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1928 report of development

of viral (tobacco ringspot virus)

resistance in tobacco.



An unexpected result

• 1990: the introduction of 

transgenic copies of a gene led 

to the down-regulation of those 

transgenic copies as well as the 

endogenous gene

Napoli et al. Plant Cell. 2 (1990)

Phenotypes of chimeric 

chalcone synthase transgenotes:

Top: parental flower (control)

Bottom lines: four different 

transgenotes, four 

representative flowers are 

shown in a row for each of the 

transgenotes.



Transgene co-suppression

Observations:

•  the expression of transgene often resulted in the silencing of the 

transgene, plus the silencing of the corresponding 

endogenous gene.

• In C. elegans, the injection of antisense-RNA caused the 

silencing of the endogenous gene, however, the sense 

RNA strand (negative control) has the same effect (Guo 

and Kemphues, 1995).

Similar results have been obtained in other species. 



The discovery of  RNA-mediated interference

Working hypothesis: the silencing effect by antisense or sense RNA might be due to

low-level contaminations of double-stranded RNA.

Fire et al., Nature 391. (1998)

 4-6 hours after injection, eggs 

collected.

 Screened for phenotypic changes

 twiching

Unc-22 phenotype



The discovery of  RNA-mediated interference

Fire et al., Nature 391. (1998)

Results:

•  double-stranded RNA is far more effective than single-stranded RNA.

•  The sense or antisense RNAs lose their silencing effect if they are purified from the 

contaminating double-stranded RNA (dsRNA).

•  only a few molecules of dsRNA are required per cell ® non-stochiometric effect that implies 

an amplification component.



+ DS RNA against GFP

Fire at al, Nature V391 pp 806-811 (1998)

The reporter transgene drives nuclear and mitochondrial 

expression of  green fluorescent protein (GFP)

• dsRNA against 

the gfp gene causes 

the silencing of  the  

gfp: reporter 

construct in almost 

all cells.

• This effect is 

specific for the 

gene that is 

targeted.



uninjected, mex-3 probeuninjected, no probe

antisense mex-3 RNA,

mex-3 probe   

double-stranded mex-3 RNA

injected, mex-3 probe

Double-stranded RNA-induced RNA interference causes 

destruction of  a specific mRNA in C. elegans

Guo, S. and Kemphues, K. J. Cell 81, 611-620 (1995)

Fire, A. et al. Nature 391, 809 (1998)



Key points of  C. elegans experiment

• sub-stoichiometric amounts of dsRNA relative to the 

targeted mRNA are required to completely eliminate 

the mRNA (i.e. the dsRNA is catalytic)

• dsRNA is 10-100X better than anti-sense or sense RNA

• doesn’t work if introns or promoters are targeted by the 

dsRNA

• doesn’t interfere with transcription initiation or elongation 

(it is possible to target a single gene in an operon) 

(i.e. RNAi is a post-transcriptional phenomena)

• the targeted mRNA is degraded (i.e. it can’t be detected by 

probes)

• dsRNA can cross cellular boundaries (i.e. there is a 

transport mechanism)



silencing of GFP in leaf veins silencing of GFP in C. elegans nuclei

depletion of ORC6 results in

multinucleated HeLa cells

depletion of White results in unpigmented Drosophila eyes 

RNAi works in other organisms

Hannon, G. J. Nature 418, 244-251 (2002)



Nobel Prize in Physiology or 

Medicine 2006



• A phenomenon in which the introduction of 

double stranded RNA (dsRNA) into a 

diverse range of organisms and cell 

types causes degradation of the comple-

mentary mRNA.

• a.k.a. post-transcriptional gene silencing

RNA interference (RNAi)



How does RNAi work?

www.nobelprize.org



Why is RNAi important? 

• Most widely held view is that RNAi evolved to 

protect the genome from viruses (or other 

invading DNAs or RNAs)

• Importantly, very small (micro) RNAs have been 

discovered in several eukaryotes that regulate 

developmentally other large RNAs

–May be a new use for the RNAi mechanism 

besides defense



siRNA and miRNA

MicroRNAs. Genomics, Biogenesis, Mechanism, and Function.

