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Outline

• Introduction of piRNA

• Identifying piRNA targeting rules in C. elegans (Science 2018)
(Heng-Chi Lee, Department of Molecular Genetics and Cell Biology, University of Chicago)

• pirScan: a webserver to predict piRNA targeting sites and to avoid 
transgene silencing in C. elegans (NAR web server 2018)

• piRTarBase: a database of piRNA targeting sites and their roles in gene 
regulation (NAR database 2019)



What is piRNA?

• Piwi‐interacting RNA (piRNA) is the largest class of 
small non‐coding RNA molecules expressed in animal 
cells.

• Over 17000 distinct piRNAs are encoded by the C. 
elegans genome.

• piRNAs in C. elegans are also called 21U-RNAs, for 
their length of 21 nucleotides with strong 5’ U 
preference. 
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21ur-5557 UUGGCGUGGUCUUUUUAAUUU

21ur-11888 UUUGGUCGAUCGCUAAAAUCG

21ur-15651 CAACUGCAUAUUGAUGAUUUG

21ur-13181 UGGGAGAAAUCUACGGAAAUU

21ur-11965 UUGUUUGAAGUAGGAUUUUGA

21ur-7861 UAGUAAUUUAAUGAUAUGACA

21ur-10491 GUAAGUUCGAUGGUUUGAAUU

21ur-12527 UAACGUCUGAAAUAUGUGGAU

21ur-15658 AUUCCUGUUAGCAAUGAUUAU

U: 96.76%
A: 1.16%
G: 0.86%
C: 1.22%



Function of piRNA
• piRNAs interact with Piwi-related Argonaute proteins (PRG-1 in 

C. elegans) to defend the genome by silencing foreign nucleic 
acids (e.g. transposons or transgenes).

• piRNA function extends beyond genome defense. 
• piRNAs can also regulate the expression of endogenous genes in C. 

elgans.

• Kim et al. (2018). A Neuronal piRNA Pathway Inhibits Axon 
Regeneration in C. elegans. Neuron 97, 511–519.e6.

• Tang et al. (2018). A sex chromosome piRNA promotes robust 
dosage compensation and sex determination in C. elegans. Dev. 
Cell 44, 762–770.



>17000 distinct piRNAs form a foreign gene (Non-self) 
surveillance system
• piRNAs can silence 

most foreign genes.

…
…
…
…
…
… Like Google search engine

Epigenetics 9:1, 62–74; January 2014

Non‐self

RNA‐dependent RNA Polymerases (RdRPs)

H3K9me3

Worm‐specific ArGOnautes (WAGOs) 



Only some endogenous genes are silenced by piRNAs
but most are not.

• piRNAs can target 
essentially all germline 
mRNAs.

• Endogenous mRNAs (Self) 
are protected by CSR-1 
Argonaute Pathway.

• The balance of licensing
(CSR-1) and silencing
(PRG-1) signals along an 
mRNA determines the 
fraction of mRNA 
molecules that escape 
destruction and gain access 
to the translation machinery. Seth et al., 2018, Cell Reports 22, 2254–2264

Self

P granules: a class of perinuclear RNA granules specific to the germline 
in C. elegans.

Silencing
signal

Licensing
signal



How do piRNAs recognize their targets?

PRG‐1ALG‐1

base pairing at
“Seed region”

miRNA Argonaute PIWI Argonaute

?

siRNA Argonaute

Rde‐1

near‐perfect matches Answered by our Science paper



Identification of piRNA targeting rule is difficult

• C. elegans has >17000 piRNAs and >33000 mRNAs

PRG‐1 PRG‐1PRG‐1

PRG‐1PRG‐1

PRG‐1 PRG‐1

mRNA 1

mRNA 2

mRNA 3



22G-RNAs can serve as a “mark” for 
piRNA targeting sites in vivo

22G‐RNAs

PIWI

Gene silencing

piRNA
targeting

RdRPs

U

G

G
G
G

Bagijn MP et al., 2012
Lee HC et al., 2012



Identify the mRNA targets of a single piRNA

6 targets 11 targets



Synthetic/Deleted piRNAs induce/lose 22G-
RNAs and reveal piRNA targeting signature

seed
piRNA

Target mRNA
Non‐GU:1
GU:3

Non‐GU:4
GU:1
Non‐GU:2
GU:1

Non‐GU:2
GU:2

X Non‐seed

seed non‐seed



A piRNA reporter assay to 
investigate the piRNA targeting 
rules

GFPdpiRNA:CDK‐1transgene
(depletion of piRNA targeting sites, 
in which the GFP sequence has been 
recoded to avoid silencing by 
endogenous piRNAs)

seed non‐seed



A piRNA reporter assay to investigate
the piRNA targeting rules

seed non‐seed



A piRNA reporter assay to investigate
the piRNA targeting rules

bulge
seed non‐seed



Identified piRNA targeting rules

piRNA

target

5’ 3’

3’ 5’

2 7 8 21

N N N N N N N N N N N N N N

N N N N N N N N N N N N N N

“seed region”
Up to 1 GU mismatch

“non‐seed region”
complementary sequences

Up to 3 mismatches

1

N N N N N N

N N N N N N

U

• piRNA targeting in C. elegans prefers near-perfect pairing at the piRNA seed 
region (one GU wobble pair is tolerated). 

• Supplementary pairing outside of the seed region also contributes to piRNA
targeting, but few mismatches are tolerated (piRNAs tolerate up to three non-
seed mismatches but not RNA bulges). 

• GU pairs are moderately more tolerated than non-GU mismatches in the non-
seed region. 



