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Combinatorial RNAi approaches
Although potent gene knockdown can be obtained with a single RNAi-inducer, some clinical applications will require a combinatorial RNAi approach.
Sometimes multiple genes need to be targeted simultaneously or intensified
silencing of a single gene is required to obtain a biological effect. In mammalian cells, the natural RNAi pathway can be triggered by expression of transcripts that resemble the pre-miRNA structure: short hairpin RNAs (shRNAs)
of 19-21 bp (Fig. 1A) (1-3). Recently, these shRNAs have been optimized by
inclusion of RNA structural motifs that mimic pri-miRNAs (Fig. 1A) (4). These
artificial miRNAs seem to be more efficient than the simple shRNAs in inducing RNAi-mediated silencing (5,6). In order to express multiple RNAi effectors
simultaneously, several combinatorial RNAi strategies have been developed.
This chapter summarizes the latest experimental advances in combinatorial
RNAi-based gene therapy approaches and the potential for clinical application will be discussed.

Multiple short hairpin RNAs for basic research purposes
To induce combinatorial RNAi, the most straightforward strategy is to simultaneously express multiple shRNAs from several gene cassettes (Fig. 1B). If an
identical shRNA is multiplexed, one obtains intensified RNAi of a single gene.
If different shRNAs are multiplexed, one achieves combinatorial RNAi.
Using a U6-driven 2-shRNA expression vector, Yu et al. (7) simultaneously
inhibited the α- and β-isoforms of glycogen synthase kinase, 2 related kinases
involved in the regulation of a variety of cellular processes. Increased GSK-3
α/β levels are associated with type 2 diabetes and Alzheimer’s disease (8),
whereas decreased GSK-3 activity results in accumulation of β-catenin, which
has been associated with colon cancer and melanomas (9). GSK-3 phosphorylates β-catenin and causes its destabilization. Knocking down GSK-3 α or
GSK-3β resulted in increased β-catenin levels and simultaneous inhibition of
both kinases led to a further increase in β-catenin expression. These results
demonstrate the usefulness of combinatorial RNAi in dissecting the functional
roles of 2 kinases with partially redundant functions.
Jazag et al. used combinatorial RNAi to dissect the functions of the transcription factors Smad 2, 3 and 4 using multiple shRNA cassettes with a U6 promoter (10). These transcription factors mediate the growth inhibitory effect of
TGF-β in many cell types. Loss of the TGF-β cytostatic response by various
genetic and epigenetic alterations of the TGF-β-Smad pathway has been described for several human cancers (11-13). Simultaneous knockdown of Smad
2, 3 and 4 resulted in distinct phenotypic changes in TGF-β-dependent cellular
functions, including invasion, wound healing and apoptosis.
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1. Expression
strategies for RNAi inducers. (A) Mono-RNAi therapy with an
Figure
1
shRNA vector driven by an RNA polymerase III promoter or an artificial miRNA driven
by an RNA polymerase II. (B) Combinatorial RNAi with multiple identical or different
shRNA expression cassettes in a single vector to intensify the RNAi effect or to simultaneously target different genes. (C) Combinatorial RNAi with an e-shRNA expressed
from an RNA polymerase III promoter to generate multiple siRNAs that inhibit different
genes. (D) Intensified RNAi with a lhRNA to generate multiple siRNAs to inhibit multiple
adjacent targets. (E) Combinatorial RNAi with a miRNA-like polycistron expressed from
an RNA polymerase II promoter to intensify the RNAi effect or to target different genes
at once.
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Multiple short hairpin RNAs in antitumor RNAi therapeutics
The potential of combinatorial RNAi to treat chronic myeloid leukemia (CML)
was analyzed by targeting the constitutively active Bcr-Abl tyrosine kinase and
the downstream signalling molecules Shp2, Stat5 and Gab2 (14,15). Bcr-Abl
modulates intracellular signalling cascades, thereby enhancing survival and
proliferation of leukemic cells (16). Treatment of CML with a drug that inhibits
the Bcr-Abl oncoprotein leads to the selection of drug-resistant cancer cells, especially in advanced disease (17). Therefore, the downstream signalling molecules were targeted as an alternative therapeutic option. Increased inhibitory efficacy was obtained with lentiviral vectors expressing 2 versus a single
shRNA, without loss of specificity. Interestingly, simultaneous knockdown of
Shp2 and Stat5 triggered the specific depletion of Bcr-Abl-expressing cells, indicating that it is not necessary to knock down the Bcr-Abl oncoprotein itself.
For laryngeal squamous carcinoma, a combinatorial RNAi approach with
shRNAs against the VEGF, TERT and Bcl-xl functions was reported. These
factors are upregulated in cancer cells and stimulate tumor growth. Simultaneous targeting of these 3 genes produced a more prominent inhibitory effect
on the laryngeal squamous carcinoma cells in vitro and in vivo than an RNAi
mono-therapy (18,19).

