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• Gain-of-function genetic screens, using 
retroviral cDNA expression libraries.

• Loss-of-function genetic screens, using 
vectors that mediate stable RNA 
interference.

Two strategies to functionally 
identify cancer-relevant genes
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Genetic screens that aim to identify gene function through inactivation of a 
gene (or its corresponding mRNA) are referred to as loss-of-function 
screens. Various technologies have been developed to study the effects of
gene suppression in mammalian cells, including genetic suppressor elements, 
anti-sense vectors, ribozymes, aptamer libraries and, more recently, RNA 
interference. RNA interference makes it possible to suppress the expression 
of mammalian genes on a large scale. Loss-of-function genetic screens involve 
the suppression of the expression of genes in mammalian cells, followed by 
the analysis of the phenotype of the cells having suppressed gene 
expression.

The completion of the sequence of the human genome and the identification of 
the encoded genes opens the possibility to use RNA interference for the 
systematic inactivation of large numbers of human genes. However, the use of 
RNAi in mammalian cells is hampered by the fact that introduction of long 
double-stranded RNA molecules (which are effective in worms and flies to 
silence gene expression) leads to non-specific toxicity in most somatic cells 
because the interferon pathway is activated. This problem can be solved by the 
use of chemically-synthesized 21–23 base-pair double-stranded siRNAs, 
introduced by transfection. These short RNAs can recruit the mammalian RISC 
complex to target mRNAs and induce their specific degradation, but stay below 
the radar screen of the interferon response. Several groups have developed 
vector systems that mediate stable production of siRNA-like molecules in 
mammalian cells (e.g. pSUPER). These vectors use RNA polymerase III 
promoters to direct the synthesis of short hairpin RNA (shRNA) molecules, 
which are processed intracellularly into siRNA-like molecules. The shRNAs
contain a perfectly double-stranded stem of 19–29 base pairs, which is identical 
in sequence to the mRNA targeted for suppression, connected by a loop of 6–9 
bases, which is efficiently removed in vivo. Vector-produced shRNA molecules 
are as effective as in-vitro-generated siRNAs in inhibiting gene expression, but 
in addition can be used to study loss-of-function phenotypes that develop over 
longer periods of time. 
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A vector that mediates persistent 
RNA interference

To construct a gene-specific knockdown vector, we typically design two 
complementary DNA oligonucleotides, each 59 bases long. The schematic lay-
out of the oligonucleotides is shown above. Each oligonucleotide contains a 
start of polymerase type III transcription (CCC), followed by a 19 nucleotide 
gene-specific targeting sequence. This 19-mer sequence must be unique to the 
gene of interest and meet certain criteria to be effective in targeting the 
corresponding mRNA for destruction by the RISC complex. The design of 
gene-specific knockdown vectors can be readily automated to cover a majority 
of the transcripts in the human genome, allowing for the first time large scale 
loss of function genetic screens in mammalian cells.
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We have constructed several “gene family knockdown libraries” in which most 
members of a certain gene family were inactivated by a set of shRNA vectors.
These gene family libraries include protein kinases and de-ubiquitinating enzymes
(DUBs).
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RNA interference libraries

Gene family libraries:
•De-Ubiquitinating enzymes (DUBs, 60)
•Protein kinases (638)

Step 1: proof of concept 

De-ubiquitinating enzymes (DUBs) are the antagonists of ubiquitin ligases and act 
to remove poly-ubiquitin side chains from ubiquitinated proteins, thereby 
preventing their destruction by the proteasome. The human genome contains at 
least 60 DUBs. Because ubiquitin ligases are often involved in growth control, 
apoptosis and cancer, it is very well possible that DUBs are also deregulated in 
cancer. Indeed, one familiar tumor suppressor gene, the cylindromatosis gene 
(CYLD), is a member of the DUB family. Loss of CYLD leads to malignant 
proliferation of the sweat and scent glands surrounding the hair follicles, 
however, it is not knows which molecular pathways are targeted by CYLD.
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De-Ubiquinating enzymes (DUBs)

DUBs remove ubiquitin residues from ubiquitinated
proteins

± 60 DUBs in the 
human genome
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De-ubiquitinating enzymes and cancer

No CYLD substrates identified!

The familial cylindromatosis (CYLD) tumor suppressor gene

-Mutations in CYLD found in 21 families
-LOH in tumors
-CYLD has de-ubiquitinating activity
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We constructed 4 knockdown vectors for each De-ubiquitinating enzyme (DUB). 
These 4 knockdown vectors were then pooled and used in a mixture to efficiently 
inhibit expression of the DUB. This redundant approach is necessary, because 
not all knockdown vectors are equally efficient in inhibiting their corresponding 
target.The next two slides show the strategy to make the gene family knockdown 
library and shows how effectively we inhibit DUB expression with a set of 4 DUB 
knockdown vectors.

