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ABSTRACT 
RNA mediated gene silencing, RNA interference (RNAi), has recently been identified 
in mammalians. This thesis describes the utilization and development of RNAi based 
tools for signal transduction research. The effects of Bruton’s tyrosine kinase (Btk) 
down-regulation with RNAi have been studied with gene expression profiling in 
hematopoietic cells. 

Btk is indispensable for the B cell development. The mutation in the Btk gene causes 
primary immunodeficiency disease X-linked agammaglobulinemia (XLA) in humans 
and X-linked immunodeficiency (Xid) in mice. Less is known about the Btk’s role in 
other hematopoietic cells.  

This work addresses Btk’s role in monocytes, macrophages and mast cells. In paper I, 
Btk’s down-regulation with short interfering RNA (siRNA) caused decreased histamine 
secretion in the RBL-2H3 mast cell line. Moreover, the concept of using three siRNA 
against the same target gene for enhanced down regulation was introduced for the first 
time. In paper II, U937 cell line expressing short hairpin RNA (shRNA) against Btk 
was created. The outcome of stable Btk down-regulation was analyzed with gene 
expression profiling. Btk was found to regulate 58 transcripts in macrophages (PMA 
stimulated U937 cells) compared to 11 in monocytes. The analysis suggests Btk’s 
involvement in macrophage effector functions. In paper III, an inducible shRNA vector 
system was developed to overcome the shortcomings of constitutively expressed 
shRNAs. The system uses Cre recombinase-mediated site-specific recombination, H1 
polymerase III promoter-driven expression and lentiviral delivery. The advantages of 
pLIND (LentiINDucible) vector system are, no basal shRNA expression in the inactive 
state, EGFP selection marker and lentiviral transduction enabling gene transfer into 
primary and other difficult-to-transfect cells. In paper IV, the potential Btk dependency 
of bone marrow-derived mast cells (BMMC) was addressed. Btk deficient BMMC 
were shown to grow slower compared to parental cells. This was found to be due to 
G2/M arrest. Moreover, it was found that Btk negatively regulates expression of novel 
G protein coupled receptor GPR177. This negative regulation was also found in B cells. 
Another affected transcript was up-regulation of melanoma antigen (Mela), which is of 
interest owing to Btk’s role as a putative tumor suppressor gene.
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1 INTRODUCTION 
Bruton’s tyrosine kinase (Btk) is crucial for B cell development and thereby also for the 
adaptive immunity. The evidence for this has been found from a disease called X-
linked agammaglobulinemia (XLA) where mutation in the BTK gene leads to a block in 
B cell development. Btk is expressed in all hematopoietic cells, except T and plasma 
cells. The importance of Btk is not only restricted to the development of antibody 
producing B cells, but it has also been shown to involve innate immunity. This suggests 
that Btk signaling is important in other hematopoietic cells as well. The objective of 
this thesis is to define new signaling molecules regulated by Btk in less explored 
hematopoietic cells.  Especially the role of Btk for monocyte, macrophage, and mast 
cell function is addressed. This has been approached by developing and utilizing small 
interfering RNA techniques belonging to a novel gene regulation process called RNA 
interference (RNAi). The importance and potential of RNAi to medical research was 
acknowledged last year, when Andrew Z. Fire and Craig C. Mello received the Nobel 
price in physiology and medicine for their discovery of RNAi.  

1.1 Bruton’s tyrosine kinase (Btk) 
Btk, the first cytoplasmic protein tyrosine kinase (PTK) implicated in a hereditary 
disease, was identified in 1993 by two independent groups [1,2]. The BTK gene 
encodes a protein mutated in X-linked agammaglobulinemia (XLA) in humans and X-
linked immunodeficiency (Xid) in mice. Mouse and human Btk share 98.3 % sequence 
homology with each other [3]. In humans, the Btk gene is located on the long arm of 
the X chromosome Xq21.3-22, composing 19 exons ranging from 55 to 560 bases and 
spanning a 38 kb genomic region [4,5]. The Btk promoter area, 280 bp upstream from 
transcription initiation site, contains three known binding sites for transcription factors. 
These are the GC-box and the GT-box binding transcription factors Sp1 and Sp3 and 
the PU-box binding transcription factors PU.1 and Spi-B [6,7]. The transcription factors 
Oct1 and Oct2 are able to bind in concert with the coactivator BOB.1/OBF.1 to the 
human and murine Btk promoters leading to their activation. Moreover, these proteins 
activate the murine Btk promoter synergistically with PU.1 [8]. 

Btk is a member of the Tec family kinases which also includes Bmx, Itk, Txk and Tec. 
The second largest cytoplasmic PTK family is characterized, with the exception of Txk, 
by the presence of a N-terminal plekstrin homology (PH) and Tec homology (TH) 
domain followed by three Src homology domains [9]. The N-terminal PH domain is 
responsible for plasma membrane localization and many characteristic interactions with 
signaling molecules (Fig. 1). The TH domain contains N-terminal Btk homology motif 
that binds to a zinc ion and the C-terminal SH3 domain binding proline-rich sequences. 
The SH3 domain contains a tyrosine residue at position 223, a known as the 
autophosphorylation site of Btk. The characteristic function of SH3 is its binding to 
proline rich sequences with consensus sequence PxxP [10]. The fourth Btk domain is 
SH2, responsible for binding phosphorylated tyrosine residues. The FLVR motif in the 
SH2 domain has been found essential for the recognition of phosphotyrosine motifs 
[11]. The largest domain in Btk is the kinase domain (SH1), that contains an ATP 
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binding site, a catalytic site and an activation loop containing tyrosine 551, which is the 
second main tyrosine phosphorylation site of Btk [12,13]. 
       

1.1.1 X-linked agammaglobulinemia (XLA) and X-linked 
immunodeficiency (Xid) 

Mutations, spread in every part of human Btk, have been shown to cause XLA disease. 
XLA is an immunodeficiency disorder characterized by a lack of mature B 
lymphocytes which leads to notorious consequences e.g. an increased susceptibility to 
infections. In B cell development, XLA patients have shown to have partial block after 
the pro B cell stage and a complete block after the pre B cell level [14]. 

Xid is the XLA disease in mice caused by one specific mutation altering conserved 
amino acid arginine at position 28 to a cystein (R28C) [3,15]. Xid disease is a less 
severe immunodeficiency than XLA is in humans. Xid mice have only a partial block 
in the pre-B and mature B lymphocyte stages. The characteristic effect in Xid mice is 
decreased amounts of IgM and IgG3. Moreover, the B cells from these mice are 
unresponsive to the activation by mitogenic antigens as well as T-cell independent type 
II antigens [16,17]. Mice lacking the Btk protein (knock-out) show the same general 
phenotype as mice with the R28C mutation, while humans with the same mutation 
show a classical XLA phenotype [18-20]. This should be taken into consideration when 
comparing results of Btk mediated signaling between different species. In this context, 
our recent results revealed differences in Xid and knock-out mice transcriptomes 
(unpublished results). Interestingly, mice deficient in PLCγ 2 [21], p85α [22], 
BLNK/SLP-65 [23] and PKCβ [24], the downstream molecules of B cell receptor 

Figure 1. The domain structure of Btk and its main known interacting partners. 
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signaling, show a Xid-like phenotype. The fundamental role of Btk and its function in 
different species remain elusive.         

1.1.2 Signal transduction of Btk in hematopoietic cells 

Btk has been found to be involved in signaling via B cell receptor (BCR), Integrin 
receptor, Fc receptors, G protein-coupled receptors (GPRC), Toll-like receptors (TLR), 
death receptors, cytokine receptors and receptor tyrosine kinases (RTK) [25]. The 
signaling mediated through these receptors share sometimes common cytoplasmic 
targets. This is at the same time both an advantage and a disadvantage from research 
point of view. The fast growing number of new interaction partners provides the 
possibility to link Btk signaling to multiple pathways. The downside is the common 
problem of many bioinformatic approaches where the huge amounts of data can mask 
important facts.  

In addition to plasma membrane localization, Btk has been characterized as having 
another spatio-functional property, the nucleocytoplasmic shuttling. Btk has been 
shown to translocate to the nucleus upon growth factor stimulation and cross-linking of 
the BCR. This shuttling property of Btk is not fully understood, since deletion of the 
PH domain leads to an even distribution of Btk between the nucleus and cytoplasm 
whereas deletion of an SH3 domain leads to predominantly nuclear localization of Btk 
[26].  

1.1.3 Btk in B cells 

The main known function of Btk is in the B cell development. The most studied and 
best known pathway for Btk activation is the BCR pathway. In addition to the BCR 
pathway, stimulation of various co-receptors including CD38, CD19, CD40, CD72, IL-
6R and IL-5R, results in Btk activation and further signaling leading to cell 
proliferation and/or differentiation of B cells. These complex pathways are only partly 
understood and needs to be further studied. TLRs are expressed mainly on mast cells, 
macrophages and dendritic cells, but also on B cells [27]. Btk deficient B cells show 
reduced proliferation on lipopolysaccharide (LPS) stimulation [28]. This signaling is 
mediated through TLR4 and RP105 in mouse B cells [29,30]. Integrins are important 
for migration, recirculation and homing of B cells. Btk has been found to be important 
for BCR induced integrin α4β1-mediated adhesion to VCAM-1/CD106 and 
fibronectin. These processes involve IP3 receptor and PKC mediated integrin clustering 
and cytoskeletal reorganization [31]. 

BCR 

After BCR cross-linking, the tyrosines within the immunoreceptor tyrosine-based 
activation motif (ITAM) are phosphorylated by members of the Src family of tyrosine 
kinases. This allows the recruitment and activation of Syk, which in turn leads to 
phosphorylation of the BLNK adaptor protein. Activated Syk is also involved in 
tyrosine phosphorylation of other possible adapter proteins recruiting the PI3 kinase to 
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the membrane. Activated PI3 kinase generates PIP3, which binds to and activates Btk. 
Activated Btk binds to phosphorylated BLNK via the SH2 domain requiting PLCγ  in 
the close proximity. This membrane localized complex of proteins is sometimes 
referred to as a signalosome. As a result, Btk activates PLCγ  by phosphorylation and 
allows its catalyzation of PIP2 to second messengers IP3 and DAG. This is a central 
event that results in further activation of multiple signaling cascades, including IP3 
induced calcium flux and NFAT translocation into the nucleus, DAG production and 
activation of ERK and PKCβ activation leading to activation of the transcription factor 
NF- B (Fig. 1.).  

Downstream signaling 

Btk is involved in calcium release as previously described. Increased Ca2+

concentration will lead activation of calmodulin-activated serine/threonine phosphatase 
calcineurin. Calcineurin dephosphorylates NF-AT transcription factors and enables 
them to translocate into the nucleus where they activate gene transcription [32]. Similar 
to the Lyn-Syk-Btk-PLCgamma-Ca2+ -dependent activation mechanism of NF-AT, 
serum response factor (SRF) is activated following BCR stimulation [33]. Btk has been 
associated to the activation of ERK2 and JNK MAP kinases in the DT40 B cell line 
[34,35]. 

IgM-, but not CD40L-, stimulated B cells from Xid mice showed greatly diminished 
NF-κB nuclear translocation and DNA binding [32,33]. This and other studies 
confirmed BCR mediated Btk-dependent NF-kB activation [36]. Btk mediated NF-κB
activation has been shown to transcriptionally activate the anti-apoptotic Bcl-2 family 
member Bcl-XL [37]. Similarly, PKCβ has been shown to be needed for Bcl-XL and
NF-kB activity during the BCR stimulation [38]. Btk has been shown to regulate 
PKB/Akt activity [39]. Moreover, Btk was found to phosphorylate PKB/Akt in a H2O2

stimulated DT40 B cell line [35].  

Btk can promote its own sustained activation through a positive feed back loop. This is 
mediated via its binding to Phosphatidylinositol 5-Kinase (PI5K), translocation to the 
membrane. In the membrane PI5K will convert P(4)IP to P(4,5)IP2 thereby providing 
substrate to PI3K and prolonging the activation signal cascade [40].   

As described in the figure 1, Btk does not have a carboxy-terminal negative regulator 
domain. Instead, Btk is known to be regulated by different cytoplasmic proteins. In this 
context, over expression of Sab has been shown to down-regulate Btk tyrosine 
phosporylation [41]. Moreover, inhibitor of Btk (IBtk) has been shown to bind to PH 
domain and also inhibit Btk kinase activity, BCR induced Ca2+ and NF-κB signaling 
[42]. Nevertheless of numerous trials we could not up-regulate Btk activity by down 
regulation of IBtk (Heinonen et al., unpublished results). The relationship between IBtk 
and Btk needs to be further confirmed. PKCβ [43] and 5’ inositol phosphatase SHIP1 
[44] have shown to down-regulate Btk activity and its membrane localization. Btk has 
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been shown to physically interact with the peptidylprolyl cis/trans isomerase (PPIase) 
Pin-1. Moreover,  Btk was found to get de-phosphorylated by the Pin-1 [45].  

