expression levels of  the piRNA sensor appear to be lower than 
average. 
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Defects in the piRNA or 22G siRNA pathway
To understand if  the piRNA pathway or the downstream 22G siRNA pathway is affected in the 
various alleles we isolated, we looked for the presence of  piRNAs and 22G siRNAs. The piRNA 
pathway triggers the formation of  22G siRNAs which are directed against the piRNA-sensor. 
These specific 22G siRNAs, antisense to the piRNA sensor, as well as the endogenous levels of  
two piRNAs can be detected by Northern blotting. 
Small RNAs were isolated from each allele and checked for the presence of  piRNAs or 22G 
siRNAs, see figure 3A. In 14 of  the 16 alleles, the two checked piRNAs 21UR-1 and 21UR-
3442 were still present. In these strains 22G siRNA levels were greatly reduced or undetectable. 

Figure 1 The screen for novel piRNA factors explained. (A)  Schematic overview of the piRNA 
sensor, which is a gfp fused to his-58 and under the transcriptional control of the germline specific 
mex-5 promoter. The 3’ UTR contains a binding site for an endogenously expressed piRNA (21U-
R1). (B) Images of animals with indicated genotype, expressing the piRNA sensor. The sensor is fully 
expressed in prg-1 (pk2298) mutants and in henn-1 (pk2295) mutants animals slightly activated. (C) 
Schematic overview of the screen. (D)  Overview of the mutants identified in the  screen, with their 
allele number and gene name.  Scale bars are 50 µmm.
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Low levels of  22G siRNA were still observed in pid-1(xf16), pid-2 (xf17), pid-4(xf19), pid-8 (xf23) 
and pid-12 (xf27). In pid-13 (xf28) and pid-14 (xf14), no piRNA and 22G siRNAs were observed, 
indicating that in these strains the piRNA pathway is affected at a more upstream step.

exoRNAi resistance
In C. elegans, many RNAi pathways share factors and loss of  one RNAi pathway can affect 
another. For example, a non-functional endogenous siRNA pathway may lead to an enhanced 
exogenous siRNA pathway. This is likely a result of  a higher availability of  factors that would 
normally participate in the endogenous as well as the exogenous RNAi pathway. 
To determine if  any of  these mutants also participates in the exogenous siRNA (exoRNAi) 
pathway, we checked if  they were resistant to RNAi targeting the essential gene pos-1. POS-1 
is a zinc-finger protein, important for embryogenesis and knock-down of  pos-1 leads to dead 
embryos. The pos-1 RNAi resistance was tested by scoring the number of  surviving embryos. 
As a positive control, mut-7 (pk204) mutant animals were taken along, which are resistant to 

Figure 2 Overview of the piRNA sensor expression levels for each mutant. The sensor is fully on in 
prg-1 (pk2298) mutant animals and faintly visible in henn-1 (pk2295) mutants. Scale bars are 50 µm.
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exogenous RNAi 31. 
The strains carrying xf15, xf16, xf7, xf27 were strongly resistant to pos-1 RNAi. The genes 
affected in these mutants will most likely also have a role in the exogenous RNAi pathway. 
The mutants pid-7 (xf22), pid-13 (xf28) and pid-14 (xf14) were highly sensitive to pos-1 RNAi; no 
survivors were found after pos-1 RNAi feeding. Therefore, PID-7, PID-13 and PID-14 could 
also be involved in the endogenous 26G siRNA pathway, of  which loss of  its components also 
leads to an enhanced RNAi phenotype 32,33. HENN-1 participates in both piRNA and the 26G 
siRNA pathway, suggesting that that these two pathways might exchange more components 17-19

To better understand which genes were mutated, nine mutants were selected for whole genome 
sequencing (WGS), see table 1. Genomic DNA was isolated from these mutants, which still 
carried the henn-1 stop mutation (pk2295). We decided not to cross them out with wild type 
worms. Libraries were prepared for sequencing the genome of  these mutants on a SOLiD 
platform. 
After sequencing and mapping the reads, we identified on average 5 stop-mutations per mutant, 
3 splice mutations and 112 mutations in coding genes leading to an amino acid change. We also 
found back the henn-1 stop mutation in each sequenced mutant.

Two familiar players 
Two of  these mutants had an affected gene that was known to be involved in the 22G siRNA 
pathway. The allele xf7 was identified as C to T mutation in the mut-7 gene,  resulting in a 
premature stop (Q131*). This protein is an 3’ -5’ exonuclease and was shown to be involved in 
the 22G siRNA pathway downstream of  PRG-112. The piRNA sensor was also activated when 
another mut-7 mutant allele (pk204) was crossed in, showing that the loss of  MUT-7 leads to 
piRNA sensor activation in the strain carrying xf7. 

The allele xf15 is point mutation in gene rde-3, which also leads to premature stop (Q146*). RDE-
3 is a nucleotidyltransferase and was also shown to participate in the 22G pathway downstream 
of  PRG-1 12. In addition, mapping of  the mutant showed linkage on chromosome I, from -1 to 
+26 map units (m.u.) and this region included rde-3 (+1.06 m.u.). RDE-3 and MUT-7 are also 
involved in the exogenous RNAi pathway, explaining their resistance to pos-1 RNAi. 

Potential players in the 22G siRNA pathway
In the other sequenced mutants no conclusive mutation was found that could explain the 
activation of  the sensor. Mutations in multiple genes were identified, however further proof  
is needed to appoint the gene responsible for the piRNA pathway defect. Here, we discuss 
the most likely candidates in the mutants pid-1 (xf16), pid-3 (xf18) and pid-8(xf23). In the other 
sequenced mutants, no obvious candidate was found. Mapping of  these mutants will give more 
insight in the potential gene that is involved in the 22G siRNA pathway.
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A good candidate for pid-3 could be larp-1, which carries a mutation leading an amino acid 
change (Q480H). LARP-1 is a RNA-binding protein with an La-motif. It localizes to the 
germline specific processing granules (P-bodies) in C. elegans 34.
Furthermore, it was shown that LARP-1 is involved in the sex determination of  the hermaphrodite 
germline and acts redundantly with the nanos homologue NOS-3 35. Double mutants for larp-1 
and nos-3 lose their oocytes and have an excess of  sperm. In Drosophila, Larp1 is has a role in 
male meiosis and embryogenesis and its loss leads to defects in spindle-pole organization and 
cytokinesis 36.

In addition, we also identified the zebrafish Larp1 homologue in a mass-spectrometry for the 
methyltransferase Hen1. Testes of  transgenic zebrafish expressing Hen1::GFP were isolated. 
Hen1::GFP was purified from the testes extract and the proteins that co-immuno-precipitated 
with Hen-1::GFP were analyzed by mass-spectrometry. Testes extracts from zebrafish only 
expressing GFP were taken along as a negative control. We identified four peptides of  Larp-1 in 
the Hen1::GFP mass spectrometry analysis, while in the negative control no peptides of  Larp-1 
were found (data not shown). 
This data suggest that Hen1 could interact with Larp1 in zebrafish. The same might be true 
for C. elegans, where loss of  both proteins could have a significant impact on the 22G siRNA 
pathway. Still, the amino acid that is changed in C. elegans LARP-1 is not conserved.  Mapping 
and a second allele will provide conclusive information if  LARP-1 is involved in the C. elegans 
22G siRNA pathway. 

Table 1 Overview of mutants identified in the mutant screen, including the candidates that could be 
responsible for the defective piRNA pathway.  
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Figure 3 Analysis of the 16 mutants identified in the screen. (A) Northern blot probed for two 
endogenously expressed piRNAs, 21U-R-1 and 21U-R344 (upper two panels) and 22G siRNA-1 and 
22G siRNA-2 (third panel) and the microRNA let-7 as a loading control (lowest panel). The controls 
are wild type worms, which express endogenous piRNAs, but no 22G siRNAs directed against the 
sensor. The negative control is prg-1 (pk2298). The henn-1 (pk2295) mutation is present in all mutants, 
which leads to a 21-mer and 20-mer piRNA population 17. Wild type worms carrying the sensor have 
endogenous piRNAs as well as 22G siRNAs generated against the    (B) Response of wild type, wild 
type carrying the piRNA sensor, mut-7 (pk204); piRNA sensor, henn-1(pk2295);piRNA sensor, and the 
16 mutants identified in the screen to pos-1 RNAi. The mut-7(pk204) mutants are RNAi resistant and 
were used as positive control. Henn-1 (pk2295) mutant animals are slightly pos-1 RNAi resistant and 
all mutants identified in the screen also carry a henn-1 (pk2295) mutation. 
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In pid-1(xf16) mutants a stop mutation in the initiation factor ife-5 was identified at position 
74 (W74*). This is a member of  the cap binding protein family eIF4E, which has four more 
isoforms in C. elegans (ife-1 to ife-4). IFE-5 is germline specific and belongs to the class B isoform, 
which also includes IFE-1 and IFE-3. Depletion of  the class B isoforms leads to 99% embryonic 
lethality, however single knock-downs are still viable. This suggest that they function redundantly 
in embryonic development 37.
Like IFE-5, IFE-1 is mainly expressed in the germline and localizes to P-granules 37. It directly 
interacts with the P-granule component PGL-1. Loss of  IFE-1 leads to temperature sensitive 
sterility. Ife-1 mutants have a delay in spermatogenesis and produce defective sperm 37. This 
phenotype is similar to prg-1 mutants, which are also defective in spermatogenesis and become 
sterile at elevated temperature (25 °C) 9.
To show if  IFE-5 is involved in the piRNA pathway, mapping and a second allele might provide 
conclusive evidence. Unfortunately, a second allele is not available, but RNAi against this gene 
might also give more insight in the involvement of  IFE-5 in the 22G siRNA pathway of  C 
elegans. In addition, pid-1 mutants were resistance to pos-1 RNAi, which suggest that IFE-5 might 
also be involved in the exoRNAi pathway. 

The mutant pid-8 contained an early stop mutation in the gene f43h9.3 (Q14*) , which is a 
member of  nucleotidyltransferases. F43H9.3 is closely related to GLD-2, which is a catalytic 
subunit of  a poly(A) polymerase (PAP) and localizes to P-granules 38. It seems to be recruited 
to specific RNAs by binding an RNA-binding partners and poly-adenylates and subsequently 
activates these RNAs. GLD-2 is a regulator in the mitosis/meiosis switch in the germline and its 
loss leads to defects in the formation of  functional sperm and oocytes 38. 
What could the role of   the GLD-2-related F34H9.3 protein be in the 22G siRNA pathway? 
Other members of  the nucleotidyltransferase family are also involved in small RNA pathways 
in C. elegans 39. The nucleotidyltransferase RDE-3 acts in the downstream 22G siRNA pathway 
and its loss leads to the activation of  the piRNA sensor. The nucleotidyltransferase CDE-1 is 
part of  the CSR-1 complex and uridylates 22G siRNAs in this pathway 40. F43H9.3 could have 
a similar role in the piRNA pathway, next to RDE-3. Again, mapping, rescue and second allele 
will provide more information on the involvement of  F43H9.3. 

