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参与RNA干扰通路的小RNA



• 1990年，Rich Jorgensen将由强启动子控制的Chalcone synthase gene转入
淡紫色的矮牵牛花->加深紫色

• Hypopigmentation: 许多花出现杂色，甚至紫色消失，变成白色

• Co-suppression

RNA干扰的发现



• 1995年，Su Guo and Kenneth J. Kemphues利用反义
RNA技术阻断线虫中的par-1基因。在对照实验中给线
虫注射正义RNA以期观察到基因表达的增强。(擦肩而
过!)

• 然而，正义RNA和反义RNA都能够有效地抑制基因的表
达？！

• 沉默的效应能够在被注射的动物及其后代中保持，虽
然RNA转录本在胚胎早期就发生降解

RNA干扰：线虫



双链RNA抑制与其序列同源的基因的表达

Andrew Z. Fire
Craig C. Mello



RNA干扰

• “RNA Interference”: 注入dsRNA能
够有效地、长期的阻断基因的表达

• 给线虫喂食表达GFP dsRNA的细菌，
线虫的GFP表达被抑制 (a)，但存在
RNAi缺陷的则不被抑制 (b)

• 之前的正义RNA抑制基因表达的现
象，可能是由于体外转录所得RNA
中污染了微量双链RNA而引起



➢ First, dsRNA segments corresponding to various intron and promoter 

sequences did not produce detectable interference.

➢ Second, we found that injection of dsRNA produces a pronounced 

decrease or elimination of the endogenous mRNA transcript.

➢ Third, dsRNA-mediated interference showed a surprising ability to cross 

cellular boundaries. Interference was seen in the progeny.

➢ Double-stranded RNA could conceivably mediate interference more 

generally in other nematodes, in other invertebrates, and, potentially, in 

vertebrates. RNA interference might also operate in plants.



RNA 干扰是一个保守的生物学现象

GFP dsRNA



TGS, CTGS
染色质修饰

降解靶标 mRNA 

抑制翻译

Dicer

RNAi 的分子机制

Argonaute

dsRNA，双链 RNA 

小干扰 RNA
siRNA

抑制转录



RNA干扰的分子机器

 1. Dicer: RNase III类似的，包含多个功能结构域的核

糖核酸酶，将dsRNA切割成小的short interfering RNAs

(siRNAs) or microRNAs (miRNA)，并将这些产物加载

到RISC上

 2. RISC (RNA induced silencing complexes) (RNA诱导

的沉默复合体): 包含多个蛋白的复合物，将与之连接

的siRNA或miRNA定位到其靶点并抑制靶基因的表达
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贾第鞭毛虫

Dicer

 序列的结构组成:

 1. 一个PAZ结构域，

与dsRNA的末端结合

 2. 两个RNase III结构

 3. 其他的功能结构域
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Argonaute (AGO)：RISC的核心成员

 Argonaute (AGO): 大的蛋白质家族，为RISCs的核心
成员

 AGO蛋白质一般包含PAZ和PIWI两种功能结构域

 PAZ与双链siRNA 3’-端露出的两个核苷酸结合

 PIWI负责将双链siRNA切成单链

 PAZ和PIWI对于siRNA与底物mRNA之间的相互作用
是必须的，并负责底物的断裂或转录抑制

 不同的AGO具有不同功能，例如人类AGO2负责的
RISCs能够割裂底物mRNA，而AGO1和AGO3则不
能
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◆ Gene knockdown

◆ Functional genomics

◆ Genome-scale RNAi screening

◆ Medicine

◆ Biotechnology

RNA 干扰的应用

疾病治疗 基因功能 农作物改良



2021

2021

mRNA vaccine

RNA 药物



Nature Biotechnology 2003

Hepatology 2003

Inhibition of hepatitis B virus in mice by 

RNA interference







科学问题

调节性小非编码 RNA 是怎样产生的，通过

什么样的分子机制起作用，其生物学功能

是什么，是怎么样参与性状遗传的？



rde-1 non

rde-2  Ste/him/mutator

rde-3 Ste/him/mutator

rde-4 non

mut-2 Ste/him/mutator

mut-7 Ste/him/mutator

Screening for RNAi-deficient mutants

The first mutants in the RNAi pathway 

identified by Tabara and Mello were 

called RNAi deficient (rde). These 

original screens were aimed at 

identifying of viable mutants, resistant 

to RNAi targeting pos-1, a gene 

important for viability.

