
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Discovering miRNAs
Ph.D. thesis

Jonstrup, Søren Peter

Publication date:
2008

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Jonstrup, S. P. (2008). Discovering miRNAs: Ph.D. thesis.

https://orbit.dtu.dk/en/publications/f25d538b-5f9b-4a7c-b6d6-1ba79e82ae2a


 
 

 
Discovering miRNAs 

 
 
 
 

Regulation of miRNAs during osteoblast differentiation and cell 
culturing, miRNA involvement in testis cancer, miRNA microarrays, 
experimental target finding, test of knockdown, and padlock based 

detection 
 

 
 

 

 
 

 
 

Ph.D. thesis by 
Søren Peter Jonstrup 

Department of Molecular Biology 
University of Aarhus 

January 2008 



 1

Table of contents 
 
SUMMARY........................................................................................................................................ 5 

INTRODUCTION ............................................................................................................................. 6 
THE DISCOVERY OF MIRNAS............................................................................................................ 6 
MIRNA GENOMICS............................................................................................................................ 7 
MIRNA PROCESSING ........................................................................................................................ 8 

Transcription of the pri-miRNA................................................................................................... 8 
From pri-miRNA to pre-miRNA .................................................................................................. 9 
Export to the cytoplasm ............................................................................................................... 9 
Dicer mediated cleavage ............................................................................................................. 9 
Incorporation into RISC ............................................................................................................ 10 

VARIATIONS IN THE MIRNA PROCESSING....................................................................................... 11 
MiRNA processing in plants ...................................................................................................... 11 
Mirtrons..................................................................................................................................... 11 
Editing ....................................................................................................................................... 11 

PROTEINS INVOLVED IN PROCESSING .............................................................................................. 12 
Drosha ....................................................................................................................................... 12 
Dicer .......................................................................................................................................... 13 
Argonaute proteins .................................................................................................................... 13 

MIRNA TARGET REGULATION........................................................................................................ 14 
Translational repression ........................................................................................................... 14 
Direct cleavage.......................................................................................................................... 16 
Indirect target degradation ....................................................................................................... 17 
Transcriptional repression ........................................................................................................ 18 
Translational activation ............................................................................................................ 18 

P-BODIES ........................................................................................................................................ 18 
FUNCTIONS OF MIRNAS ................................................................................................................. 21 

MiRNAs in develpoment ............................................................................................................ 21 
MiRNAs in cancer...................................................................................................................... 21 
MiRNAs as transporters of signal between cells ....................................................................... 22 

MIRNA AND TARGET EVOLUTION .................................................................................................. 22 
MIRNA GENE AND TARGET PREDICTION ........................................................................................ 23 

MiRNA gene prediction ............................................................................................................. 24 
MiRNA target prediction ........................................................................................................... 25 

LNA............................................................................................................................................... 27 
MIRNA DETECTION METHODS ....................................................................................................... 27 

Northern blotting ....................................................................................................................... 28 
Real time PCR ........................................................................................................................... 28 
Microarrays ............................................................................................................................... 31 
Other methods ........................................................................................................................... 35 

PADLOCK PROBES AND ROLLING CIRCLE AMPLIFICATION ............................................................... 38 
Padlock probes .......................................................................................................................... 39 
Rolling circle amplification ....................................................................................................... 39 
Functions of padlock probes ..................................................................................................... 40 
RNA detection by padlock probes.............................................................................................. 41 



 2

OSTEOBLASTS................................................................................................................................. 42 

RESULTS......................................................................................................................................... 43 
INVESTIGATIONS OF MIRNAS INVOLVED IN OSTEOBLAST DIFFERENTIATION.................................. 43 

Cloning of miRNAs from MSCs undergoing osteoblast differentiation .................................... 43 
New miRNA clusters .................................................................................................................. 44 
Examination of miRNA profiles................................................................................................. 44 
Examination of single miRNAs.................................................................................................. 46 
Northern blotting confirms new miRNAs but fail to identify miRNAs regulated during 
differentiation of MSCs.............................................................................................................. 46 
Examination of differentiating MSCs using microarray reveals regulated miRNAs ................ 48 
The regulation of the miRNAs were confirmed by real time PCR............................................. 51 
Artificial up and down-regulation of miR-7 .............................................................................. 53 
Artificial up and down-regulation of miRNAs reveals three miRNAs possibly affecting 
osteoblast differentiation ........................................................................................................... 54 
The miRNA regulation in MSCs is independent of differentiation ............................................ 55 
The regulation of miR-7, miR-26b, miR-34a, and miR-210 is conserved in other human 
cell lines..................................................................................................................................... 58 
The levels of miR-7, miR-26b, miR-34a, and miR-210 vary with the growth conditions of 
the cells ...................................................................................................................................... 58 
Potential targets of the four miRNAs......................................................................................... 60 
The regulation of the four miRNAs is dependent on cell density, while no dependency on 
pH, serum concentration or apoptosis was found ..................................................................... 62 
Summary .................................................................................................................................... 63 

MIR-17-5P AND MIR-20A ARE INVOLVED IN PROTECTING MEIOTIC CELLS AND CARCINOMA IN 
SITU IN TESTIS FROM APOPTOSIS...................................................................................................... 63 
IMPLEMENTATION OF THE MICROARRAY TECHNIQUE...................................................................... 64 
DEVELOPMENT OF A SYSTEM FOR EXPERIMENTAL TARGETFINDING................................................ 65 
TESTING OF MIRNA LNA KNOCKDOWN PROBES............................................................................ 66 

Knockdown of miR-92 ............................................................................................................... 66 
Knockdown of miR-7 ................................................................................................................. 68 
Regulation of protein levels....................................................................................................... 69 

DEVELOPMENT OF A MIRNA DETECTION SYSTEM USING PADLOCK PROBES AND ROLLING 
CIRCLE AMPLIFICATION .................................................................................................................. 69 

Determination of the suitable reaction conditions for the padlock detection step.................... 70 
The padlock probes are able to discriminate between closely related miRNAs........................ 70 
Determination of the suitable reaction conditions for the rolling circle amplification step..... 71 
Signal is only obtained in cells expressing the miRNA detected ............................................... 73 
Only a few nanograms of total RNA is needed for detection .................................................... 73 
The method can distinguish between closely related miRNAs .................................................. 73 
The method may be better at distinguishing closely related miRNAs than northern 
blotting....................................................................................................................................... 74 
Development of a small-scale array.......................................................................................... 74 
In situ detection of miRNAs using padlock probes .................................................................... 75 
Summary .................................................................................................................................... 76 

MATERIALS AND METHODS.................................................................................................... 76 
INVESTIGATIONS OF MIRNAS INVOLVED IN OSTEOBLAST DIFFERENTIATION.................................. 76 



 3

Preparation of RNA................................................................................................................... 76 
Cloning of miRNAs .................................................................................................................... 76 
Creation of stem threes.............................................................................................................. 77 
Northern blotting ....................................................................................................................... 77 
DNA microarrays ...................................................................................................................... 77 
Real time PCR detection of miRNAs ......................................................................................... 78 
Artificial regulation of miRNAs................................................................................................. 78 
Real time PCR detection of potential mRNA targets................................................................. 78 

MIR-17-5P AND MIR-20A ARE INVOLVED IN PROTECTING MEIOTIC CELLS AND CARCINOMA IN 
SITU IN TESTIS FROM APOPTOSIS...................................................................................................... 79 
IMPLEMENTATION OF THE MICROARRAY TECHNIQUE...................................................................... 79 
DEVELOPMENT OF A SYSTEM FOR EXPERIMENTAL TARGETFINDING................................................ 79 
TESTING OF MIRNA LNA KNOCKDOWN PROBES............................................................................ 80 
DEVELOPMENT OF A MIRNA DETECTION SYSTEM USING PADLOCK PROBES AND ROLLING 
CIRCLE AMPLIFICATION .................................................................................................................. 81 

Padlock probes .......................................................................................................................... 81 
RNA preparation ....................................................................................................................... 81 
Investigations of the padlock detection step .............................................................................. 82 
Ligation followed by rolling circle assay .................................................................................. 82 
Development of a small-scale array.......................................................................................... 82 
Northern blots............................................................................................................................ 83 

DISCUSSION................................................................................................................................... 83 
INVESTIGATIONS OF MIRNAS INVOLVED IN OSTEOBLAST DIFFERENTIATION.................................. 83 