Loss of piRNAs
In xf28 and xf14, two piRNAs 21UR-1 and 21UR-3442 were undetectable on Northern 
blot, suggesting that these mutants have a defect in the first steps of  the piRNA pathway. 
Complementation crosses showed that these mutants do not complement, indicating that the 
same gene is affected. 
The other known proteins involved in the piRNA pathway are PRG-1 and UNC-130, of  which 
the loss results in absence or reduced levels of  piRNAs 10,11,15. To test if  these genes were affected 
in pid-13 and pid-14 we checked them for any mutations. No mutations were identified in prg-
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1 and unc-130 and also upstream and downstream of  these genes no mutations were found 
(data not shown). In addition, mRNA of  prg-1 was detectable, suggesting that no enhancer or 
promoter is affected which could result in the loss of  transcription. Complementation tests of  
prg-1 mutants (pk2295) with pid-13 and pid-14 showed that these genes do complement each 
other, see figure 4. 
The PRG-1 protein levels were reduced in both mutants, while it was undetectable in prg-1 
(pk2298) mutants. Reduced protein levels could be a result of  unloaded PRG-1. In Drosophila it 
was suggested that unloaded Piwi could become unstable and gets degraded 21,41,42. This might 
explain the reduced protein levels of  PRG-1.
In conclusion, the gene(s) affected in the alleles xf14 and xf28 is a new player in the piRNA 
pathway of  C elegans.
The mutant pid-14 (xf14) was sequenced genome wide, however no candidate was found that 
could explain the phenotype. The mutant was crossed out four times with a wild type strain and 
each F2 generation was scored for GFP positive germline. The mutations identified by whole 
genome sequencing were used as mapping points to visualize linkage. This way, we were able 
to narrow down the linked region to -7.5 and +3.44 map units on chromosome II, see figure 
4. This region also contains the piRNA sensor at 0.77 map units. The piRNA sensor is used to 
identify pid-14 mutants in the F2 generation by scoring for a GFP positive germline. Therefore 
the piRNA sensor will be automatically linked. We sequenced the piRNA sensor, to be sure that 
e.g. the piRNA binding site in the 3’ UTR is not mutated. This could explain why the sensor is 
not silenced, however, it would not explain the loss of  two piRNAs. By sequencing we did not 
find any mutations in the piRNA sensor, suggesting that the mutation that gives the phenotype 
is linked to the piRNA sensor. 

Based on our genome-wide sequencing data, the linked region contains only two mutated protein 
coding genes; f18a1.8 and zk1320.5. The last one has a missense mutation, changing a non 
conserved amino acid (P359L). F18A1.8 contains a missense mutation at position 61, altering 
a highly conserved arginine to a glutamine. BLAST-analysis showed that these genes are only 
present in nematodes and no conserved domains can be identified in their protein sequence.
Massive parallel sequencing of  polyadenylated RNA revealed that F18A1.8 starts to be expressed 
around L4 developmental stage and is highly reduced in L4 worms lacking a germline (glp-1 
mutant worms) 43. This suggest that F18A1.8 could be germline specific and its expression 
would coincide with that of  PRG-1 and piRNAs. ZK1320.5 expression peaks around L1 stage 
and is hardly detectable in L4 and young adult worms 43, making it a very unlikely candidate. 
Furthermore, gene ontology (GO)-term enrichment analysis of  both genes revealed a high 
correlation for F18A1.8 with reproduction and development, which was similar to the GO-term 
analysis for PRG-1 (see figure 4). No GO-term enrichment was found for ZK1320.5.  
Everything considered, F18A1.8 is a good candidate to be involved in the piRNA pathway of  
C. elegans, however, additional evidence is needed to confirm this hypothesis. RNAi (by feeding) 
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against F18A1.8 (and also ZK1320.5) was performed in a henn-1 mutant background, but did not 
result in activation of  the piRNA sensor, while prg-1 knock-down activated the piRNA. 

The mutants pid-13 and pid-14 were identified in the same EMS-mutagenesis screen. To be sure 
that these two are independent mutants, we checked if  the mutations in pid-14 were identical to 
ones in pid-13. Indeed, both mutants had the exact same mutations, showing that xf28 is identical 
to xf14. An independent second allele and a rescue will provide more insight in the involvement 
of  these genes in the piRNA pathway.

Figure 4  The mutants pid-13 (xf28) and pid-14 (xf14) further analyzed. (A) Complementation crosses 
for pid-13 (xf28);piRNA sensor and pid-14 (xf14);piRNA sensor with prg-1 (pk2298); piRNA sensor and 
with each other. (B) RT-PCR analysis for RNA expression of prg-1. (C) Western blot for PRG-1 and 
tubulin is used as a loading control. (D) overview of linked region in pid-14 (xf0014) which is on 
chromosome II and contains two candidates. (E) GO-Term analysis of PRG-1 and F18A1.8 shows an 
enrichment for germline and developmental terms. 
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Discussion

We screened for new players in the piRNA and downstream 22G siRNA pathway of  C. elegans 
and identified sixteen mutants in which the piRNA sensor was activated. Among these sixteen 
mutants, we found at least seven new players. Two players were previously shown to take part in 
the downstream 22G siRNA pathway, which were MUT-7 and RDE-3 12.
Among all mutants, only two were defective in their piRNA pathway and these two were not 
independent mutants. A good candidate could be F18A1.8,  however a second allele and a rescue 
will show if  this gene is indeed involved in the piRNA pathway. If  this is the case, the localization 
of  F18A1.1 might give a better understanding of  its function. If  it localizes to the nucleus, it 
could be involved in transcription or transport of  piRNA precursors. If  F18A1.8 is located in 
P-granules, it could play a role in piRNA processing. 
It will also be interesting to understand at which step the piRNA pathway is affected. Does pid-14 
(xf14) still produce the 26 nt capped piRNA precursors? And are all piRNAs affected or only a 
subpopulation? Deep sequencing of  the piRNAs and piRNA precursors will give more insight 
in which step the pathway is disturbed.

The majority of  the mutants had a defect in the downstream 22G siRNA pathway. The low 
amount of  mutants with an affected piRNA pathway might be explained by the stable silencing 
phenomenon (RNAe). The piRNA pathway initiates silencing of  the piRNA sensor, which can 
be maintained independently of  PRG-1 by the downstream 22G siRNA pathway 26-28. So, loss 
of  PRG-1 in a stably silenced background will not activate the sensor, however loss of  the 22G 
siRNAs will. Mutagenesis of  worms with a stability silenced piRNA sensor will therefore only 
allow identification of  new players in the 22G siRNA pathway. In a henn-1 mutant background, 
a part of  the population had a active piRNA sensor, which permitted the discovery of  novel 
players in the piRNA pathway. Selection of  henn-1 mutants with an active piRNA sensor prior 
to an EMS-mutagenesis treatment will most likely increase the chance of  finding novel piRNA 
pathway components. In addition, EMS mutagenesis could also be performed in a wago-9 mutant 
background. Loss of  wago-9 leads to a activation of  the piRNA sensor, however not to the same 
extent as can be observed in prg-1 mutants. By using e.g. a worm sorter, a discrimination between 
slightly activated (wago-9 mutants) and highly activated (a hit) piRNA sensor can be made. 

Furthermore, whole genome sequencing (WGS) on non-outcrossed worms was used to identify 
the gene involved in the piRNA or 22G siRNA pathway. However, by using non-outcrossed 
worms it was difficult to identify a good candidate due to the high amount of  mutations that 
were found. By outcrossing these mutants with wild type worms, the amount of  mutations 
will be reduced. In addition, it will also provide linkage information if  the progeny of  multiple 
mutants is selected for DNA isolation. In each mutant the DNA-recombination events differ 
and by picking multiple outcrossed mutants for WGS, a heterozygote genetic background is 
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generated. However, mutations close the allele will stay homozygous mutant in outcrossed 
worms and in that way linkage can be determined. 

In here, we identified interesting candidates that might be involved in the piRNA and 22G siRNA 
pathway of  C. elegans. Validating these candidates by rescue experiments and a second allele 
will show if  they are truly involved. If  indeed the RNA-binding protein LARP-1, the initiation 
factor IFE-5, the nucleotidyltransferase F43H9.3 and/or the possible piRNA biogenesis factor 
F18A1.8 participate, it will give us a better understanding of  the piRNA pathway or 22G 
siRNA pathway. Furthermore, genome wide (re)sequencing of  the other mutants will allow the 
identification of  more candidates. 
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Material and Methods

Worm strains
C. elegans was grown on OP50 bacteria according to standard laboratory conditions. Bristol 
N2 was the wild type strain used in this study. The alleles used in this study are: henn-1 (pk2295), 
prg- 1(pk2298) and mut-7(pk204). The piRNA sensor transgene is described by Bagijn et al, (2012). 

Northern blot 
Total RNA was isolated using RNA lysis buffer and Trizol. Subsequently, small RNA was isolated 
with the Mirvana kit. Northern blotting was done as described previously 17. 20 mg of  small 
RNA was loaded on a 12% polyacrylamide gel and blotted according to standard procedures. 
Probe sequences: 
21U-R1: GCACGGTTAACGTACGTACCA 
let-7: AACTATACAACCTAC- TACCTCA. 
22G-1: AAAGTGGTCAAGCACGGTTAAC 
22G-2: AGTAAACCCAGCTTTCTTGTAC. 
Ambion hybridization buffer (ULTRAhyb-Oligo) was used. Blots were exposed to phosphor-
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imager screens that were scanned on a BAS-2500 imager. 

Whole Genome Sequencing
Worms were washed 4-5 times with M9 and bleached to obtain the eggs. The eggs were hatched 
O/N to obtain starved and staged L1 worms with very little DNA contamination from OP50 
bacteria.Worms were suspended in 3 ml lysis buffer with 15 ul protK (20 mg/ml) and incubated 
for 1.5 hours at 55 °C. Genomic DNA was isolated from the lysate according to the Gentra 
Puregene protocol. SOLiD sequencing libraries were prepared and analyzed according to Mokry 
et al, (2011). 

Microscopy
GFP fluorescence was scored on a Leica DM6000 microscope and on a Zeiss M2Bio microscope. 
Images were taken on the Leica DM6000 with fixed exposure times and illumination.