Existence of related silencing 

pathways with distinct 

triggering mechanisms
Tabara H. 1999. Cell, Vol. 99, 123–132,
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外源RNA干扰通路

Ghildiyal and Zamore et al., 2009

RISC: RNA诱导的沉默复合体
RdRP: RNA依赖的RNA聚合酶
siRNA: Short interfering RNA

Primary siRNA

Secondary siRNA次级扩增

初级生成
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内源RNA干扰通路

Billi et al., 2014



Part I: nuclear RNAi and nucleolar RNAi

1.1: nuclear RNAi

1.2: nuclear RNAi & transgenerational inheritance

1.3: antisense ribosomal siRNA (risiRNA) and nucleolar RNAi

Part II: piRNA biogenesis

2.1: USTC 复合物与 piRNA 转录

2.2: PICS复合物与 piRNA 加工



Part I: nuclear RNAi and nucleolar RNAi

1.1: nuclear RNAi

1.2: nuclear RNAi & transgenerational inheritance

1.3: antisense ribosomal siRNA (risiRNA) and nucleolar RNAi

Part II: piRNA biogenesis

2.1: USTC 复合物与 piRNA 转录

2.2: PICS复合物与 piRNA 加工



• 小干扰 RNA是否在细胞核中
有作用？

• 如果有，需要哪些关键因子？

• 细胞核RNA 干扰的分子机制
是什么？

nucleus

?

dsRNA

siRNA

?

科学问题



RNAi与异染色质：植物

• dsRNA与染色质沉默密切相关

• 植物的转基因被同源dsRNA的表达所沉默，并使

同源DNA区域发生甲基化

• 由siRNA介导，甲基转移酶能够被招募到靶基因的

位点
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(Moazed 2009)

多个蛋白复合物参与异染色质的调控

Co-transcriptional gene silencing in S. pombe
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Control of alternative splicing through siRNA-

mediated transcriptional gene silencing



namiRNAs activate gene expression in nucleus



RNAi

Control

RNAi silences a nuclear localized RNA

RNA in situ

WT

Science 2008



lin-15alin-15b

x lin-15alin-15b

x

lin-15alin-15bx x

no phenotype

no phenotype

multi-vulva (Muv)

Mutations of both lin-15a and lin-15b result in 

a synthetic multi vulval (Muv) phenotype

Does RNAi of lin-15b give a Muv phenotype?



I II III IV V X

nrde-3 

nrde-2 

nrde-1 

nrde-4 

C. elegans Chromosomes

A forward genetic screening identifies Nuclear RNAi 

Defective genes (NRDE)



在秀丽线虫中发现细胞核 RNA 干扰关键因子 NRDE-3
(Nuclear RNAi Defective -3)



Binding siRNA is required for NRDE-3 

nuclear localization and function

NLS PIWIPAZ

Y463A,Y464A

• IP GFP::NRDE-3

• Extract small RNAs

•Label with -p32-ATP



nrde-2 encodes a conserved protein required for 

nuclear RNAi

~200 cell embryo

GFP::NRDE-2

Nature 2010



细胞核 RNA 干扰诱导靶标位置的 H3K9me3 和 H3K27me3

Nature Genetics 2012 Current Biology 2015



细胞核 RNA 干扰通路

Science 2008; 

Nature 2010; 

PLoS Genetics 2011; 

Nature Genetics 2012; 

Genetics 2014; 

Current Biology 2015 



Part I: nuclear RNAi and nucleolar RNAi

1.1: nuclear RNAi

1.2: nuclear RNAi & transgenerational inheritance

1.3: antisense ribosomal siRNA (risiRNA) and nucleolar RNAi

Part II: piRNA biogenesis

2.1: USTC 复合物与 piRNA 转录

2.2: PICS复合物与 piRNA 加工



RNA干扰性状可以被多代遗传,细胞核RNA干扰通路起关键作用

Exogenous dsRNA trigger

Nick O. Burton, Kirk B. Burkhart, and Scott Kennedy （2011）PNAS



Nuclear RNAi 介导的 H3K9me3 和 H3K27me3可以多代遗传

Nature Genetics 2012 Current Biology, 2015



WAGO-4 和细胞质 RNA 干扰机器参与获得性遗传

wago-4(tm1019);
pie-1::gfp::h2b

wago-4(ust42);
pie-1::gfp::h2b

hrde-1(tm1200);
pie-1::gfp::h2b

pie-1::gfp::h2b

control RNAi gfp RNAi no RNAi
P0 F1

green
dim
dark

0

20

40

60

80

100

pi
e-

1:
:g

fp
::h

2b

pi
e-

1:
:g

fp
::h

2b
;

hr
de

-1
(tm

12
00

)

pi
e-

1:
:g

fp
::h

2b
;

w
ag

o-
4(

tm
10

19
)

pi
e-

1:
:g

fp
::h

2b
;

w
ag

o-
4(

us
t4

2)