Multiple short hairpin RNAs to intensify the RNAi activity
Another rationale to use multiple RNAi inducers is to intensify the RNAi-mediated suppression of an individual gene. An extremely low expression level
of the target gene is sometimes required to establish a biological effect. If a
single shRNA is multiplexed, one obtains intensified RNAi of a single gene
(Fig. 1B).
To achieve maximal target knockdown, Gonzalez et al. (20) designed DNA
expression plasmids encoding up to 6 copies of U6-shRNA cassettes targeting
the HLA class I genes in cultured and primary human T cells. Downregulation
of HLA genes using combinatorial RNAi could be applied to avoid T-cell mediated rejection of immunogenic and/or HLA-divergent allografts. Consistent
with these results, Gou et al. (21) observed an intensified RNAi effect against
eGFP using a DNA vector encoding 4 shRNAs. Inhibition of HIV-1 replication by silencing of the LEDGF/p75 cellular cofactor provides another example
where an intensified RNAi attack was needed to score an antiviral effect (22).
Recently, Nagao et al. (23) constructed 2 types of combination vectors encoding either 3 different or 3 identical shRNA expression cassettes targeting the
DNA repair factor XPA. This target was chosen because it is not essential for
cell viability and functional knockdown can easily be measured since XPA deficient cells are sensitive to UV-irradiation. XPA suppression was significantly
increased in cells expressing the multiple shRNA vectors compared to cells
expressing a single shRNA vector. Increased XPA knockdown indeed resulted
in decreased UV-induced DNA damage repair and an increased sensitivity to
UV-irradiation.
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Multiple short hairpin RNAs against viruses
Other interesting targets for combinatorial RNAi therapy include escapeprone viruses such as poliovirus, human immunodeficiency virus type 1 (HIV1), hepatitis B virus (HBV) and hepatitis C virus (HCV). RNAi mono-therapy
against these viruses faces the same obstacle as mono-therapy with antiviral
drugs, which is the selection of viral escape variants (24-28). The sequencespecificity of RNAi now turns into a disadvantage because a single point mutation in the target is sufficient to overcome RNAi-mediated inhibition. Viral
escape was described by Gitlin et al. (24,25) in poliovirus-infected cells treated
with siRNAs. Similarly, HCV escape mutants with multiple point mutations
in the target sequence emerged upon successive mono-siRNA treatment in the
HCV replicon system (26). Several groups reported the emergence of HIV-1
variants with a point mutation in the target sequence upon elicitation of RNAi
pressure by a single inhibitor (27-29). Interestingly, HIV-1 can also escape
by mutation of an upstream nucleotide that triggers a change in local RNA
secondary structure of the target (30), although this may represent a rather
unique escape route (31). This induced RNA structure occludes the target sequence for binding to the complementary siRNA, thus explaining the resistance phenotype (32).
A mono-RNAi therapy is not likely to yield long-term inhibition of viruses
that establish a chronic infection in the host. To obtain a permanent block of
virus replication, a combinatorial attack is needed that simultaneously targets
several viral sequences. Ideally, such targets should encode essential functions
and its sequence should be well conserved among different virus strains, thus
avoiding that genetic variation will impair the therapy (33). Another therapeutic possibility against escape-prone viruses is to inhibit cellular cofactors that
are essential for viral replication, e.g. mediating the process of viral entry by
targeting the receptor molecules. Peripheral blood mononuclear cells (PBMCs)
that stably co-express shRNAs against the HIV-1 co-receptors CXCR4 and
CCR5 were protected against viral infection (34). The therapeutic potential of
such inhibitors has to be validated to exclude the possibility that novel HIV-1
variants are selected that use new receptors for cell entry.
Chang et al. (35) used lentiviral vectors encoding anti-HIV shRNAs against
highly conserved sequences in the pol, int and vpu genes and demonstrated
efficient inhibition of virus replication in acutely and chronically infected cells
and PBMCs. The combination of 3 vectors was much more efficient than treatment with an individual shRNA vector. However, the possible prevention of
viral escape was not evaluated in that study.
Ter Brake et al. (33) performed a study using 86 shRNA gene constructs
against highly conserved HIV-1 sequences. Multiple effective shRNAs against
8 targets within the HIV-1 RNA genome were identified. Virus production in
cells that stably express 3 shRNAs from a single lentiviral vector was strongly
reduced compared to the cells expressing a single shRNA. Furthermore, cells
that stably express 2 shRNAs showed a more durable inhibition compared to
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Discussion: Combinatorial RNAi approaches