Investigations of the cloning profiles reveals that the majority of miRNAs have now 
probably been identified ............................................................................................................ 83 
MiRNA profiling by cloning ...................................................................................................... 84 
Unidentified sequences .............................................................................................................. 84 
Editing ....................................................................................................................................... 85 
Variations in the 3’ and 5’ length of cloned miRNAs................................................................ 87 
Occurrence of mirtrons and piRNA........................................................................................... 88 
MiR-451 may undergo untraditional processing by Dicer........................................................ 88 
Clusters containing the new miRNAs ........................................................................................ 89 
Specificity of northern blots....................................................................................................... 89 
Microarray investigations of osteoblast differentiation ............................................................ 90 
Primer-dimer problems in real time PCR ................................................................................. 90 
Artificial miR regulation............................................................................................................ 91 
Predicted targets in osteoblasts................................................................................................. 91 
Comparison of cloning results to another study on osteoblast differentiation.......................... 92 
Potential of knowing osteoblast differentiation......................................................................... 94 
Conclusion................................................................................................................................. 94 

MIRNAS REGULATED DURING CELL GROWTH ................................................................................ 94 
Sub-groups of cells within a culture might show different regulation of miRNAs .................... 95 
Role of cell density dependent miRNAs ..................................................................................... 95 
Potential targets ........................................................................................................................ 96 
Conservation.............................................................................................................................. 97 
Conclusion................................................................................................................................. 98 



 4

MIR-17-5P AND MIR-20A ARE INVOLVED IN PROTECTING MEIOTIC CELLS AND CARCINOMA IN 
SITU IN TESTIS FROM APOPTOSIS...................................................................................................... 98 
IMPLEMENTATION OF THE MICROARRAY TECHNIQUE...................................................................... 98 
DEVELOPMENT OF A SYSTEM FOR EXPERIMENTAL TARGETFINDING................................................ 99 
TESTING OF MIRNA LNA KNOCKDOWN PROBES.......................................................................... 100 

Possible explanation for the observed band shift.................................................................... 100 
The lack of target expression restoration................................................................................ 101 
Rules of LNA design ................................................................................................................ 101 

DEVELOPMENT OF A MIRNA DETECTION SYSTEM USING PADLOCK PROBES AND ROLLING 
CIRCLE AMPLIFICATION ................................................................................................................ 101 

Discrimination of related miRNAs .......................................................................................... 102 
Discrimination between the mature miRNA and its precursors .............................................. 102 
Choosing the right RNA fraction............................................................................................. 103 
Reaction conditions ................................................................................................................. 103 
Internal control and standard curve........................................................................................ 104 
Differences between different padlock probes......................................................................... 104 
Alternative signal detection ..................................................................................................... 105 
Circle-to-circle amplification.................................................................................................. 106 
Detecting miR-21..................................................................................................................... 106 
In situ hybridization................................................................................................................. 107 
Arrayifying the technique ........................................................................................................ 107 
Detection of plant miRNA........................................................................................................ 108 
Comparison to other available techniques.............................................................................. 108 

IN SUMMARY ................................................................................................................................ 111 

ACKNOWLEDGEMENTS .......................................................................................................... 112 

REFERENCES .............................................................................................................................. 112 

APPENDIX A................................................................................................................................. 134 

APPENDIX B................................................................................................................................. 135 
 



 5

Summary 
 
MicroRNAs (miRNAs) are a class of non-coding RNAs that act as negative regulators of gene 
expression. Here I present the identification of six new miRNAs. Furthermore, the 
involvement of miRNAs in osteoblast differentiation is investigated. Artificial regulation of 
miR-34a, miR-92, and miR-210 is shown to affect osteoblast differentiation of mesenchymal 
stem cells (MSCs). However, no miRNAs showing an expression pattern dependent on this 
differentiation was found. In stead four miRNAs (miR-7, miR-26b, miR-34a, and miR-210) 
are identified which expression pattern shows dependency on cell density. This cell density 
dependent expression is found to be conserved in several human cell lines. I also present data 
indicating that miR-17-5p and miR-20a are involved in both proper spermatogenesis as well 
as development of testis cancer. I played a large role in implementation of the microarray 
technique in our laboratory. I also developed an experimental approach for identification of 
miRNA targets capable of selecting mRNAs showing complementarity towards a specific 
miRNA. In a test of LNA knockdown probes I found that probes based on deoxyribose 
nucleotides or on 2’-O-methyl modified nucleotides works better than probes based on ribose 
nucleotides. Finally, a miRNA detection method relying on padlock probes is presented. This 
method is shown to discriminate between closely related miRNAs and only require few 
nanograms of total RNA for detection. 
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Introduction 
 
RNA is a molecule of major importance in living cells. It serves as a messenger transcribed 
from DNA and coding for protein (Siekevitz and Zamecnik, 1981). But RNA also has many 
non-coding functions. It is an important constituent of ribosomes in the form of rRNA 
(Brachet, 1933; Siekevitz and Zamecnik, 1981) and as tRNA it is functioning as a carrier of 
amino acids to the site of translation (Hoagland et al., 1958; Siekevitz and Zamecnik, 1981). 
Non-coding RNAs also play key roles in the nucleus, for example snRNAs participate in 
splicing (Lerner et al., 1980; Rogers and Wall, 1980). In october 2001 three papers in Science 
magazine brought a new class of non-coding RNAs into the spotlight (Lagos-Quintana et al., 
2001; Lau et al., 2001; Lee and Ambros, 2001). These small single stranded RNAs (ssRNAs) 
are about 22 nucleotides (nt) in length. They are generated from endogenous transcripts 
capable of forming hairpin structures and seem to play an important role in regulation of the 
protein levels in cells (Cullen, 2004). Because of their short length this class of RNAs is 
called microRNAs (miRNAs). These miRNAs will be the focus of this Ph.D. thesis. 
 
The discovery of miRNAs 
 
In 1981 it was shown that a mutation in the abnormal cell lineage-4 (lin-4) gene interferes 
with the developmental pattern of the nematode Ceanorhabditis elegans (C. elegans) (Chalfie 
et al., 1981). Six years later the lin-4 gene product was found to act as a negative regulator of 
lin-14 whose activity is required for specifying the division timings of a specific group of 
cells during postembryonic development in worms (Ambros and Horvitz, 1987). In 1993 it 
turned out that lin-4 does not encode a protein, but instead the active form is an ~22 nt RNA 
processed from a longer precursor (Lee et al., 1993). This short RNA reduces the amount of 
lin-14 protein without affecting the amount of lin-14 transcript present in the cells. The 
reduction in protein was shown to depend on stretches in the 3 prime untranslated region 
(3’UTR) of the lin-14 transcript, which showed partial complementarity to the lin-4 RNA 
(Wightman et al., 1993). The first miRNA was found. However the lack of homologs in other 
organisms led to the belief that this was an isolated example of gene regulation in worms and 
seven years passed before the next miRNA was revealed. 
 
In the year 2000 another miRNA was discovered in C. elegans. This 21-nucleotide transcript 
called lethal-7 (let-7) was found to be implicated in the late larval to adult transition (Reinhart 
et al., 2000). The let-7 transcript was also found in many other species including humans 
(Pasquinelli et al., 2000) and in october 2001 the cloning of multiple new miRNAs was 
reported (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001). This made it 
clear that these ~22nt long RNAs processed from hairpin-forming precursors (now known as 
pre-miRNAs) constitute a whole class of non-coding RNAs and the term miRNA was 
introduced as a collective name for these. Numerous miRNAs from different species have 
been cloned since and an online registry called miRBase has been introduced to keep track of 
the different miRNAs known as well as their targets (Griffiths-Jones, 2004; Griffiths-Jones et 
al., 2006). 
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Alongside the discovery of miRNAs another ground breaking small-RNA discovery was 
made. In 1998 Andrew Fire and Craig Mello showed convincingly that providing C. elegans 
with double stranded RNA (dsRNA) effectively silenced mRNA complementary to the 
dsRNA sequence (Fire et al., 1998). The mechanism was named RNA interference (RNAi) 
and provided molecular biologists with a powerful new tool to regulate (knockdown) levels of 
specific transcripts. Experiments in plants indicated that the effector molecules of RNAi were 
small antisense RNAs - later named small interfering RNAs (siRNAs) (Hamilton and 
Baulcombe, 1999). Two years later in 2001 it was found that short dsRNA ~22nt transfected 
into mammalian cells would mediate RNAi bypassing the non-sequence specific responses 
longer dsRNA normally triggers in mammals (Elbashir et al., 2001a). This made RNAi 
interesting as a therapeutically tool as well and in 2006 Fire and Mello received the Nobel 
Prize in medicine for their discovery (Zamore, 2006). 
 