Btk has been related to apoptotic cell death in many cells. In DT40 and Nalm-6 B cell 
lines, Btk interacts with Fas/CD95 receptor via its PH and kinase domains preventing 
Fas-FADD interaction [46]. These cells will be resistant to Fas mediated apoptosis, 
suggesting Btk role in anti-apoptotic processes.  Contradictory, Btk has also been found 
to mediate radiation-induced pro-apoptotic signaling in DT40 chicken B cell line [47] 
and in mast cells were wt cell death was more recurrent compare to Btk deficient cells 
[48]. 

Upon stimulation with IL-4 and IgM, B cells from Xid mouse has been shown to fail 
the S-phase entry  [49]. As the role of Btk in apoptosis is not fully consistent, the data 
involving cyclin dependency is not clear either; anti-Ig stimulated Xid B cells express 
normal or almost normal levels of Cyclin D2 and D3 [50], whereas others showed that 
Xid B cells fail to induce cyclin D2, D3, A and E [49,51]. Interestingly, it has also been 
shown that upon stimulation with IL-4 and IgM Xid B cells decrease their proliferation 
capacity, up-regulate early activation markers CD69 and B7-2 and show bigger cell 
sizes [49]. We have seen similar behavior of mouse spleen B cells where cells from Xid 
were considerably larger compared to wt (Heinonen et al. unpublished results). Btk 
knock-out B cells were smaller compared wt or Xid. The discovery was confirmed in 
DT40 cells where the wt phenotype was rescued by addition of the human Btk into B7-
10 (Btk knock-out) cells (Heinonen et al. unpublished results).  

Transcription factors targets 

Upon BCR cross linking, Btk phosphorylates BAP-135/TFII-I, thus enabling its nuclear 
translocation [52,53]. Furthermore, Btk has been proposed to regulate gene 
transcription in IL-5 stimulated B cells by activating BAM11 and the chromatin 
remodeling and transcription activation complex SWI/SNF via TFII-I activation [54]. 
However, a physiological role of BAM11 is unclear.  

Btk has been shown to phosphorylate STAT5A in chicken B cells [55]. STAT5 is 
reported to be able to activate the cyclin D2 promoter in IL-2 stimulated T cells and IL-
3 stimulated pro B cells [56]. It is therefore possible, that not only NF-kB, but also 
STAT5 might have a role in activating cyclin D2 transcription in response to BCR 
signalling via the B cell signalosome.  

1.1.4 Btk in monocytes and macrophages 

Monocytes and macrophages develop from bone marrow derived precursor cells. 
Macrophages play an important role in innate immunity as they recognize the foreign 
pathogen followed by phagocytosis. Btk signaling has been proposed to be involved in 
macrophage effector functions.    
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Toll-like receptors (TLRs) 

TLRs are believed to play a key role in the innate immune system. Stimulation of TLR 
2 and 4 induces phosphorylation of Btk in human monocytes and macrophages [57]. In 
this context, Btk has been shown to phosphorylate MyD88 adapter-like (Mal) [58]. In 
addition, Btk has been shown to associate with the protein complex consisting, MyD88, 
Mal (MyD88 adapter-like protein), and interleukin-1 receptor-associated kinase-1 
(IRAK-1), but not TRAF-6 [59]. Activation of this complex leads to NF-κB activation. 
Stimulation with multiple ligands of TLR receptors in Btk deficient bone marrow-
derived macrophages (BMDM) results in decreased amount of IL-10 secretion 
compared to wt [60]. This phenotype correlates with Btk-dependent induction of NF-
κB and AP-1 DNA binding activity. It has been suggested that IL-10 secretion might 
result in decreased IL-6 secretion. As mentioned earlier human and mouse cells do not 
contain uniform signaling machineries, which adds an additional degree of complexity 
more. Related to this, studies from primary human peripheral blood monocytes 
(PBMC) have shown that in TLR-2 and 4 signaling Btk is needed for TNF-α and IL-1β
secretion but not IL-6, IL-8 and IL-10 [61]. Whether this discrepancy with earlier 
described mechanism is due to the fundamental differences in mouse and human is not 
clear. Macrophages from Xid mice have been reported to have decreased nitric oxide 
production which could result in a defect in the innate immune response to bacteria and 
elevated IL-12 expression [62]. In fact, Btk has been shown to be involved in many 
macrophage effector functions, including bactericidal activity and secretion of 
proinflammatory cytokines (TNF-α, IL-1α)  [63].  

In spite of the fact that most of the previous studies have been done in mice, monocytes 
and macrophages from XLA patients are also suggestive of defects in effector 
functions. These cells have impaired capacity for chemotaxis and phagocytosis 
suggesting defects of the innate immune system in XLA patients [64]. Some of these 
defects could be caused by defects in integrin signaling. Fibronectin will activate β1
integrins, which leads to NF-κB activation in a PI3K-dependent, ERK-independent 
manner in monocytes [65-67]. However, recently published work reveals that Btk is not 
essential for LPS induced TNF-α and IL-6 production from human monocytes. 
Moreover, Erk1/Erk2, JNK, and p38 phosphorylation are not affected by the complete 
absence of Btk in these monocytes [68]. To conclude, the majority of studies suggest 
minor role for Btk in cytokine secretion in LPS induced monocyte signaling.  

Proposed Btk mediated signaling 

This discrepancy between XLA in humans and Xid in mice is not dependent on the 
R28C mutation, since the Btk knock-out mice behave similarly at least from the 
cytokine secretion point of view. The difference between human and mouse cell 
signalling is a challenge that the scientific community needs to take in to consideration. 
One potent approach has been used in Paper II, where RNA interference (RNAi) 
technology was utilized to create a human knock down cell line complementary to 
knock-out cells from mice.  In this work evidence was found that support the 
importance of Btk for the integrin mediated macrophage effector functions. The Btk 
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knock down was found to decrease Integrin β1 expression in PMA stimulated U937 
cells.  

Btk is phosphorylated in PMA pre-treated U937 cells followed by FcαR cross-linking 
[69]. The fact that Btk phosphorylation was only detected after prolonged treatment 
with PMA supports the fact that Btk is more important to monocyte differentiation 
towards macrophages than to monocyte signaling. FcαR has been shown to localize in 
lipid rafts after receptor cross-linking [70]. We have previously shown that Btk will 
functionally interact with Calveolin-1, a major structural component of lipid rafts [71]. 
Moreover, FcαR cross-linking also causes sustained association of Btk, B-lymphocyte 
kinase (Blk), Syk and PKCα to rafts, whereas PI 3-kinase, PDK1 and PKCε have a 
transient association with rafts [70]. This is consistent with temporally regulated 
divergence of FcαR signaling pathways in rafts [70,72]. In paper II we show that 
FCAR was up-regulated ~2-fold in Btk knock down PMA stimulated U937 cells.  

1.1.5 Btk in mast cells 

Mast cells are generated by different precursor cells in the bone marrow. They are best 
known for their potent effector functions in allergic disorders, but play also an 
important role in host defense against bacterial pathogens. Mast cell functions can be 
divided to two major categories: 1) Immediate release of preformed mediators such as, 
histamine, proteoglycans, neutral proteases and certain cytokines for example TNF, and 
2) Production of several proinflammatory, anti-inflammatory, immunoregulatory 
mediators such as new cytokines, chemokines, lipid-mediators followed by mast cell 
activation [73]. The three common mast cell activation pathways are mediated by high 
affinity IgE receptor FcεRI, G protein-coupled receptors (GPCRs) and Toll-like 
receptors 2 and 4. The signaling through these receptors triggers degranulation, the best 
known effector function of mast cells. Although the signaling events that lead to 
degranulation of mast cells through the FcεRI receptor and TLR2 and 4 are well 
studied, less is known about the signaling pathways that mediate degranulation through 
the GPCRs. TLR signaling in mast cells is an exception of the bacterial induced 
pathways since it does not induce degranulation but instead induce specific cytokine 
and/or chemokine expression [73]. Moreover, Btk mediated TLR signaling is thought 
to be closely related in monocyte/macrophage, B and mast cell signaling and the 
common simplified pathway is showed in Figure 2. 

FcεRI

The most extensive studies of Btk’s role in mast cells come from Kawakami and 
colleagues. Stimulation of FcεRI pathways in Btk deficient mast cells causes 
consequences closely related BCR signaling. For example, Btk deficient mast cells are 
impaired in PLC-γ  activation, IP3 generation and Ca2+ mobilization [74].   Btk has 
been found to co-regulate Kit and FceRI signaling [75]. Moreover phosphorylation of 
PKB/Akt is dependent on Btk and Syk in mast cells [76]. Downstream effects of Btk 
are mediated through JNK and p38 and/or transcription factors NF-κB, NF-AT, and 
AP-1 [76,77], which in Btk defected FcεRI-stimulated mast cells will lead to impaired 
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IL-2, IL-6, TNF-α and GM-CSF [78,79]. Moreover, after FcεRI cross-linking Btk-
deficient mast cells (either Btk-/-, Xid or Btk knock-down mast cells) showed an 
impaired histamine secretion and a mild reduction of total leukotriene synthesis in vitro
[75,79-81].  

G protein-coupled receptor (GPCR) 

Most of the evidence supporting G-protein coupled receptor mediated Btk activation is 
based on indirect evidence showing G-protein subunits interaction with Btk [82-84]. 
Thus, over expression of Gβγ -subunits has been shown to increase Btk kinase activity 
[84]. Moreover, it has been shown in in vitro binding studies that Gβγ  can bind to both
the PH/TH module and the catalytic domain [85]. Gαq and Gα12 can directly bind and 
stimulate kinase activity of  Btk both in vitro and in vivo [82,83]. The experiments were 
done in HEK-293, DT-40 and Meg-01 cell lines, not in primary B or/and mast cells. In 
paper IV it was found that the novel orphan G protein-coupled receptor 177 (GPR177) 
was negatively regulated by Btk. This is according to our knowledge the first report 
which describes specific GPCR regulation by Btk. GPR177 was also up-regulated in 
Btk deficient transitional type 1 B cells. These experiments were performed with 
microarray gene profiling and verified with quantitative realtime PCR. The regulation 
in protein levels needs to be further addressed.   

1.1.6 Consequences of Btk mediated signaling 

The recently discovered CARD-Bcl10-Malt1 signalosome has been shown to be 
important for GPCR and mediated activation of NF-κB [86]. It has been suggested that 
conserved Bcl10-Malt1 complexes interact with different CARD scaffolds to link 
various receptors, including BCR, TCR, FcεRI, Dectin-1 (denritic cells) and GPRC,  to 
IKK and NF- B signaling [87]. It will be interesting to see the role of Btk in this 
context.  

Although Btk deficient mice do not generate tumors, the incidence of tumor 
development is higher in BLNK/Btk double deficient mice, than BLNK single 
deficient. Moreover, over-expression of a constitutively active form of Btk (E41K) in 
BLNK/Btk double deficient mice prevent tumor development [88]. Btk’s tumor 
suppressor property is independent of its catalytic activity [89]. In addition, Btk 
expression is down regulated and in aberrant form in acute lymphoblastic leukemia 
(ALL) patients [90]. Contradictory to these results, E41K show PH and kinase domain 
dependent transforming activity in the NIH 3T3 fibroblast cell line [91].  

In paper IV, the Btk deficient bone marrow derived mast cells (BMMC) and B cells 
highly up-regulate melanoma antigen (Mela), which has been found to be related to 
transforming phenotypes. Mela expression is found in only from wt mice. Human 
homolog need to be further determined. 
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Figure 2. Common Btk mediated signal transduction in hematopoietic cells.
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1.2 RNA mediated gene silencing 
After completion of human genome sequencing, most protein coding genes were 
thought to be discovered. According to recent understanding there are 20 000-25 000 
protein coding genes. These comprise only about 2% of the human genome. The 
remaining areas have not had any known function and are therefore referred as non-
coding regions of genome.  

