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abStract
Gene silencing by RNA interference (RNAi) can be achieved by intracellular expression of a 

short hairpin RNA (shRNA) that is processed into the effective small interfering RNA (siRNA) 

inhibitor by the RNAi machinery. Previous studies indicate that shRNA molecules do not always 

reflect the activity of corresponding synthetic siRNAs that attack the same target sequence. 

One obvious difference between these two effector molecules is the hairpin loop of the 

shRNA. Most studies use the original shRNA design of the pSuper system, but no extensive 

study regarding optimization of the shRNA loop sequence has been performed. We tested the 

impact of different hairpin loop sequences, varying in size and structure, on the activity of a 

set of shRNAs targeting HIV-1. We were able to transform weak inhibitors into intermediate 

or even strong shRNA inhibitors by replacing the loop sequence. We demonstrate that the 

efficacy of these optimized shRNA inhibitors is improved significantly in different cell types due 

to increased siRNA production. These results indicate that the loop sequence is an essential 

part of the shRNA design. The optimized shRNA loop sequence is generally applicable for RNAi 

knockdown studies, and will allow us to develop a more potent gene therapy against HIV-1.
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IntroductIon
RNA interference (RNAi) is an evolutionary conserved pathway in eukaryotes that is triggered 

by double stranded RNA (dsRNA), which is processed in the cytoplasm by the Dicer enzyme 

into small interfering RNA (siRNA) of 21-23 base-pairs with 2-nt 3’ overhanging ends. The 

siRNA duplex is incorporated into the RNA induced silencing complex (RISC). The passenger 

strand is cleaved and removed such that the guide strand activated RISC complex can target a 

complementary mRNA for cleavage and degradation, resulting in silencing of the target gene 

(Elbashir et al., 2001;Hammond et al., 2001;Meister and Tuschl, 2004;Zamore et al., 2000). This 

endogenous pathway can be triggered by synthetic siRNAs that are transfected into the cell 

or by intracellularly expressed short hairpin RNAs (shRNAs) that are processed by the cell into 

siRNAs. Very effective and sequence-specific knockdown of genes has been reported. RNAi 

has also been induced against a wide range of viruses including hepatitis B and C virus (HBV 

and HCV), herpes virus, henipavirus, influenza A virus and human immunodeficiency virus 

type 1 (HIV-1) (Ely et al., 2008;Haasnoot and Berkhout, 2006;Liu et al., 2008b;McCaffrey et 

al., 2003;Mungall et al., 2008;Naito et al., 2007;Ter Brake et al., 2006). A constant supply of 

siRNAs is required to combat chronic infections like HIV-1, thus much of the anti-HIV RNAi 

research is focused on the development of shRNA gene therapy strategies (Asparuhova et al., 

2008;McIntyre et al., 2009;Ter Brake et al., 2008;Ter Brake et al., 2009). 

We have successfully used shRNAs against HIV-1 that are based on the pSuper design as 

presented by Brummelkamp et al (Brummelkamp et al., 2002). However, in a pilot experiment 

in which we compared the activities of a set of siRNAs / shRNAs pairs that target the same 

sequence, we observed discrepancies in their activity. For instance, some siRNAs are active but 

the corresponding shRNAs are not, and vice versa. We speculated that the loop of the shRNA, 

which connects the sense and antisense strand of the siRNA, may be an important determinant 

of the shRNA activity. The effect of shRNA loop structure on knockdown performance is an 

issue of great practical importance. On-target knockdown efficacy is an important factor for 

RNAi-based experiments, and shRNA is used intensively for cell-based studies, increasingly for 

in vivo mouse studies, and is also considered a potential therapeutic RNAi delivery strategy. 

Much attention has been paid on the impact of hairpin loops on the effectivity of shRNA 

molecules thus far (Brummelkamp et al., 2002;Hinton et al., 2008;Kawasaki and Taira, 2003;Li 

et al., 2007a;Miyagishi et al., 2004;Vlassov et al., 2007;Wei et al., 2009). In addition, alternative 

loop conformations in miRNA expression construct have been tested (Boudreau et al., 2009;Li 

et al., 2007b;Zeng and Cullen, 2004). Unfortunately, this string of reports has not left much 

clarity on loop effects, the results and conclusions have been contradictory. It is occasionally 

observed that the loop sequence matters, but with disagreement about whether certain loop 

characteristics or even specific loops are generally better or worse. This suggests that there 

have been confounding effects that interact with loop preference such that generalizations in 

this area should be made very cautiously.

 We reasoned that the original loop design of the Brummelkamp shRNA molecule may 

be improved by novel loop sequences. We therefore tested the impact of different loop 

sequences, varying in size and structure, on shRNA induced gene silencing. We demonstrate 

that the standard loop which is frequently used is sub-optimal, and we present new loops that 

yield a 7-fold increase in RNAi activity (Asparuhova et al., 2008;Bernards et al., 2006;Huang 
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et al., 2008;Ter Brake et al., 2008). The novel shRNA loop design provides an opportunity for 

significant improvement of shRNA based gene therapy protocols in which potent knockdown 

is required.

materIalS and methodS
plasmids and sirnas

ShRNA expression plasmids targeting HIV-1 sequences pol47, pol9 and R/T5 and the furin 

mRNA were constructed as previously described (Brummelkamp et al., 2002;Ter Brake et al., 

2006). The oligonucleotides used to construct these shRNA are listed in supplementary Table 

S1. The target sites in furin mRNA (Accesion No.BC012181) were selected with the Qiagen and 

Dharmacon algorithms https://www1.qiagen.com/GeneGlobe/Default.aspx and https://www.

dharmacon.com/sidesign/default.aspx, respectively. SiRNAs were purchased from Dharmacon. 

The RNA secondary structure of the shRNA transcripts was predicted by the Mfold program 

(Zuker, 2003). 

The firefly luciferase reporter plasmids were constructed by insertion in the 3’ untranslated 

region (3’UTR) of a 50- to 70-basepair fragment with the actual 19-nucleotide target in the 

centre. For this construction we used the EcoRI and PstI sites of the pGL-3 plasmid (Westerhout 

et al., 2005). 