2001 was also the year when a connection between the miRNA pathway and RNAi was made. 
It was found that the RNase III enzyme called Dicer was involved in both the conversion of 
long dsRNA into siRNA (Bernstein et al., 2001; Knight and Bass, 2001) as well as converting 
pre-miRNAs into mature miRNAs (Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al., 
2001). Also a group of proteins known as Argonautes (Ago) were found to play roles in both 
pathways (Grishok et al., 2001; Tabara et al., 1999). That miRNAs were able to enter the 
RNAi pathway and mediate cleavage of targets underlined the close connections between the 
pathways (Hutvagner and Zamore, 2002). 
 
Since then several other small RNA classes have been discovered. In plants so called trans 
acting siRNAs (tasiRNA) and natural antisense transcript derived siRNAs (natsiRNAs) have 
been described (Chapman and Carrington, 2007). Repeat associated small interfering RNAs 
(rasiRNAs) have been found in several organisms (Aravin et al., 2003; Brennecke et al., 2007; 
Gunawardane et al., 2007; Sijen and Plasterk, 2003; Vagin et al., 2006). RasiRNA seem to be 
a subgroup of the Piwi interacting RNAs (piRNAs) that have been cloned from the germline 
cells of mammals and flies (Aravin et al., 2006; Aravin et al., 2007; Girard et al., 2006; 
Grivna et al., 2006; Lau et al., 2006; Watanabe et al., 2006). 
 
As can be seen the field of small RNAs has exploded the last 10 years and thousands of 
papers have been published describing the genesis of the small RNAs, the function of them, 
and the application of short RNAs as a tool to for scientists to artificially manipulate protein 
levels in cells. The upcomming sections of this introduction will mainly focus on the present 
knowledge of miRNAs since this class of small RNAs is the subject of my experimentally 
work. 
 
miRNA genomics 
 
541 human miRNAs have so far been discovered (January 2008) and miRNAs have been 
identified in several multicellular eukaryotes (Griffiths-Jones et al., 2006). Recently miRNAs 
have also been found in the unicellular green alga Chlamydomonas reinhardtii (Zhao et al., 
2007). The miRNA expressing genes are spread out all over the genome and all human 
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chromosomes have been shown to express miRNAs except the Y-chromosome (Griffiths-
Jones et al., 2006). Some miRNAs are expressed as clusters in one transcript (Lee et al., 2002) 
and most mammalian miRNAs are encoded in introns (Kim and Kim, 2007). About one third 
to half of these are situated in introns of protein coding genes (Rodriguez et al., 2004). Some 
miRNAs are located at more than one genomic location. MiR-X-1, miR-X-2 etc. are used as 
discrimination between the different genomic locations (Griffiths-Jones et al., 2006). 
 
MiRNA processing 
 
The way from miRNA gene to mature miRNA has been the subject of extensive research and 
the major steps in the pathway have been unraveled. An overview of the miRNA processing 
pathway is given in figure 1 and described in detail in this section. 
 

 
 
Transcription of the pri-miRNA 
 
The primary transcript of a miRNA is referred to as the pri-miRNA (Lee et al., 2002). 
Although some pri-miRNAs are transcribed by RNA polymerase III (Borchert et al., 2006) 
the transcription of pri-miRNAs is generally dependent on RNA polymerase II. As other RNA 
polymerase II transcripts they contain a 5’cap, a poly(A)tail, and introns (Bracht et al., 2004; 
Cai et al., 2004; Lee et al., 2004a). TATA box motifs upstream of the miRNA genes have 
been found to promote transcription and other potential binding sites for transcription factors 
have also been found (Houbaviy et al., 2005; Lee et al., 2007; Xie et al., 2005). The pri-
miRNAs are often 3-4 kb in length and have clearly defined 5’ and 3’ boundaries (Saini et al., 
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2007). The intronic miRNAs probably share their regulatory elements and primary transcript 
with their pre-mRNA host genes (Baskerville and Bartel, 2005). In the pri-miRNA transcript 
the mature miRNA sequence localize to one of the stem strands of a hairpin structure (Cullen, 
2004). 
 
From pri-miRNA to pre-miRNA 
 
After its transcription the pri-miRNA is processed to a hairpin of around 70nt in length 
termed the pre-miRNA (Lee et al., 2002). For miRNAs situated in introns this processing 
seems to occur before splicing (Lee et al., 2007). This processing event is carried out by a 
complex called the Microprocessor complex (~600 kDa in human). At least two different 
proteins are situated in this complex, the RNase III enzyme Drosha (160 kDa in human) and 
the double-stranded RNA binding (dsRBD) protein DGCR8 (120kDa in human) (Pasha in 
Drosophila) (Denli et al., 2004; Gregory et al., 2004; Han et al., 2004a; Landthaler et al., 
2004). Both of these proteins are present in more than one copy (Han et al., 2004a), when 
comparing the molecular weights of the complex and the proteins one could be tempted to 
suggest two of each. Together these two proteins are both necessary and sufficient for proper 
cleavage to take place (Denli et al., 2004; Gregory et al., 2004; Han et al., 2004a; Landthaler 
et al., 2004; Lee et al., 2003). As other RNase III enzymes cleavage of RNA hairpins 
mediated by Drosha results in a double-stranded break with a 5’ phosphate and a 2nt 
3’overhang. This cleavage defines one of the ends in the mature miRNA (Bartel, 2004; 
Basyuk et al., 2003; Lee et al., 2003). The role of DGCR8 may be to bring specificity into the 
cleavage reaction (Gregory et al., 2004; Han et al., 2006; Sohn et al., 2007). The levels of 
mature miRNAs are to some extent determined by regulation of the pri-miRNA to pre-
miRNA processing step (Obernosterer et al., 2006; Thomson et al., 2006). 
 
Export to the cytoplasm 
 
Following cleavage by Drosha the pre-miRNA is transported from the nucleus to the 
cytoplasm. This export is mediated by Exportin-5 in a Ran-GTP dependent manner 
(Bohnsack et al., 2004; Lund et al., 2004; Yi et al., 2003; Zeng and Cullen, 2004). Besides 
functioning as an export factor Exportin-5 also seems to protect the pre-miRNA from 
breakdown by nucleases (Lund et al., 2004; Yi et al., 2003; Zeng and Cullen, 2004). 
Therefore hydrolysis of Ran-GTP to Ran-GDP in the cytoplasm, which releases the pre-
miRNA from Exportin-5, is speculated to be necessary for further processing of the pre-
miRNA (Zeng and Cullen, 2004). 
 
Dicer mediated cleavage 
 
When the pre-miRNA has reached the cytoplasm it is cleaved by another RNase III enzyme 
called Dicer (Ketting et al., 2001). Dicer cleavage of the pre-miRNA results in an ~22bp 
miRNA duplex intermediate (Zhang et al., 2004). Like Drosha cleavage by Dicer introduces a 
5’ phosphate and a 2nt 3’overhang at the cleavage site (Elbashir et al., 2001b), the result being 
that both ends of the miRNA duplex intermediate now have similar appearance. In 
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Drosophila, which expresses two different Dicer enzymes, Dicer1 interacts with the dsRBD 
protein Loquacious that seems essential for efficient pre-miRNA processing (Forstemann et 
al., 2005; Saito et al., 2005). In mammals the homologous dsRBD proteins TRBP and PACT 
may perform a similar function (Chendrimada et al., 2005; Gregory et al., 2005; Haase et al., 
2005; Lee et al., 2006b). It seems that also the dicer processing step is involved in controlling 
the levels of mature miRNA in the cell (Obernosterer et al., 2006; Wulczyn et al., 2007). 
 