Identified piRNA targeting rules
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miRNA ArgonautesiRNA Argonaute

Rde‐1

near‐perfect matches



Transgenes carrying foreign nucleic acids are 
frequently silenced in the germline of C. elegans

Transgene              % expression
Cas9                                      0              
I‐Sce I                                    0             
Mos transposase 0             

gfp::csr‐1 6
gfp::rde‐3 17
gfp::cdk‐1 0

flag::csr‐1 83
flag::rde‐3 100

Do piRNA recognize foreign nucleic acids and silence them?

Shirayama M et al., 2012



Can we avoid piRNA recognition?



Silencing-prone transgenes can be expressed in 
the germline by avoiding piRNA targeting 

Introduce synonymous mutations on the GFP DNA 
sequence in piRNA targeting sites without changing 
its amino acid sequence
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pirScan: a web server to predict piRNA
targeting sites and to avoid transgene silencing



Input page of pirScan



Scan results



Suggest synonymous mutations

• hggg





Experimental validation of our modified GFP sequence



piRNA can regulate endogenous genes

• The X chromosome‐derived piRNA
21ux‐1 downregulates XOL‐1 (XO 
Lethal), a master regulator of X 
chromosome dosage compensation 
and sex determination in C. elegans. 

• Mutations in 21ux‐1 sensitize 
hermaphrodites to dosage 
compensation and sex 
determination defects.

• 21ux‐1 targets the xol‐1 transcript, 
induces 22G‐RNA production, and 
represses xol‐1 expression.



CLASH: Crosslinking, Ligation And Sequencing of Hybrids 

• The CLASH technique captures
RNA–RNA interactions by 
physically joining two RNA 
molecules associated with a 
protein complex into a single 
chimeric RNA molecule.

• Shen et al. (2018) used CLASH 
technique to identify piRNA-
mRNA interactions transcriptome-
wide in C. elegans.

• CLASH technique contains false 
positives.

PRG‐1

piRNA

mRNA

piRNA mRNA



piRTarBase: a database of piRNA targeting 
sites and their roles in gene regulation 

• For each mRNA/piRNA, we provide 

1. predicted piRNA target sites 
(from our pirScan webtool) 

2. experimental determined piRNA
target sites (from CLASH data)



Input page of piRTarBase



Search Result



Tang et al. (2018). 21ux‐1 targets the xol‐1 transcript and downregulate its expression.
21ux‐1 = (type 2) 21ur‐1

(One mRNA isoform of gene xol‐1)



Summary of my talk

• piRNA targeting in C. elegans prefers near-perfect pairing at the piRNA
seed region. In addition, supplementary pairing in the non-seed region 
also contributes to piRNA targeting, but few mismatches are tolerated.

• piRNA-mediated gene silencing underlies the transgene silencing 
phenomenon in the germline of C. elegans and we provide a web tool 
(pirScan) to achieve transgene expression by avoiding piRNA recognition.

• We have constructed a database (pirTarBase) to provide predicted piRNA
target sites (from our pirScan webtool) and experimental determined 
piRNA target sites (from CLASH data) for each mRNA in C. elegans.
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Any Questions?
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Can we avoid piRNA recognition?



Silencing‐prone transgenes can be expressed in the 
germline by avoiding piRNA targeting 



pirScan: a web server to predict piRNA targeting sites 
and to avoid transgene silencing



pirScan predicts piRNA sites in the input seqequence
and offer choices of silent mutations 



siRNA

dsRNA

DICER

RDE‐1

RdRPs

Secondary siRNA
synthesis (22G‐RNAs)

Secondary 
Argonautes
(WAGOs)

Transcriptional &
post‐transcriptional gene silencing

RDE‐1 

RNAi pathway in C. elegans

RDE-3

Argonaute
(AGO)



Identify the RNA targets of a single piRNA

piRNA targeting rules

Sequence alignment between piRNA and 
targets



Synthetic piRNAs induce novel 22G-RNA sites and reveal 
piRNA targeting signature

piRNA
Target
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Can we avoid piRNA recognition?



Removing piRNA sites from transgenes allows 
stable expression in germline cells
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Removing piRNA sites allows 
mCherry::RhoA biosensor expressed
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piRNA targeting locally produces 22G-RNAs

22G‐RNAs

PIWI

Gene silencing

piRNA
targeting

RdRPs

piRNA complementary 
sites

secondary 22G‐RNAs
distribution  U
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Bagijn MP et al., 2012
Lee HC et al., 2012



22G-RNAs as a proxy to identify piRNA target & rules

piRNA targeting rules

Sequence alignment between piRNA and 
targets



Synthetic piRNAs induce novel 22G-RNA sites and reveal 
piRNA targeting signature

piRNA
Target



A piRNA reporter assay to investigate the piRNA
targeting rules
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How do piRNAs recognize their targets?

PRG‐1ALG‐1

base pairing at
“Seed region”

miRNA Argonaute PIWI ArgonautesiRNA Argonaute

Rde‐1

near‐perfect matches seed pairing;
mismatch tolerant 
non‐seed pairing   



A model for piRNA mediated genome defense

?

?
?
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piRNA targeting locally produces 22G-RNAs
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Function of piRNA
• piRNAs interact with Piwi-related Argonaute proteins 

(PRG-1 in C. elegans) to defend the genome against 
foreign nucleic acids (e.g. transposons or transgenes).

• piRNA function extends beyond genome defense. 
• piRNAs can also regulate the expression of endogenous 

genes in C. elgans.

• The X chromosome-derived piRNA 21ux-1 downregulates
XOL-1 (XO Lethal), a master regulator of X chromosome 
dosage compensation and sex determination in C. elegans. 

• Mutations in 21ux-1 sensitize hermaphrodites to dosage 
compensation and sex determination defects.



22G-RNAs can serve as a “mark” for 
piRNA targeting sites in vivo
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Identify the mRNA targets of a single piRNA

piRNA targeting rules

Sequence alignment between piRNA and 
targets
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