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RNA Interference

RNA Interference
2006 Nobel Prize in Physiology or Medicine

•Nobel Prize in Physiology or Medicine 2006 awarded jointly to Andrew Z. Fire and
  Craig C. Mello "for their discovery of RNA interference–gene silencing by double
  stranded RNA"

http://nobelprized.org/nobel_prizes/medicine/laureates/2006

•RNA interference (RNAi) occurs in plants, animals and humans.  It's influence is
  incredibly far-reaching changing the way scientists can attack genetic problems
  and understand cellular mechanics:

•RNAi regulates gene expression

•Protects against viral infections

•Secures genome stability by imobilzing
  transposons

•It is a new and powerful experimental method
  for gene silencing

•RNAi has Immense therapeutic potential
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Pvu II
Pst I

Eco RI

Bgl II

Acc I
Bam HI

Bam HI

Eco RI
Hind III

Pst I

Pst I

Acc I

Acc I
Pvu II

TK

pBi[M]6
6.27 kb

Pvu II
Pst I

Eco RI
Bam HI—Bgl II

Bam HI—Bgl II
Acc I

Eco RI
Hind III

Acc I

Pst I

Pst I

TK

pKFII
4.68 kb

Izant, J. G.; Weintraub, H.  Cell  1984, 36, 1007.pBi[M]6 (wild-type) pBi[M]6 + pKFII

Identifying the RNAi Trigger
Anti-Sense RNA Gene Silencing

•Autoradiography of 3H-thymidine treated mouse

  L cells injected with either (a) HSV-TK (pBI[M]6)

  or (b) both HSV-TK and antisense TK (pKFII)

•Cloned cells cultures expressing anti-sense RNA prevents protein translation of
  complementary mRNA

— ! globin
     protein

1 3 4 65 72

anti- ! globin RNA

! globin RNA

anti- histone RNA

injection 1 Injection 2

1

3

4

6

5

7

2

no injection no injection

! globin RNA

no injection

! globin RNA

anti- ! globin RNA

! globin RNA anti- ! globin RNA

no injection

no injection
! globin RNA and
anti- ! globin RNA

Melton, D. A.  Proc. Natl. Acad. Sci. USA  1985, 82, 144.

Identifying the RNAi Trigger
Anti-Sense RNA Gene Silencing

•Following each injection into frog oocyte

  there is a 5 hr incubation period

•Newly synthesized proteins were labeled

  by incubationin [35S]methionine for 15 hr

Autoradiogram allows the visualization of 
newly synthesized proteins
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Injected RNA Worms Injected
% of Embryonic

Lethality

ZC22 (par-1) antisense 16

ZC22 (par-1) sense 12

52

54

Guo, S.; Kempues, K. J.  Cell  1995, 81, 611.

wild-type

par-1 mutant

Identifying the RNAi Trigger
Anti-Sense or Sense RNA...Both?

•Mutations in the par-1 loci leads to symmetrical cell 
  divisions and no cellular differentiation

stain showing
germline distribution

of granules

stain showing
mitotic spindle

Gene segment Size (base pairs) Injected RNA F1 phenotype

unc-22 unc-22-null mutants: strong twitchers

unc22A Exon 21-22 742 Sense Wild type

Antisense Wild type

Sense + antisense Strong twitchers (100%)

unc22B Exon 27 1033 Sense Wild type

Antisense Wild type

Sense + antisense Strong twitchers (100%)

unc22C Exon 21-22 785 Sense + antisense Strong twitchers (100%)

5.0 kb

unc-22

Fire, A.; Xu, S.; Montgomery, M. K.; Kostas, S. A.; Driver, S. E.; Mello, C. C.  Nature  1998, 391, 806.