The full-length HIV-1 molecular clone pLAI (Peden et al., 1991) was used to produce wildtype 

virus in transfected 293T cells and to study shRNA mediated inhibition of virus production.

cell culture

Human embryonic kidney 293T, Vero, HeLa and C33A cells were all grown in Dulbecco’s 

modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum 

(FCS), penicillin (100 U/ml) and streptomycin (100 μg/ml) in a humidified chamber at 37°C and 

5% CO
2
.

transfection experiments

Co-transfection of pLAI or pGL-3 (Firefly luciferase reporter) with the shRNA vector was 

performed in the 96-well format. Per well, 2x104 cells (293T, Vero, HeLa or C33A) were seeded 

in 100 μl DMEM with 10% FCS without antibiotics. The next day, 100 ng pLAI or 25 ng pGL-3, 1 

ng of shRNA vector, and 0.5 ng pRL (Renilla luciferase reporter) were transfected using 0.5 μl 

Lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen). In case of furin 

inhibition experiments the indicated amounts of siRNA and shRNA expression constructs were 

transfected in the titration experiments.

The co-transfections with pLAI were analyzed after 48 hours. Cell culture supernatant was 

analyzed by CA-p24 ELISA, and cells were lysed for Renilla luciferase activity measurement with 

the Renilla Luciferase Assay System (Promega). Relative CA-p24 values were determined by 

dividing the CA-p24 values by the Renilla values. We set the restriction that the Renilla values 

should not vary by more than a factor 2 within an experiment. 

The co-transfections with pGL-3 were analyzed after 48 hours. Cells were lysed to measure 

firefly and renilla luciferase activities using the Dual-Luciferase Reporter Assay System 

(Promega, Madison, WI) according to the manufacturer’s instructions. The ratio between firefly 
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and renilla luciferase activity was used for normalization of experimental variations such as 

differences in transfection efficiencies. Transfection experiments were corrected for between 

session variations as described previously (Ruijter et al., 2006). 

sirna detection by northern blotting 

Northern blot experiments were performed as previously described (Liu et al., 2008b). Briefly, 

human embryonic kidney 293T cells (5x105 cells) were transfected with equimolar quantities 

(5 μg) of shRNA constructs using Lipofectamine 2000. Total cellular RNA was extracted 2 days 

post-transfection with the mirVana miRNA isolation kit (Ambion, Austin, TX) according to the 

manufacturer’s protocol. The RNA concentration was measured using the Nanodrop 1000 

(Thermo Fisher Scientific). For Northern blot analysis, 10 μg total RNA was electrophoresed in 

a 15% denaturing polyacrylamide gel (precast Novex TBU gel, Invitrogen, Carlsbad, CA). The 

RNA in the gel was electro-transferred to a positively charged nylon membrane (Boehringer 

Mannheim, GmbH, Mannheim, Germany).  Hybridizations were performed at 42°C with 

radiolabeled locked nucleic acid (LNA) oligonucleotides in 10 ml ULTRAhyb hybridization 

buffer (Ambion, Austin, TX) according to the manufacturer’s instructions. LNA oligonucleotide 

probes were 5’-end labeled with the kinaseMax kit (Ambion) in the presence of 1 ml [γ-32P] 

ATP (0.37 MBq/ml Amersham Biosciences). To remove unincorporated nucleotides, the 

probes were purified on Sephadex G-25 spin columns (Amersham Biosciences) according 

to the manufacturer’s protocol. We used the following oligonucleotides (LNA positions 

underlined): 5'-ATGGCAGGAAGAAGCGGAG-3' (R/T5), 5'-GTGAAGGGGCAGTAGTAAT-3' (pol47) 

and 5’-TAGCAGGAAGATGGCCAGT-3’ (pol9). The signal was detected by autoradiography and 

quantified using a phosphorimager (Amersham Biosciences).

reSultS
differential sirna and shrna activity

We wondered whether an active siRNA can be translated into an active shRNA, as this would 

enable shRNA design according to the existing siRNA algorithms. We compared the activity of 

seven siRNAs that target different sites in the furin mRNA, and the matching shRNA-expression 

plasmids. The furin protease is a co-factor for processing of the viral Envelope protein and 

a potential cellular target for RNAi gene therapy against HIV-1. The synthetic siRNAs were 

standard double-stranded RNAs (dsRNAs) with 2-nt 3’ overhangs characteristic for a Dicer 

product (Bernstein et al., 2001) (Fig.1).  For the shRNA expression constructs, we cloned the 

same sequence as inverted repeats connected with a loop sequence under the transcriptional 

control of the RNA polymerase III H1 promoter with a T
5
 termination signal (Brummelkamp et 

al., 2002) (Fig.1). We determined the inhibition profile of the seven siRNAs and seven matching 

shRNAs on luciferase reporters with the furin target sequences inserted in the 3’UTR (Fig.1 

c1-c7). We titrated the siRNA/shRNA inhibitors and determined the relative luciferase expression 

by controlling for the transfection efficiency as determined by renilla co-transfection. The 

luciferase expression level obtained without inhibitor was set at 1 for each luciferase construct. 

A similar inhibition profile was measured for three siRNA/shRNA pairs. Targeting of c1 and 

c4 resulted in strong inhibition with both the siRNA and shRNA, and targeting of c2 was not 

effective for both types of inhibitors. In contrast, differential siRNA/shRNA activity was scored 
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on the other four targets. Only the siRNA was active on the c3 target, whereas the c5, c6 and c7 

targets could only be attacked efficiently by the respective shRNAs. Thus, effective knockdown 

by a siRNA does not guarantee effective knockdown by the corresponding shRNA and vice 

versa. The obvious difference between these two entities is the loop sequence in the shRNA 

transcript that connects the sense to the antisense strand. Therefore, we wondered about 

the contribution of the loop sequence to the shRNA activity, and we became interested in the 

possibility to improve the shRNA activity by novel loop design. 

rnai activity is improved by novel shrna loop design

To investigate the effect of the loop sequence on shRNA activity, novel loops were designed that 

vary in size and structure (Fig. 2A). All variants were tested in the context of the pol47 shRNA, a 

potent anti-HIV molecule with the original 9-nt hairpin loop sequence of Brummelkamp et al. 