cells expressing a single shRNA construct. In a follow-up study (36), different promoters were used to express 4 shRNAs against HIV-1. This approach
was used to avoid recombination-mediated deletion of shRNA cassettes on
repeated H1 promoter sequences (37). In contrast to cells expressing a single
shRNA, no HIV-1 escape was observed in 4-shRNA transduced cells. Notably,
these results were obtained with a considerable dose of challenge virus in
stably transduced cells with only a single copy of the therapeutic vector. A
low shRNA expression level is important to avoid the risk of toxicity due to
saturation of the RNAi pathway. These results indicate that a combinatorial
RNAi approach against HIV-1 could be safe and effective, but further studies
are needed to validate the therapeutic potential in vivo.
Combinatorial RNAi against HCV and a cellular cofactor was induced with a
3-shRNA lentiviral vector (38). These vectors specifically inhibited HCV replication for approximately 17 days. Interestingly, a 2-shRNA vector targeting
a host factor (CD81) and HCV (NS5B) showed reduced efficacy compared to
vectors that target 2 viral sequences (NS5B and IRES). Whether this reduced efficacy is perhaps caused by a relatively poor efficacy of the individual shRNAs
remains to be tested.
Taken together, these results demonstrate the effectiveness of combinatorial RNAi by multiple shRNA expression from the same or different promoters. The use of identical promoters in a single vector should be avoided as it
can cause recombination or deletion due to sequence similarity. To circumvent this problem, different promoters can be used for the expression of multiple hairpin RNAs. However, a careful selection of promoters is necessary
to ensure an approximately equal expression level of each hairpin. Unequal
RNAi pressure on different target sites may not be ideal to obtain the desired
RNAi effect. However, important safety issues including targeting of other
genes (off-target effect) and saturation of the RNAi pathway need to be analyzed in detail to determine the clinical usefulness of this approach.

Extended short hairpin RNAs
A novel combinatorial RNAi approach combines multiple shRNA units in a
single transcript by stacking them on top of each other (Fig. 1C). We combined
2 highly effective shRNAs targeting 2 conserved HIV-1 regions in a single extended e-shRNA construct expressed from an H1 promoter (39) (chapter 2).
This approach of shRNA-stacking requires a very careful design, because the
guide strands of the 2 shRNAs do not target a contiguous sequence of the
target mRNA. Thus, imprecise Dicer cleavage will generate a second siRNA
that is not necessary perfectly complementary to the target, and thus loosing
effectivity. We made a set of e-shRNAs with increasing stem length and observed that the first siRNA is always produced and fully active. However, the
second siRNA was only produced when the hairpin stem reached a certain
length (chapter 2). In a follow up study, we further extended these e-shRNAs
and showed that this design can maximally produce 3 active siRNAs (chapter
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3). Furthermore, we showed that HIV-1 replication is durably inhibited in T
cells expressing an e-shRNA encoding multiple active siRNAs, whereas early
break-through of viral replication was observed in cells that express a single
shRNA. Importantly, e-shRNAs do not elicit an IFN response in 293T cells at
the efficacious dose. Other groups generated similar hairpin RNA constructs
that encode 2 or 3 active siRNAs against HIV-1 and showed that efficient virus
inhibition can be obtained using these constructs (40,41). A major disadvantage of this strategy is that a gradient of siRNAs is produced from the base
towards the top of the hairpin, possibly due to reduced Dicer processing. Furthermore, each shRNA combination may require optimization of the precise
e-shRNA design.