In spite of the discovery that sense and antisense transcription from the same genomic 
locus seems to be a common event in the human genome, it is unlikely that non-coding 
RNA could contain unrevealed protein coding sequences since it contains a high 
density of stop codons and lack any extensive open reading frame [92,93]. Non-coding 
RNAs can be divided into three classes with respect to their length. RNAs comprising 
18 to 25 nucleotides belong to small interfering RNAs (siRNAs) and microRNAs. The 
Second class is comprised of small RNAs 20–300 nucleotides in length e.g small 
nucleolar RNAs (snoRNAs), small modulatory RNAs (smRNAs) and Piwi interacting 
RNAs (piRNAs). These small RNAs are commonly found as transcriptional and 
translational regulators. RNA consisting of up to and beyond 10,000 nucleotides belong 
to the medium and large class of RNA e.g Xist and TsiX RNAs, which are involved in 
mammalian X chromosome inactivation [92]. The medium and large class of non-
coding RNAs are involved in DNA imprinting and are produced as precursors for other 
classes of RNA e.g. microRNA. Owing to the fact that non-coding RNA represents 
98% of the human genome, one may speculate that there are plenty more non-coding 
RNA species waiting to be discovered. Endogenous non-coding RNAs are beyond the 
scope of this thesis and will therefore not be discussed further. On the other hand the 
discovery, the function and the utilization of RNA-based post transcriptional silencing 
(PTGS) tools are to be described concentrating to the use RNA interference (RNAi) in 
details.  

There are four major classes of RNA molecules participating in PTGS: (1) antisense 
oligonucleotide derivatives that, depending on their type, inhibit translation by steric 
hindrance or the recruitment of RNase H to cleave the target mRNA; (2) ribozymes and 
deoxyribozymes - catalytically active oligonucleotides that cause RNA cleavage; (3) 
small interfering double-stranded RNA molecules that induce RNA degradation 
through a natural gene-silencing pathway called RNAi; (4) micro RNA that by binding 
with imperfect complementary to 3’ untranslated regions of mRNA inhibiting 
translation. The major technological goals for all gene silencing approaches are: 
resistance to nuclease digestion, good cellular uptake, bioavailability in vivo,
satisfactory hybridization affinity to the target nucleic acids, binding specificity and 
low toxicity [94]. 

1.2.1 Antisense technology 

The first description of antisense inhibition of gene expression was revealed when a 
single-stranded DNA was shown to inhibit the translation of a complementary RNA in 
a cell-free system in the late 70’s [96]. The discovery was followed by reports about 
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specific oligonucleotides capable of blocking viral RNA translation of Rous sarcoma 
virus [97,98]. In general, an antisense oligonucleotide (AON) is a short gene fragment 
(from 15 to 25 sequence bases) of deoxynucleotides that have a sequence 
complementary to the target mRNA. The antisense oligonucleotide hybridizes with the 
mRNA by Watson–Crick base pairing and sterically blocks the translation into a 
protein [99]. This mechanism is called translational arrest. Another mechanism of AON 
is the destruction of antisense-mRNA hybrids by RNAase H [100].  The major 
limitations of antisense technology are the instability of ssDNA oligonucleotides in
vitro and in vivo, the weak intracellular penetration and the poor cytoplasmic delivery, 
where they have to reach their target mRNA [101].  

To improve AON bioavailability, various types of chemically modified AONs have 
been designed. Most of these chemical modifications are also utilized in RNAi 
approaches descriebed in next chapter (Fig. 3).  

Figure 3. Structure classification of most common nucleic acids and their analogs used in antisense and 
siRNA gene silencing approaches. Chronologically they can be classified to three groups. The first 
generation antisense oligonucleotide-modifications, phosphorothioate-oligodeoxynucleotides (PS-ODN), 
have shown the broadest range of activity in preclinical and clinical studies (ISIS Pharmaceuticals Inc., 
Genta Inc. and Hybridon Inc.) [101]. The second generation consists of mixed backbone oligonucleotides 
consists of phosphorothioate modified core with e.g. 2’-Omethyl (OMe) ribonucleosides [104]. The third 
generation of AONs consists of DNA and RNA analogues such as morpholinos (Avi BioPharma Inc), 
peptide nucleic acids (PNAs) or at the moment most promising modification lock nucleic acids (LNAs).
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1.2.2 Antigene oligonucleotides 

Antigene oligonucleotides are antisense sequences that can bind to dsDNA to form a 
triple helix, and thus inhibit transcription. The first reported antigene molecules were 
triplex forming oligonucleotides (TFOs) which are able to bind the major groove of 
DNA and interfere with the transcription initiation and elongation. Typically, the 
binding caused by TFOs occurs by the polypurine:polypyrimidine tracts by Hoosgsteen 
pairing [101]. However, these antigene strategies have the following limitations; 
difficulties to find stabilizing binding conditions for antigene oligonucleotide to 
dsDNA, need for polypurine or polypyrimidine motifs on target sequences and 
inefficient nuclear delivery of oligonucleotides [102,103].  

Recently, we have shown that by designing Z-shaped, “Zorro LNA”, against dsDNA, it 
is possible to induce potent sequence specific gene silencing [105]. The antigene effect 
was more pronounced with Zorro LNA than in sense or antisense strand LNA alone. 
By using nuclear microinjection we showed effective down regulation of endogenous 
gene expression. Corey and coworkers have also shown that linear PNA and LNA work 
as an antigene molecules inhibiting target gene transcription. 

1.2.3 Ribozymes 

RNA codes for genetic information. However, due to its high flexibility it can adopt 
high secondary and tertiary structures to obtain enzymatic properties. Catalytic RNAs, 
Ribozymes, were first discovered by Cech et al. in the beginning of 1980’s. The two 
mainly utilized ribozymes are the hammerhead and the hairpin ribozymes. The 
hammerhead and hairpin ribozyme RNAs will form thermodynamically favorable 
tertiary structures. This tertiary structure, which resembles a “hammerhead” or a 
“hairpin”, allows ribozymes to bind complementary RNA and perform cleavage. The 
ribozyme mediated cleavage needs the specific sequence in target mRNA which is 
limiting their usage in gene silencing. Also the complex tertiary structure of ribozymes 
is limiting the target site entry and has shown to be limiting factor for utilization of this 
technology. To overcome this, computational or in vitro binding assays in the 
combination of RNase H have been used to predict RNA folding and the target site 
accessibility [95]. In spite of this, the in vitro results poorly represent the in vivo
situation.  

1.2.4 RNA interference (RNAi) 

The molecular mechanism of small interfering RNAs (siRNAs) and antisense caused 
post transcriptional gene silencing (PTGS) is different. Testing identical sequences 
targeting mRNA in the same mammalian cells, the RNAi mechanism is much more 
effective than the RNase H mechanism. Moreover, siRNAs were found to silence their 
target mRNA almost 100 times more effectively than single-stranded antisense PS-
ODN [106]. Activation of the endogenous RNAi pathway to down regulate the target 
mRNA can be achieved in two ways: Either to use vectors to express short hairpin 
RNAs (shRNA) that resembles miRNA precursors or by introducing siRNAs that 
mimic Dicer cleavage products into the cytoplasm.  
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History

Although RNA silencing became the perhaps most important discovery of molecular 
biology in the late 20th century, the earliest report was published already 1928. In that 
paper Wingard described how leaves of tobacco plants became resistant to a second 
exposure of tobacco ringspot virus [107]. Even though, the exact mechanism of this 
particular virus mediated silencing needed to be further studied, this was the first report 
that lead to the discovery of RNA mediated antiviral protection or sometimes even 
called primitive immunity, protection of genome from transposons and regulation of 
gene expression.  

In the year 1990, Napoli et al. reported that when over-expressing chalcone synthase 
responsible for violet coloration in petunias, the outcome was unexpectedly white 
petunias [108]. This report started the discussion about co-suppression of an 
endogenous gene with a transgene. RNA silencing was first documented in animals by 
Guo and Kemphues, who observed that the introduction of sense or antisense RNA to 
par-1 mRNA resulted in degradation of the par-1 message in Caenorhabditis elegans
[109]. In 1998 Fire et al. published their findings that dsRNA will in fact cause much 
stronger silencing of target mRNA than ssRNAs separately. Moreover, they described 
that the phenomenon will be transmitted from the injected animals to their progeny 
[110]. The concept of RNAi was established.  

Even though RNAi was found in 1998, it took three years until it finally became widely 
used a cross the scientific community. In this finding Elbashir et al. reported the first 
evidence that small interfering double stranded RNAs (siRNAs) can mediate sequence 
specific gene silencing in mammalian cells [111]. Up until May 2001 RNAi scored 191 
hits in PubMed. Today there are more than 9000 hits for RNAi, which is now routinely 
used in biomedical research.   

siRNA 

In general, RNAi mediated gene silencing involves three major steps. In the first step, 
the Dicer specifically hydrolyzes long double stranded RNA or short hair RNA 
(shRNA) into 21-25nt siRNAs [112,113]. Synthetically produced siRNAs mimic 
products of this step. In the second step siRNA is incorporated into a protein complex 
called RNA Induced Silencing Complex (RISC) forming pre-RISC complex which will 
get activated via ATP hydrolysis and cleavage of sense strand [114,115]. Activated 
holo-RISC binds to the target mRNA region complementary to the guide (antisense) 
strand of siRNA and cleaves the phosphodiester bond at position 10 via Argonaute-2 
(Ago-2) mediated hydrolysis [112,116,117] (Fig. 5). However, neither the exact 
mechanism nor, all the proteins involved in these processes are so far from well 
established.  

Dicer 

Dicer belongs to the RNase III family and functions as a molecular ruler that measures 
and cleaves ~25 nucleotides from the end of a dsRNA. The human Dicer contains  7  
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domains: N-terminal DExD/H helicase, domain of unknown function 283 (DUF283), 
the RNA binding PAZ domain, RNase III domains a and b, extended inter domain and 
C-terminal dsRNA binding domain (dsRBD) [118]. A PAZ domain is found in Dicer 
and in the Argonaute family proteins that are core components of RISC. RNase III cuts 
in both strands of the dsRNA, leaving a 3’ overhang of 2 nucleotide (nt). The siRNA 
with 2- or 3-nt overhanging 3’ ends were more efficient in mRNA knock down than the 
corresponding blunt ended siRNAs in Drosophila [112,119]. 

Followed by this original discovery, 2 nt 3’ overhang were thought to be necessary for 
efficient siRNA directed target cleavage. This was followed by the discovery of the 
ago-2 protein PAZ domain structure, which revealed that the 2 nt 3’ overhang is 
recognized by PAZ domain and is involved siRNA loading into protein complexes 
active in RNAi [120]. It has also been found that synthetically produced shRNA with 3’ 
overhang serves much more potent Dicer substrates than blunt end constructs [121]. 
More recently, many different groups have reported that blunt-end siRNA precursor 
molecules can silence target genes with similar efficiency compared to a conventional 
siRNA duplex [122]. However, siRNAs with blunt ends are known to activate RIG-1, 
the sensor for viral dsRNA, and cause off-target effects. It is still not completely clear 
whether 3’ overhangs in siRNA are needed for functional RNAi in mammalian cells.  

RISC

RISC has been suggested to have a molecular weight between 140 and 500 kDa 
[114,123,124]. The elements needed for mRNA cleavage activity in RISC are human 
ago-2 and the antisense strand of siRNA [116,117]. This suggests that other proteins in 
RISC may diversify RISC function e.g. substrate turnover or subcellular localization 
[125]. RISC cleavage produces 5’-phosphate and 3’-hydroxyl termini ends similar to 
RNase H-type enzyme cleavage products [126]. RISC activity is also dependent on 
Mg2+ ions [127]. The smallest substrate RNA that RISC can cleave is 15 nt [126] 
whereas a 19 nt duplex has been shown to be the shortest functional size of siRNA. 
Duplex length itself, but not the base pairing of the antisense siRNA with the target 
mRNA, seems to determine the minimal length of functional siRNAs. The length of the 
double-stranded helix is thought to be an important determinant for incorporation into 
the RISC complex [128]. Once formed, a single RISC complex has been suggested to 
catalyze the degradation of ~10 target molecules [129].    

Martinez and coworkers have shown that substitution of the 2’-hydroxyl group at the 
cleavage site by 2’-deoxy has no significant effect on target mRNA degradation. 
Moreover, the catalytic ribonuclease activity or nucleotide base pairing of RISC with 
the mRNA target site does not involve 2’-OH groups of the guide antisense RNA [130]. 
On the other hand, substitution by 2’-O-methyl at the cleavage site or all 2’ -OH 
residues of guide strand with -H, substantially reduces cleavage [130], presumably due 
to steric hindrance [126]. To support this model, an A-form helix formation has been 
found to be necessary between target mRNA and guide strand [131]. In conclusion, the 
limiting factor for successful siRNA function is possibly related to RISC target 
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accessibility. The degradation of mRNA by RNAi occurs in the cytoplasm. The more 
specific location has been suggested to be the Cytoplasmic processing bodies (P-
bodies). However, according to the recent work of Eulalio et al., P-bodies are not 
required for siRNA or microRNA mediated silencing pathways. The authors showed 
that by blocking the siRNA or miRNA pathways P-body formation is prevented, 
indicating that P-bodies arise as a consequence of silencing [132]. 