(%)

p
e
rc

e
n
ta

g
e
 o

f 
F

1
 w

o
rm

s
 w

it
h

id
ic

a
te

d
 g

fp
 e

x
p
re

s
s
io

n
 l
e
v
e
ls

n=
23

5
n=

12
n=

29
n=

39

A

Cell Reports 2018

Wan G, Fields BD, Spracklin G, Shukla A, Phillips CM, Kennedy S. (2018) Nature



获得性遗传的三个步骤



Part I: nuclear RNAi and nucleolar RNAi

1.1: nuclear RNAi

1.2: nuclear RNAi & transgenerational inheritance

1.3: antisense ribosomal siRNA (risiRNA) and nucleolar RNAi

Part II: piRNA biogenesis

2.1: USTC 复合物与 piRNA 转录

2.2: PICS复合物与 piRNA 加工



siRNA

NRDE-3 transports siRNAs to the targeted pre-mRNA
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NRDE-3 可以作为基因表达的时空指示

Science 2008



Forward genetic screening identified suppressor of siRNA (susi) mutants

suppressor of siRNA:

susi-1

susi-2

susi-3

susi-4

susi-5

eri-1(-)

eri-6/7(-)

ergo-1(-)

rrf-1(-)

rrf-3(-)

dcr-1(-)

rde-4(-)

drh-3(-)

mut-2(-)

mut-7(-)

GFP::NRDE-3

susi(-)

nuc.cyt.

nuc.cyt.
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risiRNA: antisense ribosomal siRNA

26 nt

18 nt
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F31C3.10

26S fragment

F31C3.7

18S

F31C3. 11

5.8S

F31C3.9

26S

F31C3.8

18S

LG I

eri-1(mg366);susi-1(ust1);GFP::NRDE-3IP NRDE-3 siRNA sequencing

47

反义核糖体小干扰 RNA (risiRNA) 是一类

新的小干扰 RNA

Nature Structural & Molecular Biology 2017



risiRNA is not degradation product of rRNA

Deep-seq



反义核糖体小干扰 RNA (risiRNA) 是一类

新的小干扰 RNA



⚫ Buhler M, Spies N, Bartel DP, Moazed D. TRAMP-mediated RNA surveillance prevents spurious 

entry of RNAs into the Schizosaccharo-myces pombe siRNA pathway. Nat Struct Mol Biol 2008

⚫ Lee HC, Chang SS, Choudhary S, Aalto AP, Maiti M, Bamford DH, Liu Y. qiRNA is a new type of 

small interfering RNA induced by DNA damage. Nature 2009

⚫ Cao M, Du P, Wang X, Yu YQ, Qiu YH, Li W, Gal-On A, Zhou C,Li Y, Ding SW. Virus infection 

triggers widespread silencing of host genes by a distinct class of endogenous siRNAs in 

Arabidopsis. Proc Natl Acad Sci U S A 2014

⚫ You C, He W, Hang R, Zhang C, Cao X, Guo H, Chen X, Cui J, Mo B. FIERY1 promotes 

microRNA accumulation by suppressing rRNA-derived small interfering RNAs in Arabidopsis. 

Nat Commun. 2019

risiRNA 广泛存在于不同物种里



Forward genetic screening identified suppressor of siRNA (susi) mutants
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错误的核糖体 RNA 诱导 risiRNA 产生

            

                       

     

          

        
         

   

        

 

        

          

       

       

  

  

 

 

 

       

       

      

       

       

       

       

       

       

        

     

       

     

       

     

      

      

      

             
        

       

      

    

 

   

        

  

 

 
 
 

               

 
  
 
 
 
 
 
 
  
 
 
 
 

           

      
        

       
       

 

PNAS 2018



                               

       

           

 

risiRNA 诱导核仁 RNA 干扰通路 (nucleolar RNAi)

Nucleic Acids Research (2021)



核仁 RNAi 的分子机制

NSMB 2017;

PNAS 2018;

NAR 2021
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risiRNA is important for growth and fertility

      

  

            

              

             

             

       

        

             



（2021）



Part I: nuclear RNAi and nucleolar RNAi

1.1: nuclear RNAi

1.2: nuclear RNAi & transgenerational inheritance

1.3: antisense ribosomal siRNA (risiRNA) and nucleolar RNAi

Part II: piRNA biogenesis

2.1: USTC 复合物与 piRNA 转录

2.2: PICS复合物与 piRNA 加工
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piRNA参与沉默转座子和外源序列的表达