Incorporation into RISC 
 
After cleavage Dicer remains associated with the miRNA duplex (Pham et al., 2004; Zhang et 
al., 2004), which now gets incorporated into the RNA-Induced Silencing Complex (RISC) 
(Bartel, 2004). Apparently the miRNA duplex does not unwind before an Argonaute protein 
(Ago) has bound to it (Okamura et al., 2004; Tomari et al., 2004b), but unwinding probably 
happens shortly hereafter since the mature RISC contains the single stranded mature miRNA 
(Martinez et al., 2002; Mourelatos et al., 2002). 
 
If the Ago protein binding the miRNA duplex has endonuclease activity (described later) it 
might be able to cleave the strand of the duplex that is not incorporated in the RISC. This 
leaves two short RNA fragments that might not require a helicase for unwinding (Kim et al., 
2006b; Leuschner et al., 2006; Matranga et al., 2005; Miyoshi et al., 2005). This however 
does not explain how the duplex is unwound in cases where the Ago protein does not contain 
endonuclease activity or if the miRNA duplex contains an unpaired region at the site where 
the cleavage otherwise would occur thereby hindering the cleavage reaction. The P68 RNA 
Helicase has been shown to be able to unwind the miRNA duplex (Salzman et al., 2007) but 
also the RecA helicase have been connected with this function (Robb and Rana, 2007). Thus 
the exact way that the two strands of the miRNA duplex are separated is still undetermined. 
However when the duplex is unwound the strand whose 5’end is less tightly paired generally 
is the one chosen to be the mature miRNA, while the other strand is degraded. For some 
miRNAs both strands are processed to mature miRNAs, meaning that sometimes one strand is 
selected and sometimes the other. In these cases it is often seen that the 5’ends are just about 
equally tightly paired (Khvorova et al., 2003; Schwarz et al., 2003). The strand normally 
being degraded is often referred to as miR-X*. If both strands are selected the miRNA 
situated in the 3’end of the pre-miRNA is referred to as miR-X-3p, while the one situated in 
the 5’end is referred to as miR-X-5p (Griffiths-Jones et al., 2006). 
 
In Drosophila incorporation of the right strand of an siRNA is assisted by the dsRBD protein 
R2D2. R2D2 forms a heterodimer with Dicer2 and binds the more stable end of the siRNA 
duplex in order to allow selection of the right strand (Liu et al., 2003; Liu et al., 2006; Tomari 
et al., 2004a; Tomari et al., 2004b). In humans the dsRBD proteins TRBP and PACT are 
showing homology to R2D2 and are also involved in RNA silencing. The inactivation of 
these proteins result in loss of mature miRNAs and they (like R2D2) may be involved in 
selecting the right strand of the miRNA duplex (Chendrimada et al., 2005; Gregory et al., 
2005; Haase et al., 2005; Lee et al., 2006b). 
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The mature miRNA is probably anchored to the RISC by binding via its 5’ phosphate to a 
highly basic pocket in the MID domain (described later) of an Ago protein (Parker et al., 
2004; Yan et al., 2003). The RISC incorporated miRNA is now ready to exert its function. 
 
Variations in the miRNA processing 
 
Not all miRNAs are processed as described above. In general miRNA processing in plants 
differ at several points from the above described pathway. However also in animals a pathway 
exists that bypasses Drosha processing. In addition editing have also for some miRNAs been 
shown to influence there processing. This section will focus on these variations. 
 
MiRNA processing in plants 
 
In plants the miRNA processing pathway is somewhat different from what has been observed 
in animals. The pri-miRNA is cut in the nucleus by the RNase III enzyme DICER-Like 1 
(DCL1) yielding a pre-miRNA (Park et al., 2002). DCL1 then cuts the pre-miRNA again 
yielding the miRNA duplex intermediate (Kurihara and Watanabe, 2004). DCL1 requires 
interaction with its dsRBD partner HYL1 for proper processing of the pri-miRNA to the 
duplex intermediate (Han et al., 2004b; Kurihara et al., 2006; Vazquez et al., 2004). Each 
strand of the duplex is then protected by methylation at the 2’position of the 3’end by the 
dsRNA methylase HEN1 (Li et al., 2005; Yang et al., 2006b; Yu et al., 2005). Now the 
duplex intermediate is transported to the cytoplasm by the HASTY transporter where one 
strand is incorporated into the RISC (Park et al., 2005). In essence the major difference is thus 
that in the plant pathway the processing to the miRNA duplex takes place prior to export to 
the cytoplasm whereas in animals the second cleavage step is carried out by a different 
enzyme complex in the cytoplasm. 
 
Mirtrons 
 
Recently it has been discovered that not all animal miRNAs seem to originate from a pathway 
involving Drosha. At least in Drosophila and C. elegans certain short introns are capable of 
undergoing debranching after splicing. The debranched intron folds up into a pre-miRNA 
hairpin that seems to enter the normal miRNA processing pathway at the step of nuclear 
export. Since these miRNAs originate from introns, they have been named mirtrons (Okamura 
et al., 2007; Ruby et al., 2007). Mirtrons have also been found in mammalian cells (Berezikov 
et al., 2007). 
 
Editing 
 
Certain pri-miRNAs undergo ADAR mediated RNA editing that converts adenosine residues 
in dsRNA to inosine (Blow et al., 2006; Kawahara et al., 2007a; Kawahara et al., 2007b; 
Luciano et al., 2004; Yang et al., 2006a). This may block the processing of pri-miRNA to pre-
miRNA (Yang et al., 2006a). Also the processing of the pre-miRNA by Dicer has been 
reported to be blocked by this kind of editing (Kawahara et al., 2007a). Editing in the mature 
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miRNA sequence may also alter the target recognition by the miRNAs (Blow et al., 2006) as 
well as editing of mRNAs may either create new targets or destroy existing ones (Liang and 
Landweber, 2007). 
 
Proteins involved in processing 
 
Of the proteins involved in miRNA processing the central players Drosha, Dicer, and 
Argonaute proteins have been subjected to most extensive research. This section will describe 
these three factors in more detail. 
 
Drosha 
 
Drosha is an RNAse III class II enzyme and is the protein responsible for cleaving the pri-
miRNA (Han et al., 2004a; Lee et al., 2003). From the N-terminal to the C-terminal it 
contains a proline-rich domain, an arginine/serine rich domain, a middle region with no 
recognized sequence characteristics, two RNase III catalytic domains and a dsRNA-binding 
domain (Cullen, 2004). The interacion with DGCR8 is mediated through the middle region 
and the two RNase III catalytic domains. Despite the fact that there are probably two Drosha 
molecules present in the microprocessor complex the cleavage reaction takes place as an 
intra-molecular process, where the most N-terminal of the two RNase III catalytic domain is 
critical for making the 3’cut whereas the most C-terminal RNase III catalytic domain is 
responsible for making the 5’cut in the pri-miRNA (Han et al., 2004a). 
 

 
 
Correct cleavage by Drosha is important since inconsequent processing could alter the target 
recognition of the mature miRNA. Originally Drosha was thought to cut the stem of the pre-
miRNA by measuring two helical turns from the loop (figure 2 A) (Zeng et al., 2005). Newer 
results disagree with this view. Here it is found that in the pri-miRNA the pre-miRNA is 
located in a region where the partly double stranded nature of the pre-miRNA hairpin is 
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continued for around one helical RNA turn (~11bp) after the site of Drosha cleavage. Single 
stranded regions then flank this hairpin structure. The microprocessor complex seems to 
recognize the junction of single stranded and double stranded RNA and then make its cut one 
helical turn up the double stranded stem (figure 2 B). DGCR8 is thought to be the molecule 
measuring the distance from the junction to the site of cleavage. Larger loops in the pre-
miRNA mimic single stranded regions and Drosha + DGCR8 may in these cases recognize 
the wrong end of the hairpin stem. In these pre-miRNAs the false cleavage sites are often 
found to contain a bulge in the hairpin structure thereby disfavoring Drosha processing at this 
site (Han et al., 2006). 
 
Dicer 
 
Human Dicer is about 200 kDa and belongs to class III of the RNase III family. From the N-
terminal to the C-terminal it contains a helicase domain, a domain of unknown function, a 
PAZ (Piwi, Argonaute, Zwille) domain, two RNase III catalytic domains, and a dsRNA-
binding domain (Bernstein et al., 2001; Zhang et al., 2004). The PAZ domain appears to bind 
to ends made by an RNase III enzyme cut (Lingel et al., 2003; Lingel et al., 2004; Song et al., 
2003; Zhang et al., 2004). In this way Dicer may recognize the Drosha cleaved pre-miRNA. 
Like Drosha, it is the two RNase III catalytic domains of Dicer that interact to perform the 
cleavage. Like Drosha the most N-terminal RNase III catalytic domain makes the 3’-cleavage, 
while the most C-terminal domain makes the 5’-cleavage (Zhang et al., 2004). 
 