Design Rules 

From the first day of discovery of RNAi in mammalian cells, the most frequently asked 
question related to RNAi has been how to design a functional siRNA duplex. A number  

of academic and commercially affiliated web-based algorithms and programs have 
been developed. These tools are based on solely computational algorithms, 
experimental data or their combination (table 1.). However, the complete rules that 
fully describe the efficient siRNA-directed silencing are still unknown. Up-to-date rules 
for designing of siRNA/shRNA are presented in the table 2. 

Table 1. Internet-based siRNA design sites.

Web-based non-commercial programs for siRNA design: 
RNAi Central, Hannon Lab:       
http://katahdin.cshl.org:9331/RNAi_web/scripts/main2.pl 
BIOPREDsi, Novartis Institutes for BioMedical Research:  
http://www.biopredsi.org/start.html 
sIR, University of Texas Southwestern Medical Center:   
http://biotools.swmed.edu/siRNA/index.htm 
siDirect, University of Tokyo:     
http://design.rnai.jp/ 
siSearch, CGB at Karolinska Institutet:     
http://sirna.cgb.ki.se/ 
The human siRNA database (HuSiDa):    
http://www.human-siRNA-database.net 
RNAi Codex, a single database that curates publicly available RNAi resources.   
http://rnaicodex.cshl.edu/scripts/newmain.pl 
Extensive collection of commercial and non-commercial algorithms and  
sequence prediction programs for RNAi:
http://inn.org.il/workshops/huji/siRNA-links.html
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Table 2. Design Rules (to obtain the most optimal siRNA/shRNA). 

siRNA/shRNA Sequence 
1. A, more preferably, or U at the 5’-end of the antisense strand. 
2. A at position 3 and U at 10 of the sense strand. 
3. GC-content of the siRNA strand has been shown to be optimal between 36-52 %. 
4. Start evaluation of siRNAs efficiency with 3-5 different sequences. 

Size
Can vary between 21-30 nt. However, 25-30 nt sequences have been shown to be more  
potent as compared to conventional 21 nt.   
shRNA stem length 
Can vary between 19-29 nt. It is also possible to include an miRNA-like 27 nt leader 
sequence.   
shRNA Loop 
Loop size can vary between 4 to 23 nt. 9nt loop has proven optimal in many applications. 
Factors to avoid 
1. Regions within 50-100 bp from the start and the termination codon. Moreover,  
    sites for mRNA-binding proteins in the exon-intron boundaries. 
2. G/C at the 5’-end of antisense. 
3. G at position 13 of sense. 
4. Intron regions. 
5. Stretches of 4 or more bases such as TTTT and GGGG. 
6. Repeats and low complex sequence. 
7. Single nucleotide polymorphism (SNP) sites. 
8. Sequences with partial homology of non-target mRNA. 
9. GU-rich sequences e.g. GUCCUUCAA and UGUGU. GU-rich sequences are often 
immunostimulatory. 
10. Long  30nt dsRNA can activate PKR response. 

siRNA function and optimization 

The opening of siRNA duplex from 5’ antisense end by G:U mismatches has been 
shown to increase the efficiency of siRNA. Moreover, the thermodynamically higher 
base paring at 5’ end of siRNA duplex has been suggested to favor antisense strand 
loading into RISC and therefore increased siRNA functionality [133,134]. We and 
others have tested this hypothesis by designing mismatches into siRNA duplexes. The 
siRNA duplex was opened with G:U mismatch inserted into 5’-prime of antisense 
strand. However, this did not increase the efficiency of already highly efficient siRNA 
construct [25]. Neither did the opening of the 5’ sense strand decrease the down 
regulation efficiency. These results indicate that finding an optimal target sequence 
may play a more important role than one nucleotide end opening in the siRNA 
designing.  

siRNA has been shown to down regulate target mRNA as early as 6 h post transfection. 
Maximal down regulation is achieved between 42-54 h post transfection [131]. The 
siRNA amplification process found in flies and lower eukaryotes, is not thought to 
occur in mammalian cells because of at least two reasons: Firstly, long dsRNA is the 
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substrate of Dicer and will be cleaved to 21-23 nt siRNAs. However, long dsRNA 
activates interferon responses in mammalian cells, and thus, barely exists in a similar 
manner as in lower eukaryotes. Secondly, the RNA dependent polymerase (RdRP), 
found in lower eukaryotes but not in mammalians, uses siRNA as a primer, creating 
dsRNA from mRNA [135]. Since RdRP also requires a free 3’-OH group, which is not 
needed for RNAi, it is likely that RNAi in mammalian cells does not occur through a 
RdRP dependent degenerative PCR mechanism [131,136,137]. The effective siRNA 
duplexes produce potent silencing at 1-10 nM concentration [137]. The higher the dose, 
the greater the risk for unspecific effects. The optimal time for siRNA to reach its 
highest down regulation capacity depends on the nature of the experiment. Targeting of 
the endogenous expressed gene requires longer time than co-transfection experiments, 
which is due to the target protein stability. It has also been reported that low-abundant 
transcripts are less susceptible to siRNA-mediated degradation than transcripts of 
medium- and high-abundant [138].  

Single stranded RNA molecules will be rapidly hydrolyzed by RNases inside the cells. 
siRNAs designed as double stranded short RNA molecules are more resistant to 
nucleases. Once loaded into the effector-RISC complex, the antisense strand is, despite 
the possible protection by the RISC complex proteins, vulnerable to degradation. By 
introducing chemical modifications to siRNA, similar as in antisense oligonucleotides, 
it is possible to stabilize and prolong the siRNAs kinetics in vivo. When introducing 
chemical modifications into siRNA it is important to understand the vulnerable sites for 
siRNA function. Mismatch tolerance has been shown to be position and nucleotide 
dependent. Generally, there is a lower tolerance for mutations located in the center of 
siRNA [139,140]. Conjugations in the 5’ and 3’-prime end of the sense and the 3’-
prime of the antisense strand have no effect, where as conjugations in the 5’-prime of 
antisense abolishes siRNA function [128,131]. A phosphorylated 5’-antisense strand of 
siRNA is required for RNAi in vivo in human and Drosophila cells [114,131]. These 
and other studies have also shown that the sense siRNA strand is frequently more 
tolerant to chemical modifications than the antisense siRNA strand, indicating different 
requirements for assembly of RISC and targeting by RISC [126].  

LNA has been shown to confer both high affinity as well as nuclease resistance when 
present in antisense oligonucleotides. LNA substitutions in the siRNA duplex have 
been shown to reduce off-target effects and increase stability [141,142]. However, the 
modifications also reduced the capacity of target knock down. Modifications 
summarized in figure 3 are also utilized for stabilization of siRNAs. These will be 
further discussed in chapter off-targeting. .  

It has been reported that 27-29 nt siRNA is up to 100 times more potent of inducing 
target mRNA degradation than conventional 21nt siRNAs [121]. These long siRNA 
have been called Dicer substrates, based on the fact that Dicer will cleave them first to 
shorter siRNA, which are then loaded to RISC. Since Dicer is involved also in loading 
siRNAs to RISC it has been proposed that to attract Dicer more efficiently and thereby 
cause more potent gene silencing one should design longer siRNA or shRNA 
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expressing short hairpins RNA (shRNA) vectors were developed. shRNA, siRNA and 
micro RNAs (miRNA) can be produced from plasmids containing Pol II or Pol III class 
promoters. Products of these vectors resemble pre-miRNAs and undergo Dicer 
processing. shRNA vectors contain 19 to 29 nt homologous sequence complementary 
to target mRNA. The shRNAs produced by these vectors are further processed to 
functional siRNAs and uses RNAi to degrade the target mRNA like synthetic siRNAs 
(Fig. 4).  

Figure 4. RNAi pathways; a) siRNA, b) dsRNA, c) shRNA and d) miRNA. Briefly; dsRNA, siRNA and 
shRNA share common pathway after Dicer recognition. These RNAs are processed to siRNAs which will 
be loaded to RISC. The sense strand will be removed and target mRNA will be cleaved. miRNA, on the 
other hand, will be first processed in the nucleus by Drosha, Dicer like nuclease, followed by export to 
cytoplasm. In the cytoplasm it will also bound to RISC, but because of partial homologues sequence, and 
mediate translational repression.       

Among these, the first and most frequently explored vectors are based on Pol III 
promoters. Less than one year after discovery of siRNA in mammalian cells two 
independent groups described Pol III promoter-driven shRNA plasmids. Brummelkamp 
et al. cloned the H1 promoter containing pSUPER vector, which was the first shRNA 
producing vector [165]. pSUPER and its follow-up retroviroid pSUPER_Retro became 
one of the most referred vectors in shRNA utilizing research. Paddison et al. developed 
the first long 500 nt RNA expressing vector containing a U6 promoter [166]. Shortly 
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[121,143]. Endoribonuclease-prepared siRNAs (esiRNAs) are a novel approach to 
produce large amounts of siRNA for screening experiments [144]. However, the 
application of synthetic siRNAs is restricted to short-term persistence of transient 
expression. Moreover, a single transfection of siRNA may not provide a sufficient 
window of functional depletion for proteins with long half-lives [145]. This can be 
overcome by using endogenously shRNA producing plasmid vectors. 

Delivery of siRNA 

The general hurdle of gene therapy has been the delivery of therapeutic agents into cells 
and further to their target. Initially, the delivery of siRNA into cell lines was carried out 
with conventional methods used also for oligonucleotide and plasmid delivery. These 
methods include chemical methods, e.g calcium phosphate, commercial cationic lipid 
or non-lipid based reagents and physical methods e.g. microinjection and 
electroporation.  

Oligofectamine™ from Invitrogen was one of the first successfully used lipid 
composed reagents used for siRNA delivery in vitro. Oligofectamine has the advantage 
of being non-toxic to cells so change of medium after transfection is therefore not 
needed. One interesting method for high-through-put assays is reverse transfection 
method [146,147]. A reverse transfection involves the deposition of lipid–nucleic-acid 
complexes on a solid surface, often a glass microarray slide. Cells tat are plated on top 
of the slide, take up the encapsulated RNA causing target gene silencing. Another 
conventional method used in siRNA delivery is electroporation and one of its 
commercial application Nucleofection™ by Amaxa Biosystems. These methods are 
more suitable for primary cell transfections than lipid reagents [148].  

Systemic delivery 

A short while after the invention of RNAi suitable for mammalian cells, the 
speculations of its therapeutic potential began. The common limitations of all RNA 
mediated gene expression silencing and their therapeutical applications have been the 
delivery into the body and cellular the uptake. The first in vivo trial was done in mice 
and described the potential of hydrodynamic injections of naked siRNA against Fas 
[149]. Biodistribution of siRNA’s is the same as for single-stranded antisense agents 
and requires large and repeated dosages for efficacy [150,151]. Naked siRNA has been 
reported to require chemical stabilization for in vivo use [152,153]. 

However, naked and unmodified siRNA is prone to rapid degradation by nucleases. 
The 5’-end of the sense strand and both 3’-ends can be used for attachment of 
functional groups bearing fluorescence [43, 44] or radioactivity [73] as well as groups 
facilitating cellular uptake and transport through membranes (e.g. cholesterol, litocholic 
acid, lauryl acid or long alkyl chains) [74, 93, 94]. In general, modifications located at 
the 3’-ends of the sense and antisense strands as well as at the 5’-end of the sense strand 
are accepted to maintain siRNA silencing activity. A phosphate group at the 5’ 
terminus of the antisense strand is required for a functional siRNA duplex.  



