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It has been well established that the shRNA library has a significant advantage for screening the impor-
tant genes involved in the interested biological pathways. Currently, the available libraries mainly target
the known protein genes in human and mouse. With the expanding roles of lncRNA in biology, there is a
great demand to design shRNAs targeting these non-coding RNAs. In this regard, a completely random
shRNA library targeting all the genes with known or unknown sequences is of priority. Here we provide
a practical workflow for construction of such a random shRNA library. In the novel shRNA library, there
are about tens of different shRNAs targeting one gene, and thus significantly avoids the off-target effects.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Loss-of-function of the interested genes is essential for explor-
ing their biological functions and the underlying mechanisms [1].
The discovery of RNA interference (RNAi) makes the loss-of-func-
tion practical and easily realized. RNA interference (RNAi) is a
phenomenon in which small dsRNA induces sequence-specific
gene-silencing of homologous mRNA. The dsRNA could be either
synthesized chemically or transcribed from the shRNA (short hair-
pin RNA) expressing vectors. The siRNAs enter the RNA-induced
silencing complex (RISC), and the antisense strand guides the RISC
complex to its target for mRNA degradation [2–4].

Gene loss-of-function mediated by shRNA has helped us under-
stand the roles of interested genes comprehensively. Besides,
large-scale shRNA library targeting the entire genome is also
undergoing development for large scale screen of the genes in-
volved in certain biological processes. Currently, there are some
versions of both synthetic RNAi duplex- and vector-based libraries,
and several groups have reported great success in using these tools
in genetic screens [5–10]. Most importantly, the RNAi consortium
(TRC) has produced the human and mouse libraries, which cur-
rently contain >135,000 lentiviral clones targeting 27,000 genes.
Initial screening efforts have demonstrated that these libraries
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and methods are practical and powerful tools for high-throughput
lentivirus RNAi screens [11]. Although such screens have provided
rich and unappreciated insights into many biological processes,
there are still some challenges. For example, the currently used
lentivirus based shRNA libraries mainly target the known protein
coding genes in mammalian cells [11,12], limiting their implication
in screening the important non-coding RNAs.

In the past decades, multiple lncRNAs have been identified, such
as Xist [13] and H19 [14], opening an era of lncRNA biology. With
the advent of advanced sequencing technologies and findings from
large-scale consortia focused on characterizing functional genomic
elements, such as ENCODE (encyclopedia of DNA elements), more
and more lncRNA are being identified and awaited for functional
validation. According to the recent data by ENCODE Project Consor-
tium, there are about 9640 long non-coding RNA (lncRNA) loci in
human genome [15,16], shedding light on the promising future
of lncRNA study. The expanding roles of lncRNA in biological pro-
cesses await a larger scale of RNAi library. Theoretically, a com-
pletely random shRNA library is of priority for such purposes.
However, there are still no such stable random shRNA libraries
available. There were multiple excellent efforts trying to construct
random shRNA libraries [17–20]. However, these strategies are of
some limitations, such as insertion of additional sequence, compe-
tition of the two promoters or not compatible to the pLKO.1, the
mostly used lentiviral vectors. To this end, developing a strategy
to construct completely random shRNA library is still needed.

Here we provide a strategy for lentivirus based random shRNA
library construction. This kind of shRNA library can be easily con-
structed, providing another choice for whole-genome screening of
genes.
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2. Materials and methods

2.1. Oligonucleotide design and synthesis

The oligonucleotide sequences are designed as follows: ‘‘Partial-
hairpin’’ structured oligonucleotide, 50-NNNNNNNNNNNNNNNN
NNNNNCTCGAGATCACCATTATAAGATCTCGAG-30; Linker 1, 50-
TTTTTGAATTCCTCAGCAGAGAACTCA-30; Linker 2, 50-ACCGGTCCA
CCAACTATCCAGAC-30; Primer1, 50-TGAGTTCTCTGCTGAGGAATTC-
30; and Primer 2, 50-GTCTGGATAGTTGGTGGACCG-30. All of these
oligos were synthesized and purified with HPLC in Sangon, Shang-
hai China.

2.2. Fill-in of the ‘‘Partial-hairpin’’ structured oligonucleotides

The synthesized ‘‘Partial-hairpin’’ structured oligos were re-
solved in ddH2O to a concentration of 20 lM, and then were added
with DNA polymerase I Klenow buffer before annealing. The
annealing reaction was done as follows. The dissolved oligonucle-
otides were incubated for 5 min at 95 �C in a beaker of boiling
water and then slowly cooled to room temperature over the period
of about 1 h. Then DNA polymerase I Klenow fragment and dNTP
were added to the annealed oligonucleotides, and the reaction
was run at 25 �C for 2 h.