When the PAZ domain of Dicer recognizes the 3’ overhang it is thought to position the RNase 
III domains approximately two helical turns away from the end of the pre-miRNA. In this 
way a miRNA duplex intermediate of ~22nt is the result of the cleavage (Lingel et al., 2004; 
Ma et al., 2004; Macrae et al., 2006; Song et al., 2003; Vermeulen et al., 2005; Yan et al., 
2003). After unwinding of the miRNA duplex the PAZ domain is still able to bind the 3’end 
of the mature miRNA and it is speculated that an Ago protein binds to it at this stage (Lingel 
et al., 2003; Lingel et al., 2004; Ma et al., 2004; Yan et al., 2003). 
 
In Drosophila Dicer-1 is associated with the processing of pre-miRNAs and Dicer-2 is 
required for production of siRNAs while in mammals only one Dicer exist that participates in 
both pathways (Bernstein et al., 2001; Lee et al., 2004b; Okamura et al., 2004). 
 
Argonaute proteins 
 
Argonaute (Ago) proteins were named after the squid-like phenotype of Arabidopsis thaliana 
lacking functional Ago proteins (Bohmert et al., 1998). The number of genes coding for Ago 
proteins vary from 1 in Schizosaccharomyces pombe (S. pombe) to 27 in C. elegans. 8 family 
members are found in human and these are divided into two subfamilies. The Ago subfamily 
contains Ago1-4 and the Piwi subfamily contains HIWI1-3 and HILI (Peters and Meister, 
2007). Members of the Piwi subfamily seem to be expressed only in germ cells, while the 
Ago subfamily is more generally expressed (Meister et al., 2004; Sasaki et al., 2003). 
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Ago proteins have been shown to be a part of RISC (Hammond et al., 2001; Hutvagner and 
Zamore, 2002; Martinez et al., 2002; Meister et al., 2004; Mourelatos et al., 2002; Tabara et 
al., 1999). They have a molecular weight of about 100 kDa and contain a PIWI, a MID, and a 
PAZ domain (Cerutti et al., 2000). Both the PIWI and PAZ domain may contribute to the 
recognition of the Dicer bound miRNA duplex. Similar to the PAZ domain of Dicer the PAZ 
domain of Ago proteins recognizes an RNase III digested end of the miRNA duplex (Lingel et 
al., 2003; Lingel et al., 2004; Ma et al., 2004; Song et al., 2003; Yan et al., 2003), while the 
PIWI domain is able to interact with Dicer (Doi et al., 2003; Tahbaz et al., 2004). The MID 
domain contains a highly basic pocket, which specifically binds the 5’ phosphate of the 
miRNA and thereby anchors it in the RISC (Parker et al., 2005; Yuan et al., 2005). 
 
Some Ago proteins are endonucleases. The PIWI domain folds similar to RNase H and three 
residues form a catalytic triad. In human Ago2 these have been identified to D(597), D(669), 
and H(807) (Rivas et al., 2005; Song et al., 2004). Also Ago3 contains this catalytic triad but 
Ago2 seems to be the only member of the human Ago subfamily with endonuclease activity 
(Liu et al., 2004b; Meister et al., 2004). 
 
The two members of the Argonaute subfamily found in Drosophila have been shown to have 
distinct functions. Ago1 acts in translational repression while Ago2 is involved in direct 
cleavage of target (see next section for description of the mechanisms of miRNA inhibition) 
(Behm-Ansmant et al., 2006b; Okamura et al., 2004; Rehwinkel et al., 2006). SiRNAs are 
loaded into Ago2 containing RISC while the miRNAs can be loaded into either an Ago1 or 
Ago2 containing RISC depending on the structure of the miRNA duplex intermediate 
(Forstemann et al., 2007; Tomari et al., 2007). Also in C. elegans the structure of the miRNA 
duplex intermediate seems to determine the fate of the miRNA (Steiner et al., 2007). In 
mammals Ago2 functions in RNAi whereas all four members of the Ago subfamily seem to 
be involved in the miRNA pathway (Liu et al., 2004b; Meister et al., 2004; Pillai et al., 2004). 
 
MiRNA target regulation 
 
Recently it has been shown that miRNAs in some cases can up-regulate translation 
(Vasudevan and Steitz, 2007; Vasudevan et al., 2007). However the general function of 
miRNAs is to reduce the protein levels from genes showing complementarity to the miRNA 
sequence. This can be done by inhibiting translation, degrading the mRNA transcript, or 
silencing transcription (Peters and Meister, 2007). Which mechanism is chosen seems in part 
to rely on the degree of complementarity to the target (Brennecke et al., 2005; Doench and 
Sharp, 2004; Jackson et al., 2003; Lai, 2002; Lewis et al., 2003; Pusch et al., 2003) but also 
the structure of the ~22nt miRNA duplex intermediate seems to play a role (Forstemann et al., 
2007; Steiner et al., 2007; Tomari et al., 2007). This section will sum up the current 
knowledge of how miRNAs exert their function. 
 
Translational repression 
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The first miRNA found (lin-4 in C. elegans) was shown to reduce the amount of Lin-14 
protein without affecting the amount of lin-14 transcript present (Wightman et al., 1993). Also 
in mammals miRNAs are able to repress protein expression without affecting the level of 
transcript present (O'Donnell et al., 2005; Poy et al., 2004). This repression has been named 
translational repression and RISCs containing miRNAs that enters this pathway of silencing 
are often referred to as microribonucleoproteins (miRNPs) (Mourelatos et al., 2002). The 
involvement of Ago proteins in this process seems likely since tethering of Ago proteins to 
the 3’UTR of an artificial reporter inhibited translation from this mRNA (Pillai et al., 2004). 
The role of the miRNA would in this view be to lead the Ago protein to the right transcripts 
by hybridization to these. 
 
How the Ago proteins inhibit translation is still somewhat controversial. MiRNAs and Ago 
proteins have been found to co-sediment with polyribosomes in sucrose gradients (Maroney et 
al., 2006; Nottrott et al., 2006; Olsen and Ambros, 1999; Petersen et al., 2006; Seggerson et 
al., 2002). This has lead to the suggestion that miRNPs associate with ribosomes and regulate 
their targets after initiation of translation. In favor of this theory is the fact that miRNA targets 
are also found to co migrate with polyribosomes and that destruction of polyribosomes shifts 
the location of Ago proteins and miRNAs to smaller mRNP complexes in the sucrose gradient 
(Maroney et al., 2006; Nottrott et al., 2006; Petersen et al., 2006). On the other hand other 
evidence contradicts this model. First, Ago proteins, miRNAs, and their targets localize to 
processing bodies (P-bodies) where ribosomal proteins have not been found (Chan and Slack, 
2006). Second, miRNPs have been shown not to influence cap independent translation 
initiated by internal ribosomal entry sites (IRES) and it seems that efficient repression 
requires both a 5’ cap structure as well as a poly(A) tail (Humphreys et al., 2005; Pillai et al., 
2005; Wakiyama et al., 2007; Wang et al., 2006a). Furthermore, miRNA targeting seems to 
inhibit ribosome recruitment to the mRNA (Mathonnet et al., 2007; Thermann and Hentze, 
2007). Finally, Thermann and Hentze observe that miRNAs co-sediment with dense 
structures in sucrose gradients that are unaffected by blocking of polyribosome formation 
(Thermann and Hentze, 2007). These structures are speculated to be P-bodies and not 
polyribosomes. They are thus proposed to explain the earlier results where miRNAs was 
thought to co sediment with polyribosomes (Maroney et al., 2006; Nottrott et al., 2006; Olsen 
and Ambros, 1999; Petersen et al., 2006; Seggerson et al., 2002). However, in the original 
studies stating that miRNAs co-sediment with polyribosomes it was found that destruction of 
polyribosomes shifts the location of Ago proteins and miRNAs to smaller mRNP complexes 
in the sucrose gradient (Maroney et al., 2006; Nottrott et al., 2006; Petersen et al., 2006). The 
discrepancies between these studies remain to be fully understood. Yet the newer observations 
favor a model where translational repression inhibits initiation of translation instead of 
elongation. This view is strengthened by the observation that the cationic amino acid 
tranporter 1 (CAT-1) mRNA associates with polyribosomes first after repression by miR-122 
is abolished upon cellular stress in liver cells (Bhattacharyya et al., 2006). More over cell free 
in vitro systems have shown that addition of recombinant cap binding complex (eIF4E), 
which plays a role in initiation of translation, interfere with miRNA-guided inhibition. This is 
probably because human Ago2 competes with this complex in binding the 5’cap. In support 
hereof the binding of Ago2 to the 5’cap seems important for proper translational repression 
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(Kiriakidou et al., 2007; Mathonnet et al., 2007). The possible interaction between Ago2 and 
the 5’cap supports an inhibition that takes place at the 5’cap structure, but it has also been 
found that the miRNP is situated in a larger complex containing eIF6. EIF6 is able to inhibit 
initiation of translation by preventing the joining of the 60S and 40S ribosomal subunits when 
the 40S initiation complex is situated at the start codon. This indicates that the translation 
block is taking place at the start codon (Chendrimada et al., 2007). With these contradictory 
results it is still not certain whether translational repression happens at the initiation or 
elongation step of translation. Furthermore, if repression takes place at the initiation step is it 
then at the recognition of the 5’cap or at the start codon. Most data support the model of 
repression at translational initiation. Still, the different mechanisms may not be mutually 
exclusive and specific targets or conditions may lead to activation of one or the other. 
 