Molecular dissection of Bruton’s tyrosine kinase signaling in hematopoietic cells using RNAi 

  17 

substrate of Dicer and will be cleaved to 21-23 nt siRNAs. However, long dsRNA 
activates interferon responses in mammalian cells, and thus, barely exists in a similar 
manner as in lower eukaryotes. Secondly, the RNA dependent polymerase (RdRP), 
found in lower eukaryotes but not in mammalians, uses siRNA as a primer, creating 
dsRNA from mRNA [135]. Since RdRP also requires a free 3’-OH group, which is not 
needed for RNAi, it is likely that RNAi in mammalian cells does not occur through a 
RdRP dependent degenerative PCR mechanism [131,136,137]. The effective siRNA 
duplexes produce potent silencing at 1-10 nM concentration [137]. The higher the dose, 
the greater the risk for unspecific effects. The optimal time for siRNA to reach its 
highest down regulation capacity depends on the nature of the experiment. Targeting of 
the endogenous expressed gene requires longer time than co-transfection experiments, 
which is due to the target protein stability. It has also been reported that low-abundant 
transcripts are less susceptible to siRNA-mediated degradation than transcripts of 
medium- and high-abundant [138].  

Single stranded RNA molecules will be rapidly hydrolyzed by RNases inside the cells. 
siRNAs designed as double stranded short RNA molecules are more resistant to 
nucleases. Once loaded into the effector-RISC complex, the antisense strand is, despite 
the possible protection by the RISC complex proteins, vulnerable to degradation. By 
introducing chemical modifications to siRNA, similar as in antisense oligonucleotides, 
it is possible to stabilize and prolong the siRNAs kinetics in vivo. When introducing 
chemical modifications into siRNA it is important to understand the vulnerable sites for 
siRNA function. Mismatch tolerance has been shown to be position and nucleotide 
dependent. Generally, there is a lower tolerance for mutations located in the center of 
siRNA [139,140]. Conjugations in the 5’ and 3’-prime end of the sense and the 3’-
prime of the antisense strand have no effect, where as conjugations in the 5’-prime of 
antisense abolishes siRNA function [128,131]. A phosphorylated 5’-antisense strand of 
siRNA is required for RNAi in vivo in human and Drosophila cells [114,131]. These 
and other studies have also shown that the sense siRNA strand is frequently more 
tolerant to chemical modifications than the antisense siRNA strand, indicating different 
requirements for assembly of RISC and targeting by RISC [126].  

LNA has been shown to confer both high affinity as well as nuclease resistance when 
present in antisense oligonucleotides. LNA substitutions in the siRNA duplex have 
been shown to reduce off-target effects and increase stability [141,142]. However, the 
modifications also reduced the capacity of target knock down. Modifications 
summarized in figure 3 are also utilized for stabilization of siRNAs. These will be 
further discussed in chapter off-targeting. .  

It has been reported that 27-29 nt siRNA is up to 100 times more potent of inducing 
target mRNA degradation than conventional 21nt siRNAs [121]. These long siRNA 
have been called Dicer substrates, based on the fact that Dicer will cleave them first to 
shorter siRNA, which are then loaded to RISC. Since Dicer is involved also in loading 
siRNAs to RISC it has been proposed that to attract Dicer more efficiently and thereby 
cause more potent gene silencing one should design longer siRNA or shRNA 

Molecular dissection of Bruton’s tyrosine kinase signaling in hematopoietic cells using RNAi 

  19 

The discovery of siRNAs potential as a therapeutic drug was followed by vast numbers 
of applications, many of them based on lipid encapsulation of siRNA and backbone 
modification to increase the stability and cellular uptake. Stabilized Plasmid Lipid 
Particles (SPLP), consisting of lipid bi-layer encapsulating a single copy of plasmid 
DNA, have been reported as a potential method of systemic nucleic acid delivery 
[154,155]. The method has also been utilized for siRNA delivery.  Chemically 
stabilized siRNA was  incorporated into a specialized liposome complex referred as a 
stable-nucleic-acid-lipid particle (SNALP) [155,156]. The SNALP bi-layer contains a 
mixture of cationic and fusogenic lipids that enable the cellular uptake and endosomal 
release of the particle’s contents. Morrisey et al. demonstrated the potency of SNALP 
siRNA to decrease the hepatitis B virus levels in mouse serum. Moreover, SNALPs 
were used to target apolipoprotein B in non-human primates [157]. Polycation 
polyethylenimine (PEI)-complexed siRNA has been a vastly used approach in systemic 
delivery of siRNA [158-160].

Targeting 

To increase target specificity, aptamers have been used in combination with siRNAs. 
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expressing short hairpins RNA (shRNA) vectors were developed. shRNA, siRNA and 
micro RNAs (miRNA) can be produced from plasmids containing Pol II or Pol III class 
promoters. Products of these vectors resemble pre-miRNAs and undergo Dicer 
processing. shRNA vectors contain 19 to 29 nt homologous sequence complementary 
to target mRNA. The shRNAs produced by these vectors are further processed to 
functional siRNAs and uses RNAi to degrade the target mRNA like synthetic siRNAs 
(Fig. 4).  

Figure 4. RNAi pathways; a) siRNA, b) dsRNA, c) shRNA and d) miRNA. Briefly; dsRNA, siRNA and 
shRNA share common pathway after Dicer recognition. These RNAs are processed to siRNAs which will 
be loaded to RISC. The sense strand will be removed and target mRNA will be cleaved. miRNA, on the 
other hand, will be first processed in the nucleus by Drosha, Dicer like nuclease, followed by export to 
cytoplasm. In the cytoplasm it will also bound to RISC, but because of partial homologues sequence, and 
mediate translational repression.       

Among these, the first and most frequently explored vectors are based on Pol III 
promoters. Less than one year after discovery of siRNA in mammalian cells two 
independent groups described Pol III promoter-driven shRNA plasmids. Brummelkamp 
et al. cloned the H1 promoter containing pSUPER vector, which was the first shRNA 
producing vector [165]. pSUPER and its follow-up retroviroid pSUPER_Retro became 
one of the most referred vectors in shRNA utilizing research. Paddison et al. developed 
the first long 500 nt RNA expressing vector containing a U6 promoter [166]. Shortly 
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after its discovery the vector was modified to produce 21-29 nt long shRNA and was 
named pShag [167]. In addition to these two promoters, other Pol III promoters such as 
5S, 7SK and tRNA promoters were developed to stably express shRNA in mammalian 
cells [168-170]. 

Classification of shRNA vectors 

Generally shRNA can be classified in to three main groups according to the strategy for 
creating shRNA inserts. Inducible shRNA vectors, discussed in the next sections, are 
excluded from this classification. The most commonly used method requires shRNA-
insert synthesis, annealing and ligation into vector [171,172]. The second strategy uses 
PCR in which primers are bound to both sides of the promoter [173]. The 3’-primer 
contains a ss hairpin sequence. This system has problems stemming from secondary 
structures of the 3’ primer. The advantage compared to the first strategy is the lack of 
truncated small shRNA oligos that are causing background problem and need to be 
removed with PAGE purification. The third and least used method encompasses several 
techniques relating to primer extension where polymerase extends the 3’ end of 
overlapping oligos [174,175].  

Another classification of shRNA vectors can be done according to their production of 
siRNA in vivo (Fig. 5). There are vectors which contain promoters for both sense and 

antisense strands. Following 
transcription, these separately 
expressed ss RNA strands will 
hybridize to form siRNA duplex in 
vivo. The second, and most common 
type of shRNA vector, is a variant 
where Pol III promoter is followed 
by the shRNA oligo and five 
thymidine serving as stop codon for 
Pol III promoters. The third types of 
vector contain a Pol II promoter and 
minimal polyadenylation signal. 
These vector have been tailor made 
to contain a selection marker gene 
e.g. EGFP that will be transcribed 
from same promoter. These vectors 
can also express imperfect pairing 
duplex structures that are based on 
pre-microRNA structures. The 
development and usage of these 
types of vector libraries have 
become more popular after the 
discovery of endogenously 
expressed microRNAs in the 
mammalian genome. Pol II 

Figure 5. Functional classification of shRNA vectors. A 
vector contains separate Pol III promoters for sense 
and antisense strands of shRNA which will anneal 
together in vivo. B vector is the typical shRNA vector 
containing Pol III promoter and five thymidines as a 
stop codon. C vector is a shRNA vector with Pol II or 
Pol II fusion promoter and minimal polyadenylation 
signal. The x can be e.g. selection marker gene.   
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promoters have also been used for vast shRNA applications. However, this is subject to 
certain constraints. For instance, some authors have demonstrated a need for both a 
very short distance (6 bp) between the Pol II promoter and the shRNA sequence as well 
as a minimal polyadenylation signal for functional shRNA production [176,177]. This 
is not the case for Pol III, where we have shown that there can be over 40 nt gap 
between the promoter and transcription initiation site [177,178]. Others have shown 
that the presence of an intron between the Pol II promoter and the shRNA sequence is 
necessary for efficient production [179]. On the other hand, the Ubiquitin C promoter 
has been shown to drive efficient shRNA expression when the shRNA cassette has 
been inserted inside the intron to mimic miRNA (miR-30a) [176,180]. In Pol II 
promoter constructs the shRNA cassette can be flanked by a reporter gene, e.g. EGFP, 
which allows quantification of shRNA expression. Another advantage of Pol II 
promoters is the possibility to create tissue specific expression of miRNA or shRNA. 
The advantages of Pol III promoters for shRNA production are the high level of activity 
and the tight regulation. It has been estimated that there are on average more than four 
times more Pol III produced transcripts compared to Pol II in Hela cells [181]. 
Moreover, Pol III does not add extra sequences that might affect the functional activity 
of shRNAs [182,183].   

Multiple modifications from these three main types of vectors have been developed. 
Paul and colleagues showed that using the U6 promoter and the first 27 nucleotides 
from the U6 snRNA there was more potent down regulation capacity compared to the 
U6 promoter followed directly by a hairpin [184,185]. Xia et al. have shown that by 
introducing an enhancer from the cytomegalovirus immediate-early promoter in close 
proximity to the U6 promoter will increase the expression of shRNA [186]. Lately it 
has been shown that a hybrid CMV enhancer minimal promoter/H1 promoter construct 
might be a promising candidate for specific targeting in vivo, e.g. expression in the 
mouse brain [187]. Today, there are tens, if not hundred’s of different versions of 
shRNA vectors utilizing retroviroid, lentiviroid or adenoviroid backbones. shRNA 
vector libraries targeting the majority of human and mouse genes have been developed 
[188]. The most recent development of shRNA vectors are microRNA vector libraries 
[189]. 

1.2.6 Inducible shRNA vectors 

Utilization of shRNA producing vectors against genes that are vital for cellular 
homeostasis is not feasible. In the optimal case these types of experiments would 
require viral shRNA vector for efficient cellular uptake, and tightly temporally 
controlled as well as cell specific inducible shRNA production. In order to achieve 
these expectations, multiple different inducible shRNA vectors were created. The 
concept of inducible promoters is not unique for shRNA plasmids. Most of the systems 
have been obtained from the Pol II controlled vectors developed for inducible gene, 
antisense or ribozyme expression. Inducible systems are mainly build-up from 
tetracycline-, ecdysone- or Cre-recombinase/LoxP-based vectors. 
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Tetracycline based systems 

It is well established that pol II transcription can be exquisitely regulated in cell culture 
or in vivo by using tetracycline (tet) based doxycycline inducible/repressible promoters 
[175]. Most of the tet-inducible systems are built from two separate vectors: The first 
vector containing U6 [168,190,191] or H1 [178,192,193] Pol III promoter in close 
proximity to the tetracycline operator followed by the shRNA cassette. The second 
vector contains chimeric transcription regulator containing tetracycline repressor (TetR) 
fused to transcriptional activator domain. They are named Tet-on or Tet-off according 
to their nature of induction of shRNA production. In the cell expressing both plasmids, 
chimeric TetR is bound to operator inhibiting the shRNA transcription. Doxicyclin 
added to cells will bind to free TetR protein and compete out the TetR binding to 
operator initiating shRNA production. The bottle-neck for tetracycline-based methods 
has been the basal promoter activity without doxycyclin. Moreover, the usage of 
multiple separate plasmids has been considered to be a drawback shared between all 
inducible vector systems.  

Recently developed a two-plasmid tet-on system contains plasmids for T7 polymerase 
and a self-cleaving ribozyme-shRNA fusion construct expression. This system uses the 
highly specific T7 phage RNA polymerase, not endogenously expressed in mammalian 
cells, limiting the possible basal transcription of Tet-on systems. The first plasmid is 
responsible for doxycycline-dependent expression of T7 RNA polymerase while the 
second plasmid expresses shRNA-ribozyme fusion transcript under the control of a T7 
promoter [194]. After doxycycline induced T7 polymerase production the shRNA-
ribozyme fusion transcript is produced. This is followed by ribozyme mediated 
cleavage of fusion transcript releasing functional shRNA. The advantage of this system 
is the possibility to engineer 3’ ends of shRNA, which in the case Pol III systems is 
solely uridine residues.  