(2002) (Brummelkamp et al., 2002). In fact, the Mfold program predicts that the Brummelkamp 

loop consists of 5-nt only because 2 additional base pairs (bp) are formed, including a U-G bp 

(Fig. 2A, wildtype, (wt)). To examine the function of these extra 2 bp we made specific mutations 

in this area. To test whether the presence of a top U-G bp is important we interchanged the 2 

bp, but maintained the 5-nt loop (mut1). The 2 extra bp were opened by a mutation on the 5’ 

side (mut2), the 3’ side (mut5) or both sides (mut3). All these variants have a 9-nt loop (see Table 

1 for an overview). In addition, a mutant was designed lacking the 2-bp stem area of the original 

loop, leaving a 5-nt loop (mut4). We also introduced alternative loops: two microRNA derived 

loops on top of the 2 closing bp (mir-17 and mir-25) to explore whether naturally occurring loop 

Figure 1 Schopman et al. 2009
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figure 1. differential sirna and shrna activity. A schematic of the siRNA and shRNA constructs that were 
used. shRNA sequences were cloned downstream of an H1 RNA polymerase III promoter and transcription was 
terminated by a T5 termination signal. The c1-c7 graphs show inhibition of a Luc reporter with all furin target 
sequences in the 3’UTR by siRNAs and shRNAs. SiRNAs and shRNAs (10 ng) against the HIV-1 nef gene were used 
as a negative control for non-specific effects on the Luc reporter. Luc reporters (100 ng) were co-transfected in 
293T cells with increasing amounts of siRNA or shRNA-expression constructs (2, 5, 10, 20 and 50 ng) and 2.5 ng 
pRL as an internal control. Bars represent the mean +/- standard deviation of three independent experiments.
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Figure 2 Schopman et al. 2009

A 

A AC C
U A
C C

U U
C- G
C- G

U G
G A

U- G
U- A

U
C C

GU U
C C

G C
U C
G G

U U
G- U
C-G
G- C

mir-17 mir-25 GRNA maxmin

A U G
U U 
A G

G- C 
U - A 

AA G
C A

U - A
U -G

AA G
C A
C G
A A

AA G
C A
C A 
A G

A
A G

C A

AA G
C A
U A
U C

mut1 mut2 mut3 mut4 mut5

AA G
C A

U - G
U -A

wildtype (wt),
5-nt loop + 

2 additional bp

B 

AA G
C A
U G
U A

Brummelkamp, 
9-nt loop

pol47

* * 

* 

* * 
* * 

* 

* 

0 

20

40

60

80

100

120

re
l. 

lu
ci

fe
ra

se
 a

ct
iv

ity
 (%

)

structures are perhaps more active than artificial loop sequences. We also tested the particularly 

stable GUGA loop of the family of GRNA tetraloops (Prathiba and Malathi, 2008). Furthermore, 

two size variants were included; a 3-nt loop (min) and a 13-nt loop (max) to examine whether 

the loop size influences shRNA activity. 

The various shRNA constructs target the same HIV-1 sequence that was cloned in the 3’ 

UTR of the luciferase reporter gene, and we measured their RNAi activity upon co-transfection 

in 293T cells and luciferase measurement (Fig. 2B). The relative luciferase expression was 

determined by the ratio of the firefly and renilla luciferase activity. In fact, no significant variation 

in the expression of the renilla control was observed, indicating no acute to cell toxicity effects. 

The luciferase expression measured with an irrelevant shRNA (shnef) was set at 100%. The wt 

version of the shpol47 inhibitor showed 70% knockdown of luciferase expression. Seven out of 

the ten new shRNA designs showed to be more effective than wt. The two notable exceptions 

mut4 and min showed a decrease in knockdown efficiency. When looking closely to the 

Figure 2 Schopman et al. 2009
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figure 2. rnai activity is improved by novel shrna loop design (A) Structures of the shRNA loops are depicted. 
ShRNA stem sequences are depicted as black bars. The boxed area indicates the mutations made within the 
Brummelkamp loop (wt loop) sequence. Structures were predicted with the Mfold program. (B) The effect of 
novel loops on shpol47 induced silencing in a luciferase reporter assay.  293T cells were co-transfected with 25 
ng firefly luciferase reporter plasmid (pol47 luc), 0.5 ng of renilla luciferase plasmid, and 1 ng shRNA constructs. 
Relative luciferase activities were calculated from the firefly and the control renilla luciferase expression levels. 
An irrelevant shRNA (shnef) served as negative control, which was set at 100% luciferase expression. Averages 
and standard deviations represent at least three independent transfections performed in quadruple. * p<0.05 
compared to wt.
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‘Brummelkamp’ loop, a modest 

improvement (~10% increase 

in knockdown activity) was 

observed when the extra 2 bp 

stem segment of this loop was 

opened, as in mut2, 3 and 5. If 

the stem area remained base 

paired as in mut1, a similar 

activity as wt was observed. 

Thus, it is likely that the 2 extra 

bp are not important for the 

activity of the shRNA, and it 

even seems that the shRNA 

activity improves when these 

bp are opened. Deleting the 

extra 2 bp stem segment of the wt loop, leaving only a 5-nt loop as in mut4, has a detrimental 

effect on knockdown efficiency. We also tested a dramatic loss of activity for the min variant 

with a loop of only 3-nt. In contrast, the max variant with a loop size of 13-nt shows improved 

activity compared to wt. The GRNA tetraloop showed improved activity despite the short loop 

of 4-nt, suggesting that the stabilizing effect of this particular loop sequence overcomes the 

size restriction. Thus, the size of the loop is not the sole determinant of shRNA activity since 

the GRNA variant with a loop of only 4-nt is much more active than mut4 with a 5-nt loop. 