So far most targets for translational repression have been found in the 3’UTR of mRNAs 
(Bartel, 2004; Reinhart et al., 2000; Wightman et al., 1993) although targets artificially 
introduced in the 5’UTR seem just as effective (Lytle et al., 2007). An mRNA can contain 
more than one miRNA target (Enright et al., 2003; John et al., 2004; Lee et al., 1993; Reinhart 
et al., 2000; Wightman et al., 1993). Multiple miRNA targets within the same mRNA-
transcript result in more efficient translational repression and the repression effect have been 
shown to be more than the sum of each target present alone (Doench et al., 2003). In some 
cases several targets for the same miRNA work together to mediate repression and in other 
cases targets for different miRNAs are present in the same transcript (Enright et al., 2003; 
John et al., 2004; Lee et al., 1993; Reinhart et al., 2000; Wightman et al., 1993). 
 
Experimental and computational approaches show that a high degree of complementarity 
between a target mRNA and residues 2-8 (referred to as the seed region) in the miRNA often 
are important for miRNA mediated translational repression, whereas outside this region a high 
degree of non-complementarity is allowed (Brennecke et al., 2005; Doench and Sharp, 2004; 
Lai, 2002; Lewis et al., 2003). The observation that complementarity to the target mRNA is 
more important in the 5’ end of the miRNA than in the 3’end has led to the hypothesis that the 
miRNA is bound by the RISC in such a way, that the seed region is exposed and able to base 
pair with targets, while the 3’end is hidden in the complex perhaps bound by a PAZ domain 
of an Ago protein. In this scenario target recognition by the seed region of the miRNA should 
be vital for function, while the 3’region would just add some extra specificity (Bartel, 2004). 
 
Direct cleavage 
 
When using RNAi as a tool the siRNAs are usually designed to be perfectly complementary 
to their target and works by promoting direct cleavage of the mRNA transcripts. MiRNAs can 
also work like siRNAs by mediating direct cleavage of their substrates (Hutvagner and 
Zamore, 2002; Yekta et al., 2004). A miRNA incorporated in a RISC can catalyze multiple 
rounds of cleavage (Hutvagner and Zamore, 2002), and the cleavage of the target takes place 
5’ to the phosphate opposing the phosphate between nt 9 and 10 of the miRNA (Elbashir et 
al., 2001b; Elbashir et al., 2001c; Yekta et al., 2004). The target mRNA is cleaved by the 
PIWI domain of Ago proteins. In mammalian cells the PIWI domain of Ago2 most likely is 
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responsible for this (Liu et al., 2004b; Meister et al., 2004; Song et al., 2004). The cleavage 
process is independent of ATP (Hutvagner and Zamore, 2002), but requires a divalent cation 
and results in a 5’phosphate and a 3’hydroxyl at the cleavage site (Liu et al., 2004b; Schwarz 
et al., 2004). After cleavage a stretch of uridines is added to the newly formed 3’end of the 
cleaved mRNA. This addition enhances decapping and degradation from the 5’end of the 
mRNA and therefore could be a way for the cell to minimize translation initiation of the 
cleaved targets (Shen and Goodman, 2004; Song and Kiledjian, 2007). 
 
An A-form helix structure between miRNA and target at the site of cleavage is required for 
Ago proteins to cleave the target (Chiu and Rana, 2003; Haley and Zamore, 2004; Ma et al., 
2005). Therefore a high degree of base pairing between the miRNA and mRNA target is 
normally necessary for miRNA directed cleavage to take place, although some non-
complementarity still seems to be allowed. Especially the 3’end of the miRNA is allowed to 
contain mismatches (Jackson et al., 2003; Pusch et al., 2003). On the other hand even full 
complementarity to the mRNA target is not always enough to ensure cleavage indicating that 
other factors such as target accessibility may also play a role (Meister et al., 2004; Steiner et 
al., 2007). 
 
In plants most miRNAs are almost fully complementary to their target mRNAs and often 
promote direct cleavage of their targets (Tang et al., 2003). In animals this pathway seems to 
be used less frequently by miRNAs. However, miR-196 shows an extensive complementarity 
the HoxB8 mRNA and RISC mediated cleavage of the transcript has been shown to take place 
in mouse (Yekta et al., 2004). 
 
Indirect target degradation 
 
MiRNAs seem able to down-regulate transcript levels of a substantial amount of mRNAs 
through targets that also mediates translational repression (Krutzfeldt et al., 2005; Lim et al., 
2005; Rehwinkel et al., 2006; Schmitter et al., 2006). Since many of these miRNA targets do 
not allow formation of A-form helix structures at the center of the miRNA-mRNA duplex 
required for direct cleavage by an Ago protein another mechanism must be in play (Chiu and 
Rana, 2003; Haley and Zamore, 2004; Ma et al., 2005). This degradation seems to be a 
secondary effect that may follow the miRNA-mediated translational repression (Mathonnet et 
al., 2007). The mechanism is not fully understood, but the miRNP seems to recruit 
deadenylating and decapping enzymes to the targeted mRNA (Behm-Ansmant et al., 2006a; 
Eulalio et al., 2007; Giraldez et al., 2006; Wu et al., 2006). Ago1 in Drosphila interacts 
directly with a protein called GW182 that is able to recruit the deadenylase complex 
CCR4:NOT to the targeted mRNA. The deadenylation leads to destabilization of the mRNA 
(Behm-Ansmant et al., 2006a). The related proteins in human TNRC 6A (GW182), 6B, and 
6C may serve the same function as GW182 (Jakymiw et al., 2005; Liu et al., 2005a; Meister 
et al., 2005). After deadenylation and decapping of the target the 5’ to 3’ exonuclease Xrn1 is 
probably responsible for the degradation of the mRNA (Bagga et al., 2005; Schmitter et al., 
2006). 
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Jing and co workers presented an alternative example of indirect target degradation. They 
found that miR-16 is required for the rapid turnover of mRNAs containing AU-rich elements. 
Presumably miR-16 incorporated into RISC interacts with tristetraprolin (TPP), which is 
required for degradation of mRNAs containing these elements (Jing et al., 2005). Therefore it 
seems that RISC may promote degradation of mRNAs through several pathways.  
 
Transcriptional repression 
 
A third way of silencing mediated by miRNAs has also been suggested. Studies from S. 
pombe show that dsRNA directed against regions in the genome can induce heterochromatin 
formation thereby shutting down the expression of genes in the target area. The dsRNA is 
processed by Dicer to ~22nt ssRNAs and incorporated into a RISC-like complex, which then 
mediates the silencing (Verdel et al., 2004; Volpe et al., 2002). RNAi mediated transcriptional 
repression also takes place in plants and invertebrates (Matzke and Birchler, 2005). 
 
