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I ntroduction

RNA interference (RNAI) has recently emerged as a powerful experimental ool
in mammalian cell biology. Double-stranded RNA (dsRNA)-induced gene silencing was
originally discovered as a mechanism for regulating expression of endogenous genesin C.
elegans (1), athough a similar phenomeron, termed cosuppression had been
demonstrated in plants (2). Studies of the RNAiI mechanism demonstrated that the
degradation of the target MRNA was mediated by short fragments of dsRNA (3, 4),
which were shown to be derived from the longer dsRNA template through the action of
the ribonuclease dicer (5). These short interfering RNAs (ssRNAS), when exogenously
introduced, can enter the RNAI pathway downstream of dicer and efficiently reduce
expression of their target gene. The RNAI pathway was not initially considered a useful
experimental tool in mammalian cells due to interferon responses to the dsRNA trigger
(6). However, Tuschl and colleagues hypothesized that this approach could be applied to
mammalian cells if introduction of the shorter SsSRNAs could avoid activation of the
interferon pathway (7). They confirmed their hypothesis in severa mammalian cells lines
(7), and RNAI has now been shown to be a valuable experimenta tool in a variety of
biological systems (8).

The direct transfection of chemically synthesized SIRNA duplexes into
mammalian cells, as originaly demonstrated by the Tuschl lab, is currently the most
popular approach to RNAIi. However, the applicability of this technique is dependent on
the transfectability of the model cell system, and since the presence of the SRNA in the
cell is transent, longer term experiments are more difficult. This issue has been
addressed by the development of approaches that permit the expression of SRNAs from
DNA-based plasmid vectors. Several groups have shown that SRNAs can be transcribed
as stemloop hairpin structures under the control of RNA polymerase Il (pol I1)
promoters (9-13). Figure 1 shows a schematic of how such a short hairpin RNA (shRNA)
can be transcribed from the promoter for the RNA component of RNase P, H1. Similar
expression cassettes have aso been developed using the promoter for the small nuclear
RNase, U6.
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Fig. 1. Expression of an shRNA from a pol |11 expression cassette. N19
represents a 19 nucleotide sequence homologous to the target gene of

interest, and N’ 19 represents the complementary sequence of the antisense
strand. The cassette is designed such that the first base of the N19
sequence is positioned at the transcriptional start site of the H1 promoter.
The termination signal for transcription is a sequence of four thymidines.

The pol 111 promoter-based system described in this document alows for the expression
of SSRNAs from either mammalian expression vectors or viruses, thus permitting the
transduction of difficult-to-transfect cell lines and primary cell cultures. This system aso
allows for the creation of stable cell lines depleted in a specific target gene.
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Based on the architecture of the expression cassette shown in Fig. 1, several groups have
developed vector systems that permit the insertion of an shRNA cassette between a
promoter and terminator sequence using restriction enzyme sites adjacent to these
transcriptional elements (Fig. 2).
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Fig. 2. Creation of a plasmid vector for shRNA expression. The sShRNA
cassette is created by the anneding of two complementary
oligonucleotides containing the desired sequence.

Using this approach, the vector backbone can be varied to permit expression of
the shRNA in a variety of ontexts. Many companies now sell vectors for shRNA
expression based on this principal. Although powerful, this approach requires laborious
cloning and sequencing steps for every vector into which a given shRNA iscloned. This
document describes a more flexible vector system for shRNA expression.
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Gateway-Based Vectorsfor shRNA Cloning

Background

Using the Gateway cloning technology (Invitrogen), we have developed a more
flexible vector system that reduces time spent subcloning shRNAs into multiple
expression vectors. Detailed background on Gateway cloning is available at the
Invitrogen Web site (http://www.invitrogen.com). Briefly, the system uses site-specific
recombination instead of traditional restriction enzymes and ligase for subcloning
recombinant DNA. Although this system was developed primarily for the subcloning of
cDNAs, it can be readily applied to the subcloning of the pol I11-shRNA cassettes shown
inFig.1and Fig. 2.