EMS mutagenesis
L4/young adult staged henn-1 (pk2295) mutants worms carrying the piRNA sensor were 
mutagenized with 50 mM EMS for 4 hours at RT under constant rotation. After 4 hours, the 
worms were washed 4x with M9 and ten healthy looking young adults were transferred to a 9 cm 
plate. Approximately 150 F1 worms were cloned to 10 cm plates and the progeny was scored for 
GFP positive germline under a Zeiss M2Bio microscope. 

RNAi
RNAi was performed as described 44, using bacterial strains expressing dsRNA for the pos-1 gene

RT PCR 
Total RNA was isolated using Trizol. RNA was treated with DNaseI (Promega) purified 
over column (Qiagen). cDNA was synthesized using random primers and subsequently used 
for PCR. Primers for analyzing prg-1 expression were ttb-1_Fw: aggccaacaatggcaaatac, ttb-
1_ Rv: cgtcaacctctctcatggac, prg1_Fw: CCCATCATCATCTCTGAAGGA and  prg_Rv: 
GACGAGCCTCCTCAATGAAC

Mapping
The hits were crossed with N2 worms. The F2 was scored for GFP positive germline and 
the F3 was checked for SNP by sequencing. The SNPs were identified using WGS, and for 
each mapping experiment, N2 and non-outcrossed worms were taken along. Linkages was also 
checked according to  45. The hits 137 and 1236 were crossed with Hawaiian CB4856 males and 
F2 was scored for GFP positive germline. F3 was used to check linkage. 
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Antibodies
Rabbit polyclonal antibodies against PRG-1 was generated using Peptide Specialty Laboratories 
(PSL, Heidelberg, Germany) following the 26 Epitope Immunization protocol. Peptides used for 
immunization are: Antigen 1: SGRGRGRGSGSNNSGGKDQKYL-C, Antigen 2: RQQGQS- 
KTGSSGQPQKC. We purified sera using an antigen 2-coupled peptide column and used 
purified IgGs at 1:2,000 dilution in Western blot.

GO-term analysis
GO-term analysis was performed using the program on the website spell.caltech.edu:3000
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Part 1: From piRNA methylation...

Conclusions on Hen1
In this thesis we studied the role of  the methyltransferase Hen1 in the nematode C. elegans and 
the zebrafish D. rerio. In zebrafish, we showed that Hen1 is expressed in the germ cells and is 
critical for early ovary development. Hen1 co-localizes with Ziwi in nuage through its C-terminal 
domain (CTD). It methylates piRNAs and thereby prevents uridylation and adenylation. 
Uridylation and not adenylation was correlated with piRNA destabilization. LINE-1 transposon 
transcripts were mildly upregulated, likely to be a consequence of  decreased piRNA levels. 
In C. elegans, HENN-1 methylates piRNAs as well as 26G siRNAs bound to the Argonaute 
ERGO-1. Loss of  HENN-1 has a mild effect on piRNAs levels. An increase in 20-mer 
population was observed, suggesting that piRNAs became one nucleotide shorter upon loss of  
HENN-1. On the contrary, the levels of  ERGO-1 bound 26G siRNAs were greatly reduced and 
these 26G siRNAs became uridylated. 

Furthermore, HENN-1 does not form a stable complex with the Argonaute PRG-1 and is not 
needed for the localization and stability of  PRG-1. HENN-1::GFP localizes to the P-granules in 
embryos and early larval stages. In the adult germline, the expression pattern is more cytoplasmic 
and can be faintly observed in the perinuclear P-granules. The localization pattern of  HENN-1 
is similar to zebrafish, which suggest that the localization of  this methyltransferase likely has a 
functional role. 

In conclusion, we showed that in two very distinct animals, methylation is needed for stability of  
the small RNAs by preventing uridylation and degradation. Similar results were also obtained in 
the plant A. thaliana, where HEN1 methylates small RNAs and its loss also leads to uridylation 
and subsequent degradation of  these small RNAs 1-3. 

Further understanding Hen1
In this thesis, we established a better understanding of  the role of  Hen1 and piRNA methylation 
in the animal germline, although many questions remain. One of  them is why piRNA methylation 
is needed for protection against degradation? Loss of  Hen1 leads to destabilization of  piRNAs 
in zebrafish, while miRNAs are hardly affected. Why is 3’ end methylation only essential for a 
subset of  small RNAs? 
In addition, it remains unclear how piRNAs become methylated. Hen1 lacks an RNA binding 
domain, which would suggest that it needs a binding partner to specifically methylate piRNAs. 
Could this partner be a Piwi protein bound to an unmethylated piRNA? And does Piwi recruit 
Hen1 to methylate the bound piRNA? We showed that the C-terminal domain is important for 
Hen1 localization in zebrafish. Is this domain responsible for the interaction with the RNA-
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binding partner?
Apart form preventing uridylation and subsequent degradation, an additional function of  the 
methyl group could be that it increases the stability of  the piRNA-Piwi complex. Could there be 
a special binding pocket in the PAZ domain of  a Piwi protein that recognizes the methyl group? 
And could this pocket contribute to an increased stability of  the piRNA-Piwi binding complex?

The need for 3’ methylation of small RNAs
One possible explanation for why certain small RNAs need to be methylated and others do not, 
came from a Drosophila study by Ameres et al 1-5. In Drosophila, the Argonaute Ago2 binds siRNAs, 
while Ago1 binds miRNAs 6,7. Loaded Ago2 usually binds its target in a perfect complementary 
way and cleaves the targeted transcript. On the other hand, Ago1 binds its target with many 
mismatches and represses translation of  the mRNA target 8-11. Hen1 only methylates siRNAs 
loaded into the Ago2 pathway, not the miRNAs in the Ago1 pathway, see figure 1 2,4,12,13.

Increasing the complementarity between the miRNAs and its bound target molecule in the Ago1 
pathway results in 3’ tailing and 3’ to 5’ end trimming of  that specific miRNA. In the absence of  
Hen1, siRNAs of  the Ago2 pathway also become U/A-tailed and degraded 2,4. This shows that 
there is a correlation between the binding complementarity of  a small RNA and its target and 
tailing/trimming of  that small RNA 2.

Important PAZ
One explanation for this relationship could be that the PAZ domain of  the Ago protects against 
tailing. The ends of  a small RNA are anchored inside an Argonaute. The 5’ phosphate is bound 
by a special pocket in the MID-domain and the 3’ end resides in the PAZ domain 14,15. U/A-
tailing at the 3’ end of  a small RNA can only occur if  this end is released from the PAZ domain. 
Extensive base-pairing to a target RNA can provide this release, thereby making the 3’ end 
accessible for tailing. The crystal structure from T. thermophilus Argonaute shows that the 3’ end 
of  a small RNA molecule is released from the PAZ domain, when significantly base-paired to its 
target. The molecular basis for this release is base-pairing of  position 12-15, resulting in a helical 
conformation that prevents the 3’ end from reaching the binding pocket in the PAZ domain 16.

The siRNAs bound to Ago2 bind their target in a perfectly complementary way, and 3’ end 
methylation might be needed for protection against tailing and subsequent degradation. MiRNAs 
do not bind their targets completely complementary, allowing the PAZ domain to bind the 3’ 
end. This binding could protect against U/A-tailing of  the small RNA, see figure 1 2,4. Together, 
this data suggests that Hen1 is needed to protect the 3’ end of  small RNAs that base-pair 
extensively to their target RNA molecule. 

Furthermore, a recent study by Hur and colleges showed the involvement of  the N-terminal 
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lobe (including the PAZ-domain) in protection against small RNA degradation 17. Deletion of  
the N-terminal lobe of  Drosophila Ago1 and Ago2 did not change its binding affinity to the 
small guide RNA. However, 3’ end protection from degradation was lost in these mutants. The 
guide RNAs became shorter and had reduced affinity for there target RNA in vitro 17. If  the PAZ 
domain also provides protection against small RNA degradation in vivo awaits further proof.

Methylation is essential for some small RNA species in C. elegans
In C. elegans, the ERGO-1 bound 26G siRNAs also bind their target in a perfectly complementary 
way, allowing the 3’ end to be targeted for uridylation 18. The 26G siRNA bound to ALG-3 and 
ALG-4 are not methylated 19-21. It is unknown whether ALG-3 and ALG-4 bind their targets in a 
non-complementary way. If  this might be similar to Drosophila, the 3’ end of  these 26G siRNAs 
could be protected by the PAZ domain of  ALG-3 and ALG-4. Therefore, methylation of  these 
siRNAs might not be needed. Further research on the target recognition of  ALG-3/4 will give 
more insight on why this subclass of  26G siRNAs is not methylated. 

In addition, the piRNAs in C. elegans are methylated, although loss of  HENN-1 hardly affects 
their stability 19-21. Unlike piRNAs of  other species, the C. elegans piRNAs bind their target with 

Ago2 Hen1
2’-OCH3

Ago2 Ago1

Ago1

translational repression
mRNA destabilization

A..AAA pppGm7

Ago2
2’-OCH3

PROTECTION

target cleavage
A..AAA pppGm7

siRNA pathway miRNA pathway

A..AAA pppGm7

Ago1
NNNNNN

A..AAA pppGm7

small RNA U/A-tailing

small RNA degradation

SMALL RNA DESTABILIZATION

nucleotidyl 
transferase

Ago1
exo-nuclease

Ago1
2’-OH

Figure 1. Model for the influence of target RNA complementarity on small RNA stability in Drosophila, 
proposed by Ameres and colleagues (2010). The siRNAs loaded into Ago2 are methylated by Hen1 
and thereby protected for U/A-tailing. These small RNAs are more susceptible to tailing activities, 
due to there highly complementary target recognition. The miRNAs bound to Ago1 bind their 
targets only partially complementary and this could allow the protection of the 3’ end by the PAZ 
domain. Increasing the complementarity of small RNAs loaded into Ago1 results in tailing activities 
and degradation.
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many mismatches 
22,23, possibly allowing their 3’ end to be protected by the PAZ domain. This might explain why 
loss of  HENN-1 barely influences the stability of  C. elegans piRNAs, while in other animals its 
loss results in uridylation and degradation of  piRNAs. However, in chapter 3 of  this theses we 
did not observe a decrease in piRNA stability of  an piRNA (21U RNA-1) when we introduced a 
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Figure 2. Model for the 3’ end formation of piRNAs in vitro, based on the studies of Kawaoka et al, 
(2012) and Huang et al, (2009). (A) Precursor piRNAs could be targeted by Siwi and their 5’ end is 
incorporated into Siwi. An unidentified exonuclease (Trimmer) is believed to cleave the transcript 
into a mature 27-28 long piRNA and Hen1 methylates the 3’ end. The 2’O methylation only occurs 
in the context of Trimmer and therefore Hen1 might be activated or recruited when the piRNA 
transcript reaches its mature size. (B) Proposed model for the substrate recognition by animal Hen1, 
which lacks an RNA binding domain. The C-terminal part of Hen1 is involved in Hen1 localization to 
nuage and could participate in substrate recognition, maybe by binding to a Piwi-protein?
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completely complementary binding target. One explanation for this could be that the endogenous 
target is bound in a non-perfectly complementary way by 21U RNA-1, thereby protecting the 
stability of  the piRNA. In conclusion, a clear correlation exists between de binding capacity of  
a small RNA to its target and 3’ end methylation of  small RNAs 2,4. 