Ago proteins as well as mature miRNAs have been found in both the nuclear and cytoplasmic 
fractions when biochemical fractionations have been made in mammalian cells and the 
nuclear RNAs 7SK and U6 snRNA can be targeted by RNAi in mammalian cells. This 
indicates that functional RISC is present in the nucleus (Meister et al., 2004; Robb et al., 
2005). That transcriptional silencing by miRNAs also takes place in mammals is indicated by 
the ability of siRNAs directed against the promoter of a GFP reporter construct to silence the 
GFP expression in a Ago1 dependent way (Kim et al., 2006a; Morris et al., 2004). Also 
siRNAs directed against transcription start sites of endogenous genes inhibits transcription in 
an Ago dependent way (Janowski et al., 2006). 
 
It thus seems that miRNAs have several ways of repressing protein formation although many 
aspects of the silencing mechanisms still remain enigmatic. 
 
Translational activation 
 
Until recently miRNAs were solely thought of as repressors of protein production but now 
new knowledge shows that miRNAs also are able to activate translation. The AU-rich element 
in tumor necrosis factor α (TNFα) leads to translational activation upon cell-cycle arrest. This 
activation has been shown to be dependent on Ago2 and fragile-X-mental-retardation-related-
protein (FXR1), which are recruited to the transcript via miR-369. Also other miRNAs can 
mediate this activation but still it is not clear how widespread miRNA mediated translational 
activation is (Vasudevan and Steitz, 2007; Vasudevan et al., 2007). 
 
P-bodies 
 
Discrete cytoplasmic foci known as P-bodies are sites were decapping and decay of mRNA 
can occur (Sheth and Parker, 2003). P-bodies may also function as a place of mRNA storage, 
since some mRNAs localized to P-bodies have been shown to evade degradation and return to 
the cytoplasm for translation (Brengues et al., 2005). Ago proteins localize to P-bodies, while 
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Ago mutants that cannot bind miRNAs do not. Also repressed targets and miRNAs are found 
in the P-bodies. It therefore seems that mRNAs targeted by miRNAs are transported to P-
bodies and this localization seem to be dependent on a functional 5’cap (Liu et al., 2005b; 
Pillai et al., 2005; Sen and Blau, 2005). In this way targets are spatially separated from the 
translation machinery supporting the theory that translational repression is due to inhibition of 
initiation of translation. 
 
MiRNP components in P-bodies do not always precisely co-localize with the factors involved 
in mRNA degradation (Liu et al., 2005b; Pillai et al., 2005; Sen and Blau, 2005) indicating 
that storage and degradation in P-bodies occurs at separate sites. The possibility for the 
miRNP targeted mRNAs to either be stored in storage compartments or be degraded in 
degradation compartments of the P-bodies could explain why translational repression by 
miRNAs is accompanied by varying degrees of degradation. 
 
That it is possible for translational repressed targets to be released from P-bodies and 
relocated to polysomes for translation has been shown for the miR-122 repressed CAT-1 
mRNA. The de-repression was found to be dependent on binding of HuR to AU-rich elements 
(AREs) in the CAT-1 3’UTR (Bhattacharyya et al., 2006). Whether this is a widespread 
phenomenon still has to be examined. 
 
The mechanism of how miRNA targeted mRNAs end up in P-bodies is not fully understood 
but some progress in solving the puzzle has been made (figure 3). The DEAD box RNA 
helicase RCK/p54 has been shown to interact with Ago1, Ago2 and eIF4E in vivo and to play 
a role in the translational repression of miRNA targets (Andrei et al., 2005; Chu and Rana, 
2006; Ferraiuolo et al., 2005). The translational initiation factor eIF4E is a cap-binding 
protein that normally protects mRNAs from decapping and assists in the formation of a closed 
loop structure of active translating mRNAs by tethering the 3’poly(A) tail to the 5’cap 
through eIF4G and the poly(A) binding protein PABP (Coller and Parker, 2004). The binding 
of eIF4E to eIF4G competes with binding to a transporter molecule eIF4E-T (Mader et al., 
1995). The interaction between eIF4E-T and eIF4E represses translation and may transport 
the bound mRNA to the P-bodies (Andrei et al., 2005; Ferraiuolo et al., 2005). It has therefore 
been speculated that the miRNP binds to its target in the 3’UTR and via binding to RCK/p54 
assist in breaking the interaction between eIF4E and eIF4G. EIF4E will then bind eIF4E-T 
and the complex is transported to the P-bodies, thereby separating the mRNA from the 
translation machinery (Chan and Slack, 2006). This is in agreement with the observation that 
both eIF4G and PABP are not found in P-bodies (Anderson and Kedersha, 2006). It is 
speculated that in the P-bodies a bridge formed by Ago, RCK/p54, and eIF4E may preserve a 
stable loop structure and thereby inhibit degradation for a certain period of time alternatively 
or in addition the miRNP may be stored in a compartment of the P-body dedicated to storage 
(Chan and Slack, 2006). Though RCK/p54 that is able to interact with decapping factors may 
also be involved in triggering decapping and Xrn1 mediated degradation of the mRNA after 
targeting to the P-bodies (Fenger-Gron et al., 2005). Also as earlier mentioned Ago proteins 
may recruit the deadenylase complex CCR4:NOT through TNRC 6A (Jakymiw et al., 2005; 
Liu et al., 2005a; Meister et al., 2005). 
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Another study however states that Ago2 competes with eIF4E for binding to the 5’cap 
(Kiriakidou et al., 2007). When eIF4E is prevented from binding the 5’cap initiation of 
translation is not possible. This finding is supported by the observation that adding increasing 
levels of eIF4E to the system interferes with the miRNA mediated inhibition (Mathonnet et 
al., 2007). However, the possible role of RCK/p54 in bridging Ago2 and eIF4E is not 
explained by these findings (Andrei et al., 2005; Chu and Rana, 2006; Ferraiuolo et al., 2005).  
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A quantitative estimate of intracellular distribution of Ago proteins reveals that only 1.3% of 
Ago2 is associated with P-bodies (Leung et al., 2006). Also the translational repression might 
not be a consequence of the storage in P-bodies but rather the other way around (Chu and 
Rana, 2006; Eulalio et al., 2007). This creates some doubt about the role of P-bodies in the 
miRNA pathway and especially makes it unlikely that the translational repression is solely 
due to spatial separation. Still, much data points to a central role for these cytoplasmic 
structures in miRNA induced translational repression and indirect target degradation. 
 
Functions of miRNAs 
 
When the miRNAs were discovered scientists were presented with a whole new class of 
molecules with almost unknown functions. Now it is known that the expression pattern of at 
least one third of the miRNA expressing genes is developmentally regulated and/or to at least 
a large extend tissue-specific. This indicates that these miRNAs are involved in regulation of 
development and/or tissue specific processes. However, several miRNA genes are also more 
ubiquitously expressed pointing to more general regulatory roles of these miRNAs (Landgraf 
et al., 2007). An increasing number of publications describe the diverse roles that miRNAs 
play in the organism including regulation of dendritic spine development (Schratt et al., 
2006), lipid metabolism (Esau et al., 2006), skeletal muscle proliferation and differentiation 
(Chen et al., 2006), apoptosis (Jovanovic and Hengartner, 2006), limb development 
(Hornstein et al., 2005), schizophrenia (Beveridge et al., 2008), and insulin secretion (Poy et 
al., 2004). In this section some key functional roles of miRNAs will be introduced. 
 
MiRNAs in develpoment 
 
Development is a central process involving multiple and it is known that miRNAs can affect 
differentiation in at least two ways. Some miRNAs have been shown to work as 
developmental switches meaning that the expression of a specific miRNA is vital for an 
organism’s progression through a certain developmental stage. The first miRNA found (lin-4) 
is an example of a miRNA working in such a way. Without lin-4 regulation of the lin-14 gene 
C. elegans is unable to make the transition from the first to the second larval stage (Lee et al., 
1993; Wightman et al., 1993). Other miRNAs support the regulation of already operating 
differentiation processes. For example, miR-430 in zebrafish accelerates the clearance of 
maternal mRNAs in the embryo when zygotic transcription starts (Giraldez et al., 2005; 
Giraldez et al., 2006). MiRNAs working through this sort of regulation often result in more 
subtle phenotypes when removed. 
 