The first step in the use of the Gateway system is to clone the DNA sequence of
interest into a so-called entry vector. The basic property of an entry vector is that it
contains the attL 1 and attL 2 recombination sites at either side of the DNA sequence that
will eventually be shuttled into different expression systems. We have created entry
vectors containing either a human or mouse H1 promoter (pEN_hH1c and pEN_mH1c,
respectively). Figure 3 shows a schematic detailing the shRNA cloning process and the
restriction enzyme sites used for these entry vectors.
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+
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L L pEN_hH1c
. pPEN_mH1c
Promoter Terminator
BamH1 Xhol

-_ H1 pr. l N19-TT-l00p-N' 19 L-l

Fig. 3. Ligation of an shRNA cassette into either the pEN_hH1c or
pPEN_mH1c entry vectors.

Note that full vector maps for the pEN_hH1c and pEN_mH1c plasmids are
provided in Appendix 1. Table 1 provides names, ATCC IDs, AfCS bar codes, and
relevant vector details for each of these vectors.
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Table 1. Details of entry vectorsfor shRNA cloning.

Vector name | ATCC ID AfCS bar code Vector details

pEN_hH1c 10326368 POSEENHH1CXG shRNA cloning and expression; Human H1
promoter; Entry vector backbone; +ccdB in
parent

pPEN_mH1c 10326369 POGEENMH1CXG shRNA cloning and expression; Mouse H1
promoter; Entry vector backbone; +ccdB in
parent

The schematic in Fig. 3 shows an element located between the BamH1 and Xhol
enzymes sites in the pEN_H1 vectors labeled ccdB. This element is excised during the
cloning of the shRNA cassette. The ccdB gene product is toxic to commonly used strains
of E. coli, so the presence of this gene in the pEN_H1 parent vectors means that when the
products of the shRNA ligation reaction are used to transform acommon E. coli strain,
there can be no background colonies from uncut or single-cut parent. We have found that
this approach significantly increases the percentage of transformants containing the
desired shRNA sequence.

Design and Synthesisof an shRNA Sequenceagainst a Target Gene

Selection Criteria for Gene-Specific ShRNA Sequences

Until recently, the dogma in the RNAI field was that there was no reliable method of
rationally designing effective SSRNA target sequences for any given mRNA. Our general
approach in designing shRNAs for expression in the pEN_H1 vectors has been to choose
four sequences, spaced throughout the mRNA of each gene we want to target, and then to
test each shRNA for efficacy. Some general rules for sequence selection are as follows:
Choose a gene-specific sequence of 19 to 21 nucleotides.

The GC content of the sequence should be between 45% and 55%.

The Tm of the sequence should be between 45 °C and 65 °C.

Avoid runs of two or more As at beginning of sequence (causes premature
termination of transcriptiory see Fig.4).

5. Avoid runs of two or more Ts at end of sequence (causes premature termination

of transcription; see Fig.4).

6. Run the sequence through a BLAST search to ensure specificity for the target

gene.

More recently, several groups have developed algorithms that permit more rational
SIRNA design. Dharmacon (http://www.dharmacon.com) has developed a process termed
SMARTpool, which uses over 30 criteria that improve the likelihood that a selected
sequence will represent an effective SRNA. Dharmacon aso offers a free basic version
of their algorithm (using a handful of their criteria) on their Web site in their SDESIGN
center. This does not provide the high success rate of their custom SMARTpool sequence

ApwWN P
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selection, but it does provide a resource that is an improvement over random selection.
Further information on the current status of research in the RNAI field and shRNA design
isalso available from the following Web sites:
http://www.cshl.edu/public/SCIENCE/hannon.html
http://www.rockefeller.edu/l abheads/tuschl/sirna.html

Once a sequence from a given mRNA has been selected for shRNA expression, it
must be incorporated into a cassette for cloning into one of the pEN_H1 plasmids.

Design of the shRNA Cassette

For both pEN_hH1c and pEN_mH1c, the shRNA cassette is cloned into BamH1
and Xhol restriction enzyme sites. The shRNA cassette is designed such that, after
annealing of two complementary oligos, the cassette has sSDNA sequences at both ends
that are compatible with the BamH1 and Xhol restriction sites. Figure 4 demonstrates
this withatemplate for cassette design and an example for an shRNA directed against the
G dphai2 gene.