Hen1 and piRNA methylation
How are piRNAs methylated? Does Hen1 methylate a mature or a precursor small RNA? And 
does methylation occur in a complex with Piwi? A study by Kawaoka et al gave more insight in 
this process 24, see figure 2. They used a lysate from BmN4, a silkworm ovary derived cell-line, 
to better understand the piRNA biogenesis. 
The two endogenously expressed Piwi proteins in this cell-line are Siwi and BmAgo3. Siwi has 
a strong preference for binding single stranded piRNA precursors starting with a uracil, while 
BmAgo3 does not show any bias towards the starting nucleotide. Siwi is able to bind 50-nt 
long precursors, which are trimmed into 27-28 nt long piRNAs. These piRNAs become 3’ 
end methylated by the endogenously expressed Hen1. However, when Siwi is incubated with a 
mature 27 nt piRNA, methylation does not occur, suggesting that the methylation is coupled to 
the trimming process. 3’ end trimming is preformed by an Mg2+ dependent exonuclease. 
Kawaoka and colleges were wondering if  3’ end methylation occurs on a precursor piRNA 
or only after a piRNA has reached its mature length. To understand this process, Siwi was 
loaded with a 50 nt long precursor, carrying a phosphorothioate linkage at position 38. In this 
linkage, the PO4 is replaced by a PO3S, which makes it resistant to exonuclease cleavage. The 
50 nt precursor was processed into a 38nt long one, but it was not methylated. This shows that 
methylation only happens on piRNA of  mature length. Furthermore, trimming still occurred 
when Hen1 was blocked by the inhibitor SAH (S-adenosyl homocysteine), showing again that 
trimming is independent of  methylation 24.
Taken together, Siwi preferentially binds precursor RNAs starting with a U, which are trimmed 
by an Mg2+-dependent exonuclease in vitro. Trimming occurs independent of  Hen1, but 
methylation of  the mature piRNAs depends on trimming (figure 2). 

Protein complex in which methylation occurs
It is still unclear if  Hen1 methylates piRNAs in the context of  Siwi or Trimmer. In Drosophila, 
Hen1 co-IPs with Piwi proteins 12. This  suggests that Hen1 can interact with Piwi proteins and 
methylates the bound piRNAs when they have reached their mature length.
In mice, the pachytene piRNAs bound by Mili (~26 nt long) and Miwi (~30 nt long) differ in 
length, but some have identical 5’ ends, suggesting that their 3’ end is formed by nuclease activity 
(Aravin et al., 2006; Reuter et al., 2011). Thus, Mili and Miwi most likely define the length of  a 
piRNA by protecting the 3’ end for further cleavage. The 3’ end of  these piRNAs is methylated 
by Hen1, implying that methylation occurs in a complex with Mili or Miwi after trimming. 



163

6

Kawaoka et al show that mature piRNAs loaded into Siwi do not become methylated, suggesting 
that the presence of  Trimmer is needed for piRNA methylation. Hence, methylation occurs 
in a complex with Trimmer or Trimmer and Siwi. The latter option is more likely, since Piwi 
proteins influence the length of  a mature piRNA. This suggest that a piRNA is already bound to 
a Piwi protein before methylation. After a piRNA has reached its mature length, it could become 
methylated. 

In addition, HENN-1 is expressed in the male germline of  C elegans where it methylates the 
piRNAs, but not the 26G siRNAs bound to AGO-3 and AGO-4. So, lack of  methylation 
of  these 26G siRNAs cannot be explained by the absence of  HENN-1 19. HENN-1 is also 
expressed in the female germline, where it methylated the 26G siRNAs bound to ERGO-1 18,19,21. 
The sequence and target characteristics of  26G siRNAs bound to ERGO-1 do not clearly differ 
from 26G siRNAs bound to AGO-3 and AGO-4 19. The difference in 26G siRNA methylation 
could be explained by the Argonaute that binds them. ERGO-1 as well as PRG-1 belong to the 
Piwi-clade, while AGO-3 and AGO-4 are a part of  the Ago clade 25. Maybe HENN-1 specially 
recognizes small RNAs bound to Argonautes from the Piwi clade and methylates these? This 
would also suggest that small RNAs are unmethylated when bound by an Argonaute and become 
methylated if  bound to ERGO-1 or PRG-1. 

Finally, in zebrafish the C-terminal part of  Hen1 is important for its localization to nuage. Does 
this part of  Hen1 interact with Piwi proteins or Trimmer? Finding the identity of  Trimmer will 
allow us to better understand how piRNAs are processed and methylated. 

Small RNA sorting into Argonautes
If  piRNA methylation occurs after Piwi-binding, the methyl group could serve as a stabilizing 
factor. That way, methylated piRNAs bind stronger to the PAZ domain than unmethylated small 
RNAs. This could lead to an increased stability of  the piRNA-Piwi complex. 
The crystal structure of  the PAZ domain of  mouse Miwi showed the present of  an extra cavity 
in which the CH3-group fits 26,27. This cavity is absent in the human HsAGO1 PAZ domain, 
due to a side chain that closes the cavity from the bottom. HsAgo1 has a strong preference for 
binding to unmethylated small RNAs 28, most likely due to the absence of  this binding pocket.
However this preference in binding methylated small RNAs is less pronounced for Miwi. Other 
Ago-PAZ domains that have a longer side chain in the same position, thereby possibly creating 
extra space to accommodate the CH3 group, are the ones that bind 3’ end methylated siRNAs 
and miRNAs . This also includes the PAZ domains of Drosophila Ago2 and Arabidopsis Ago 
27. Analyses of  the protein sequence on the presence of  additional amino acids that form the 
longer side chain, might give an indication if  an Argonaute binds methylated or unmethylated 
small RNAs. 
To conclude, the PAZ domain of  Miwi can accommodate methylated piRNAs due to an 
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additional 3’ end binding pocket . However, the presence of  this pocket does not lead to an 
increased binding preference for methylated small RNAs. 27 

5xW + 1xH 
The six basic information gathering questions are who, what, why, when, where and how, also 
referred to as “5xW and 1xH” 29. For the methyltransferase Hen1, almost all of  these questions 
can be answered. Hen1 methylates small RNAs in plants, fly, fish and nematodes (who? and what?) 
5,12,13,20,30-32. Methylation protects against uridylation and subsequent degradation 5,20,32. Small 
RNAs that bind perfectly complementary to their target RNA molecule are not protected by 
the PAZ domain of  an Argonaute protein. This protection most likely prevents uridylation by 
terminal transferases (why?) 2,4. Hen-1::GFP localizes to nuage/P-granules in the early stages of  
development in D. rerio and C. elegans where it might be involved in piRNA biogenesis pathway. 
The C-terminal part of  Hen1 is needed for nuage localization in D. rerio (where? and when?) 32.  
However, it remains unknown why zebrafish Hen1 localizes to nuage in the PGCs and what 
its role is in female germline development. Hen1 most likely methylates piRNAs in the context 
of  an exonuclease after the precursor piRNA is trimmed to a mature one (how?) 24. However, 
additional studies are needed to have conclusive results. 

Part 2: ....to histone methylation

Piwi-pathway and target silencing
The Piwi pathway plays a role in genome defense and fertility 33. In C elegans, the piRNAs base 
pair imperfectly to many RNA transcripts 
22,23. They are able to trigger a downstream pathway that produces secondary siRNAs, resulting 
in silencing of  these transcripts 34-37. Still, little is known about how exactly Piwi pathways impose 
silencing and even less is known about trans-generational stability of  Piwi-induced silencing. 
In chapter three of  this thesis we studied the role of  the Piwi pathway in heritable gene silencing. 
We showed that PRG-1 can initiate a very stable silencing state on a transgene. Once established, 
this type of  silencing can be firmly maintained over tens of  generations in absence of  a functional 
Piwi pathway 38-40, see figure 3. This maintenance is provided by the downstream 22G siRNA 
pathway and contains components that trigger heterochromatin formation.  These components 
include the NRDE pathway, which was proved to be involved in multigenerational epigenetic 
inheritance 41,42. The germline specific NRDE-complex includes the Argonaute HRDE-1/
WAGO-9. This Argonaute is loaded with 22G siRNAs and localizes to germ nuclei to direct 
H3K9 trimethylation on its targets 43-45. Loss of  the NRDE-pathway components results in re-
activation of  the stably silenced transgenes 38-40. 
Stable silencing was also lost when the transgene was crossed into mes-3 (Polycomb complex), 
mes-4 (Trithorax complex or hpl-2 (HP1 homolog) mutant background. In addition, the two 
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putative histone methyltransferases SET-25 and SET-32 are also necessary to establish stable 
silencing 38,40,46. 

Recent data by Pak and colleagues showed that a secondary Argonaute loaded with a 22G siRNA 
cannot recruit an RdRP to generate new 22G siRNAs, which could result in a third round 
of  22G siRNA production 47. Still, in the absence of  initiating piRNAs, the downstream 22G 
siRNAs that maintain the stable silencing state are still produced over multiple generations. So 
far, it remains unclear how new 22G siRNAs are formed independently of  PRG-1. How is the 
22G siRNA population maintained over many generations to continue silencing? This question 
still awaits an answer. 

It might be similar to the RITS-complex in S pombe, see introduction. Heterochromatic 
centromeric regions in S pombe are still transcribed by Pol II, although at low levels. These 
transcripts are processed into small RNAs that enforce heterochromatin formation at the same 
loci. The heterochromatic regions in C elegans might produce 22G siRNAs, similar to the RITS-
complex. These 22G siRNAs are loaded into WAGOs, thereby maintaining the silencing state 
over multiple generations. 

Self versus non-self
A model was proposed in which the Piwi-pathway functions as a scanning mechanism to be able 
to differentiate between “self ” and “non-self ”, see figure 3. A “non-self ” sequence can be a 
transposon sequence or a single copy transgene containing e.g. a GFP sequence. When a “non-
self ” sequence is introduced, it is targeted by PRG-1, which recruits the 22G siRNA pathway 
to permanently silence the foreign sequence. PRG-1 binds its targets in a non-complementary 
way, thereby creating a large target repertoire for foreign sequences. Stable silencing is 
maintained independently of  PRG-1 and is a result of  an interplay between 22G siRNAs and 
heterochromatin formation. 