Identifying the RNAi Trigger
dsRNA

A

B

Wild-type C. elegans Twitcher mutant C. elegans

C
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Gene segment Size (base pairs) Injected RNA F1 phenotype

unc-54 unc-54-null mutants: paralysed
unc54A Exon 6 576 Sense Wild type (100%)

Antisense Wild type (100%)
Sense + antisense Paralysed (100%)

unc54B Exon 6 651 Sense Wild type (100%)
Antisense Wild type (100%)

Sense + antisense Paralysed (100%)
unc54C Exons 1-5 1015 Sense + antisense Arrested embyros and larvae (100%)
unc54D Intron 1 567 Sense + antisense Wild type (100%)
unc54E Intron 3 369 Sense + antisense Wild type (100%)
unc54F Promoter 1015 Sense + antisense Wild type (100%)
hlh-1 hlh-1-null mutants: lumpy-dumpy larvae
hlh1A Exons 1-6 1033 Sense Wild type (<2% lpy-dpy)

Antisense Wild type (<2% lpy-dpy)
Sense + antisense Lpy-dpy larvae (>90%)

hlh1B Exons 1-2 438 Sense + antisense Lpy-dpy larvae (>80%)
hlh1C Exons 4-6 299 Sense + antisense Lpy-dpy larvae (>80%)
hlh1D Intron 1 697 Sense + antisense Wild type (<2% lpy-dpy)

unc-54

hlh-1
D

A

BEF
1.0kb

C

AD

C

B

Fire, A.; Xu, S.; Montgomery, M. K.; Kostas, S. A.; Driver, S. E.; Mello, C. C.  Nature  1998, 391, 806.

Fire, A.; Xu, S.; Montgomery, M. K.; Kostas, S. A.; Driver, S. E.; Mello, C. C.  Nature  1998, 391, 806.

Identifying RNAi Trigger
dsRNA

a) Negative control showing lack
    of staining in the absense of
    hybridization probe

b) Embryo from uninjected
    parent (staining normal for
    endogenous mex-3 mRNA)

c) Embryo from parent injected
    with mex-3B antisense RNA

d) Embryo from parent injected
    with mex-3B dsRNA

•mex-3 mRNA is abundant in
 the gonad and early embryos

•100% of embryos from parents
  injected with mex-3B dsRNA
  arrested

•>90% of embryos from parents
  injected with mex-3B antisense
  RNA hatched
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Hamilton, A. J.; Baulcombe, D. C.  Science  1999, 286, 950.
Hammond, S. M.; Bernstein, E.; Beach, D.; Hannon, G. J.  Nature  2000, 404, 293.

•Anti-sense RNA of a similar size to typical 
 mRNA is not detected in plants or animals

Identify the RNAi Trigger
dsRNA is processed to siRNA

•Rather antisense RNA strands of roughly 25
  nucleotides are found in cells showing gene
  silencing

— ~25nt

lacZ

cyclin E

Song, J.; Smith, S. K.; Hannon, G. J.; Joshua-Tor, L.  Science,
     2004, 305, 1434.
MacRae, I. J.; Zhou, K.; Li, F.; Repic, A.; Brooks, A. N.; Cande, W. Z.;
     Adams, P. D.; Doudna, J. A.  Science  2006, 311, 195.
Wang, Y.; Sheng, G.; Juranek, S.; Tuschl, T.; Patel, D. J.;  Nature  
     2008, 456, 209.
Jinek, M.; Doudna, A.  Nature  2009, 457, 405.

RISC

Dicer

Argonaute (slicer unit of RISC)

Biomolecular Pathway
dsRNA
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Lee, R. C.; Feinbaum, R. L.; Ambros, V.  Cell  1993, 75, 843.

Endogenous Antisense RNA
lin-4

16 hr
exposure

96 hr
exposure

60–

46–

28–
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←lin-4S ←lin-4S
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•lin-4 loss of function mutations display
  reiterations of early fates at late
  developmental stages.

        •Observable phenotypes inculde absense
           of adult cuticle and vulva resulting in an
           inability to lay eggs.

•lin-4 acts as negative regulator of lin-14

        •lin-14 gain of function mutations have identical
          phenotype to lin-4 loss of  function mutants

        •lin-14 transcripts are constant throughout
          development suggesting lin-4 regulates
          posttranscriptionally

Reinhart, B. J.; Slack, F. J.; Basson, M.; Pasquinelli, A. E.; Bettinger, J. C.; 
     Rougvie, A. E.; Horvitz, H. R.; Ruvkun, G.  Nature  2000, 403, 901.