ShRNA constructs with loops derived from miRNAs (mir-17 and mir-25) were significantly more 

effective than the wt loop (90% versus 70% knockdown). These combined results indicate that 

it is better to open the 2 extra bp of the original pSuper shRNA design and that the loop size, 

sequence and structure has an impact on the RNAi knockdown efficiency.

General shrna loop improvements

It is important to determine whether the observed loop-trends are generally applicable. To test 

if these findings also apply to other shRNAs we put a selection of loops on two other anti-HIV 

shRNAs, R/T5 and pol9. We selected mut5, mir-17, mir-25 and GRNA as improved loops and mut4 

as a less active loop variant. Silencing of luciferase reporters carrying the R/T5 and pol9 targets 

with the set of loop-substituted shRNAs revealed a trend similar to that obtained for pol47 (Fig. 

3, compare to Fig. 2). The efficacy of both wt shRNAs improved significantly when the loop 

was replaced by a mir-17 or mir-25 loop, and the mut4 loop profoundly decreased the efficacy. 

The activity of the intermediate R/T5 inhibitor was improved from 50% to 90% knockdown 

efficiency and the weak pol9 inhibitor was improved from 40% to 60%. In general, these results 

indicate that the activity of any shRNA can be significantly improved by the novel loop design.  

To investigate whether the loop optimization functions in different cell types, experiments 

with the set of R/T5 inhibitors were repeated in Vero, HeLa and C33A cells. These cells were co-

transfected with the appropriate reporter plasmid and the shRNA constructs were titrated (Fig 

4). The highest knockdown activity was observed for the shR/T5 with the miRNA loop in all cell 

lines. The knockdown activity of shR/T5 mir-25 is on average 3 to 4 times greater as compared 

to shRT5 wt. The impaired shRNA mut4 showed a similar decrease in activity in all cell types. 

table 1. shrna characteristics.

shrna variant loop (nt) extra bp in stem rnai activity

wt 5 2 +

mut1 5 2 +

mut2 9 0 +

mut3 9 0 +

mut4 5 0 -

mut5 9 0 ++

mir-17 7 2 +++

mir-25 10 2 +++

GRNA 4 2 ++

min 3 0 -

max 13 3 +
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To determine if the improvement of shRNA loop design can be used in different expression 

cassettes, we cloned shRNAs under the transcriptional control of the RNA polymerase III 

promoter U6. Three shRNA loop variants targeting pol47 were selected (wt, mut4 and mir-25) 

and their activity was compared to the original H1 constructs in transfected 293T cells. In 

both expression systems, we observed reduced knockdown efficiency for mut4 versus wt 

and improved activity for mir-25 versus wt (Fig 5). These combined results suggest that the 

improvement of the shRNA design is a general phenomenon, which can be applied to any 

shRNA inhibitor, different cell lines and diverse shRNA expression systems.   

Improved shrna loop design results in higher sirna levels

To investigate why specific shRNA constructs are more effective in silencing their target gene, 

Northern blot analysis was performed to determine the siRNA levels in transfected 293T cells 

(Fig 6). We tested the same set of loop variants (wt, mut4, mir-17, mir-25, GRNA) for the potent 

(pol47), intermediate (R/T5) and weak inhibitor (pol9). The mir-17 and in particular the mir-25 

Figure 3 Schopman et al. 2009
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figure 3. the activity of any shrna can be improved by novel loop design. 293T cells were co-transfected 
with 25 ng firefly luciferase reporter plasmid (R/T5 or pol9), 0.5 ng of renilla luciferase plasmid, and 1 ng of the 
corresponding shRNA constructs. Relative luciferase activities were determined from the firefly and the control 
renilla luciferase expression ratios. The shnef values were arbitrarily set at 100%. Averages and standard deviations 
represent at least three independent transfections performed in quadruple. * p<0.05 compared to wt.



68

Figure 4 Schopman et al. 2009
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figure 4. Improved shrna activity by 
novel loop design is cell line independent. 
Vero cells, HeLa cells and C33A cells were 
co-transfected with 25 ng firefly luciferase 
reporter plasmid (R/T5), 0.5 ng of renilla 
luciferase plasmid, and with increasing 
amounts (0, 1, 5 and 10 ng) shR/T5 constructs 
with novel loops (wt, mut4 and mir-25). 
An irrelevant shRNA (shnef) was used 
as negative control. Relative luciferase 
activities were determined from the firefly 
and the control renilla luciferase expression 
ratios. The mean values are based on three 
independent transfections performed in 
quadruple.

variants produced higher levels of siRNAs than the original wt shRNA in transfected 293T cells. 

Quantification of the bands showed a 1.4 (pol9) to 2.1 fold (R/T5) increase in siRNA concentration 

for the mir-25 loop. There may be subtle differences between the shRNAs with regard to the 

loop effect. For instance, mir-25 clearly seems to produce more siRNAs than mir-17 in the R/

T5 context, but these two loops behave more similarly in the pol47 and pol9 context. Most 

importantly, the observed differences in siRNA concentration do correlate with the observed 

differences in RNAi knockdown activity. Thus, the mir variants are most active because they 

trigger the production of the highest concentration of siRNAs. In fact, the correlation also seems 

to hold on the negative side, as the poorly active mut4 variant produces hardly any siRNAs. 
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Figure 5 Schopman et al. 2009
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pol9

40nt

30nt

20nt

pol47

tRNA 

R/T5

1.0 0.3 1.2 2.3 1.7 0.9

1.0 1.0 1.3 1.4 0.9

1.0 1.4 1.4 2.1 1.2

<0.3 

<0.3 

40nt

30nt

20nt

40nt

30nt

20nt

tRNA 

tRNA 

figure 5. Improvement of rnai 
activity by novel loop design 
is independent of the shrna 
expression system. 293T cells were co-
transfected with 25 ng firefly luciferase 
reporter plasmid (pol47), 0.5 ng of 
renilla luciferase plasmid, and 1 ng 
of the shpol47 constructs. The shnef 
was used as negative control. Relative 
luciferase activities were determined 
from the firefly and the control renilla 
luciferase expression ratios. The shnef 
values were arbitrarily set at 100%. 
Averages and standard deviations 
represent at least three independent 
transfections performed in quadruple. 
* p<0.05 compared to wt.

figure 6. Improved shrna by novel 
loop design result in higher sirna 
levels. 293T cells were transfected with 
shpol47, shpol9 or shR/T5 constructs 
with novel loops and the siRNAs 
were detected by Northern blot of 
total RNA using a 19-nt antisense 
complementary LNA probe. An 
irrelevant shRNA (shnef) and empty 
vector (pSuper) were used as negative 
controls. Ethidium bromide staining 
of tRNA served as sample loading 
control. Numbers below indicate 
the relative siRNA concentration 
compared to the wt sample.