The WAGO-bound 22G siRNAs could function as an “epigenetic memory” of  non-self  regions 
in the genome. During meiosis, the genome is stripped of  all its epigenetic marks 48 and these 
22G siRNAs could reestablish the heterochromatin after meiosis. In that way, the stably silenced 
state is transferred from one generation to the next.  

A stably silenced transgene could be activated by introducing an active transgene. The activation 
of  the silenced transgene only persisted in the presence of  the active transgene. When the 
active transgene was crossed out, the other (previously silenced) transgene returned to its stably 
silenced state 38. This suggests that an “anti-silencing” pathway (active in worms carrying an 
active transgene) might activate the stably silenced transgene in trans. This “anti-silencing” 
pathway may prevent the silencing of  “self ”-sequences by the piRNA pathway.
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The small RNA pathway that targets germline mRNA transcripts is the CSR-1 pathway. This 
pathway might be responsible for the activation of  a stably silenced transgene when crossed with 
an active transgene. It is involved in proper chromosome segregation and targets euchromatic 
protein-coding regions distributed throughout the genome 49,50. In addition, the CSR-1 pathway 
does not silence its targets 50.
Furthermore, there is no overlap between PRG-1 induced 22G siRNAs and CSR-1 bound 22G 
siRNAs, showing that the target repertoire of  PRG-1 and CSR-1 are mutually exclusive 38. CSR-1 
has a catalytically active PIWI domain and is able to cleave its targets 51. One possibility is that 
CSR-1 provides an “anti-silencing” effect by cleavage of  germline transcripts that are or could 
be targeted by an RdRP or PRG-1. In that way, CSR-1 prevents the generation of  WAGO bound 
22G siRNAs. WAGOs lack the catalytic residues necessary for RNA cleavage, but they are able 
to induce heterochromatin formation on their targets loci and thereby establish a heritable 
epigenetic memory of  “non-self ”. 

All the active transgenes that were tested by Shirayama and colleagues contain endogenous 
germline expressed sequences, which are known to be targeted by CSR-1 bound 22G siRNAs. 
Perhaps, CSR-1 could recognize the endogenous sequence of  a transgene and might trigger the 
formation of  new 22G siRNAs, which could be directed against the “non-self ” part of  the 
transgene, for example a GFP-sequence. In that way, 22G siRNAs against “non-self ” sequences 
are loaded into the CSR-1 pathway. Via maternal contribution, these “non-self ” siRNAs, bound 
to CSR-1, could offer protection against silencing of  the RNAe inactivated transgene, which 
contains a GFP sequence, for example. 
Further understanding of  the interplay between CSR-1 bound and WAGO bound 22G siRNA 
and their role in defining “self ” and “non-self ” is needed. See below for a more elaborative 
discussion.  

Stable transgene silencing in Drosophila
Stable silencing of  transgenes has also been observed in Drosophila. De Vanssay and colleagues 
 showed that a paramutation can induce silencing of  a transgene for at least fifty generations 
52. A paramutation is a heritable epigenetic change on one allele, induced by the other allele. 
For example, the paramutagenic b1 (b1’) allele in maize can induce weakened expression of  the 
other b1 allele. The transcription factor B1 is responsible for dark purple colored maize and a 
paramutation on this locus results in light pigmentation of  the plant 53. Paramutagenesis in maize 
involves a small RNA silencing mechanism leading a change in chromatin and DNA methylation 
54.

In Drosophila, the paramutagenic transgene was a P-element transposon driving the expression of  
LacZ (P-LacZ). A P-lacZ transgene cluster was inserted in heterochromatic telomere-associated 
sequences. This cluster was capable of  inducing stable silencing on the homologous transgene 
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cluster of  the other allele through fifty generations. The newly transformed paramutagenic 
cluster started to produce piRNA, which were transferred to the next generation by maternal 
inheritance of  the cytoplasm. In addition, a loss-of-function mutation in the Piwi protein 
Aubergine abolished the capacity of  the paramutagenic allele to silence the other allele. The 
paramutation had no effect at the transcriptional level, suggesting that the piRNA pathway is 
involved in silencing the transgenes at a post-transcriptional level, possibly via the ping-pong 
pathway 52. This data showed that also in Drosophila the piRNA pathway has a role in stably 
silencing transgenes for many generations. 

The nuclear Piwi-pathway induces heterochromatin formation 
In C. elegans stable silencing is induced by the piRNAs pathway, leading to H3K9me3 formation 
38-40. In Drosophila, Piwi localize to the nucleus, where it is mainly found in the nucleoplasm and 
only weakly at chromatin dense regions 55. If  nuclear Piwi only weakly localizes to chromatin, can 
it have a role shaping the chromosomal organization?
A recent study by Sienski et al sheds more light on the nuclear role of  Piwi 56. Loss of  Piwi led 
to a strong reduction of  the repressive chromatin mark H3K9me3. At the same time RNA 
polymerase II occupancy was increased and nascent RNA transcription levels at transposon loci 
went up. However, piRNA-clusters, which can be recognized by the same piRNAs, remained 
unaffected. This shows that the piRNA pathway can induce trans-silencing of  transposons by 
heterochromatin formation 56.

Another player of  the Piwi pathway, Maelstrom (Mael), localizes to the cytoplasm and the 
nucleus 1,3,5,57,58. It has two main domains, an HGM and a MAEL-domain, of  which the latter one 
is needed for nuclear localization 56. Down-regulation of  Mael results in transposon activation, 
although the piRNAs themselves remain unaffected. Moreover, Piwi is still loaded and localizes 
to the nucleus, suggesting that Mael functions downstream of  or in parallel to Piwi. Although 
transposons were activated in Mael knockdowns, their H3K9me3 levels were almost unchanged. 
RNA pol II occupancy is increased and the H3K9me3 marks spread to regions downstream 
of  transposon insertion sites. The spreading might be a consequence of  increased Pol II 
transcription, despite the presence of  H3K9me3 marks. 
RNA pol II transcription of  transposon inserts triggers Piwi-mediated silencing and subsequently 
heterochromatin formation. For example, inactive/transcriptional-silent F-element insertions in 
euchromatin had very low Pol II binding and greatly lacked H3K9me3 marks. And inactive 
F-element insertions that did trigger Mael/Piwi-dependent H3K9me3 spreading were the ones 
(in sense direction) within introns of  transcribed genes. This suggests that only RNA pol II 
transcribed loci can trigger Piwi induced heterochromatin formation 56.
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Figure 3 Model of the establishment and maintenance of an extremely stable silencing state by the 
21U RNA pathway and downstream 22G siRNA pathway, based on data from Ashe et al, Luteijn et 
al, and Shirayama et al, (2012). PRG-1 could recognize ‘non-self’ transcripts and recruits an RdRP 
to generate 22G siRNAs. CSR-1 could offer protection of ‘self transcripts’ by cleaving them and 
preventing the generation of secondary siRNAs loaded into WAGOs. The PRG-1 triggered 22G 
siRNAs are bound by WAGO-1 and WAGO-9. The latter one could translocate to the nucleus and 
induced and heterochromatin formation together with the NRDE-complex, the putative histone 
methyltransferases SET-25 and SET-35 and the heterochromatin proteins HPL-2 and HPL-1. Silencing 
is maintained independent of PRG-1 and can be inherited in a non-stochastic way for multiple 
generations. 
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Transcription at heterochromatic loci
As mentioned above, loss of  Mael results in transposon activation, although the heterochromatin 
structure of  these transposon loci remains unaffected. A similar phenotype has recently been 
observed in S pombe. Keller and colleagues show that transcription of  heterochromatic regions 
still occurs, even when the DNA is densely packed. These heterochromatic transcripts (hcRNA) 
are bound by the heterochromatin protein HP1swi6 and escorted to the RNA degradation 
machinery 59. 
They used a reported gene embedded in a heterochromatic region to follow the fate of  these 
hcRNA transcripts. Loss of  the poly(A) polymerase Cid14 resulted in increased levels of  
these reporter transcripts, while the H3K9me3 levels of  this reporter remained unaffected. 
Furthermore, hcRNA transcripts were not translated into protein, but transported to 
ribonucleoprotein particles (RNPs) by HP1swi6.
HP1swi6  can shuttle between a histone-bound and an hcRNA bound state. It has two main 
domains, the N-terminal chromodomain (CD) and the C-terminal chromo shadow domain 
(CSD) which are connected by the hinge region. The CD-domain binds the N-terminal tail of  
histone H3 when it is di- or tri-methylated at lysine 9. However, the CD-domain together with 
the hinge region also binds hcRNAs, which results in a conformational change and release from 
chromatin. Loss of  the HP1swi6  RNA binding capacity resulted in an accumulation of  these 
hcRNA transcripts, although the heterochromatin structure was unchanged 59. 

A similar phenotype was observed in Mael mutants, in which transposons are still transcribed 
into RNA, while their H3K9me3 levels are unaltered. Mael might have a similar role as HP1swi6 
in transporting heterochromatin transcripts (e.g. transposon transcripts) to the degradation 
machinery. Loss of  Mael does not affect the heterochromatin state, but might abolish the 
transport of  transposon transcripts to nuage, resulting in transposon activation. 

Understanding nuclear Piwi
What is the molecular pathway that is initiated by Piwi binding to nascent RNA and eventually 
leads to heterochromatin formation? This pathway is largely unknown, but it could involve the 
heterochromatin binding protein HP1. Knockdown of  HP1 leads to transposon activation in 
the germline. Piwi can bind to HP1 via a PxVxL-type motif  in its N-terminal domain 60. And 
HP1 proteins are known to interact with H3K9 methyltransferases 61. Once Piwi is bound to 
nascent RNA it could recruit HP1, which in turn attracts the methyltransferase machinery to 
establish heterochromatin formation. 
However, the pathway could also be similar to the heterochromatin formation pathway 
in S. pombe. In this pathway, a nuclear Argonaute complex (RITS-complex) recruits the 
H3K9 methyltransferase Clr4 62,6364,65. Subsequently, HP1swi6 binds to chromatin, resulting 
in heterochromatin formation. In this way, Drosophila Piwi would interact with histone 
methyltransferases, which in turn recruit HP1 to form a stable heterochromatin complex. 
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5xW + 1xH 
Also for the second part of  the discussion, the six basic questions “what, why, when, where 
and how” can be partially answered, with the focus on C. elegans stable silencing pathway. The 
germline specific piRNA pathway triggers the production of  22G siRNAs. A part of  these 22G 
siRNAs is loaded into WAGO-9, which induces heterochromatin formation at its target loci. 
The target is stably silenced for many generations (who?, what?) 38-40. 