1 DUB enzyme, 4 knock-down vectors

Mix and isolate DNA
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Pools of 4 DUB knockdown vectors 
efficiently suppress DUB expression

Screens carried out with DUB 
knockdown library

• NF-κB modulators
• E2F modulators
• HIF-1α modulators
• TGF-β signaling
• TCF-β catenin signaling
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We have used this set of DUB knockdown vectors in several genetic screens in 
major cellular signalling pathways that are perturbed in human cancer. The first 
screen we performed with this library was a screen for DUBs that modulate the 
activity of NF-kB. This transcription factor was chosen because it is strongly 
anti-apoptotic, stimulates the cell cycle and is often deregulated in cancer. 
Moreover, several components of the pathway are regulated by poly-
ubiquitination, raising the possibility that DUBs are also involved in regulation of 
NF-kB activity.

β-TRCP

NF-κB has many activators:
TNF-α, IL1, CD40 ligand, LPS, dsRNA

Several NF-κB pathway 
components are ubiquitinated:

The NF-κB signaling pathway

TRAFs (K63 activation, non-destructive )
IκBα   (K48 destruction)
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We used a simple NF-kB-luciferase reporter construct to assess the effect of 
each of the DUB knockdown vectors on NF-kB activity. Each set of DUB 
knockdown vectors was transfected with the NF-kB-luciferase reporter 
construct and the effect on luciferase activity was determined.
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The results of the screen indicated that only one DUB knockdown vector, #36,
Resulted in a significant upregulation of NF-kB activity. This DUB turned out 
to be the one that is deleted in the familial cancer syndrome cylindromatosis. 
This suggested that loss of CYLD results in hyperactivation of NF-kB which in 
turn inhibits apoptosis in the glandular cells surrounding the hair follicles, 
resulting in hyperproliferation of these cells.
The further analysis of the mechanism of action of the CYLD protein in NF-kB
signaling is described in more detail in Brummelkamp et al, Nature 424, 797-
801 (2003). This work indicated that CYLD binds to the IKK kinase complex 
and inhibits its activation by removing poly-ubiquitin side chains from its 
upstream activators, TRAF2 and TRAF6.
Our data indicate that suppression of CYLD results in resistance to induction 
of apoptosis.

CYLD is part of a negative feedback loop that 
downregulates NF-κB after activation
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Remarkably, two existing drugs, aspirin and certain prostaglandins, have the 
ability to inhibit the IKK kinase complex, which is hyper-active when CYLD is 
lost. This suggests that loss of CYLD tumor suppressor gene could be 
compensated, at least in part, by simple pharmacological agents like aspirin.
Indeed, in cell culture experiments the effects of loss of CYLD on NF-kB
activity and apoptosis induction can be suppressed by aspirin. Clinical studies in 
which topical application of aspirin cream is used for the treatment of 
cyclindromatosis are currently ongoing at the Netherlands Cancer Institute.

This example of a targeted screen in which a family of genes is tested for 
activity in a cancer relevant pathway, shows the remarkable power of RNAi to 
dissect molecular pathways in mammalian cells and shows that RNAi holds 
great promise as a tool for the discovery of new and potent anti cancer drugs.
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IKK-β, the kinase that is activated by loss of 
CYLD, can be inhibited by two simple drugs

• Aspirin
– Yin, M. J.et al. Nature 396 (1998)

• Prostaglandins
– Rossi, A. et al. Nature 403 (2000)

Can loss of the CYLD tumor suppressor 
gene be compensated by Aspirin?
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Cytokines apoptosis

NF-κB

survival

CYLD (loss)Aspirin
Prostaglandins

Cylindromatosis:A treatment perspective:
From screen to cure?

Prediction: Inhibitors of NF-κB could be useful 
in treatment of Cylindromatosis

We have recently completed the construction of a set of some 24,000 shRNA
vectors that together target some 8,000 human genes for suppression by 
stable RNA interference. In this case, three vectors were designed against 
each gene. The vector used was retroviral, allowing the efficient transduction 
of the RNAi cassette into mammalian cells. This library was recently described 
by Berns et al. Nature, 428, 431-437 (2004).
The simplest way to screen such a library of RNAi vectors is to use a cell 
system in which the desired shRNA vector confers a growth advantage, 
allowing rapid identification of the active shRNA vector.
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The NKi RNAi library: 
23,742 vectors targeting 7,914 human genes