Stronger inhibition of hIV-1 production with novel loop design

The optimized shRNAs were tested for their ability to inhibit HIV-1 production. We used a 

relatively low amount of the wt and loop-mutated shRNA constructs in a co-transfection assay 

with the HIV-1 molecular clone pLAI. Virus production was measured by CA-p24 ELISA in the 

culture medium after two days. The amount of virus production with each inhibitor was related 

to that obtained in the control co-transfection with pBluescript (pBS), which was set at 100%. 

An irrelevant shRNA (shluc) served as negative control. The same loop effects were observed 
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figure 7. Inhibition of hIV-1 production by the shrna with novel loops. 293T cells were co-transfected with 
100 ng pLAI, 0.5 ng of renilla luciferase plasmid and 1 ng of the corresponding shRNA constructs. CA-p24 levels 
in culture supernatant and renilla luciferase expression were measured. Values obtained for the irrelevant shRNA 
(shluc) served as a negative control and pBS values were set at 100%. Averages and standard deviations represent 
at least three independent transfections performed in quadruple. * p<0.05 compared to wt.
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for the different shRNAs on HIV-1 production as in the luciferase assays (Fig. 7, compare to Fig. 

2 and 3). Knockdown activity was lost for mut4 and the two miRNA loops yielded significant 

improvements. The most extreme example is R/T5 with the mir-25 loop, showing 90% 

knockdown compared to only 40% for the wt R/T5.

dIScuSSIon
RNAi is widely used as a research tool for gene knockdown studies and it is in development 

as a therapeutic approach, for instance against pathogenic viruses. The RNAi mechanism can 

be induced by transfected siRNAs or intracellularly expressed shRNAs. When comparing the 

efficacy of matching siRNA and shRNAs pairs, we frequently observed discrepancies in their 

activity, e.g. the siRNA was active and the shRNA was not. Thus, caution should be taken when 

translating an active siRNA into a shRNA species. The obvious difference between siRNA and 

shRNA molecules is the loop sequence in the latter that connects the sense and antisense 

sequence. Other differences include the intracellular synthesis (shRNA) versus delivery route 

(siRNA). ShRNAs are expressed in the nucleus and transported to the cytoplasm where they 

are processed by Dicer, in contrast to siRNAs that are transfected as active molecules in the 

cytoplasm (Leung and Whittaker, 2005). 

The observed differential shRNA/siRNA activity may suggest that the loop sequence of the 

shRNA affects its activity. We tested the influence of different shRNA loops that were compared 

to the standard pSuper design, the Brummelkamp loop (Brummelkamp et al., 2002). We 

documented that RNAi activity can be improved significantly by novel loop design, indicating 

that the Brummelkamp loop is not the most optimal one for effective shRNA induced gene 

silencing. The miRNA derived loops resulted in the most efficient target knockdown in a variety 

of cell lines, even transforming moderate inhibitors into very strong inhibitors. Furthermore, 

the use of a different RNA polymerase III promoter (U6 instead of H1) did show the same 

improvement of RNAi activity by novel loop design. Table 1 gives an overview of all novel 

loops regarding size, structure and activity. All together, it seems that the size, structure and 

sequence of the shRNA loop affects knockdown efficiency of shRNAs. Establishing conclusively 

the generalizability of loop effects is very difficult, to some extent because of possible 

experimental confounders, but especially because of the large number of potential co-factors 

that contribute to knockdown (delivery method, stem length, stem sequence, plus multiple 

facets of loop structure itself such as length, structure, specific sequences).

 The sequence and structural configuration are important features of shRNA molecules and 

have been shown to influence the silencing activity of the hairpin (McManus et al., 2002). The 

miRNA-derived loops significantly improved gene knockdown in reporter assays and inhibition 

of HIV-1 production. We showed by Northern blot analysis that more siRNA molecules are 

produced from these miRNA variants, which explains the improved RNAi activity. The loop 

may influence the intracellular shRNA stability, the nuclear export or Dicer processing. Future 

studies should address the possibility that loop sequences affect the actual Dicer cleavage site, 

which will lead to the production of different siRNA molecules with potentially different activity. 

The loop sequence is likely to have an effect on the processing of the shRNA, e.g. Dicer 

recognition and/or cleavage may occur more efficiently (Hinton et al., 2008;McManus et al., 

2002). Recognition elements or sequences within the shRNA that determine the processing 
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efficiency have not been examined in detail. The loop sequence of the hairpin may function 

as a binding site for a co-factor that determines Dicer specificity (Vermeulen et al., 2005). Our 

results do suggest that such a putative co-factor should be expressed in diverse cell types. 