Deniz et al., 2019
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piRNA生成缺陷导致线虫精子发生异常且雄虫不育

Wang et al., 2008; Charlotte et al., 2021
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piRNA通路在金黄地鼠雄性和雌性生殖中发挥重要作用

Hasuwa et al., 2021; Zhang et al., 2021
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人类Piwi蛋白突变造成男性不育

Gou et al., 2017



Eva-Maria, et al. 2014

piRNA的产生与加工机制并不完全清楚
研究背景
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果蝇单向转录piRNA的生成

Haruna et al., 2018
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果蝇双向转录piRNA的生成
果蝇piRNA的生成

Mostafa et al., 2019
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果蝇次级piRNA的生成 - Ping-Pong循环

Maartje et al., 2013



Kang Zhao & Yang Yu (2019) Nat. Cell Biol.

A Pandas complex adapted for piRNA-guided transcriptional 

silencing and heterochromatin formation 



线虫 piRNA 的转录与加工成熟



Part I: nuclear RNAi and nucleolar RNAi

1.1: nuclear RNAi

1.2: nuclear RNAi & transgenerational inheritance

1.3: antisense ribosomal siRNA (risiRNA) and nucleolar RNAi

Part II: piRNA biogenesis

2.1: USTC 复合物与 piRNA 转录

2.2: PICS复合物与 piRNA 加工



Functional proteomics identified a USTC complex

IP-MS

&

Y2H

Genes & Development 2019
与董梦秋，Eric Miska合作

USTC: 

upstream 

sequence 

transcription 

complex



USTC binds to piRNA clusters



上游序列转录复合物(USTC)介导 piRNA的转录

USTC: upstream sequence transcription complex
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利用USTC复合物进行正向遗传学筛选

Weng et al., 2019



 
         

     

         

           

       

 

             

           

                            

 
 
  
  
 
  
 
 
  
 

正向遗传学筛选发现 USTC association dependent (uad)-2 基因对
piRNA focus 形成是必需的

PNAS (2021)

             

     

       

                

                



UAD-2 结合 H3K27me3
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UAD-2结合在染色体上



 

  

  

  

  

   

                                     

      

  

           

        

      

      

      

          

      

      

             

             

 
 
  
      

 
  
 

 

                                                                            

            

      

      

      

      

反向遗传学发现染色质微环境介导 piRNA focus形成和 piRNA 的生成



上游序列转录复合物结合依赖 (uad)-2 基因介
导 piRNA转录

ISW-1 MRG-1

Chromatin

piRNA Cluster

USTC Complex

PRC-2

UAD-2
H3K27me3



Part I: nuclear RNAi and nucleolar RNAi

1.1: nuclear RNAi

1.2: nuclear RNAi & transgenerational inheritance

1.3: antisense ribosomal siRNA (risiRNA) and nucleolar RNAi

Part II: piRNA biogenesis

2.1: USTC 复合物与 piRNA 转录

2.2: PICS复合物与 piRNA 加工



线虫 piRNA 的转录与加工成熟



Functional proteomics identified TOFU-6 interactors

IP-MS

&

RNAi screening

Cell Reports 2019

与许超, 董梦秋合作



Subcellular localization of PICS factors
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TOFU-6, PICS-1, ERH-2 and TOST-1 are required for 

chromosome segregation and cell division
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PICS 复合物的结构解析

Nature Comm. (2021)
与许超合作





线虫中的piRNA通路

PICS

G&D 2019

Cell Reports 2019

PNAS 2021

Nat. Comm. 2021



线虫里小 RNA的产生,功能与作用

Miguel Vasconcelos Almeida, Miguel A. Andrade-Navarro, and René F. Ketting 

（2019）Noncoding RNA

(PICS)

(USTC)

(NRDE)

(UAD-2)

2005

2021

1.Nat. Comm. (2021)

2.Nucleic Acids Res. (2021b)

3.Nucleic Acids Res. (2021a) 

4.PNAS (2021)

5.Cell Reports (2019)

6.Genes & Development (2019)

7.PNAS (2018)

8.Cell Reports (2018)

9.Nat. Struct. & Mol. Biol. (2017)

10.Current Biology (2015)

11.Genetics (2014)

12.Nature Genetics (2012)

13.PLoS Genetics (2011) 

14.Nature (2010)

15.Science (2008)



利用USTC复合物和UAD-2进行正向遗传学筛选

Gonzalez-Sandoval et al., 2019
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