Template
1 2

5’ - gat ccce>>>>>>>>>>>>5>>5555t t caagaga<<<<<<<<<<<<<<<<<<<tttttc-3’
3 - ggg<<<<<<<<<<<<<<<<<<<aagt tctct >>>>>>>>>>>>>>>>>>>aaaaagagct -5

G aphai2 example
Sequence selected from G alphai2 mRNA:
GCACAGAGTGACTACATCC

5’ - GATOOOCGCACAGAGT GACTACATCCTTCAAGAGAGGATGTAGTCACTCTGIGC C-3
3" - GBECGT GICTCACT GATGT AGGAAGT TCTCT CCTACAT CAGT GAGACACGAAAAAGACCT- 5

Gi2 senseoligo
GATCCCCGCACAGAGTGACTACATCCTTCAAGAGAGGATGTAGTCACTCTGTGCTTTTTC

Gi2 antisense oligo
TCGAGAAAAAGCACAGAGTGACTACATCCTCTCTTGAAGGATGTAGTCACTCTGTGCGGG

Fig. 4. Template for shRNA cassette destined for the pEN_hH1c or
pPEN_mH1c entry vector. For the first oligonucleotide (top), the 19
nucleotide gene-specific sequence should replace the > characters in the
first pink region (1), and the reversed and complementary antisense
sequence should replace the < characters in the second pink region (2). For
the second oligonuclectide (bottom), the first four bases in red at the 5’
end provide the Xhol compatible sequence, while the remaining sequence
is complementary to the first oligonuclectide.
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Cloning and Testing shRNASs

Cloning of shRNA Linkersinto the pEN_hH1c or pEN_mH 1c Vector

Upon synthesis of sense and antisense oligos for an shRNA cassette, the oligos
must be annealed to form a linker for ligation into one of the pEN_H1 entry vectors
shown in Table 1 This procedure is detailed in the AfCS protocol PPO0000230. Each
candidate shRNA clone must be fully sequence verified to ensure that it retains 100%
homology to the target gene.

Testing of shRNA Linkersin the pEN_H1 Vectors

The pEN_H1 vectors contain al the elements necessary for shRNA expression in
mammalian cells. Once an shRNA has been sequence validated, the resulting construct
can be transfected into a mammalian cell by established methodology. The effect of the
shRNA on target gene expression can then be assessed by either RT-PCR or Westernblot.

Note that in cell lines that are difficult to transfect, it may be difficult to assess
shRNA efficacy due to low transfection efficiency of the plasmid. We find that for
shRNA testing, it is useful if afull-length cDNA construct is available for the target gene.
In these circumstances, we generally cotransfect HEK293 cells with the shRNA-
expressing plasmid and another plasmid expressing a GFP-tagged fusion of the target
gene. shRNA efficacy is then assessed by Western blot using an antibody against GFP.

In cell lines that transfect to a high efficiency, validated shRNAs transiently
expressed from the pEN_H1 vectors may be sufficient for assessing the consequences of
target gene knockdown in many cell-based assays. However, in more difficult-to-
transfect cell lines and primary cells, an aternative transduction approach is necessary to
ensure that an shRNA is expressed throughout a cell population. One such approach
would be to express an shRNA from a mammalian expression vector containing a drug
resistance gene that would permit selection of a stable cell line after transfection. Another
possibility would be to subclone the shRNA cassette into a viral vector, alowing more
efficient infection of cells with virus, followed by the subsequent selection of a stable line
in cases where the viral vector carries a drug resistance gene.

Use of a Gateway entry vector for shRNA cloning opens up the possibility of
simple subcloning of H1 promoter-shRNA cassettes into multiple expression systems.
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Subcloning of Pol I11-shRNA Cassettes via the LR Recombination
Reaction

As mentioned above, the Gateway cloning system can reduce time spent
subcloning shRNAs into different expression systems. We have created a wide range of
gateway-compatible expression vectors, allowing users to choose the shRNA expression
method best suited to their needs.

Figure 3 showed that after an shRNA cassette is ligated into one of the pEN_H1
vectors, the H1 promoter-shRNA-transcription terminator elements are flanked by attL
recombination sites. Consequently, if such an attL-containing vector is combined with an
attR-containing vector in an LR recombination reaction, the H1 promoter-shRNA-
transcription terminator elements will be moved to the attR-containing vector.