Recently it was shown that a class of miRNAs is recognized by KSRP (KH-type splicing regulatory 

protein) through high affinity binding to sequences in the loop, which facilitates both nuclear 

Drosha- and cytoplamic Dicer-mediated processing (Trabucchi et al., 2009). The latter protein 

is able to adapt to a broad range of single stranded RNA sequences, thus explaining its activity 

on a wide variety of miRNA precursors.  For pre-miRNAs it has been shown that the loop 

nucleotides play a critical role in controlling the distinct activities of these molecules, both the 

strength and specificity were controlled by the pre-miRNA loop sequence. Mutations within 

these loop sequences affected or even completely abrogated miRNA processing (Liu et al., 

2008a;Michlewski et al., 2008). It was described that hnRNP A1, a protein implicated in many 

aspects of RNA biosynthesis and processing, binds to a miRNA cluster to specifically promote the 

production of the pri-miR18a unit (Guil and Caceres, 2007). This ubiquitously expressed protein 

was shown to act as an auxiliary factor at the level of Drosha processing. Subsequent studies 

indicated that hnRNP A1 binds to the loop of pri-miR-18a and induces a relaxation of the stem, 

creating a more favorable cleavage site for Drosha (Michlewski et al., 2008). Interestingly, the 

same study mentioned that the high sequence conservation of certain miRNA loop sequences 

throughout evolution suggests the requirement for other auxiliary factors that bind to facilitate 

miRNA processing. This could be the explanation for the superiority of miRNA sequences 

among the set of loop-mutated shRNA variants in this study. Consistent with this idea is the 

observation that improved shRNA activity coincides with improved shRNA processing.

The finding that target inhibition by shRNA can be improved dramatically by novel loop 

design is very useful for the development of antiviral shRNA used in clinical applications. The 

shRNA optimized in this study are effective HIV-1 inhibitors, in which shpol47 is classified as a 

strong inhibitor, and R/T5 and pol9 as an intermediate and weak inhibitor, respectively (von 

Eije et al., 2009). It is interesting to document that weak shRNA inhibitors can be transformed 

into intermediate or even strong inhibitors by simple replacement of the loop sequence. This is 

important as most designed shRNA molecules turn out to be poorly active. On average, about 

one of four shRNAs are active, due to the absence of efficient shRNA design algorithms (Sen 

et al., 2004;Shirane et al., 2004;Ter Brake et al., 2006). In contrast, there are multiple efficient 

siRNA design algorithms, but our results indicate that these cannot be applied to shRNA design. 

A previous study indicated that siRNA rules, while quite good at predicting effective siRNA, 

are bad at predicting effective shRNAs (Taxman et al., 2006). Altogether, this work shows that 

there is a lot to gain from novel loop design, which can trigger the development of much more 

effective shRNAs.

acKnowledGementS
We thank Stephan Heynen for performing CA-p24 ELISA. This research is sponsored by ZonMw 

(Translational Gene Therapy Program) and NWO-CW (Top grant). 



fOur

ImprOvEd rNai actIvIty By NOvEl shrNa lOOp dEsIGN 73

referenceS cIted
Asparuhova, M. B., I. Barde, D. Trono, K. Schranz, and D. Schumperli, 2008, Development and characterization of a triple 
combination gene therapy vector inhibiting HIV-1 multiplication: J Gene Med, v. 10, no. 10, p. 1059-1070.

Bernards, R., T. R. Brummelkamp, and R. L. Beijersbergen, 2006, shRNA libraries and their use in cancer genetics: Nat.
Methods, v. 3, no. 9, p. 701-706.

Bernstein, E., A. A. Caudy, S. M. Hammond, and G. J. Hannon, 2001, Role for a bidentate ribonuclease in the initiation step 
of RNA interference: Nature, v. 409, no. 6818, p. 363-366.

Boudreau, R. L., I. Martins, and B. L. Davidson, 2009, Artificial microRNAs as siRNA shuttles: improved safety as compared 
to shRNAs in vitro and in vivo: Mol.Ther., v. 17, no. 1, p. 169-175.

Brummelkamp, T. R., R. Bernards, and R. Agami, 2002, A system for stable expression of short interfering RNAs in 
mammalian cells: Science, v. 296, no. 5567, p. 550-553.

Elbashir, S. M., J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, and T. Tuschl, 2001, Duplexes of 21-nucleotide RNAs mediate 
RNA interference in cultured mammalian cells: Nature, v. 411, no. 6836, p. 494-498.

Ely, A., T. Naidoo, S. Mufamadi, C. Crowther, and P. Arbuthnot, 2008, Expressed anti-HBV primary microRNA shuttles 
inhibit viral replication efficiently in vitro and in vivo: Mol Ther., v. 16, no. 6, p. 1105-1112.

Guil, S., and J. F. Caceres, 2007, The multifunctional RNA-binding protein hnRNP A1 is required for processing of miR-18a: 
Nat.Struct.Mol Biol, v. 14, no. 7, p. 591-596.

Haasnoot, P. C. J., and B. Berkhout, 2006, RNA interference: Its use as antiviral therapy., Handbook of Experimental 
Pharmacology: Heidelberg, Springer-Verlag Berlin Heidelberg, RNA towards medicine, p. 117-150.

Hammond, S. M., A. A. Caudy, and G. J. Hannon, 2001, Post-transcriptional gene silencing by double-stranded RNA: Nat.
Rev.Genet., v. 2, no. 2, p. 110-119.

Hinton, T. M., T. G. Wise, P. A. Cottee, and T. J. Doran, 2008, Native microRNA loop sequences can improve short hairpin 
RNA processing for virus gene silencing in animal cells: Journal of RNAi and Gene Silencing, v. 4, no. 1, p. 295-301.

Huang, M. et al., 2008, Short hairpin RNA interference therapy for ischemic heart disease: Circulation, v. 118, no. 14 Suppl, 
p. S226-S233.

Kawasaki, H., and K. Taira, 2003, Short hairpin type of dsRNAs that are controlled by tRNA(Val) promoter significantly 
induce RNAi-mediated gene silencing in the cytoplasm of human cells: Nucleic Acids Res, v. 31, no. 2, p. 700-707.

Leung, R. K., and P. A. Whittaker, 2005, RNA interference: from gene silencing to gene-specific therapeutics: Pharmacol.
Ther., v. 107, no. 2, p. 222-239.

Li, L., X. Lin, A. Khvorova, S. W. Fesik, and Y. Shen, 2007a, Defining the optimal parameters for hairpin-based knockdown 
constructs: RNA., v. 13, no. 10, p. 1765-1774.

Li, L., X. Lin, A. Khvorova, S. W. Fesik, and Y. Shen, 2007b, Defining the optimal parameters for hairpin-based knockdown 
constructs: RNA., v. 13, no. 10, p. 1765-1774.