Szulc et al. reported the generation of an inducible tetracycline system based on a 
single plasmid utilizing the DNA-binding protein KRAB fused to TetR and H1 Pol III 
promoter [193]. However, the basal read-through from the repressed promoter is 
between 4-9 %, depending the amount of plasmids transduced in the cells [193]. This 
fundamental problem of tetracycline-based methods remains unimproved. The tet-on 
system also has a problem in doxycyclin responsiveness during the development of 
transgenic animals, and therefore is not beneficial for in vivo approaches (Herold, MJ 
personal communication). 

Ecdysone based systems 

The ecdysone-based inducible vector system is constructed from three different vectors 
containing: 1. retinoid X receptor (RXR), 2. Modified ecdysone receptor (VgEcR) and 
3. ecdysone-reponsive elements (5xE/GRE) flanked with DNA-binding domains, 
minimal heat-shock promoter (ΔHSP) followed by the shRNA cassette. Followed by an 
introduction of ecdysone analogue e.g. myristerone A, the 1 and 2 receptor 
heteromerize and bind to the DNA-binding elements of the third vector thus activating 
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shRNA production. By using this system Gupta et al. showed reversibly inducible 
knock down of p53 [195].  

As all the other inducible systems, the ecdysone-inducible has some limitations. To 
start with, the function of the ecdysone inducible system has been shown to be 
restricted for limited number of cell lines. In addition, the system contains three 
plasmids and one chemical drug, making it a complex and time consuming approach 
especially in in vivo use. However, this and other systems are commercially available 
with an optimized protocol, making those more user friendly. The advantage of using 
the ecdysone system is the lower background expression compared to tetracycline- 
based systems [196].  

Cre-LoxP based systems 

The third inducible system is based on site-specific recombination orchestrated by Cre-
recombinase. Cre-recombinase, as well as its target LoxP sites, are extracted from the 
bacteriophage P1 genome. They provide a cross-reaction free system when introduced 
in the mammalian cells. The Cre-LoxP system is widely used in generating transgenic 
animals and can therefore be considered free of any major toxic effects. Generally, Cre-
LoxP-systems are built on two vectors. The first vector contains Pol III-promoter, 
followed by LoxP-Stop(five thymidines)-LoxP-stuffer cassette and shRNA sequence  
respectively. The second plasmid is for the Cre-recombinase production.  

The 34-bp LoxP site consists of two 13 bp inverted repeats separated by an 8 bp spacer 
[197]. These repeats are the Cre binding sequences, and depending on their orientation, 
they are steering the recombination process. LoxP sites are highly specific sequences, 
allowing only 2 bp modifications of the most distal part of the inverted repeats without 
altering recombination frequency [198]. The differences between the Cre-LoxP systems 
are the placement of LoxP in respect to the Pol III promoter, the shRNA cassette and 
the existence of reporter gene. Moreover, Cre-LoxP approaches differ from each other 
by their method to introduce Cre into the nuclei.   

The LoxP site has been designed into the U6 promoter, partially replacing the LoxP 
spacer with a TATA-box [199,200]. However, a modified LoxP site exhibits only ~35 
% activity compared to wild type levels [199]. Fritsch et al. and, shortly thereafter 
Kasim et al. cloned the neomysin resistance gene with a Pol III stop codon flanked by 
LoxP sites in the shRNA loop sequence [201,202]. Inactive vector produced only sense 
strand of shRNA and neomycin promoter-gene. These cells could be selected with 
neomycin until the shRNA expression was initiated. The Cre mediated recombination 
resulting shRNA containing a 34 nt LoxP loop. However, this long shRNA loop, 
caused inefficient down regulation, depleting at most 50 % of the target gene 
expression [201]. In Paper III a stuffer cassette was introduced between H1 promoter 
and the initiation codon (Fig. 9). The advantage of this approach was the efficient 
length of shRNA without any additional sequences expressed. The stuffer cassette 
consists of five thymidine residues serving as a Pol III stop codon, and a CMV-
promoter-EGFP reporter gene flanked by LoxP sites [178]. A Lentiviral inducible 
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(pLIND) expresses GFP in its inactive state. Followed by the introduction of Cre, 
EGFP expression is lost and shRNA production is initiated. In order to track active 
shRNA producing plamid in vivo we have added elongation factor alpha promoter in 
frame with enhanced yellow fluorescent protein- reporter cassette (Fig. 6)  

Figure 6. Schematic representation of Cre-LoxP vector system pLINDin vivo (Heinonen et al. unpublished 
results). (A) The pLINDin vivo plasmid alone allows the EGFP stuffer reporter cassette and EYFP to be 
expressed under the CMV and Ef-1a promoter respectively. The difference between pLIND and pLINDin 

vivo is the Ef-1a-EYFP cassette inserted into latter. The shRNA remains unexpressed, as the H1 promoter 
is not functional due to the presence of a termination sequence (five thymidines) after the first LoxP site 
and two clusters of four repetitive thymidines inside the CMV promoter. (B) After the expression of 
pNLSCRE/IRES2/DsRed2 plasmid, the CRE will cause LoxP recombination, which will remove the 
EGFP stuffer cassette, and the shRNA will be expressed. The insertion of Ef-1a-EYFP cassette into 
pLINDin vivo allows the detection of shRNA containing cells.  

Cre recombinase 

The common challenge for Cre recombinase-based systems is the delivery and 
introduction of Cre into cells; in other words, how to induce the inducible shRNA 
production. Many attempts have been made in order to find an optimal method for Cre 
production, including fusion proteins with nuclear localization signal (nls) and/or TAT 
from HIV produced and purified in vitro [202,203], cell type specific promoter 
containing vectors [204] and tamoxifen-inducible Cre-recombinase fused to a mutated 
ligand-binding domain of the human estrogen receptor [205]. We have recently 
developed a Cre induction system based on exogenous control of mammalian gene 
expression via modulation of translational termination originally introduced by Murphy 
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et al. [206]. Following introduction of a stop codon into the Cre coding strand one can 
efficiently inhibit translation. This can be reverted by introduction of aminoglycoside 
antibiotics, which induce Pol II promoter read through (Heinonen et al. manuscript in 
preparation). Inducible systems utilizing exogenous controllable Pol II-promoters have 
been developed. Unwalla et al. have created an HIV-1 TAT inducible fusion promoter 
containing HIV-1 LTR and minimal heat shock promoter hsp70 from Drosophila 
melanogaster. The authors demonstrate shRNA expression from Pol II fusion promoter 
only when cells were infected with HIV-1 [174]. However, the system still exhibits 
poor shRNA expression, a common weakness of Pol II promoter mediated shRNAs 
expression.  

Inducible shRNA vectors represent the most advanced tool of siRNA application for 
cell signaling research. The reversibility is the unique advantageous feature of the 
Tetracyclin-based shRNA expression systems. The fact that there is no perfect 
inducible shRNA system underlines the importance of specifically choosing the most 
optimal system for each specific application. In the future, the optimal shRNA 
expressing vector would contain reversibly inducible chimeric Pol III/Pol II promoters 
expressing shRNA quantitatively and tissue specifically. Since the use of viral vectors 
in clinical applications carries a risk of random integration into chromosomal DNA and 
thus poses a serious threat to the therapeutic safety [207], other delivery possibilities 
need to be considered. 

1.2.7 Challenges in shRNA vector production 

Compared to siRNA, shRNA and inducible shRNA vectors offer advantages in 
silencing duration, effective viral delivery and cost. However, the construction of 
shRNA vectors poses technical challenge caused by the palindromic hairpin structure. 
It has been suggested that shRNA constructs get mutated within the hairpin region 
[145]. One possible explanation is that commonly used E. coli strains such as DH5α
encode sbcC and sbcD nucleases, which are known to generate double-stranded breaks 
in DNA hairpin structures [208]. This problem can be circumvented by using a sbcCD 
engineered E. coli strain such as GT116 (Invivogen) or recombination-deficient SURE2
(Stratagen). 

1.2.8 Micro RNA (miRNA) 

The discovery that the lin-4 gene, known to control timing of larvael development in C.
elegans, does not code for protein but instead produces a pair of small RNAs, can be 
considered the first characterization of an RNAi-like phenomenon in animals [209]. 
Lin-4 was shown to bind 3’ UTR of lin-14 gene, reducing the lin-14 protein amount. 
The best known endogenous regulatory RNAs involved in RNAi in mammalians are 
microRNAs (miRNAs). At the moment there are estimated to be over 600 miRNAs in 
the mammalian genome. The generation of miRNAs occurs via sequential processing 
and maturation of long primary transcript (pri-miRNA). Drosha RNase will cleave Pri-
miRNA into pre-miRNA in the nucleus. After transportation to the cytoplasm pre-
miRNA will be cleaved by Dicer into mature 22 nt miRNA. Mature miRNA will be 
loaded into RISC. RISC containing the miRNA guide strand will then bind via 
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miRNAs imperfectly complementary to 3’-UTR of mRNA and cause translational 
inhibition (Fig. 5) [210]. The deeper understanding and exploitation of the miRNA is in 
the interest of many future biomedical applications. 

1.2.9 Off-targeting 

RNAi is a powerful method to down regulate gene expression. However, its utility will 
depend on its target specificity. One of the outcomes of indifferent design is 
mistargeting of siRNA, often called off-targeting. Both siRNA and shRNA have been 
reported to cause off-target down regulation [211]. Off-targeting can be divided to two 
main disciplines. The first causes down regulation of unintended genes which share 
sequence homology with siRNA. The second off-target type is the PKR-interferon 
response which is triggered following dsRNA exposure. In general, siRNAs are thought 
to be short enough to by pass the dsRNA-induced interferon effects in vertebrates. The 
IFN response represents an early host defense, one that occurs prior to the onset of the 
adaptive immune response. The best-characterized contributors to the interferon-
induced response are PKR and oligoadenylate synthase (OAS). Following introduction 
of dsRNA into the cell, PKR and OAS can get activated, causing translational 
inhibition and RNase L mediated mRNA degradation respectively [212]. In fact, the 21 
nt siRNA can activate PKR in a concentration-dependent manner in vitro [213]. Since 
naked siRNAs injected into mice were not causing an interferon response, this response 
might not only be dependent on siRNA sequence but also on the delivery complex, 
where its bound [214].   

The first sign of a possibility that off-target effect might exist in siRNA was published 
by Boutla et al. where they reported that mutations in the middle of siRNA only 
moderately abrogate the down regulation capacity  [215]. It has been shown that 2’-OH 
groups of uridines are associated with immune recognition of siRNAs. Single-stranded 
siRNAs are more immunostimulatory than their respective double-strand siRNAs. 
Also, blunt structure at the 3’ end is the strongest terminal structure for promoting 
activation of dsRNA-dependent PKR [145].  

Recently, Jackson et al. among others showed that many off-target genes had sequence 
similarity to the 3’ UTR regions of the transcripts [216-218]. Moreover, they found an 
8 nt conserved region from siRNAs 5’ antisense strand, being the most important 
region to off-targeting. Because off-target silencing apparently requires only 7 nt 
complementary it can be assumed that most siRNAs and shRNAs have an individual 
cross-silencing signature [216,218-220]. Therefore, it is extremely difficult, if not 
impossible, to design siRNAs that will not cause off-target effects. This off-target 
regulation by siRNAs and shRNAs is reminiscent of target regulation by miRNAs. 

How to avoid off-targeting 

It has been shown that both sense and antisense strands of siRNA can induce gene 
silencing [134,138]. By introducing mismatches to the sense strand, it is possible to 
decrease the sense strand originated off-target effects [133]. The regulation of the 
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imperfectly matched targets is a fundamental challenge of siRNA and shRNA function. 
Pooling of siRNAs has been suggested to be the most promising way to minimize the 
off-target effects [217,219-221]. This can be explained by the lower concentration of 
individual siRNAs needed in a pool that spreads out the effect of individual off-target 
seed sequences, if optimal, below the threshold of gene silencing. Each single siRNA 
duplex in a pool has different off-targets while having the same on-target. The use of 
siRNA pools dilutes off-target effects [219]. siRNA off-target transcripts also tend to 
contain longer 3’ UTRs than background transcripts. Importantly, the siRNA off-target 
transcripts have been shown to be enriched in miRNA target sites [220].

An ssRNA sequence containing poly(U) or (GU)-rich sequences has been shown to 
have immunostimulatory properties that are mediated through toll-like receptor 7 (in 
murine) and 8 (in humans) suggested that siRNA duplexes might be ligands of toll-like 
receptor 7 or 8 [222,223]. The GU-rich sequence 5’-UGUGU-3’ has been reported to 
be specific for siRNA induced immunostimulation [224]. By introducing 2’OMe 
modifications to 5% of guanosines or uridines within one strand of the duplex the 
immunostimulatory activity of siRNA, irrespective of its sequence, is fully abrogated 
[225].  