A model has been proposed in which two pathways, the CSR-1 and the PRG-1/WAGO pathway, 
are needed to define “self ” and “non-self  sequences” in the genome. Influencing one of  these 
pathways leads (eventually) to sterility. However, it is not well understood if  the C. elegans piRNA 
pathway is involved in stable silencing of  “non-self ” sequences. And if  so, why it is needed for 
proper germline development, since prg-1 mutants display a temperature sensitive sterility? 
Does CSR-1 protect “self ” transcripts by cleaving them and thereby making them inaccessible 
for WAGO-dependent 22G siRNA production? Will WAGO-9 be loaded with 22G siRNAs 
against mRNA from protein coding genes in CSR-1 slicer dead mutants? 
Furthermore, Shirayama and colleagues (2012) showed that an active transgene can activate an a 
stably silenced transgene. However, when the active transgene is crossed out, the stably silenced 
transgene returns to its inactive state. Does CSR-1 protect transcripts from stable silencing? 
And what happens when the active transgene is crossed out? Is this activating role of  an active 
transgene lost in cde-1 mutant worms, which have a defective CSR-1 pathway?
In addition, ChIP-seq for different active and inactive histone marks in wago-9, prg-1 and cde-1 
mutants could give a genome-wide view on the “non-self  “and “self ” interplay. If  both pathways 
are needed for the self/non-self  balance, will loss of  both pathways rescue sterility? In other 
words, can loss of  MUT-7 (non-self  pathway ) rescue the sterility phenotype of  csr-1 mutants 
(self  pathway)?  (why?-question) 

In addition, how does PRG-1 directed stable silencing occurs? Does the 22G siRNA pathway 
act similar to the RITS complex in S. pombe? Does it bind to nascent RNA transcripts and 
recruits an histone methylation complex? In which way are the heterochromatin protein 1 (HP1) 
ortholog HPL-2,  the putative histone H3 lysine-9 methyltransferases SET-25 and SET-32 and 
the NRDE-pathway involved in the stable silencing pathway? Loss of  these factors led to piRNA 
sensor activation, but how 39,40? (how?-question)

It remains unknown when during germline or embryo development the “self ” and “non-self ” 
marks are set (when?). Do these pathways act in the mitotic or meiotic parts of  the germline?
The H3K9me3 marks are present in the adult hermaphrodite germline at all stages of  
development 66. Will this pattern change in prg-1, wago-9 or cde-1 mutants? Preliminary data shows 
that  H3K9me2 levels are increased in cde-1 mutant embryos (personal communication Petra 
van Bergeijk), which have a defective CSR-1 pathway. If  the CSR-1 pathway protects the “self ” 
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sequences from being silenced by heterochromatin formation, will loss of  this pathway lead an 
global increase in H3K9 di/tri methylation? In addition, RNAe is only transferred by the mother 
via the cytoplasm to the next generation 39. Are cytoplasmic 22G siRNAs responsible for the 
inheritance of  RNAe and do they initiate heterochromatin formation in the next generation? 
(where and when?)

Other organisms
How similar is the RNAe pathway of  C. elegans to the Piwi-induced silencing pathway in Drosophila? 
Stable transgene silencing was also observed in fly for the P-element driven LacZ transgene and 
its silencing depends upon the Piwi protein Aubergine. In addition, Piwi initiates H3K9me3 
formation on its targets and needs Mael for transposon silencing. The exact role for nuclear 
Piwi needs further investigation. Which proteins are involved in the heterochromatin formation 
complex downstream of  Piwi? How does Piwi interact with histone methyltransferases and 
other chromatin regulatory components like HP1? The first footsteps in understanding the 
nuclear role of  the piRNA pathway in C elegans and Drosophila were made and it will be interesting 
to further unravel this pathway.  

References

1. Yang, Z., Ebright, Y. W., Yu, B. & Chen, X. HEN1 recognizes 21-24 nt small RNA 
duplexes and deposits a methyl group onto the 2‘ OH of  the 3’ terminal nucleotide. 
Nucleic Acids Research 34, 667–675 (2006).

2. Ameres, S. L. et al. Target RNA-directed trimming and tailing of  small silencing RNAs. 
Science 328, 1534–1539 (2010).

3. Ren, G., Chen, X. & Bin Yu Uridylation of  miRNAs by HEN1 SUPPRESSOR1 in 
Arabidopsis. Current Biology 1–6 (2012).doi:10.1016/j.cub.2012.02.052

4. Ameres, S. L., Hung, J.-H., Xu, J., Weng, Z. & Zamore, P. D. Target RNA-directed 
tailing and trimming purifies the sorting of  endo-siRNAs between the two Drosophila 
Argonaute proteins. RNA 17, 54–63 (2011).

5. Li, J., Yang, Z., Yu, B., Liu, J. & Chen, X. Methylation protects miRNAs and siRNAs from 
a 3’-end uridylation activity in Arabidopsis. Current Biology 15, 1501–1507 (2005).

6. Förstemann, K., Horwich, M. D., Wee, L., Tomari, Y. & Zamore, P. D. Drosophila 
microRNAs Are Sorted into Functionally Distinct Argonaute Complexes after Production 
by Dicer-1. Cell 130, 287–297 (2007).

7. Tomari, Y., Du, T. & Zamore, P. Sorting of  Drosophila small silencing RNAs. Cell 130, 
299–308 (2007).

8. Ghildiyal, M. & Zamore, P. D. Small silencing RNAs: an expanding universe. Nat Rev Genet 
10, 94–108 (2009).

9. Okamura, K., Robine, N., Liu, Y., Liu, Q. & Lai, E. C. R2D2 Organizes Small Regulatory 
RNA Pathways in Drosophila. Molecular and Cellular Biology 31, 884–896 (2011).

10. Iwasaki, S., Kawamata, T. & Tomari, Y. Drosophila Argonaute1 and Argonaute2 Employ 



172

6

Distinct Mechanisms for Translational Repression. Molecular Cell 34, 58–67 (2009).
11. Brennecke, J., Stark, A., Russell, R. B. & Cohen, S. M. Principles of  MicroRNA–Target 

Recognition. PLoS Biol 3, e85 (2005).
12. Horwich, M. D. et al. The Drosophila RNA methyltransferase, DmHen1, modifies 

germline piRNAs and single-stranded siRNAs in RISC. Current Biology 17, 1265–1272 
(2007).

13. Saito, K. et al. Pimet, the Drosophila homolog of  HEN1, mediates 2′-O-methylation of  
Piwi-interacting RNAs at their 3′ ends. Genes & Development 21, 1603–1608 (2007).

14. Jinek, M. & Doudna, J. A. A three-dimensional view of  the molecular machinery of  RNA 
interference. Nature 457, 405–412 (2009).

15. Tolia, N. H. & Joshua-Tor, L. Slicer and the Argonautes. Nat Chem Biol 3, 36–43 (2007).
16. Wang, Y. et al. Nucleation, propagation and cleavage of  target RNAs in Ago silencing 

complexes. Nature 461, 754–761 (2009).
17. Hur, J. K., Zinchenko, M. K., Djuranovic, S. & Green, R. Regulation of  Argonaute slicer 

activity by guide RNA 3’ end interactions with the N-terminal lobe. Journal of  Biological 
Chemistry (2013).doi:10.1074/jbc.M112.441030

18. Vasale, J. J. et al. Sequential rounds of  RNA-dependent RNA transcription drive 
endogenous small-RNA biogenesis in the ERGO-1/Argonaute pathway. Proceedings of  the 
National Academy of  Sciences 107, 3582–3587 (2010).

19. Billi, A. C. et al. The Caenorhabditis elegans HEN1 Ortholog, HENN-1, Methylates and 
Stabilizes Select Subclasses of  Germline Small RNAs. PLoS Genet 8, e1002617 (2012).

20. Kamminga, L. M. et al. Differential impact of  the HEN1 homolog HENN-1 on 21U and 
26G RNAs in the germline of  Caenorhabditis elegans. PLoS Genet 8, e1002702 (2012).

21. Montgomery, T. A. et al. PIWI Associated siRNAs and piRNAs Specifically Require the 
Caenorhabditis elegans HEN1 Ortholog henn-1. PLoS Genet 8, e1002616 (2012).

22. Bagijn, M. P. et al. Function, Targets, and Evolution of  Caenorhabditis elegans piRNAs. 
Science 337, 574–578 (2012).

23. Lee, H.-C. et al. C. elegans piRNAs Mediate the Genome-wide Surveillance of  Germline 
Transcripts. Cell 150, 78–87 (2012).

24. Kawaoka, S., Izumi, N., Katsuma, S. & Tomari, Y. 3’ End Formation of  PIWI-Interacting 
RNAs In Vitro. Molecular Cell 43, 1015–1022 (2011).

25. Carmell, M. A. The Argonaute family: tentacles that reach into RNAi, developmental 
control, stem cell maintenance, and tumorigenesis. Genes & Development 16, 2733–2742 
(2002).

26. Tian, Y., Simanshu, D. K., Ma, J.-B. & Patel, D. J. Structural basis for piRNA 2‘-O-methylated 
3’-end recognition by Piwi PAZ (Piwi/Argonaute/Zwille) domains. Proceedings of  the 
National Academy of  Sciences 108, 903–910 (2011).

27. Simon, B. et al. Recognition of  2‘-O-Methylated 3’-End of  piRNA by the PAZ Domain 
of  a Piwi Protein. Structure/Folding and Design 19, 172–180 (2011).

28. Ma, J.-B., Ye, K. & Patel, D. J. Structural basis for overhang-specific small interfering RNA 
recognition by the PAZ domain. Nature 429, 318–322 (2004).

29. Robertson, Jr. D. W. (1946) A Note on the Classical Origin of  “Circumstances” in the 



173

6

Medieval Confessional Studies in Philology Vol. 43, No. 1, pp. 6-14 University of  North 
Carolina Press

30. Yu, B. et al. siRNAs compete with miRNAs for methylation by HEN1 in Arabidopsis. 
Nucleic Acids Research 38, 5844–5850 (2010).

31. Kirino, Y. & Mourelatos, Z. The mouse homolog of  HEN1 is a potential methylase for 
Piwi-interacting RNAs. 13, 1397–1401 (2007).

32. Kamminga, L. M. et al. Hen1 is required for oocyte development and piRNA stability in 
zebrafish. EMBO J 29, 3688–3700 (2010).

33. Ketting, R. F. The Many Faces of  RNAi. Developmental Cell 20, 148–161 (2011).
34. Gu, W. et al. Distinct Argonaute-Mediated 22G-RNA Pathways Direct Genome 

Surveillance in the C. elegans Germline. Molecular Cell 36, 231–244 (2009).
35. Sijen, T., Steiner, F. A., Thijssen, K. L. & Plasterk, R. H. A. Secondary siRNAs Result from 

Unprimed RNA Synthesis and Form a Distinct Class. Science 315, 244–247 (2007).
36. Batista, P. J. et al. PRG-1 and 21U-RNAs interact to form the piRNA complex required for 

fertility in C. elegans. Molecular Cell 31, 67–78 (2008).
37. Das, P. P. et al. Piwi and piRNAs Act Upstream of  an Endogenous siRNA Pathway to 

Suppress Tc3 Transposon Mobility in the Caenorhabditis elegans Germline. Molecular Cell 
31, 79–90 (2008).