Liu, G., H. Min, S. Yue, and C. Z. Chen, 2008a, Pre-miRNA loop nucleotides control the distinct activities of mir-181a-1 and 
mir-181c in early T cell development: PLoS.ONE., v. 3, no. 10, p. e3592.

Liu, Y. P., J. Haasnoot, O. Ter Brake, B. Berkhout, and P. Konstantinova, 2008b, Inhibition of HIV-1 by multiple siRNAs 
expressed from a single microRNA polycistron: Nucleic Acids Res, v. 36, no. 9, p. 2811-2824.

McCaffrey, A. P., H. Nakai, K. Pandey, Z. Huang, F. H. Salazar, H. Xu, S. F. Wieland, P. L. Marion, and M. A. Kay, 2003, Inhibition 
of hepatitis B virus in mice by RNA interference: Nat.Biotechnol., v. 21, no. 6, p. 639-644.

McIntyre, G. J., J. L. Groneman, Y. H. Yu, A. Jaramillo, S. Shen, and T. L. Applegate, 2009, 96 shRNAs designed for maximal 
coverage of HIV-1 variants: Retrovirology., v. 6, p. 55.

McManus, M. T., C. P. Petersen, B. B. Haines, J. Chen, and P. A. Sharp, 2002, Gene silencing using micro-RNA designed 
hairpins: RNA., v. 8, no. 6, p. 842-850.

Meister, G., and T. Tuschl, 2004, Mechanisms of gene silencing by double-stranded RNA: Nature, v. 431, no. 7006, p. 343-
349.

Michlewski, G., S. Guil, C. A. Semple, and J. F. Caceres, 2008, Posttranscriptional regulation of miRNAs harboring conserved 
terminal loops: Mol Cell, v. 32, no. 3, p. 383-393.

Miyagishi, M., H. Sumimoto, H. Miyoshi, Y. Kawakami, and K. Taira, 2004, Optimization of an siRNA-expression system with 
an improved hairpin and its significant suppressive effects in mammalian cells: J.Gene Med., v. 6, no. 7, p. 715-723.

Mungall, B. A., N. C. Schopman, L. S. Lambeth, and T. J. Doran, 2008, Inhibition of Henipavirus infection by RNA 
interference: Antiviral Res.

Naito, Y., K. Nohtomi, T. Onogi, R. Uenishi, K. Ui-Tei, K. Saigo, and Y. Takebe, 2007, Optimal design and validation of antiviral 
siRNA for targeting HIV-1: Retrovirology., v. 4, p. 80.

Peden, K., M. Emerman, and L. Montagnier, 1991, Changes in growth properties on passage in tissue culture of viruses 
derived from infectious molecular clones of HIV-1

LAI
, HIV-1

MAL
, and HIV-1

ELI
: Virology, v. 185, p. 661-672.

Prathiba, J., and R. Malathi, 2008, Group I introns and GNRA tetraloops: remnants of ‘The RNA world’?: Mol Biol Rep., v. 35, 
no. 2, p. 239-249.

Ruijter, J. M., H. H. Thygesen, O. J. Schoneveld, A. T. Das, B. Berkhout, and W. H. Lamers, 2006, Factor correction as a 
tool to eliminate between-session variation in replicate experiments: application to molecular biology and retrovirology: 
Retrovirology, v. 3, p. 1-8.



74

Sen, G., T. S. Wehrman, J. W. Myers, and H. M. Blau, 2004, Restriction enzyme-generated siRNA (REGS) vectors and 
libraries: Nat.Genet., v. 36, no. 2, p. 183-189.

Shirane, D., K. Sugao, S. Namiki, M. Tanabe, M. Iino, and K. Hirose, 2004, Enzymatic production of RNAi libraries from 
cDNAs: Nat.Genet..

Taxman, D. J., L. R. Livingstone, J. Zhang, B. J. Conti, H. A. Iocca, K. L. Williams, J. D. Lich, J. P. Ting, and W. Reed, 2006, 
Criteria for effective design, construction, and gene knockdown by shRNA vectors: BMC.Biotechnol., v. 6, p. 7.

Ter Brake, O., K. ‘t Hooft, Y. P. Liu, M. Centlivre, K. J. von Eije, and B. Berkhout, 2008, Lentiviral vector design for multiple 
shRNA expression and durable HIV-1 Inhibition: Mol Ther., v. 16, no. 3, p. 557-564.

Ter Brake, O., P. Konstantinova, M. Ceylan, and B. Berkhout, 2006, Silencing of HIV-1 with RNA interference: a multiple 
shRNA approach: Mol.Ther., v. 14, no. 6, p. 883-892.

Ter Brake, O., N. Legrand, K. J. von Eije, M. Centlivre, H. Spits, K. Weijer, B. Blom, and B. Berkhout, 2009, Evaluation of safety 
and efficacy of RNAi against HIV-1 in the human immune system (Rag-2(-/-)(c)(-/-)) mouse model: Gene Ther., v. 16, no. 
1, p. 148-153.

Trabucchi, M., P. Briata, M. Garcia-Mayoral, A. D. Haase, W. Filipowicz, A. Ramos, R. Gherzi, and M. G. Rosenfeld, 2009, 
The RNA-binding protein KSRP promotes the biogenesis of a subset of microRNAs: Nature, v. 459, no. 7249, p. 1010-1014.

Vermeulen, A., L. Behlen, A. Reynolds, A. Wolfson, W. S. Marshall, J. Karpilow, and A. Khvorova, 2005, The contributions of 
dsRNA structure to Dicer specificity and efficiency: RNA., v. 11, no. 5, p. 674-682.

Vlassov, A. V. et al., 2007, shRNAs targeting hepatitis C: effects of sequence and structural features, and comparision with 
siRNA: Oligonucleotides., v. 17, no. 2, p. 223-236.

von Eije, K. J., O. Ter Brake, and B. Berkhout, 2009, Stringent testing identifies highly potent and escape-proof anti-HIV 
short hairpin RNAs: J Gene Med.