Off-target effects can also be substantially reduced by chemical modifications. siRNAs 
can be modified to cause less off-target effects and more nuclease resistance by 
replacing the 2’ OH group with 2’O-methylation, 2’H or 2’F modification [226]. By 
introducing the 2’O-Me modification in the position 2 of the guide strand reduced off-
target effects dramatically without compromising on-target silencing potential [227]. 
However, the chemical modifications of siRNA will create new synthetic 
oligonucleotides not found in nature. This will raise an additional safety concern for 
clinical trials. Another fact to consider is how long siRNA is needed to be active in the 
blood stream. Efficient delivery inside the cells might be enough for successful siRNA 
therapy. In addition, off-target effects can be by minimized using a computational 
software tool designed by Xu et al. and proper experimental set-up [228]. 

1.2.10 siRNA in Therapeutics 

If siRNA has been widely utilized in basic research, it has also become popular for drug 
development. Alnylam Pharmaceuticals, Inc. is developing siRNA based therapies 
against viral infection and metabolic disease. The siRNAs have been administrated by 
direct inhalation to treat Respiratory Syncytial Virus (RSV) infection. Moreover, they 
are in the process of developing a small interfering RNA molecule that reduces the 
production of VEGF named, Bevasiranib (Cand5). This compound is utilized for the 
treatment of ocular diseases including diabetic macular edema and exudative age-
related degeneration. The Bevasiranib clinical trials are in phase II. In addition, a 
systemic siRNA approach is under preclinical development against 
hypercholesterolemia. Other companies developing siRNA therapies are Nastech 
Pharmaceutical Company Inc. developing antiviral siRNAs against pandemic 
influenza. The Sirna Therapeutic is developing siRNAs targeting the VEGF for the 
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treatment of macular degeneration and hepatitis C virus. Protiva Biotherapeutics, is 
developing a lipid based siRNA delivery to target Ebola virus. 

1.2.11 Combinatorial RNAi (coRNAi) 

Numerous preclinical studies have shown the potency of RNA mediated silencing. 
However, common to all these mono-therapies is the moderate activity and, especially 
when used against viruses, escape of gene silencing by mutations or RNAi suppression. 
Escape mutations have been reported for polio, HIV and hepatitis [229-231]. In every 
replication cycle viruses such as HCV and HIV carry out multiple of mutations, making 
therapies based on high sequence homology inefficient. On the other hand, the RNAi 
suppression concept is suggested to happen via virally encoded suppressors of RNAi 
silencing. Recently, significant progress has been achieved by combining multiple gene 
silencing strategies. The method called combinatorial RNAi (coRNAi) can be divided 
into four fundamental approaches: 1) Combination of multiple siRNA against the 
different regions of the target gene, 2) inhibiting different target genes simultaneously 
e.g. in antiviral therapy targeting viral and cellular proteins and 3) co-expression with 
small RNAs and other RNA-based inhibitors 4) co-expressing small RNAs and 
proteins [232].            

Today there are a number of examples suggesting the potency of coRNAi approaches. 
For example, many applications for expressing multiple shRNAs are effective for 
miRNA expression vectors. The use of miRNA vectors in this approach is well argued 
because of their use of the Pol II promoter, which allows more convenient 
concatamerization of hairpin under same promoter [233]. Song et al. have reported that 
co-expressing shRNA against cellular CCR5 receptor and viral p24 protein caused 
synergistic effects and almost complete inhibition of HIV infection [234]. However, 
even if this may not be the case for CCR5, there is risk of secondary effects when down 
regulating cellular genes. Jarczak et al.. showed the potential of shRNA in combination 
with hammer head ribozyme expression. The ribozymes increased shRNA effect 
considerably, indicating the advantage of co-expression of small RNAs and other 
RNA-based inhibitors [235]. Unwalla et al. took advantage of the common weakness of 
Pol II promoters using a minimal polyadenylation signal sequence to terminate the 
shRNA transcripts. They exploited the transcriptional read-through of a weak poly(A) 
signal as a means for coexpressing an shRNA and the antiviral transdominant RevM10 
protein from the same promoter. By this they showed increased down regulation of 
HIV-1 gene expression [236]. The off-target effects can be utilized in some cases. 
Hornung et al. have shown that introduction of immunostimulatory sequences into 
sense strand of siRNA will awoke interferone-α response [237]. These 
immunostimulatory RNAs (isRNAs) could also serve as a possible application for 
futures development of coRNAi.      

In the future, coRNAi seems to be the most promising alternative chasing the optimal 
small RNA-mediated approach. However, finding only one universal and omnipotent 
system is not likely. The specialized tailor made methods for each application and 
therapy will be the most probable choice in the future. 
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2 AIMS OF THE THESIS 
Since 1993, when the Btk gene was cloned and associated to XLA, much effort has 
been directed to understanding the role of the Btk and other Tec family kinases. By 
developing and utilizing the latest technologies involving RNAi and microarray gene 
expression profiling, it has been possible to produce the novel information presented in 
this thesis. 

   
• The fundamental aim was to discover new signaling molecules and cellular 

processes regulated by Btk.  

• To utilize and develop RNAi as a tool for studying signaling in haematopoietic, 
difficult-to-transfect cells using RNAi: siRNA, shRNA, and inducible shRNA.  

• To determine new candidates of Btk signaling by studying removal of Btk in 
haematopoietic cells including macrophages, B -, mast -and promonocytic cells.  
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4 RESULTS AND DISCUSSION 
4.1 PAPER I 

Tyrosine phosphorylations and membrane translocation of Btk take place upon 
activation of mast cells by antigen/IgE-mediated cross-linking of the FcεRI receptor 
[74,238-240]. In mast cells, Btk mutations lead to impairment in pro-inflammatory 
cytokine production [78], intracellular calcium influx and granule exocytosis [81], 
induced by cross-linking of high-affinity IgE receptor. Simultaneously, a vast number 
of signaling molecules have been reported to be involved in the signal transduction of 
Tec family kinases [9,241]. In this paper we have shown, that Btk can be silenced in 
hematopoietic cells by introducing short interfering RNAs (siRNA). This proof-of-
concept silencing was achieved with conventional lipid-based transfection method and 
verified with immunoblotting. At that time the siRNA transfection efficiency was 
difficult to monitor. Therefore the siRNAs functionality in target cells was 
complemented with an alternative delivery method. SiRNAs were microinjected into 
target cells and the down regulation was monitored with fluorescent microscopy. 
Today, siRNA can be conjugated to a fluorescent dye, which makes it easier to follow 
the cellular uptake with microscopy or flow cytometry.      

To obtain the best down regulation effect of the target gene we tested multiple siRNAs 
targeted to different areas of the coding region. Surprisingly, when combining 3 
moderately good working siRNAs in the same transfection mixture, still having the 
same total amount of siRNA, the down-regulation of the target gene was shown to be 
more efficient (Fig. 7). According to our knowledge, this was the first time the 
beneficial effect of combinatorial siRNAs were shown.  

Figure 7. siRNA-mediated combinatorial inhibition of endogenous Btk expression in rat  mast cells. 
siRNAs were designed against three different sites (1-3) in the Btk coding region. The expression of Btk in 
RBL-2H3 cells was analyzed 48 h post-transfection of siRNA duplexes 1-3 added separately or in triplet 
combination (final concentration 100 nM). The control lane was non-transfected cells and Bmx siRNA 
was irrelevant control-siRNA for Btk expression. The Btk expression was normalized to -actin levels of 
total cell extracts.  

Furthermore, when analyzing the effects of Btk down regulation in the 2H3-RBL mast 
cell line, the histamine secretion was found to be decreased compared to wt. The same 
was observed when cells were treated with LFM-A13, a chemical inhibitor of Btk 
kinase activity. These experiments were done shortly after siRNA was proven to work 
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total cell extracts.  

Furthermore, when analyzing the effects of Btk down regulation in the 2H3-RBL mast 
cell line, the histamine secretion was found to be decreased compared to wt. The same 
was observed when cells were treated with LFM-A13, a chemical inhibitor of Btk 
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in mammalian cells. The data showed here provide evidence that partly explains 
functional mechanism of siRNA, and partly describes Btk’s role in mast cell signaling. 

4.2 PAPER II 

To achieve longer lasting silencing of the target gene short hairpin RNA (shRNA) 
expressing plasmids were utilized. ShRNA-oligos against Btk were inserted into a 
pSUPER_Retro vector and transfected with nucleofection into hematopoietic cells (Fig. 
8).  
a.

  I. gccaaagtcatgatgaatcTTCAAGAGAgattcatcatgactttggc
 II. actgtttggtaaacgatcaTTCAAGAGAtgatcgtttaccaaacagc
III. gttcagcagcaaatctgacTTCAAGAGAgtcagatttgctgctgaac

pSUPER_retro

b.       
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Figure 8. Human monocytic cell line U937 was stably nucleofected with pSuper_retro and the down 
regulation capacity was measured with qRT-PCR and western blot. A. pSUPER/retro where the shRNA’s 
against Btk were inserted to BglII and HindIII sites. B. Btk mRNA levels measured with qRT-PCR from 
pSuper_retro stable transfectants c. Western Blot analysis of Btk levels.  

The stable knock-down of Btk with 3 shRNA expressing plasmids was shown to be 
maintained in the target cells for several months. Frequent freeze-thawing did not affect 
the knock down level. Combining multiple shRNA-expressing plasmids against the 
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target gene has become a state-of-the-art method used in shRNA-based approaches. 
Moreover, it has been shown that by co-expressing irrelevant miRNA sequences in 
combination with a relevant sequence, it is possible to increase the efficacy of the 
single functional hairpin [232]. The mechanism of action is not known. However, this 
supports our earlier finding, where adding multiple siRNA against the same target 
mRNA will increase knock down of the target gene (Paper I and [242]).    

Recently, it has been reported by several different groups that high copy numbers of 
shRNA plasmids will decrease the RNAi effect. The system is not completely 
understood, but one possible mechanism might be the saturation of the RNAi 
machinery. This is a possible draw back of our approach where nucleofection of 
different shRNA caused heterogeneous shRNA expressing population. By starting the 
selection of shRNA expressing cell from single clones, it would be possible to monitor 
more accurately the number of shRNA insertions and thereby the expression levels of 
shRNAs. The U6 promoter has been shown to be transcriptionally stronger compared 
to H1. However, lower amounts of shRNA transcripts produced by the H1 promoter 
has been proposed to be more advantageous for longtime stable expression [232,243]. 