Bartel DP.

MicroRNAs (miRNAs) are endogenous non-coding RNAs 

that can play important regulatory roles in animals and 

plants by targeting mRNAs for cleavage or translational 

repression. 

miRNAs comprise one of the more abundant classes of 

gene regulatory molecules in multicellular organisms and 

likely influence the output of many protein-coding genes.

Cell, v116, pp 281-297 (2004) (review)



Endogenous RNAi-miRNA

 We have hundreds of 
miRNA genes whose 
precursors can form 
double-stranded RNA. 
These can activate the 
RNA interference 
process and thus switch 
off the activity of various 
genes with matching 
segments.

 First miRNA is lin-4

www.nobelprize.org

nucleuscytoplasm



miRNA Genes

 Conserved across species

 Some appear in introns

 Possibly transcribed by pol II

 Some clustered and co-

transcribed in one transcript

 Expressed in particular cell 

types

 Some abundant (50K 

molecules / cell)

C.elegans H. sapiens

miR-1



• RNAse III enzymes

- Drosha (nucleus)

- Dicer (cytoplasm)

• Both enzymes involved in 

the generation of siRNA

• RISC = RNA-induced 

silencing complex 

(contains Argonaute family 

proteins)

• RISC = 

Degradation/Silencing?

Biogenesis

Imperfect 

base pairing

Perfect 

base pairing



Post-transcriptional

Cleavage of  sequence-

Complementary mRNA

Translational repression

of  the partially

Complementary mRNA

Transcriptional 

silencing



siRNAs have a defined structure

19 nt duplex

2 nt 3’ overhangs



RNA Induced Silencing Complex 

(RISC)

 RNAi effector complex

 Preferentially incorporates one strand of unwound 

RNA [Khvorova et al.,   2003]

 Antisense

 How does it know which is which?

 The strand with less 5’ stability usually incorporated into 

RISC [Schwarz et al.,   2003]



The first described miRNA (2000)

lin-4= 22 nucleotides miRNA

•Alex Eccleston
represses accumulation of LIN-14 protein



Ex: C. elegans development

 lin-4 and let-7 anti-sense or miRNAs

 Regulate larval development in C. elegans

 One of the two binding sites for lin-41 and let-7

interaction:



Molecular Hallmarks: 

Imperfect base pairing 

~ 70 nucleotides

~ 22 nucleotides

•Only part of miRNA 

is complementary to 

its target, thus its 

specificity is more 

limited.

•Therefore one 

miRNA can have 

different targets



miRNAs Correlate with Complexity





Functions ??



RNAi in Plants

• Defense mechanism against pathogens

• Post-transcriptional Cleavage of 

sequence-complementary mRNA

• Developed anti-viral RNAi pathway



Defense Against Viruses

www.nobelprize.org

In contrast, in the continuing evolutionary war to survive 
and reproduce, plant viruses have evolved genes that enable 
them to suppress silencing.



• dsRNA can cross cellular 

boundaries (i.e. there is a 

transport mechanism)

• Amplification of RNAi

RNAi movement

1928 report of development

of viral (tobacco ringspot virus)

resistance in tobacco, now

known to be due to endogenous

RNAi.



RNAi in Higher Mammals

• Translational repression of the mRNA

(partially sequence-complementary)

• Transcriptional silencing (chromatin)?

• Evidence for anti-viral RNAi pathway,

but not movement or amplification





miR-1, miR122

miR-196



Mix

Viral RNA inhibition!