Wei, J. X. et al., 2009, Both strands of siRNA have potential to guide posttranscriptional gene silencing in mammalian cells: 
PLoS.ONE., v. 4, no. 4, p. e5382.

Westerhout, E. M., M. Ooms, M. Vink, A. T. Das, and B. Berkhout, 2005, HIV-1 can escape from RNA interference by evolving 
an alternative structure in its RNA genome: Nucleic Acids Research, v. 33, no. 2, p. 796-804.

Zamore, P. D., T. Tuschl, P. A. Sharp, and D. P. Bartel, 2000, RNAi: double-stranded RNA directs the ATP-dependent cleavage 
of mRNA at 21 to 23 nucleotide intervals: Cell, v. 101, no. 1, p. 25-33.

Zeng, Y., and B. R. Cullen, 2004, Structural requirements for pre-microRNA binding and nuclear export by Exportin 5: 
Nucleic Acids Research, v. 32, no. 16, p. 4776-4785.

Zuker, M., 2003, Mfold web server for nucleic acid folding and hybridization prediction: Nucleic Acids Research, v. 31, no. 
13, p. 3406-3415.



fOur

ImprOvEd rNai actIvIty By NOvEl shrNa lOOp dEsIGN 75

table S1. all shrna sequences used in this study. In bold the sense and antisense sequences of 
the shRNA are shown, underlined is the loop sequence and in italic additional sequences such as 
restriction sites and T5 termination signal are indicated.

shrna  
target furin sequence
c1 GATCCCCGtcctcGatacGcactataTTCAAGAGAtataGtGcGtatcGaGGacTTTTTGGAAA

c2 GATCCCCcGGctcGaGGtGcGGaaGaTTCAAGAGAaGaaGGcGtGGaGctcGGcTTTTTGGAAA

c3 GATCCCCGGccGaaGctctGGctGaaTTCAAGAGAttcaGccaGaGcttcGGccTTTTTGGAAA

c4 GATCCCCGtGGctGcGGtGGccaacaTTCAAGAGAtGttGGccaccGcaGccacTTTTTGGAAA

c5 GATCCCCGGacttGGcaGGcaattatTTCAAGAGAataattGcctGccaaGtccTTTTTGGAAA

c6 GATCCCCaGaGGaccGcctttatcaaTTCAAGAGAttGataaaGGcGGtcctctTTTTTGGAAA

c7 GATCCCCaGaaGtGcacGGaGtctcaTTCAAGAGAtGaGactccGtGcacttctTTTTTGGAAA

shrna target hIV-1
POL47 wt GATCCCCGtGaaGGGGcaGtaGtaatTTCAAGAGAattactactGccccttcacTTTTTGGAAA

POL47 mut1 GATCCCCGtGaaGGGGcaGtaGtaatTTCAAGAAGattactactGccccttcacTTTTTGGAAA

POL47 mut2 GATCCCCGtGaaGGGGcaGtaGtaatACCAAGAGAattactactGccccttcacTTTTTGGAAA

POL47 mut3 GATCCCCGtGaaGGGGcaGtaGtaatACCAAGAAGattactactGccccttcacTTTTTGGAAA

POL47 mut4 GATCCCCGtGaaGGGGcaGtaGtaatCAAGAattactactGccccttcacTTTTTGGAAA

POL47 mut5 GATCCCCGtGaaGGGGcaGtaGtaatTTCAAGAACattactactGccccttcacTTTTTGGAAA

POL47 mir-17 GATCCCCGtGaaGGGGcaGtaGtaatTGATATGTGCAattactactGccccttcacTTTTTGGAAA

POL47 mir-25 GATCCCCGtGaaGGGGcaGtaGtaatCCTCTCAACACTGGattactactGccccttcacTTTTTGGAAA

POL47 GRNA GATCCCCGtGaaGGGGcaGtaGtaatTTGTGAGAattactactGccccttcacTTTTTGGAAA

POL47 new1 GATCCCCGtGaaGGGGcaGtaGtaatCTCattactactGccccttcacTTTTTGGAAA

POL47 new2 GATCCCCGtGaaGGGGcaGtaGtaatGCGTGTGCTGTCCCGTTGCattactactGccccttcacTTTTTGGAAA

POL9 wt GATCCCCtaGcaGGaaGatGGccaGtTTCAAGAGAactGGccatcttcctGctaTTTTTGGAAA

POL9 mut4 GATCCCCtaGcaGGaaGatGGccaGtCAAGAactGGccatcttcctGctaTTTTTGGAAA

POL9 mut5 GATCCCCtaGcaGGaaGatGGccaGtTTCAAGAACactGGccatcttcctGctaTTTTTGGAAA

POL9 mir-17 GATCCCCtaGcaGGaaGatGGccaGtTGATATGTGCAactGGccatcttcctGctaTTTTTGGAAA

POL9 mir-25 GATCCCCtaGcaGGaaGatGGccaGtCCTCTCAACACTGGactGGccatcttcctGctaTTTTTGGAAA

POL9 GRNA GATCCCCtaGcaGGaaGatGGccaGtTTGTGAGAactGGccatcttcctGctaTTTTTGGAAA

R/T5 wt GATCCCCatGGcaGGaaGaaGcGGaGTTCAAGAGActccGcttcttcctGccatTTTTTGGAAA

R/T5 mut4 GATCCCCatGGcaGGaaGaaGcGGaGCAAGActccGcttcttcctGccatTTTTTGGAAA

R/T5 mut5 GATCCCCatGGcaGGaaGaaGcGGaGTTCAAGAACctccGcttcttcctGccatTTTTTGGAAA

R/T5 mir-17 GATCCCCatGGcaGGaaGaaGcGGaGTGATATGTGCActccGcttcttcctGccatTTTTTGGAAA

R/T5 mir-25 GATCCCCatGGcaGGaaGaaGcGGaGCCTCTCAACACTGGctccGcttcttcctGccatTTTTTGGAAA

R/T5 GRNA GATCCCCatGGcaGGaaGaaGcGGaGTTGTGAGActccGcttcttcctGccatTTTTTGGAAA