The Btk gene expression was efficiently down regulated in U937 promonocytic cells 
while no differences was observed in mouse B cell line A20. The down regulation of 
Btk in Raji resulted in cell death monitored by apoptosis assay. The result was 
surprising since Raji B cell lymphoma cells are characterized as mature B cells and the 
Btk’s role in mature B cells has not been reported to be crucial for viability. Btk’s role 
was further analyzed in promonocytes and PMA differentiated macrophages. The 
results show that Btk is more important to macrophage than monocyte signaling. This 
was assayed with gene expression profiling, which showed 11 Btk regulated transcripts 
in promonocytes and 58 in PMA differentiated macrophages (fold change criteria 
>2.0). Clustering analysis was used for further study by arranging the hits by their 
presence in different comparison groups. By comparing wt_ss/wt_PMA to 
Btk_kd_ss/Btk_kd_PMA 349 fewer transcripts were found in PMA stimulated Btk 
knock-down cells compared to parental PMA stimulated. Taking into account 
wt_ss/Btk_kd_ss and wt_PMA/Btk_kd_PMA comparisons we could identify 5 Btk-
dependent transcripts that were only detected in PMA stimulated U937 cells. These 
transcripts; CD89/FcαR (FCAR),  Resistin, GABRA2, β1 integrin and GULP1 
correspond to genes that have been suggested earlier to play a role in macrophage 
effector functions [63] and are now shown to be regulated by Btk. Further studies need 
to be done in order to verify our discovery. In addition, in this manuscript we show that 
combining an shRNA approach with microarray analysis is a powerful tool for 
signaling research. Moreover, the data presented here confirms that Btk expression can 
regulate many important genes in macrophage signaling. 
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4.3 PAPER III 

siRNAs can, as previously described, be introduced into cells with shRNA-plasmids. 
shRNA plasmids, sometimes referred to as second-generation of siRNA technology, 
enabled the creation of stably transfected cell lines, leading under optimal conditions to 

a sustained knockdown of the target gene by 
~90% of its expression. However, the technique 
was not suitable for studying genes involved in 
maintaining survival or for studying immediate 
responses following down regulation. One 
example of that type of situation was faced in 
paper II when down regulation of Btk in Raji 
cells resulted in cell death. To overcome this 
restriction, a lentiviral inducible shRNA-
producing plasmid pLentiINDucible (pLIND) 
was designed. These third-generation siRNAs 
were first created with tetracycline-based 
methods [168,190] and, more recently, as in this 
paper using the CRE-LoxP system [199-202]. 
None of these vector systems had the optimal 
combination of elements and functions for tightly 
regulated and efficient induction of shRNA in 
both mouse and human cells. However, the 
approach used here has many advantages 
compared to its challengers. The pLIND system 
uses the human H1 promoter, is selectable against 
enhanced green fluorescent protein (EGFP), and 
can be induced by a nlsCRE/IRES2/DsRed2 
plasmid (Fig.9-11). The vector design shows the 
power and the importance of the placement of the 
promoter, LoxP, and the siRNA-producing 
cassette (Fig. 10). The strength of this system is 
its robust hairpin production, selection ability 

against EGFP, and specificity compared with earlier tetracycline-induced systems 
[244]. Furthermore, the human H1 promoter makes it possible to use this method in 
both human and mouse cells, whereas mouse U6 promoter-driven vectors are restricted 
to mouse cells [245]. The disadvantages of this approach are its irreversibility, the need 
for a second inducible plasmid for Cre and the loss of the selection marker after 
induction. 
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Figure 9. Lentiviral inducible shRNA 
vectors a) pLIND and b) pLINDin vivo.
Vectors share the similar backbones; 
they differ in additional selection 
marker cassette which was added into 
pLINDin vivo (Unpublished results).  
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Figure 10. Schematic 
representation of inducible 
pLIND vector system. (A)
The pLIND plasmid alone 
allows the EGFP stuffer 
reporter cassette to be 
expressed under the CMV 
promoter. The shRNA 
remains unexpressed, as 
the H1 promoter is not 
functional due to the 
presence of a termination 
sequence (five thymidines) 
after the first LoxP site and 
two clusters of four 
repetitive thymidines inside 
the CMV promoter. (B)
After the expression of 
pNLSCRE/IRES2/DsRed2 
plasmid, the CRE will 
cause LoxP recombination, 

which will remove the EGFP stuffer cassette, and the shRNA will be expressed. [LTR, long terminal 
repeat; Psi, extended viral packaging signal; FLAP, HIV-1 flap element; WRE, woodchuck hepatitis 
virus posttranscriptional regulatory element; EGFP, enhanced green fluorescent protein; IRES, internal 
ribosome entry site; DsRed2, Discosoma sp. red fluorescent protein 2.] 

To overcome these limitations we have recently developed a new variant of pLIND 
vector;   pLINDin vivo. This vector contains an additional selection cassette for active 
(Ef-1α/EYFP) shRNA production (Fig. 9b). The functionality of the vector has been 
tested in primary cells and appears to have potential for in vivo trials (Heinonen et al.
unpublished results). We have also developed an inducible variant of a Cre expression 
vector which is now under evaluation (Heinonen et al. unpublished results). The 
inducible siRNA system will be a valuable tool for vast number of applications. 

Figure 10. Fluorescence microscope monitoring of Cre-inducible shRNA production, followed by EGFP 
stuffer reporter deletion. Transfection of Cos-7 cells with pLIND alone (a, b, c) or together with pNLS 
Cre/IRES2/DsRed2 (d, e, f). Images were taken under FITC-filter (a, d), Cy-3 filter (b, e), and brightfield 
(c, f). 
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4.4 PAPER IV 

In this work the role of Btk in bone marrow-derived mast cells (BMMC) was 
addressed. The cells were extracted from CBA and C57BL/6J mice and cultivated 
under IL-3 and SCF. By using Btk protein level as an indicator we studied BMMC 
growth by mixing 19/20 parts of Btk deficient cells and 1/20 part wt BMMC. After 
three weeks of cultivation the Btk protein level in this heterogenous population was 
comparable to wt BMMC, stating that almost all the cells in culture were wt BMMC. 
Moreover, this suggests that Btk-containing cells divide faster compared to Btk-
deficient. The cell cycle analysis revealed the reason for this; Btk deficient cells were 
prone to G2/M arrest compared to wt cells. Our data suggest that a similar G2 arrest as 
seen in STAT5-/- BMMC also exists in Btk-/- BMMC. Btk-mediated STAT5 
activation has been shown to occur via cytokine- as well as antigen receptor mediated 
signaling [55,246]. Cell death was increased in wt compared to Btk-deficient BMMC. 
These results reflects the fact that wt BMMC have more frequent turn-over compared 
Btk-deficient cells that are arrested in G2 phase.   

To further dissect the Btk signaling in BMMC microarray analysis was performed. 
After analyzing triplicate samples with fold-change criteria of 2.0, we found 
transcripts identified by 50 probe sets to be affected by Btk removal. Out of those, 21 
were statistically significant (p 0.05) representing 15 different genes. Of the remaining 
Tec family members none was found to be differentially expressed following removal 
of Btk.  

Interestingly, CREB1 was up-regulated more than 3-fold in Btk-/- BMMC. Recently, 
CREB1 has been implicated to play a role in myeloid cell transformation [247,248]. 
CREB1 induces cyclin A1 expression, associated also with hematopoietic malignancies, 
and explains enhanced the proliferation and increased numbers of cells in S phase. Since 
CREB1 was up-regulated in Btk-/- mast cells, this could also be one possible mechanism 
for the increased survival of Btk deficient BMMC. Another transcript identified with 3 
different probe sets representing the Mela gene was up-regulated on average 60-fold in 
Btk -/- BMMC. This was also confirmed with whole splenic B cells from C57BL6 mice 
and transitional type 1 B cells from CBA mice, where the up-regulation followed same 
tendency, but with less fold-change. No expression of Mela was found in wt BMMC or 
mouse B cells. Reduced, or aberrant, expression of Btk has been shown to increase pre-B 
cell tumor incidence in mouse models [88]. This finding supports the speculations of 
Btk’s role tumor suppressor in cancer.  From the 21 probe sets identifying transcripts 
regulated by Btk, three corresponds to a novel G-coupled protein receptor 177 
(GPR177). GPR177 expression was up-regulated on average 5-fold in Btk-/- BMMC 
which suggests its negative regulation by Btk. A number of reports have described Btk’s 
direct interaction with heterotrimeric G-protein βγ  subunits as well as Gαq and Gα12
subunits [84,249,250]. However, the receptors related to these interactions have not been 
fully determined. GPR177 was also found up-regulated from Btk deficient transitional 
type 1 B cells. GPR177 is located on chromosome 1p31 in humans, the same area which 

Juhana E. Heinonen 

38

4.4 PAPER IV 

In this work the role of Btk in bone marrow-derived mast cells (BMMC) was 
addressed. The cells were extracted from CBA and C57BL/6J mice and cultivated 
under IL-3 and SCF. By using Btk protein level as an indicator we studied BMMC 
growth by mixing 19/20 parts of Btk deficient cells and 1/20 part wt BMMC. After 
three weeks of cultivation the Btk protein level in this heterogenous population was 
comparable to wt BMMC, stating that almost all the cells in culture were wt BMMC. 
Moreover, this suggests that Btk-containing cells divide faster compared to Btk-
deficient. The cell cycle analysis revealed the reason for this; Btk deficient cells were 
prone to G2/M arrest compared to wt cells. Our data suggest that a similar G2 arrest as 
seen in STAT5-/- BMMC also exists in Btk-/- BMMC. Btk-mediated STAT5 
activation has been shown to occur via cytokine- as well as antigen receptor mediated 
signaling [55,246]. Cell death was increased in wt compared to Btk-deficient BMMC. 
These results reflects the fact that wt BMMC have more frequent turn-over compared 
Btk-deficient cells that are arrested in G2 phase.   

To further dissect the Btk signaling in BMMC microarray analysis was performed. 
After analyzing triplicate samples with fold-change criteria of 2.0, we found 
transcripts identified by 50 probe sets to be affected by Btk removal. Out of those, 21 
were statistically significant (p 0.05) representing 15 different genes. Of the remaining 
Tec family members none was found to be differentially expressed following removal 
of Btk.  

Interestingly, CREB1 was up-regulated more than 3-fold in Btk-/- BMMC. Recently, 
CREB1 has been implicated to play a role in myeloid cell transformation [247,248]. 
CREB1 induces cyclin A1 expression, associated also with hematopoietic malignancies, 
and explains enhanced the proliferation and increased numbers of cells in S phase. Since 
CREB1 was up-regulated in Btk-/- mast cells, this could also be one possible mechanism 
for the increased survival of Btk deficient BMMC. Another transcript identified with 3 
different probe sets representing the Mela gene was up-regulated on average 60-fold in 
Btk -/- BMMC. This was also confirmed with whole splenic B cells from C57BL6 mice 
and transitional type 1 B cells from CBA mice, where the up-regulation followed same 
tendency, but with less fold-change. No expression of Mela was found in wt BMMC or 
mouse B cells. Reduced, or aberrant, expression of Btk has been shown to increase pre-B 
cell tumor incidence in mouse models [88]. This finding supports the speculations of 
Btk’s role tumor suppressor in cancer.  From the 21 probe sets identifying transcripts 
regulated by Btk, three corresponds to a novel G-coupled protein receptor 177 
(GPR177). GPR177 expression was up-regulated on average 5-fold in Btk-/- BMMC 
which suggests its negative regulation by Btk. A number of reports have described Btk’s 
direct interaction with heterotrimeric G-protein βγ  subunits as well as Gαq and Gα12
subunits [84,249,250]. However, the receptors related to these interactions have not been 
fully determined. GPR177 was also found up-regulated from Btk deficient transitional 
type 1 B cells. GPR177 is located on chromosome 1p31 in humans, the same area which 



Molecular dissection of Bruton’s tyrosine kinase signaling in hematopoietic cells using RNAi 

  39 

was recently found to be specifically linked to the co-morbidity of asthma and allergic 
rhinitis [251].  

Defective Btk signaling has 
been shown to affect serum 
IgE concentration and many 
cytokine expression e.g. IL-
4, IL-5, IL-13 and IFN-γ
[246]. Many of these genes 
are asthma candidate genes. 
Moreover, a new orphan G 
protein-coupled receptor 
GPRA/GPR154 has been 
related to the pathogenesis 
of atopy and asthma [252]. 
In spite of that, evidences 

suggests a possible link 
between Btk and allergic 
disorders, no direct 
evidence has been presented 
nor found. Moreover, the 
implication and relationship 
of GPR177 and Btk needs 
to be further determined in 
protein levels as well as in 
human samples. The model 
in Figure 12 proposes Btk 
mediated regulation of 
GPR177 in mast cells.

Figure 12. A working model for GPR177 and Btk signaling in BMMC. 
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5 CLOSING REMARKS 
Btk signaling has been studied by developing and utilizing siRNA technology followed 
by gene expression profiling. The studies were done in hematopoietic cells including 
monocytes, mast and B cells, which are the natural environment for Btk expression and 
function. What has then been achieved? The multiple siRNA approach has been shown 
to be beneficial in efficient target gene knock down (Paper I). Furthermore, the 
evidence supporting Btk’s role in allergy was presented. Novel Btk regulated receptor 
GPR177 was identified providing a possible link for GPCR and Btk signaling in mast 
cells (Paper IV). The evidence provided here supports Btk’s role as a tumor suppressor 
in mast and B cells. This statement is based on the discovery of a robust up-regulation 
MeLa in Btk deficient cells (Paper IV). The proof-of-principle for using the stable 
shRNA mediated gene knock down in combination with gene expression profiling in 
cell signaling research was presented (Paper II). Moreover, evidence supporting Btk’s 
role in macrophage effector function signaling has been presented. The inducible 
siRNA vector system was developed, providing a convenient tool for efficient target 
gene knockdown cells that are difficult to transfect (paper III). In light of these new 
results we have taken one step forward in describing of the fundamental role of Btk in 
hematoipoietic cells. 
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role in macrophage effector function signaling has been presented. The inducible 
siRNA vector system was developed, providing a convenient tool for efficient target 
gene knockdown cells that are difficult to transfect (paper III). In light of these new 
results we have taken one step forward in describing of the fundamental role of Btk in 
hematoipoietic cells. 
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