Long hairpin RNAs against viruses
Another method to induce combinatorial RNAi is to express long hairpin
RNAs (lhRNAs) driven by an RNA polymerase II promoter (Fig. 1D). These
lengthy RNA duplexes are designed to be processed into numerous siRNAs.
Compared to the e-shRNA design, the regular lhRNA has an extended stem
that encodes additional siRNAs that are complementary to mRNA sequences
that are immediately adjacent to the target of the siRNA from the base of the
lhRNA. This design has the main advantage that any siRNA produced from
the lhRNA, independent of the precise position of Dicer cleavage, is fully complementary to the target mRNA, and thus potentially an inhibitor. An obvious
disadvantage is that not all processed siRNA will turn out to be effective inhibitors.
In contrast to transfection of dsRNA molecules larger than 30 bp, intracellular expression of lhRNA at an effective dose does not readily elicit an IFN
response (42). Furthermore, inclusion of point-mutations in the sense strand
of the hairpin that result in G-U base pairs can avoid this immunostimulatory
effect (43,44). Thus far, lhRNA expression vectors have been used to inhibit
several escape-prone viruses including HIV-1 and HCV (29,42-45). Efficient
knockdown of HIV-1 was reported using lhRNAs of 50, 53, 60, 80 and 300
bp without IFN induction (29,41,42,45). Konstantinova et al. (42) measured
reduced antiviral activity for a 300-bp lhRNA compared to a regular shRNAinhibitor, although most of the inhibitory power of this particular lhRNA transcript may be due to a non-RNAi mechanism induced by sense HIV-1 leader
sequences (46). Efficient inhibition of HCV was also demonstrated using 50,
100 and 197-bp hairpins with mutations in the sense strand (43,44). Importantly, these lhRNAs can silence both wild-type and shRNA escape viruses, indicating that multiple effective siRNAs were generated from the single lhRNA
precursor (29,42,44).
The first direct evidence that a 50-bp hairpin produces 2 siRNAs was reported
by Akashi et al. (43). A detailed analysis of a 62-bp lhRNA against HBV by
Weinberg et al. (47) revealed that siRNAs are mainly produced from the base
of the hairpin. It seems likely that for other lhRNAs the siRNA production
is also diminished from the base towards the top of the lhRNA due to less
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efficient processing by Dicer, but no further studies thus far looked into the
number of active siRNAs that are produced by this design. The results presented in chapter 3 strongly argue that there is an upper limit to the size of an
active lhRNA molecule. As such, mammalian lhRNAs loose most of the power
of truly lengthy antiviral lhRNA molecules as originally designed in plants.

Multiple artificial miRNAs to intensify the RNAi activity

Another, elegant strategy to induce combinatorial RNAi is to express transcripts that encode multiple artificial miRNAs under control of an RNA
polymerase II promoter (Fig. 1E). These transcripts resemble a natural miRNA
cluster that is transcribed as a single transcription unit (polycistron). In contrast to the multiple shRNA approach, this approach allows expression of
several miRNA precursors from a single promoter. This approach has been
used in several studies for different purposes: to intensify RNAi, to knock
down disease-associated genes or to inhibit multiple viral genes.
Zhou et al. (48) designed a modified miR-30 transcript to target human superoxide dismutase 1 (SOD1), a gene that is mutated in the neurological disorder
amyotrophic lateral sclerosis (49). To intensify the RNAi effect, 2 miRNA-like
hairpins were concatenated in a single transcript (separated by 100 nt) and expressed from the cytomegalovirus (CMV) immediate early promoter. Surprisingly, inhibition by the 2-miRNA vector was decreased compared to the single
miRNA vector. This could be due to processing problems of the tandem-miRNA transcript, which highlights the importance of a careful design when multiplexing diferent miRNAs.
In contrast, Sun et al. (50) observed an increase in siRNA levels and a more
profound inhibition when 2 miR-30 based hairpins were concatenated compared to a single miRNA. However, addition of a third hairpin only modestly increased the RNAi activity. Interestingly, the efficacy of a single hairpin
is even enhanced upon multimerization with an irrelevant second hairpin,
arguing for a general effect on transcript stability or the efficiency of miRNA
processing. Consistently, Chung et al. (51) demonstrated a gradual increase in
RNAi activity using up to 8 miR-155 modified miRNAs against the luciferase
mRNA reporter.
To study the isoform redundancy of cAMP-dependent kinases, Zhu et al. (52)
used multiple miR-30 based hairpins and demonstrated functional consequences of depleting multiple endogenous target genes. These results highlight the possibility to intensify the RNAi effect using multi-miRNA expression vectors for effective knockdown of a single gene or multiple genes.
Besides the ability to co-express multiple miRNAs, another major advantage of
using an RNA polymerase II promoter is the possibility for conditional RNAi
(5). For example, Shin et al. (53) expressed artificial miRNAs from a lentiviral
vector using a tetracycline-regulated promoter. Using this vector encoding 2
artificial miRNAs, conditional knockdown of the heterotrimeric G proteins
Gα12 and Gα13 was obtained.
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A recent report by McLaughlin et al. (54) showed the efficacy of combinations of
miRNA mimics targeting several sites within the Abl-coding sequences for the
treatment of leukemia. Previously, this group studied the potential of shRNAs
to suppress leukemic cell growth in vivo by targeting the Bcr-Abl transcript,
but significant levels of Bcr-Abl kinase activity remained. A lentiviral vector
encoding 3 anti-Abl miRNAs could effectively suppress oncogene expression
and activation of the Bcr-Abl pathway to such an extend that regrowth of
leukemic cells was prevented in vitro and in vivo.