Endogenous Antisense RNA
let-7

lin-41 3'UTR
= let-7

= 200 nt

                               GUU         A
5'   UUAU AC AA CC      CU AC   CUCA  3'
3'   GAUAUGUUGG      GAUG  GAGU 5'    
    U                          AU

                               AUU         
5'   UUAU AC AA CC      CUGC CUC   3'
3'   GAUAUGUUGG      GAUGGAG  5'   
 
    U                          AU                  U

n2853 G to A

lin-41
let-7

wild-type
phenotype

let-7 mutant
phenotype

•let-7 regulates the timing
  of developmental events
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Biomolecular Pathway
miRNA

Drosha

Sohn, S. Y.; Bae, W. J.; Kim, J. J.; Yeom, K.; Kim, V. N.; Cho, Y.
     Nat. Struct. Mol. Biol.  2007, 14, 847.
Castanotto, D.; Rossi, J. J.  Nature  2009, 457, 426.

Ratcliff, F.; Harrison, B. D.; Baulcombe, D. C.  Science  1997, 276, 1558.
Covey, S. N.; Al-Kaff, N. S.; Langara, A,; Turner, D. S.  Nature  1997, 385, 781.

RNAi Defends Against All Enemies Foreign and Domestic
Viral Infections in Plants

Primary —
Secondary — + +

TomRSV

PVX

BUK

A) Inocculated with W22
B) control: mock inocculated

= tomato black ring nepovirus strain W22
= tomato black ring nepovirus strain BUK
= tomato ringspot nepovirus strain Wisconsin
= potato virus X

        W22
        BUK
TomRSV
        PVX

•Viral resistance is achieved by gene silencing similar to that
  observed in transgenic plants

W22 W22

W22
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Tabara, H.; Sarkissian, M.; Kelly, W. G.; Fleenor, J.; Grishok, A.;
     Timmons, L.; Fire, A.; Mello, C. C.  Cell  1999, 99, 123.
Sijen, T.; Plasterk, R. H. A.  Nature  2003, 426, 310.

RNAi Defends Against All Enemies Foreign and Domestic
Transposons

GFP-TIR
fusion

Wild-type mut-7 rde-1

Genotype

+/+

mut-7/mut-7

rde-1/rde-1

% Transposon
Activation

4.3 (2/46)

73.3 (33/45)

0 (0/34)

0 50 100  %

0 50 100  %

WT 525/526

WT 396/399

rde-1

0/460

1/415

mut-7

27/355

5/150

rde-1

mut-7

pos-1 dsRNA

par-2 dsRNA

•Several RNAi deficient strains display
  transposon activity

•Transposon activity is accompanied by
  an increase in endogenous transposon
  siRNAs

Slotkin, R. K.; Martienssen, R.  Nat. Rev. Genet.  2007, 8, 272.

RNAi Defends Against All Enemies Foreign and Domestic
Transposon Silencing can Occur by Chromatin Modification

– methylation at histone H3K9

– CpG DNA methylation
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Hinnebusch, A. G.  Nat. Struct. Mol. Biol.  2005, 12, 835.

RNAi in Mammals

siRNA

General
translation

•RNAi could not be observed in mammalian cell
  cultures because cytoplasmic dsRNA triggers
  a profound indiscriminate physiological response

PKR

dimerization and
autophosphorylation

dsRNA > 30 bp

HO

R

P P P P

elF2! elF2!

PelF2

elF2–GDP elF2–GTP

elF2B

Elbashire, S. M.; Harborth, J.; Lendeckel, W.; Yaicin, A.; Weber, K.; Tuschl, T.  Nature  2001, 411, 494.

RNAi in Mammals
siRNA

RL–

GL2–

GL3–

•Silencing effects as a
  function of dsRNA length

5'       CGUACGCGGAAUACUUCGATT 3'
3'  TTGCAUGCGCCUUAUGAAGCU      5'

5'       CUUACGCUGAGUACUUCGATT 3'
3'  TTGAAUGCGACU CAUGAAGCU      5'

5'       AA AC AUGC AG AA A AUGCUGTT 3'
3'  TTUUUGUACGUCUUUUACGA C      5'
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Elbashire, S. M.; Harborth, J.; Lendeckel, W.; Yaicin, A.; Weber, K.; Tuschl, T.  Nature  2001, 411, 494.