2.3. 50-phos modification of the linkers and the PCR primers

The synthesized linkers 1 and 2, primers 1 and 2 used in PCR
reaction were added 50 phos with the T4 polynucleotide kinase
(New England Biolabs) according to the manufacturer’s instruc-
tions. Briefly, the reaction was done in a 50 ll volume aliquot
and incubated at 37 �C for 45 min. The reaction contained up to
300 pmol of 50 termini, 1X T4 Polynucleotide Kinase Buffer, 1 mM
ATP and 10 units of T4 Polynucleotide Kinase.

2.4. Ligation of the single strand DNA with the linker

Either the filled-in product or its complementary strand was
purified with phenol/chloroform (Sigma–Aldrich) and precipitated
with ethanol before resolved in ddH2O. The 3’-hydroxyl group end
of the linker was blocked with ddATP using terminal deoxynucle-
otidyltransferase (TdT) before ligation. The linker and the purified
single strand DNA were mixed at a molar ratio of 1:1 for proper
ligation. Ligation can be completed by T4 RNA ligase or its homo-
logue. The ligated DNA was further purified as described above
using phenol/chloroform/ethanol method.

2.5. PCR amplification

The ligation product of linker 2 and complementary DNA was
used as template, and amplified with the previously 50 phos mod-
ified primers (just for easy cloning). The PCR reaction was done as
follows: 94 �C for 5 min, 94 �C 40 s, 68 �C 1 min, for 10 cycles. The
PCR products were run on PAGE gel and the amplicons with the ex-
act size were purified.

2.6. Cloning and subcloning

The PCR products were inserted into the pMD-18 T simple vec-
tor, which has no EcoR1, Xho1, Bbs1, Age1 enzyme sites. To remove
the excess sequence in the loop, the pMD-18 T simple vector was
further digested with Xho1 and self-ligated using T4 DNA ligase.
Then, the constructed T vector with only one Xho1 site was further
digested with Age1 and EcoR1 and the cleaved fragment was fur-
ther subcloned into the pLKO.1 vector.
3. Results and discussion

3.1. Generation of the random shRNA library

It is technically impossible to synthesize oligonucleotides for a
random shRNA library directly. And most of the current available
shRNA libraries are a collection of custom designed shRNAs [11].
Previously, multiple efforts have tried to construct the random
shRNA library. However, none of these strategies were based on
pLKO.1. What’s more, these strategies are either inefficient or
including some additional sequences, rather than the exact se-
quence for a typical shRNA expression [17–20]. To this end, con-
structing a random shRNA library based on pLKO.1 vector and
expressing the exact the shRNA with no additional nucleotides, is
preferred.

Here we provided an easy protocol for constructing such a li-
brary, as seen in Fig. 1. The steps are briefly described as follows:

(1) The oligonucleotides composed of a randomized 21-nt
sequence, a loop and a short hairpin structure, were chemi-
cally synthesized. After annealing, the synthesized oligonu-
cleotides form a secondary structure as shown in Fig. 1 (up
panel). The partially short hairpin structure is further
extended by DNA polymerase I Klenow fragment.

(2) After the first step, the 30 ends of resultant stem-loop DNA
were purified then ligated with the linker1, in which 50 phos
group was added by PNK.

(3) The ligated oligonucleotides the served as a template for
synthesis of the complementary strand, which was com-
pleted by the PCR mix.

(4) The 30 ends of the newly synthesized strands were further
ligated with linker 2.

(5) The products of the step 4 were further amplified by PCR
reaction for 10 cycles, using primer 1 and 2; the products
were further added additional ‘‘A’’ in the 30end if the PCR
enzyme with high 30 exonuclease activity.

(6) The above products with expected size were then purified by
gel electrophoresis before insertion into the T vectors, and
the ligated vector was further transformed into the high effi-
ciency competent cells.

(7) The clones were mixed together and cultured in the LB med-
ium for 16 h before harvested for plasmid purification, and
the purified plasmids were further digested with Xho1 and
then self-ligated and transformed into competent cells
again; the newly formed vectors, which harbored the exact
sequence for shRNA expression and processing, were further
amplified and purified.

(8) The shRNA expression insertions were then cut off and sub-
cloned into the pLKO.1 vector, forming a new library for fur-
ther shRNA lentiviral construction.