Figure 5 shows a schematic for this LR recombination reaction. The reagents and
experimental protocol for an LR reaction are available from Invitrogen.

~. pEN_hH1-shRNA

\‘_-— Hilpr. — shRNA _-_-"/ pEN_mI-?ZrL-mRNA
\ + /

attR1 —-— attR2 Any of destination
vectors for shRNA
expression from Table 2
Amp or Kan

LR recombination l

atBL — Hlpr. — SRNA — RN atB2 ShRNA-expressing vird
or mammalian
expression vector
Amp or Kan
+
By-product

Fig. 5. LR recombination reaction resulting in the movement of an
shRNA expression cassette from a pEN_H1 vector to one of the destination
vectors developed for shRNA expression.

It should be noted from Fig. 5 that for an entry and destination vector to be
compatible in an LR reaction, they must have different bacterial selection markers to
allow for appropriate selection of the resulting expression clones. For this reason, we
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developed the pEN_hH1c and pEN_mH1c entry vectors as gentamicin-resistant plasmids
(see maps in Appendix 1). This alows the shRNA expression cassettes to be moved to
expression vectors that are either ampicillin- or kanamycin-resistant.

Any expresson vector containing the attR1-ccdB-aitR2 elements at an
appropriate location for an shRNA cassette is a compatible destination vector for sShRNA
expresson. We have created a range of mammalian expression and viral expression
vectors for this purpose.

Expression Systems for shRNAs

Maps of the available destination vectors we have constructed for shRNA
expression are provided in Appendix 2. Table 2 provides names, ATCC, AfCS bar codes,
vector types, and relevant details for each of these vectors.

Note that the presence of the attR1-ccdB-attR2 elements (which total almost 2kb)
in each of these destination vectors makes them inappropriate as empty vector controls
for experimental work. Therefore, in Table 2, we also provide details of control vectors
lacking the attR1-ccdB-attR2 elements present in the corresponding destination vector.
Maps for these control vectors are provided in Appendix 3. For the three mammalian
expression vectors at the bottom of Table 2, appropriate empty vector controls are
available from commercial sources.

Table 2. Details of vector systems for shRNA expression.

Name ATCCID AfCS bar code Vector type | Features coexpressed with shRNA
pDSL_hpUGIP 10326373 L11DDLUGIPXA Lentiviral Ubi-c promoter -driven GFP-IRESPuromycin

Ubi-c promoter -driven GFP-IRES-Puromycin (control
pL_UGIP 10326372 | L10GLUGIPIXA Lentiviral for pDSL_hpUGIP)
pDSL_hpUGIH 10326379 L24DDLUGIHXA Lentiviral Ubi-c promoter -driven GFP-|RES-Hygromycin

Ubi-c promoter -driven GFP-IRES Hygromycin
pL_UGIH 10326378 L23GLUGIH1XA Lentiviral (control for pDSL_hpUGIH)
pDSL_hpuC 10326377 L20DDLHPUCXA Lentivira Ubi-c promoter -driven delta CD4

Ubi-c promoter -driven delta CD4 (control for
pL_UC 10326376 L19GLUCO01XA Lentiviral pDSL_hpUC)
pDSL_hpUP 10326375 L12DDLHPUPXA Lentiviral Ubi-c promoter -driven Puromycin

Ubi-c promoter -driven Puromycin (control for
pL_UP 10326374 | L17GLUPOOLXA Lentiviral pDSL_hpUP)
pDSL_hpUG 10326371 LO6DDLHPUGXA Lentiviral Ubi-c promoter -driven GFP

Ubi-c promoter -driven GFP (control for
pL_UG 10326370 L01GLUGO01XA Lentiviral pDSL_hpUG)

CMV promoter-driven GFP and 5L TR-driven
pDS_CXGhp 10326381 BO3DOCXGHPXA Retroviral Puromycin

CMV promoter-driven GFP and 5L TR-driven
pCXG 10326380 MO0001CX GOOOA Retroviral Puromycin (control for pDS CXGhp)
pDS _hpSC 10326382 B88DDSHPSCXA Mammalian | SV40 promoter-driven delta CD4