MicroRNAs & Disease



MicroRNAs: Novel Regulators

Involved in the Pathogenesis of  Psoriasis

Sonkoly E. et al., 2007

• To determine whether miRNAs are involved in the 

pathogenesis of Psoriasis

• Performed comprehensive analysis of all human 

miRNAs registered in mirBase 8.0 (342 known

human miRNAs on microarray) in skin lesions of:

-psoriasis (n=3)

-healthy (n=4)

-atopic eczema (n=3)



MicroRNA expression profiling

>40 genes 

differentially 

expressed between 

psoriasis and 

healthy skin



Up- and Down-regulated miRNAs

Microarray:

29 genes that were 

consistently 

differentially 

expressed between 

psoriasis and 

healthy skin



Up- and Down-regulated miRNAs

Confirmation

Real-Time PCR

Healthy: n=26

AE: n=20

PSO: n=25



SOCS3: Molecular target of  miR-203

Post-transcriptional repression

Psoriatic keratinocytes:

IL-6 STAT3-p

SOCS3 



SOCS3 vs. miR-203 expression in 

Skin sections



SOCS3 vs. miR-203 expression in 

Skin sections



MicroRNA expression profiling of  human 

breast cancer identifies new markers of  

tumor subtype

Cherie Blenkiron et al., 2007

• Integrated analysis of  miRNA expression, mRNA 

expression and genomic changes in human 

breast cancer

• Analysis of  miRNA expression in 93 primary human 

breast tumors, using a bead-based flow 

cytometric miRNA expression profiling 

method

• Breast tumor classification??



99 primary human tumors, 5 normal 

breast samples and 33 breast cancer 

cell lines vs. 309 miRNAs

Unsupervised hierarchical clustering over 137 detected miRNAs



Supervised hierarchical clustering over selected miRNAs:

Clustering of  tumor samples in 

different classes

51 tumor samples over 38 miRNAs ----- 24 tumor samples over 9 miRNAs



Association of  individual 

miRNAs and tumor subtype 

or clinico-pathological factors

31 miRNAs and three factors with at 

least one association at adjusted p < 

0.01

bead-based flow cytometric miRNA 

expression profiling might be a 

suitable platform to classify breast 

cancer into prognostic molecular 

subtypes



De-regulated

miRNAs 

in Cancer



RNAi as a tool for knock down 

in mammalian cells



Custom-made siRNAs



Critical Factors for 

RNA Interference

 Delivery: efficient (close to 100%) to any cell type 

 Stability: Long Term siRNA expression

 Silencing Efficiency: siRNA design & validation

 Specificity: non-specific response, toxicity, non-

target knockdown



RNAi

 Double-stranded RNAs are introduced into the 

cell

 Complementary to mRNA for a gene

 Directly introduced to the cell, or

 Produced by the cell itself



Summary



Methods of siRNA delivery

• Introduction of dsRNA or siRNA is dependent 

upon cell type or organism

• C.elegans -- injection, soaking, or feeding

• Drosophila cells -- exposure through culture 

medium

• Mammalian cells -- transfection or electroporation



siRNA gene silencing example

2002 Drug Discovery Today 7(20):1040-1046

Drosophila 

S2 cells with 

or without 

GFP RNAi



Worms Eating Bacteria Expressing dsRNA to a 

GFP Reporter Gene Activate RNAi

wild type worms RNAi-defective mutants

GFP lost in embryos
GFP lost in the gut

from Mello and Conte,

Nature 431, 338-342.





pSUPER-CDH1 constructs

7

5

9



Western Blot (anti-CDH1) Northern Blot

Size Matters!
(9-nt loop active, 

others not)



pSUPER & Stable suppression



Western Blot
Northern Blot

More evidence for 

stable suppression
48 hrs 2 mo



Lentivirus-Based Approach:

shRNA-expressing vector

Rubinson, Nat Genet. 2003 Mar;33(3):401-6



Functional silencing of genes in mice

by Lentivirus-infection

Generation of lentivirus 

infected zygotes

Silencing of p53:

Tissue was harvested

from 8-wk-old mice



siRNAs

siRNA 
Library 
Construction

LentiViral 
siRNA Library

pFIV vector

Transfection
Packaging Cells

Recombinant
Virus Production

Functional Analysis

Construction of  Lentiviral siRNA 

Libraries



High-Throughput Functional Analysis

Collection of siRNAs (1-10K)