Usually, we could get about 103 clones when we ligate 10 ng of
the PCR products in step 5 with 50 ng of T vectors, and more than
95% of the clones are positive with insertions, suggesting that scal-
ing up the reaction is practical to cover all the random shRNAs.
3.2. Further modification and implication

It is essential to produce enough high-titer viral samples for
genome-scale loss-of-function screens. Currently, the third-
generation self-inactivating lentiviral vector pLKO.1 vector is
widely used for shRNA expression and commonly used to maxi-
mize viral titers, in which a human U6 promoter is used to drive
the expression of shRNAs, and a PGK promoter driving expression
of the puromycin resistance gene to allow selection of transduced



Fig. 1. Workflow of random shRNA vector construction. The procedure for generating randomized shRNA expressing pLKO.1 library. The synthesized oligonucleotides with
21 nt random 50 overhangs were annealed and filled in. The resultant stem-loop DNA was ligated with the 50 phosphorylated linker and then the reverse strand was
synthesized by PCR reaction with primer 1. The resultant reverse strand was further ligated with linker 2. The sequence was then amplified with primer 1 and 2 for 10 cycles
and cloned into pMD-18 T simple vector. Additional nucleotides in the loop were removed by Xho1 digestion. Then the insertion was subcloned into pLKO.1.
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Fig. 2. Workflow of random shRNA vector with Age1 site mutated. The whole process was similar as that in Fig. 1B, with the Linker 2 and Primer 2 changed. The linker 2
harbors a Bbs1 site. After Bbs1 digestion, the sequence would produce the same overhang as the Age1 while without T behind, making it the same as the desired sequence as
recommended by the pLKO.1 protocol.
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cells. Usually, we need to synthesize two reversely complementary
DNA sequences and clone the annealed sequence into the pLKO.1
vector. From the above protocol, we can expect a really random
shRNA library is around the corner. However, there are still some
modifications needed to be done to make the protocol really cover
all the effective random shRNAs.



Table 1
The 21-nucleotide distribution of the random shRNA library based on the rational design criterion.

Position 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Nucleotide A A A A A A A A A A A U A A A A A A A A A
U U U U U U U U U U U U U U U U U
C C C C C C C C C C C C C C C C
G G G G G G G G G G G G G G G

G. Yang et al. / Biochemical and Biophysical Research Communications 430 (2013) 987–992 991
3.2.1. The transcription start site and transcription efficiency
As we see, the Age1 site is still kept in the above shRNA library,

while most of the previous constructions using the synthesized oli-
gonucleotides directly have mutated the enzyme site, with no T
after the flanking end. Notably, the remaining ‘‘T’’ in our protocol
will not be complementary to the antisense strand of the hairpin
siRNA, and there are lots of effective shRNAs starts with ‘‘T’’. This
extra nucleotide in our protocol appears to have no effect on the
activity of the hairpin siRNA as it only appears in the sense strand.

However, RNA pol III is considered to prefer to initiate tran-
scription with a purine, and thus mutation of Age1 is supposed
to facilitate efficient transcription (Instruction Manual of psilenc-
er3.1). To this end, we need to mutate the Age 1 site for a more effi-
cient library. In this regard, we provide the following modifications
(Fig 2). The most of the steps are the same, with linker 2 and pri-
mer 2 changed. In this modified protocol, the Age1 was replaced
by Bbs1 site and an additional 6 nucleotide in the end. Digestion
with the Bbs1 site would produce the exact Age1 flanking end,
while without the ‘‘T’’.
3.2.2. The GC content for efficient knockdown
Our strategy here includes a step of PCR. The advantage is that

the resultant products are double strand and is efficient for liga-
tion. The disadvantage is that PCR would produce preference for
those sequences with lower complexity of secondary structures.
To this, these preferred products might be exactly what we want.
As we know, efficient shRNA sequences often have a GC content
less than 50% [21]. To achieve a theoretically random shRNA li-
brary, the DNA polymerase, such as the sequencing enzyme
(sequenase) and Phusion PCR enzyme might be desired, which
are highly processive, and are not impeded by secondary structures
[22] in the fill-in process and the PCR process.
3.2.3. To reduce the clonal numbers rationally
For a random shRNA with 19 + 2 nt structure, there would be

274,877,906,944 individual shRNAs, this large number challenges
the capacity for clone construction and virus packaging. And what
is more, this large random shRNA library would also challenge the
effort for screening the interested genes. To this end, minimize the
shRNA library rationally would be important. In fact, the efficient
shRNAs share some common features, and these features would
largely reduce the shRNA number. According to the rational design
principle proposed by Reynolds [21], the nucleotide in some posi-
tions can be fixed (Table 1), and then the shRNA number can be
minimized to 6,442,450,944, making the shRNA library much
smaller and more practical.

In summary, to our knowledge this is the first protocol for con-
structing complete random shRNA library with exact the sequence
expressing typical shRNAs. One of the most appealing advantages
is the shRNA library could target one gene by tens to hundreds dif-
ferent shRNA, and thus easy for screen and avoiding the off-target
effects. Notably, the proposed strategy for constructing the shRNA
is still with some shortcomings. For example, the ligation efficiency
of the single strand DNAs is very low, which might compromise the
random library scale. In this regard, efforts improving the ligation
efficiency are needed. Alternatively a stem-loop constructed linker
might facilitate the ligation by T4 DNA ligase and thus might be
preferred [17]. More efforts involved to make this strategy really
feasible and practical are still needed.
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