Multiple artificial miRNAs against viruses
Recently, Snyder et al. (55) expressed anti-HBV miRNAs under control of a
liver-specific promoter. A polycistronic construct encoding 4 different antiHBV miRNAs was generated and demonstrated to be efficient in inhibiting
HBV production. The functionality of each antiviral miRNA was tested on a
specific luciferase reporter. Modest inhibition was obtained per miRNA, suggesting that the potent inhibition of HBV production was an additive effect of
all antiviral miRNAs.
We used a multiplex miRNA expression strategy based on the mir-17-92
cluster to target HIV-1 at different highly conserved regions (chapter 4). First,
we generated a large set of anti-HIV-miRNAs and selected the best inhibitors
for construction of the polycistronic plasmid. Second, we generated constructs
encoding 2, 3 and 4 hairpins. Interestingly, consistent with the results from
Sun et al. (50), we observed a greater inhibitory activity of a miRNA when it
is concatenated to other, even irrelevant hairpins in a single transcript. The
increased inhibitory effect correlated well with increased production of the
mature miRNAs. Our results indicated that the intrinsic activity of a miRNA
is in fact higher than that of an shRNA inhibitor. Furthermore, we showed
that HIV-1 replication is inhibited in T cell lines that stably express 4 antiviral
miRNAs.
In summary, these results indicate that the multi-miRNA approach can be
used in combinatorial RNAi therapeutics. However, careful design for concatemerization of the hairpins is necessary to ensure proper processing and
optimal inhibitory activity. Further studies are needed to test the impact of
many variables (hairpin positioning, hairpin number, spacer length, type of
miRNA scaffold etc.) to optimize this approach.

RNAi side effects and off-target effects
To apply combinatorial RNAi in the clinic, critical issues including safety and
efficacy have to be carefully addressed. Safety is the major concern, since a
mono-RNAi treatment can already produce an unwanted side-effect, including IFN induction (56), off-target effects on other mRNAs (57) and toxicity
due to saturation of the endogenous RNAi pathway (58). These risks may be
increased in a combinatorial RNAi setting, in particular the off-target effect
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Discussion: Combinatorial RNAi approaches

and saturation of the RNAi pathway. Off-targeting can be due to pairing of
the seed area of the siRNA/miRNA guide strand with small complementary
stretches in the 3’ UTR of non-target mRNAs. To minimize the risk of toxicity, the concentration of RNAi inducer should ideally be fine-tuned. The use
of a cell-type specific polymerase II promoter has several advantages in this
respect. First, expression of the RNAi inducer will only occur in the cells of
interest. Second, it will allow regulated shRNA/miRNA expression. Recently,
miRNA-like hairpins were shown to be more active than simple shRNAs, thus
allowing a lower dose (5,6). Interestingly, the miRNA-scaffold also resulted in
significantly reduced neurotoxicity in mice compared to the respective shRNA
(59). Thus, artificial miRNAs may provide a suitable approach to enhance
RNAi activity and at the same time reduce toxicity. However, further studies
are needed to elaborate on these initial findings.
The concerns regarding combinatorial RNAi need to be carefully addressed
using the lowest efficacious dose in appropriate in vivo animal models. Interestingly, some mammalian viruses can use cellular or viral miRNAs for their
own benefit (60). These viruses were reported to encode RNAi suppressors
to inhibit the antiviral RNAi response (61). Whether these RNAi suppressors
will diminish the RNAi effect induced by shRNAs/artificial miRNAs remains
to be tested. However, given the power of induced antiviral RNAi therapies
using shRNAs or artificial miRNAs, it is not likely a serious problem for RNAi
therapeutics.
Taken together, a growing body of evidence indicates that combinatorial
RNAi has great potential to attack challenging escape-prone targets, such as
HCV, HIV and many other human pathogenic viruses. Preliminary studies
also show the potency for treatment of metabolic, genetic or blood disorders.
Furthermore, combinatorial RNAi may provide an effective tool to unravel
roles of different redundant factors in complex cell signalling and transformation processes. Although combinatorial RNAi is very attractive, further
studies must be carried out to better understand the unwanted side effects
and efficacy of combinatorial RNAi therapies in vivo.
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