RNAi in Mammals
siRNA

lamin A/C siRNA GL2 Pp-luc siRNA Buffer

la
m

in
 A

/C
 a

nt
ib

od
y

•Silencing of endogenous genes
  encoding cytoskeletal proteins

Nu
M

A 
an

tib
od

y

Paddison, P. J.; Caudy, A. A.; Sachidanandam, R.; Hannon, G. J.  Methods Mol. Biol.  2004, 265, 85.
Brummelkamp, T. R.; Bernards, R.; Agami, R.  Science  2002, 296, 550.

RNAi in Mammals

shRNA

pSUPER pSUPER-p53

Red: actin

Green: p53

         U  A
       C  G
       G  C
       U   A                                                   U                  G
       G    CAUAUCUAGGCUAUGAAGAGA  ACGC C C U  GUCC UCG    
                                CCGAUACUU C UCU  UGCGG GA  CA GG AG C 
                           UU                                 G                  U

U
U

G
G

C  G
G  C

U

U C

G

C
U6snRNA

leader
sequence

anti-sense

•Unlike when using siRNAs, when using shRNAs
  gene silencing is not transient

•Gene silencing in human breast
  cancer cells is observed 8 weeks
  after transfection



12

Dorn, G.; et al.  Nucleic Acid Res.  2004, 32, e49.
Castanotto, D.; Rossi, J. J.  Nature  2009, 457, 426.
De Fougerolles, A. R.  Hum. Gene Ther.  2008, 19, 125.

Tapping RNAi for Therapeutics
Direct Delivery of Naked siRNA

•Local injections of siRNA in saline were the first RNAi treatments to enter
  clinical trials

•The Eyes
     •Choroidal neovascularization
     (CNV) from wet age-related

      macular degeneration (AMD)

     (phase III clinical trial)

•The Lungs
     •Respiratory syncytial

       virus (RSV)
      (phase II clinical trial)

•The Nervous System
     •Chronic neuropathic pain

      (Mouse Model)

Dorn, G.; et al.  Nucleic Acid Res.  2004, 32, e49.
Castanotto, D.; Rossi, J. J.  Nature  2009, 457, 426.
De Fougerolles, A. R.  Hum. Gene Ther.  2008, 19, 125.

Tapping RNAi for Therapeutics
Direct Delivery of Naked siRNA

•Local injections of siRNA in saline were the first RNAi treatments to enter
  clinical trials

•The Eyes
     •Choroidal neovascularization
     (CNV) from wet age-related

      macular degeneration (AMD)

     (phase III clinical trial)

•The Lungs
     •Respiratory syncytial

       virus (RSV)
      (phase II clinical trial)

•The Nervous System
     •Chronic neuropathic pain

      (Mouse Model)

CNV inhibition is not caused by RNAi!

Kleinman, M. E.; et al.  Nature  2008, 452, 591.
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Song, E.; et al.  Nat. Med.  2003, 9, 347.
Soutscheck, J.; et al.  Nature  2004, 432, 173.
Bumcrot, D.; Manoharan, M.; Koteliansky, V.;
     Sah, E. W. Y.  Nat. Chem. Biol.  2006, 2, 711.

Tapping RNAi for Therapeutics
Systemic Delivery

•Naked siRNA has a t1/2 of 6 min and a corresponding plasma clearance (CL) of 

  17.6 mL/min
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•Chemical modifications to the sugar or
  phosphate backbone

•siRNA with appended cholosterol has
  increased pharmacokinetics:

t1/2 of 95 min and CL of 0.5 mL/min

•Hyrdodynamic tail vein injection
  methods are not clinically applicable

Davis, M. E.  Mol. Pharm. 2009, 6, 659.
Davis, M. E.; et al.  Nature  2010, 464, 1067.

Tapping RNAi for Therapeutics
Systemic Delivery
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RNA Interference

Conclusions

•RNAi is triggered by dsRNA

•RNAi in plants can lead to viral resistance

•RNAi has great potential as a therapeutic

•RNAi is utilized by the cell to regulate gene expression

•RNAi is used to silence transposons