- each well has 3 siRNA constructs targeting the same gene
- each plate contains vectors targeting 96 genes (288 shRNA constructs)
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RNAi library targeting 7,914 genes
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Recover 
inserts
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One such screen (recently described by Berns et al. Nature, 428, 431-437 
(2004)) employs primary diploid human fibroblasts (BJ cells) engineered to 
express both the catalytic subunit of telomerase and a temperature sensitive 
allele of SV40 T antigen. As a result, these cells are immortal at 32oC, at 
which temperature both pRB and p53 are bound and inactivated by T antigen, 
bur enter into a synchronous growth arrest when shifted to 39oC, when T 
antigen is inactive and both pRB and p53 are released by T antigen and resume 
their growth-restraining function.
The screen is performed by infecting these cells at 32oC with a set of shRNA
vectors. After two days, the cells are shifted to 39oC and nearly all cells stop 
growing, except those that became insensitive to the growth arrest due to a 
shRNA vector that is required for the execution of the growth arrest. This 
led to the identification of five new genes, whose inactivation confers 
resistance to this “senescence-like” proliferation arrest.
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Simple shRNA screen 

Proliferating 
cells

Growth arrest
Growth inhibitory
signal

Escape from 
arrest?shRNA

Vector
pool

Growth inhibitory
signal

Screen for siRNAs that allow escape from 
“senescence-like” proliferation arrest in human 

fibroblasts

BJ-TERT Human primary fibroblasts expressing a temperature sensitive mutant 
of SV40 Large T antigen.

pRb
p53 Ts Tag

32oC

Immortal Senescence-like arrest

pRb
p53

39.5oC
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shRNA against p53 allows escape from “senescence-
like” proliferation arrest in human fibroblasts

pRb
p53 Ts Tag

32oC

Immortal

pRb
p53

39.5oC

Escape from arrest
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Screen for shRNAs that allow escape from 
“senescence-like” proliferation arrest in human 
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13/83 shRNA vector pools give rise to colonies 
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Six genes identified whose inhibition 
allows bypass of senescence:

• TP53 (p53, expected, validates the screen)
• HTATIP (histone acetyl transferase TIP60)
• HDAC4 (histone deacetylase 4)
• RPS6KA6 (ribosomal S6 kinase 4, RSK4)
• CCT2 (T-complex protein 1, b subunit)
• KIAA0828 (a putative S-adenosyl-L-

homocysteine hydrolase, SAH3)

Large-scale RNAi screen, summary

Five new components of the p53 pathway identified
• Knockdown of each of the genes interferes with four 

aspects of p53 function:
– Senescence-like growth arrest
– p19ARF-induced growth arrest
– DNA damage-induced G1 arrest
– Induction of a subset of p53 target genes (p21cip1)

New genes are p53 pathway components
and potential tumor suppressor genes
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How can we identify shRNA
vectors that are LOST from a 

population?

• “Synthetic lethal” interaction refers to a situation
in which the loss of a gene is only lethal (toxic) in
the absence of a second gene.

• The best drug targets are only toxic in the
presence of a second, tumor specific (e.g. p53)
mutation.

siRNA bar code screens:
A novel technology to identify 
synthetic lethal interactions in 

mammalian cells
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Molecular bar code screens were first performed in bacteria and yeast. In 
each case, a molecular identifier sequence was inserted into a mutant strain 
which made it possible to follow the abundance of the mutant strain in a 
polyclonal population of cells, each harbouring a different mutation and each 
harboring a distinct molecular (bar code) identifier.
The pSUPER shRNA vector contains a unique 19-mer sequence that can be 
used as an identifier to follow the abundance of each knockdown vector in a 
population of cells. The abundance is each knockdown cells is followed by 
recovering the bar code identifiers from the knockdown cells by PCR, 
followed by hybridization to microarrays that contain the bar code 
oligonucleotide identifiers. This “siRNA bar code screening technology” is 
described in more detail in Brummelkamp et al, Nature 424, 797-801 (2003) 
and in Brummelkamp et al, Nature Rev. Cancer, 3, 781-789 (2003).

“siRNA bar code” screens to 
identify synthetic lethal interactions

• Each pSUPER knockdown vector contains a unique 
“bar code” identifier 
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molecular 
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• Knockdown vectors are positively or negatively selected 
depending on their effect on “cellular fitness”. 

•Their abundance can be measured on microarrays
that contain bar code oligonucleotides
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siRNA bar code screen: concept 

Infect with RNAi vector
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Culture to allow 
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Using bar coding to identify genes whose knockdown
allows bypass of “senescence-like” cell cycle arrest
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Using bar coding to identify genes whose knockdown
allows bypass of “senescence-like” cell cycle arrest
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Large-scale shRNA screens:

• Enable drug target discovery
– By allowing identification of druggable

targets in pathways of choice.
– By allowing identification of innovative 

classes of drug targets (e.g. synthetic 
lethal interactions), which have more 
tumor-specific effects and less side 
effects
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