38. Shirayama, M. et al. piRNAs Initiate an Epigenetic Memory of  Nonself  RNA in the C. 
elegans Germline. Cell 150, 65–77 (2012).

39. Luteijn, M. J. et al. Extremely stable Piwi-induced gene silencing in Caenorhabditis elegans. 
EMBO J 31, 3422–3430 (2012).

40. Ashe, A. et al. piRNAs Can Trigger a Multigenerational Epigenetic Memory in the 
Germline of  C. elegans. Cell 150, 88–99 (2012).

41. Buckley, B. A. et al. A nuclear Argonaute promotes multigenerational epigenetic inheritance 
and germline immortality. Nature 489, 447–451 (2012).

42. Burkhart, K. B. et al. A Pre-mRNA–Associating Factor Links Endogenous siRNAs to 
Chromatin Regulation. PLoS Genet 7, e1002249 (2011).

43. Xie, Z. et al. Genetic and Functional Diversification of  Small RNA Pathways in Plants. 
PLoS Biol 2, e104 (2004).

44. Buckley, B. A. et al. Supplemental info A nuclear Argonaute promotes multigenerational 
epigenetic inheritance and germline immortality. Nature 489, 447–451 (2012).

45. Burton, N. O., Burkhart, K. B. & Kennedy, S. Nuclear RNAi maintains heritable gene 
silencing in Caenorhabditis elegans. Proceedings of  the National Academy of  Sciences 108, 
19683–19688 (2011).

46. Ye, R. et al. Cytoplasmic Assembly and Selective Nuclear Import of  Arabidopsis 
ARGONAUTE4/siRNA Complexes. Molecular Cell 46, 859–870 (2012).

47. Pak, J., Maniar, J. M., Mello, C. C. & Fire, A. Protection from Feed-Forward Amplification 
in an Amplified RNAi Mechanism. Cell 151, 885–899 (2012).

48. Morgan, H. D., Santos, F., Green, K., Dean, W. & Reik, W. Epigenetic reprogramming in 
mammals. Hum. Mol. Genet. 14 Spec No 1, R47–58 (2005).

49. Wolfswinkel, J. C. V. et al. CDE-1 Affects Chromosome Segregation through Uridylation 



174

6

of  CSR-1-Bound siRNAs. Cell 139, 135–148 (2009).
50. Claycomb, J. M. et al. The Argonaute CSR-1 and Its 22G-RNA Cofactors Are Required 

for Holocentric Chromosome Segregation. Cell 139, 123–134 (2009).
51. Aoki, K., Moriguchi, H., Yoshioka, T., Okawa, K. & Tabara, H. In vitro analyses of  the 

production and activity of  secondary small interfering RNAs in C. elegans. EMBO J 26, 
5007–5019 (2007).

52. de Vanssay, A. et al. Paramutation in Drosophila linked to emergence of  a piRNA-
producing locus. Nature 1–6 (2012).doi:10.1038/nature11416

53. COE, E. H. The properties, origin, and mechanism of  conversion-type inheritance at the 
B locus in maize. Genetics 53, 1035–1063 (1966).

54. Alleman, M. et al. An RNA-dependent RNA polymerase is required for paramutation in 
maize. Nature 442, 295–298 (2006).

55. Lau, N. C. et al. Abundant primary piRNAs, endo-siRNAs, and microRNAs in a 
Drosophila ovary cell line. Genome Research 19, 1776–1785 (2009).

56. Sienski, G., Donertas, D. & Brennecke, J. Transcriptional Silencing of  Transposons by 
Piwi and Maelstrom and Its Impact on Chromatin State and Gene Expression. Cell 151, 
964–980 (2012).

57. Aravin, A. A. et al. Cytoplasmic Compartmentalization of  the Fetal piRNA Pathway in 
Mice. PLoS Genet 5, e1000764 (2009).

58. Sato, K., Nishida, K. M., Shibuya, A., Siomi, M. C. & Siomi, H. Maelstrom coordinates 
microtubule organization during Drosophila oogenesis through interaction with 
components of  the MTOC. Genes & Development 25, 2361–2373 (2011).

59. Keller, C. et al. HP1(Swi6) mediates the recognition and destruction of  heterochromatic 
RNA transcripts. Molecular Cell 47, 215–227 (2012).

60. Brower-Toland, B. et al. Drosophila PIWI associates with chromatin and interacts directly 
with HP1a. Genes & Development 21, 2300–2311 (2007).

61. Schotta, G. et al. Central role of  Drosophila SU(VAR)3–9 in histone H3-K9 methylation 
and heterochromatic gene silencing. EMBO J 21, 1121–1131 (2002).

62. hler, M. B. U. & Gasser, S. M. Silent chromatin at the middle and ends: lessons from 
yeasts. EMBO J 28, 2149–2161 (2009).

63. Olovnikov, I., Aravin, A. A. & Toth, K. F. Small RNA in the nucleus: the RNA-chromatin 
ping-pong. Current Opinion in Genetics & Development 22, 164–171 (2012).

64. Grewal, S. I. RNAi-dependent formation of  heterochromatin and its diverse functions. 
Current Opinion in Genetics & Development 20, 134–141 (2010).

65. Castel, S. E. & Martienssen, R. A. RNA interference in the nucleus: roles for small RNAs 
in transcription, epigenetics and beyond. Nat Rev Genet 14, 100–112 (2013).

66. Bessler, J. B., Andersen, E. C. & Villeneuve, A. M. Differential Localization and 
Independent Acquisition of  the H3K9me2 and H3K9me3 Chromatin Modifications in 
the Caenorhabditis elegans Adult Germ Line. PLoS Genet 6, e1000830 (2010).



175

6





&
Addendum
Nederlandse samenvatting
Curriculum Vitae
List of Publications
Acknowledgments



178

&

Nederlandse samenvatting voor niet-ingewijden

Virusscanners van de cel
Stel dat alle virusscanners niet meer zouden functioneren en computervirussen zich vrij via 
het internet, over de wereld konden verspreiden. Het zou een grote chaos worden waarbij alle 
computers corrupt werden en programma’s niet meer functioneerden.
 
In de cel hebben we ook een soort van virusscanner, ook wel de ‘Piwi-route’ genoemd. Gedurende 
mijn aio-schap heb ik de ‘Piwi-route’ bestudeerd. Deze scanner zorgt ervoor dat de genetische 
informatie die we doorgeven aan ons nageslacht in orde blijft. De Piwi-route is namelijk 
verantwoordelijk voor de vernietiging van virussen, in dit geval virus-achtige deeltjes die 
zich in ons DNA bevinden. Vervolgens pakt deze cellulaire scanner het deeltje in, zodat het 
inactief  wordt. Het is vergelijkbaar met een virusscanner van een computer die een virus 
in ‘quarantaine’ zet, waardoor het virus er nog wel is, maar niet meer kan functioneren. Haal je de 
virusscanner van je computer, dan kan dat virus wel weer actief  worden en alsnog je computer 
laten crashen.
 
Scanners en onvruchtbaarheid
Zo zit dat ook in levende cellen. Deze virusachtige deeltjes in ons DNA worden ook wel transposons 
genoemd. Deze transposons zijn stukjes DNA die in staat zijn om zichzelf  te verspreiden over 
het DNA, zoals een computervirus zich kan verspreiden over een computer en alle documenten 
corrupt maakt. De transposon kan zichzelf  uit het DNA knippen en vervolgens zichzelf  
ergens willekeurig terugplakken. Maar het kan zichzelf  ook eerst vermenigvuldigen, voordat 
het zichzelf  terugplakt, waardoor je vele kopieën van hetzelfde transposon over het gehele 
DNA krijgt. Ongeveer 45% van ons DNA bestaat uit transposons, waarvan een groot deel niet 
meer actief  is.
 
Je kunt het DNA vergelijken met een ‘kookboek’ waarin alle ‘recepten’ voor het maken en goed 
functioneren van een organisme staan opgeslagen. Dit boek is geschreven met vier letters, A, 
T, C en G. Deze letters worden ook wel ‘nucleotiden’ genoemd en dit zijn de bouwstenen van 
het DNA. Als een transposon zich willekeurig in een ‘bladzijde’ van het DNA plakt, wordt de 
code onleesbaar. Het is vergelijkbaar met een leesboek. Stel dat je willekeurig alinea’s tussen 
de andere alinea’s van een leesboek plakt, dan begrijp je niets meer van het verhaal. Hetzelfde 
geldt voor een transposon die zich in het DNA plakt. Het is daarom van groot belang om 
deze transposons te vernietigen of  ‘in quarantaine te zetten’, zodat ze zichzelf  niet kunnen 
verspreiden en de genetische code van cellen onleesbaar maken. En dit is van nóg groter 
belang in de geslachtscellen, want als transposons daar actief  worden, kan dat resulteren 
in onvruchtbaarheid.
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Transposons identificeren
Als je op een computer een document downloadt checkt de scanner of  er een virus aanwezig is. De 
scanner vergelijkt de code van het document met de code van een computervirus. Daarom 
moet een virusscanner regelmatig geactualiseerd worden, zodat het bekend is met de nieuwste 
computervirussen.
Maar hoe doet een cel dat? Hoe herkent een cel een transposon? En hoe zet de cel deze 
transposon vervolgens in ‘quarantaine’ of  vernietigt het? De Piwi-route vergelijkt ook de code 
van een transposon met ‘zijn eigen code’. Die eigen code zijn kleine stukjes RNA van ongeveer 
20 tot 30 letters/nucleotiden (figuur 1). Wat is RNA? Als het DNA een kookboek is dan is het 
RNA te vergelijken met de recepten die daar in staan. Een cel ‘slaat het kookboek open op de 
goede pagina’ en leest vervolgens het recept af. Een cel doet dat door een kopie van het recept 
te maken en gebruikt daarvoor dezelfde soort letters A, C, G, alleen is de T van het DNA in een 
U veranderd. De kopie van een recept is het RNA en de kopieermachine is een eiwit dat ook 
wel een RNA-polymerase wordt genoemd. Het recept kan vervolgens vervoerd worden naar een 
andere plek in de cel waar het RNA wordt vertaald naar een eiwit.
 