CMV promoter -driven GFP and SV40-driven
pDS hpCG 10326383 B94DDSHPCGXK Mammalian | Neomycin

EF1 promoter-driven Y FP and SV40-driven
pDS _hpEY 10326384 B95DDSHPEY XK Mammalian | Neomycin

All of the vectors detailed in Tables 1 and 2 are now available from the American Type
Culture Callection (http://www.atcc.org/). When ordering, specific vectors should be
referenced by their ATCC ID.
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Appendix 1: Vector Mapsfor pEN_H1 Entry Vectors

POSEENHHI1CXG

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html) . Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

AlwN

PEN_hH1c [ 3
4114 bp

PAIMI Nrul

Xmnl
Bgll
EcoNI

o
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Hincll

Avall Bael-b

Bglll

A Vector Set for Plasmid-Based RNAi Studiesin Mammalian Cells
AfCS Reports, Version 1.0, May 2004 Page 11


http://www.signaling-Gateway.org/data/Data.html
http://www.signaling-Gateway.org/data/Data.html

POGEENMHI1CXG

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html) . Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

PEN_mH1lc

4060 bp

PAiMI

Bglll

A Vector Set for Plasmid-Based RNAi Studiesin Mammalian Cells
AfCS Reports, Version 1.0, May 2004 Page 12


http://www.signaling-Gateway.org/data/Data.html
http://www.signaling-Gateway.org/data/Data.html

Appendix 2: Vector Maps for Destination Vectors Suitable for
ShRNA Expression

Note: in all vectors shown in Appendix 2, the RFB feature contains the attR1-ccdB-attR2
elements that define an expression vector as a gateway-compatible destination vector.

L1I1DDLUGIPXA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html) . Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

bal

pDSL_hpUGIP Feor
13066 bp

Bsu36l
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L24DDLUGIHXA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html) . Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

bal

Pmel

o
(] pDSL_hpUGIH
13654 bp

Bsu36l

Rsrll

PshAl
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L20DDLHPUCXA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-

Gateway.org/data/Data.html). Follow the Plasmid Database: Web interfacelink in the
Resources section and use the above bar code to retrieve plasmid data.

bal

pDSL_hpUC
[l 12384 bp

Pmel/ %

Blpl
BstEIl

Nhel
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L12DDLHPUPXA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html) . Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

Fse
bal

SgrAl

pDSL_hpUP
11673 bp

EcoRI

Bsu36l

BstEIl
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LO6DDLHPUGXA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html) . Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

bal

pDSL_hpUG
11707 bp

EcoRlI

BsmBlI

e

Bsu36l

Agel Bael-b
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BOSDOCXGHPXA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

pDS_CXGhp

8719 bp

BstZ171 PiMI
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B88DDSHPSCXA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

Bsu36l

Bsgl

Hindlll

Psil

Ahd|
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B94DDSHPCGXK

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

Nhel
Afel
hol
PaeR7I
ffSacl
flIHindin
[lEcoRI
Acc65I
lKpnl
BstXI Asel Ndel Sacll
B SnaBl [lflpspomi

ﬁy Apa

BbvCl el

Bcgl-a
Bcgl-b

Bstz171
BssHI
Sca

PfiM
BsmB
Acl
EcoR
BspE
bal
Mfel
pDS hpCG Fipal
6446 bp Aflll
Drall

Eco0109I1

Kasl \BspDI
\ Narl Clal
Rsrll Sfol
Fspl
PfIFI
Tth111l
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BOSDDSHPEY XK

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.
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Appendix 3: Maps for Empty Vector Control Plasmids for Use
with shRNA-Expressing Destination Vectors

L10GLUGIP1XA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html) . Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

pL_UGIP
11353 bp
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L23GLUGIH1XA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.

pL_UGIH

11941 bp

PshAl
Blpl Rsrll BsmBl
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L19GLUCO01XA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.
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L17/GLUPOO1XA

Full sequence for this plasmid is available at the AfCS data certer (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.
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LO1GLUGO01XA

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.
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MOOO01CXGOO0A

Full sequence for this plasmid is available at the AfCS data center (http://www.signaling-
Gateway.org/data/Data.html). Follow the Plasmid Database: Web interface link in the
Resources section and use the above bar code to retrieve plasmid data.
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