1 2 3 1 2 3

Gene-Phenotype Association Studies

Specific Gene(s)                                                                 Novel Gene
Analysis                                                                           Discovery 

Multiple samples                                                                  All genes 

Viral particles

Cells

Functional Assay Functional Assay/Selection

Library/Array of siRNAs (50K)



RNAi & Therapeutic 

Suppression



Delivery Requirements

In vitro

In vivo



Delivery strategies for RNA- and 
DNA-based siRNA drugs



Injection of 50µg siRNA 

into tailvein of EGFP-

transgenic mice 

downregulates GFP 

in various organs, 

however not in all cells in 

the organ 

Proof of concept:



RNAi can be used to suppress 

unwanted alternatively spliced transcripts



RNAi can be used to suppress 

exon skipping



RNAi can be used to suppress 

transcripts with point mutations



Targeting translocations associated 

with Leukemia

BCR-ABL1 (9;22), TEL-AML1, t(12;21) and Sil-Tal1, (del(1p))

Knock-down of gene expression in cultured cells

BCR/ABL1 to be tested in transgenic mouse model supplied by 

Professor Daniel Tenen, Harvard Medical School, Boston, USA.



Knockdown of  BCR/ABL oncogene

90% af Chronic Myelogenous Leukemia (CML) patients

BCR/ABL

BCR

a N-BCR



Chitosan-based Systems
Nasal delivery to intravascular cells or CNS?



RNAi to Treat Primary and Secondary 

Liver Cancers  















Secondary 

liver cancer!













Clinical pipelines in RNAi 

therapeutics



Clinical 

pipelines 

in RNAi 

therapeutics



RNA Silencing



RNAi: innate antiviral mechanism
• Infection with virus leads to development 

of dsRNA during virus life cycle 

• Viral dsRNA is generally long and 

perfectly complementary -> outcome: 

cleavage by Dicer      ->siRNA duplexes 

are generated

• One strand of siRNA duplex is loaded into 

RISC -> RISC is guided to 

complementary viral mRNAs -> RISC 

binding leads to cleavage and 

degradation-> inhibiting virus replication

• In plants: 2. wave of siRNA generated by 

RNA-dependent RNA polymerases 

(RdRPs): more siRNA available to RISC



miRNAs and Cancer



siRNA libraries

 Generation of a feeding clone

Tuschl, 2003



Genome-wide Screens



siRNA libraries

 Result: 16 757 bacterial strains

 86.3% of predicted genes with RNAi 

phenotypes assigned



Assayed Phenotypes: Examples

 Emb – embryonic lethal

 Ste – sterile

 Gro – slow growth

 Adl – adult lethal

 Lvl – larval lethality

 Lva – larval arrest

 Bmd – body morphological 
defects

Unc – uncoordinated

Clr – clear

Prz – paralyzed

Lon – long

Mlt – moulting defects

Egl – egg laying defects

Him – high incidence of  

males





Most miRNAs have a lower expression level 

in tumors compared with normal tissue



Mammalian RNAi

•McManus and Sharp, 2002



Getting Around the Problem

 siRNA (21-22nt) mediate mammalian RNAi

 Introducing siRNA instead of dsRNA prevents non-

specific effects



•https://youtu.be/2pp17E4E-O8

•https://youtu.be/SuAxDVBt7kQ

CRISPR-

CAS9 

Genome 

Editing 



Clustered Regularly Interspaced Short Palindromic Repeats



Bacterial

Adaptive

Immune

System

Hsu P. et al., 

Cell 157, 2014



CRISPR-

CAS9 

Genome 

Editing 

Tool

“2012”

Hsu P. et al., 

Cell 157, 2014



Examples of cell types and organisms that have 

been engineered using Cas9

Jennifer A. Doudna, and Emmanuelle 

Charpentier Science 2014;346:1258096



Future applications in biomedicine and 

biotechnology

Jennifer A. Doudna, and Emmanuelle 

Charpentier Science 2014;346:1258096



Companies



Software & Databases