De RNA-polymerase kan ook recepten/RNA maken van transposons die zich in het DNA 
bevinden (figuur 1A). Als er van dit recept eiwit gemaakt wordt, is de transposon in staat 
om zich te vermenigvuldigen in het DNA, waardoor het DNA onleesbaar kan worden. Het 
transposon-RNA kan ook gebruikt worden door kopieermachines die van RNA weer DNA 
maken, waardoor het aantal transposon-kopieën in het DNA toeneemt.
 
Hoe werkt de transposon virusscanner?
De Piwi-route c.q. cellulaire virusscanner voorkomt dat transposons ‘actief ’ worden. Het 
herkent het transposon RNA door middel van die kleine stukjes RNA. Hoe gebeurt dat? Een 
RNA ‘recept’ is in feite een hele lange streng van nucleotiden/ ‘de letters U, A, C en G’ die op 
een bepaalde volgorde aan elkaar gekoppeld zijn. Deze nucleotiden zijn in staat om te paren 
en hierdoor basenparen te vormen. De ‘U’ kan namelijk met de ‘A’ paren en de ‘C’ met de 
‘G’. Een RNA-streng kan hierdoor ook paren met een andere RNA-streng, waardoor het een 
dubbele streng wordt. Maar dit kan alleen als de ‘letters’ van de ene streng kunnen paren met 
de ‘letters’ van de andere streng. Bijvoorbeeld, een RNA-streng met de volgorde  AUCAGCC 
kan alleen met een andere RNA streng paren als het basenparen kan vormen. Een ‘A’  bindt aan 
een ‘U’, dus dan moet de andere streng met een A beginnen. Zo’n streng zou er dan zo uitzien  
UAGUCGG (figuur 1B).
Van dit principe maakt de Piwi-route gebruik. De kleine stukjes RNA van 20 tot 30 letters 
(ook wel piRNAs genoemd) kunnen het transposon RNA-streng herkennen doordat ze ermee 
paren. Die kleine stukjes RNA, de piRNAs, zijn verbonden aan een ‘knipmachine’. Wanneer 
de piRNA de transposon-streng herkent, wordt de knipmachine actief  en knipt daarbij de 
transposon RNA-streng in tweeën (figuur 1C). Hierdoor wordt het ‘RNA-recept’ onleesbaar en 
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Figuur 1 (A) Transposon RNA wordt gemaakt door een RNA polymerase (de kopieermachine). Het 
transposon RNA kopie (groen) wordt herkent door de knipmachine met behulp van de piRNA.  (B) 
Deze piRNA kan paren met het transposon RNA en hierdoor dubbel-strengs RNA vormen. (C) De 
herkenning activeert de knipmachine om het transposon RNA door midden te knippen, waardoor 
de transposon gedeactiveerd wordt.  
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is de transposon vernietigd. In feite scant de Piwi-route voor transposon-strengs door middel 
van piRNAs die aan ‘knipmachines’ verbonden zitten.
 
Mijn onderzoek
Deze knipmachine en de piRNAs zijn specifiek in de geslachtscellen aanwezig. En wanneer 
de Piwi-route niet (goed) functioneert, worden de dieren die we bestuderen onvruchtbaar. In 
mensen is de Piwi-route ook aanwezig en deze is vergelijkbaar met de Piwi-route van bijvoorbeeld 
muizen, vliegen en zebravissen.
 
Nabewerking van piRNAs
Tijdens mijn aio-schap heb ik de Piwi-route bestudeerd in zebravissen (D. rerio) en in wormen (C. 
elegans), zie figuur 2. In het eerste deel van dit boekje heb ik gekeken naar hoe deze piRNAs gemaakt 
worden. In het DNA staan niet alleen de ‘recepten’ voor transposons, maar ook de ‘recepten’ voor 
deze piRNAs. Deze worden door de RNA polymerase (kopieermachine) afgelezen waardoor 
er een lange streng RNA ontstaat. Deze streng RNA wordt verwerkt tot vele kleine piRNAs 
en in de ‘knipmachine’ geladen. Voordat deze knipmachine ‘op zoek gaat’ naar transposons, 
krijgen de piRNAs een kleine ‘nabewerking’. Een ander eiwit verbindt namelijk een methylgroep 
aan een uiteinde van deze piRNAs. Een methylgroep is een klein molecuul dat bestaat uit 
een koolstof-atoom en drie waterstof-atomen. (CH3). Het eiwit dat een methylgroep verbindt 
aan een piRNA is de ‘methyltransferase’ Hen1.
 
We begrepen niet goed waarom deze ‘nabewerking’ nodig was, en hebben daarom de rol 
van Hen1 bestudeerd in zebravissen en in de wormen C. elegans. In zebravissen zagen we dat 
wanneer piRNAs geen nabewerking (een methylgroep) kregen, ze instabiel werden en één van de 
transposons deels niet meer werd vernietigd. We zagen dat er extra letters/nucleotiden aan het 
uiteinde van de piRNA werden geplakt en die letters waren voornamelijk A’s en U’s. Je kunt het 
vergelijken met een stapel legostenen, waarbij iedere steen een nucleotide is. Wanneer de ene 
legosteen op de andere wordt gestapeld, krijg je een lange streng legostenen. Als de laatste steen 

Figuur 2 Een afbeelding van de twee modelorganismen waaraan ik heb gewerkt. Links is de worm 
C. elegans afgebeeld en rechts de zebravis D. rerio. 
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echter geen ‘noppen’ heeft, kan de volgende steen niet hechten en wordt de stapel legostenen 
niet langer. De methylgroep is vergelijkbaar met een legosteen zonder noppen, het voorkomt 
dat er nieuwe ‘legostenen/nucleotiden’ kunnen hechten aan de piRNA. Deze nieuwe 
nucleotiden (voornamelijk de U’s) zijn een ‘afbraaksignaal’ en in feite voorkomt de methylgroep 
aan het uiteinde van de piRNA dat deze worden afgebroken.
 
Transposons in quarantaine zetten
Vervolgens hebben we ook gekeken naar de invloed van deze piRNAs op het DNA. In de 
wormen C.elegans zagen we dat deze piRNAs niet alleen de RNA strengen kunnen vernietigen, 
maar ook dat ze kunnen voorkomen dat de strengen überhaupt gemaakt worden. Ze doen dat 
door het DNA op zo’n manier in te pakken, dat de RNA polymerase het minder makkelijk 
kan kopiëren. Het is vergelijkbaar met een virusscanner die een virus ‘in quarantaine’ zet, waardoor 
het niet meer actief  kan zijn, maar in feite nog steeds wel aanwezig  is.
We ontdekten dat de piRNAs een reactie induceren waardoor het DNA wordt ingepakt. Het is 
moeilijk voor een RNA polymerase om RNA te maken van sterk ingepakt DNA en de transposons 
worden hierdoor dus ‘in quarantaine’ gezet. Het inpakken van het DNA is vergelijkbaar met het 
‘dichtplakken’ van de pagina’s in het DNA-boek. Als deze aan elkaar geplakt zitten, kunnen ze 
niet meer worden gelezen en kunnen ze ook niet worden gekopieerd. We denken dat de piRNAs 
in C. elegans verantwoordelijk zijn voor het inpakken van het DNA dat ‘niet-eigen’ is. Met niet-
eigen DNA wordt het DNA bedoeld dat bijvoorbeeld afkomstig is van transposons. Er zouden 
andere eiwitten (de CSR-1 route) verantwoordelijk zijn voor het ‘open houden’ van eigen-DNA, 
DNA dat noodzakelijk is voor de groei, ontwikkeling en functioneren van C. elegans. We denken 
dat de Piwi-route met zijn piRNAs en de CSR-1 route met elkaar samenwerken om te bepalen 
wat eigen en niet-eigen is in het DNA van de geslachtcellen van C elegans. Als één van deze routes 
niet goed werkt, heeft dat groot effect op de vruchtbaarheid van deze wormen.
 
Op zoek naar nieuwe eiwitten
In het laatste onderzoekshoofdstuk van dit boekje hebben we gezocht naar nieuwe eiwitten 
die betrokken zijn bij de Piwi-route. We hebben dit gedaan door willekeurige mutaties in 
het DNA van de wormen aan te brengen. Deze mutaties zijn veranderingen van de code 
van het DNA en kunnen verantwoordelijk zijn voor het niet goed functioneren van een 
eiwit. Bijvoorbeeld: sikkelcelanemie is een ziekte waarbij rode bloedcellen niet goed gevormd 
worden, waardoor ze veel minder zuurstof  kunnen opnemen. De oorzaak van deze ziekte is T 
naar A verandering in het ‘recept’ voor het zuurstofbindend eiwit β- globine.
 
We hebben willekeurig mutaties in het DNA van C. elegans aangebracht door de wormen te 
laten zwemmen in een vloeistof  met een mutageen. Een mutageen reageert met het DNA en 
dit kan tot gevolg hebben dat de code van het DNA verandert. Vervolgens hebben we gekeken 
of  de wormen een defect hadden in hun Piwi-route. We hebben zestien wormen gevonden 
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die dat defect hadden. We zijn momenteel bezig met het vinden van de mutaties, die dit defect 
veroorzaken.
Deze nieuw gevonden eiwitten, betrokken in de Piwi-route, zouden een vergelijkbaar eiwit kunnen 
hebben in andere dieren. Bijvoorbeeld : de knipmachine, die piRNAs bindt in C. elegans, heeft een 
‘broertje’ in mensen, die vrijwel hetzelfde doet. Als twee eiwitten uit verschillende organismen 
sterk op elkaar lijken, betekent dit vaak dat ze belangrijk zijn voor het functioneren van het 
organisme. Gedurende de evolutie van de twee soorten zijn ze daarom behouden gebleven. Dit 
zou eveneens het geval kunnen zijn voor de eiwitten die wij hebben gevonden in C. elegans.
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kunnen, maar van willen. Dank je voor dat eeuwige vertrouwen en dat jullie altijd voor me 
klaar staan als ik jullie nodig heb. 
Mijn broertje Rutger en zusje Elise, jullie zijn me zo ontzettend dierbaar! Jullie zijn een deel 
van mij en wat er ook gebeurt, ik weet dat jullie er altijd voor me zijn! Ik hou onvoorwaardelijk 
veel van jullie. Rutger, jij staat tijdens mijn verdediging aan mijn andere zijde en dat is niet 
meer dan vanzelfsprekend! Daarnaast heb je me ook ontzettend geholpen met het corrigeren 
van mijn introductie. Bedankt daarvoor. Elise, jij vraagt altijd hoe het met me gaat en luistert 
geïnteresseerd naar mijn verhalen! Dank je!

Sannie, dank je voor je geduld, je flexibiliteit, je behulpzaamheid,  je zorgzaamheid, je begrip 
en natuurlijk je liefde! Ik hou van jou met iedere cel in mijn lichaam, maar met mijn stamcellen 
het meest, want die zijn voor altijd.