MiRNAs in cancer 
 
Some miRNAs seem to play a role in cancer (Calin and Croce, 2006; Esquela-Kerscher and 
Slack, 2006; Hammond, 2006; Stefani, 2007). Mir-34a is an example of these miRNAs. The 
tumor suppressor protein p53 is able to induce transcription of miR-34a and this induction 
leads to inhibition of cell proliferation and stimulation of apoptosis (Bommer et al., 2007; 
Chang et al., 2007; Raver-Shapira et al., 2007). Several transcripts involved in cell cycle 
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control, apoptosis, DNA repair, and angiogenesis seem to be regulated by miR-34a (Bommer 
et al., 2007; Chang et al., 2007). Apparently the miR-34a effect on cell proliferation involves 
targeting of the transcription factor E2F3 (Tazawa et al., 2007; Welch et al., 2007). These 
results indicate that miR-34a functions as a tumor suppressor. However others find that miR-
34a rather may act as an oncogene since in their hands it induces cell proliferation and is over-
expressed in various human cancers. Taken together this leaves a confused picture of the true 
role of miR-34a involvement in cancer (Dutta et al., 2007). Multiple other miRNAs have also 
been shown to be involved in cancer and miRNA profiling has been used successfully to 
discriminate between different forms of cancer (Cho, 2007; Stefani, 2007). 
 
MiRNAs as transporters of signal between cells 
 
In plants the majority of miRNA targets seems to be transcription factors important for 
development and stress regulated genes (Llave et al., 2002; Rhoades et al., 2002; Sunkar et 
al., 2006; Sunkar and Zhu, 2004). Some plant miRNAs have been observed to induce 
production of siRNAs from some of their targets. These siRNAs originates from sequences 
surrounding the miRNA target sequence and may help to down-regulate the transcript they 
originate from and also target other mRNAs containing this sequence. In this way the miRNA 
repression of one target may induce repression of several other mRNAs (Vazquez, 2006). 
Plant miRNAs have also been shown to migrate between cells and several plant miRNAs are 
detected in the phloem sap suggesting a long distance signaling role (Yoo et al., 2004). 
Recently miRNAs has also been shown to migrate between cells in mammals. This happens 
through inclusion of the miRNAs in exosomes, which are taken up by recipient cells (Valadi 
et al., 2007). It thus seems that signaling between cells based on miRNA transfers may be a 
more general way of communication between cells of higher eukaryotes. 
 
MiRNA and target evolution 
 
From where did miRNAs originate? In plants several unconserved - and thereby probably 
young - miRNA genes show great similarity to protein coding genes (Allen et al., 2004; Wang 
et al., 2006b). This lead to the hypothesis that miRNA genes could arise from inverted 
duplications of parts of protein coding genes that would produce a perfect hairpin transcript. 
One strand of the hairpin stem would in this manner be complementary to the mRNA from 
the protein-coding gene and thereby if processed through the miRNA pathway could serve as 
a regulator of the parental mRNA. If the regulation is advantageous the new miRNA gene 
could be maintained. Over time mutations would introduce bulges in the pre-miRNA and 
allow it to function optimally in the miRNA pathway. The miRNA could either maintain its 
original target or potentially mutate to target new mRNAs (Allen et al., 2004; Chapman and 
Carrington, 2007). 
 
Although some animal miRNAs arise from processed pseudogenes and thereby might have 
evolved following the above-described model this is probably uncommon (Devor, 2006). In 
many animals miRNA genes are more likely to have evolved from genomic repeats. 5-20% of 
human pre-miRNAs contain sequences derived from repeat elements and transposable 
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elements (Piriyapongsa et al., 2007; Smalheiser and Torvik, 2005). Several of these are 
believed to arise from two adjacent inverted LINE2 elements (Hertel et al., 2006; Smalheiser 
and Torvik, 2005). Others seem to arise from the MADE1 family of miniature inverted repeat 
transposable elements (Piriyapongsa and Jordan, 2007). Although less common also some 
transposon-derived miRNAs are found in plants (Llave et al., 2002). 
 
Since transposable elements also can integrate in protein coding genes miRNA targets could 
arise from such integrations. Bioinformatics have shown that many human miRNAs show 
complementarity to a conserved Alu element found in the 3’UTRs of human mRNAs 
(Smalheiser and Torvik, 2006). Also LINE2 derived miRNAs might target a large number of 
mRNAs carrying LINE2 elements in their 3’UTR (Smalheiser and Torvik, 2005).  
 
The observation that known animal miRNA target sites are almost exclusively located in the 
3’UTR, while plant miRNA are scattered all over the mRNA supports the theories of different 
miRNA gene evolution in the two kingdoms (Bartel, 2004). If plant miRNA genes arose from 
inverted duplications of protein coding genes a resulting miRNA could in principle arise from 
anywhere in the gene. On the other hand if animal miRNAs arose from transposable elements 
and the original miRNA targets from similar transposable elements integrated in the target 
mRNA it would be expected that the target integration often would occur outside the coding 
region of the mRNA. 
 
Since animal miRNA targets often primarily rely on seed sequences of only 7 nucleotides in 
the 3’UTR these may also arise fairly often by random mutations (Brennecke et al., 2005; 
Doench and Sharp, 2004; Lai, 2002; Lewis et al., 2003). Global miRNA target studies 
indicate that the majority of mRNA transcripts from animals either are subjected to selection 
to maintain direct regulation by miRNAs (Grun et al., 2005; Lewis et al., 2003; Stark et al., 
2005) or actively avoid developing miRNA target sequences (Farh et al., 2005; Stark et al., 
2005). Furthermore it seems that sequences in the 3’UTR that are complementary to seed 
sequences of miRNAs are better conserved than random sequences of the same length (Xie et 
al., 2005). 
 
A search for sequences able to form hairpins resulted in around 11 million hits in humans and 
44.000 candidates in C. elegans  (Bentwich et al., 2005; Pervouchine et al., 2003). Only a 
minor fraction of these are probably true pre-miRNAs but given that a large part of the 
genome appears to be transcribed (Carninci et al., 2005) there seems to be a large pool of 
candidates from which evolution can recruit new miRNA genes. 
 
MiRNA gene and target prediction 
 
Many attempts have been made to predict new miRNA genes and targets (Lindow and 
Gorodkin, 2007; Maziere and Enright, 2007). A good method to predict either genes or targets 
has both high specificity and high sensitivity. The specificity refers to the ability of the 
method to solely detect true genes or targets thereby having few false positives, while the 
sensitivity refers to the methods ability to predict as many true targets as possible thereby 
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having few false negatives. A high sensitivity is easily obtained by simply including 
everything. The trick is to apply criteria that will increase specificity without lowering 
sensitivity. This section will deal with criteria designed to meet these demands. 
 
MiRNA gene prediction 
 
Several prediction methods are available for finding miRNA genes. These include MiRScan 
(Lim et al., 2003), MIRFINDER (Bonnet et al., 2004), PalGrade (Bentwich et al., 2005), 
ProMiR (Nam et al., 2005), findMiRNA (Adai et al., 2005), Triplet-SVM (Xue et al., 2005), 
BayesmiRNAfind (Yousef et al., 2006), microHARVESTER (Dezulian et al., 2006), 
RNAmicro (Hertel and Stadler, 2006), and microMatcher (Lindow and Krogh, 2005). Here an 
introduction to the main criteria applied will be given including examples from the different 
methods.  
 
Hairpin-forming ability. Thermodynamics is a very commonly used criterion, since the 
hairpin forming ability of pre-miRNAs provides these with higher thermodynamical stability 
than more unstructured RNA (Bonnet et al., 2004). As mentioned earlier a search for 
sequences able to form hairpins resulted in around 11 million hits in humans and 44.000 
candidates - corresponding to 4% of the genome - in C. elegans  (Bentwich et al., 2005; 
Pervouchine et al., 2003). Since only a minor fraction of these are true miRNAs looking only 
at hairpin forming ability results in very low specificity. Therefore several other criteria are 
applied to pinpoint true miRNA genes. 
 
Hairpin nature. To determine whether the structure of a predicted hairpin is pre-miRNA-like 
different approaches have been taken. Sometimes different rules are manually setup like: No 
more than one of the 20nt may be asymmetrically unpaired (Jones-Rhoades and Bartel, 2004) 
or at least 16 of the bases in the mature miRNA have to be paired (Lindow and Krogh, 2005). 
MIRFINDER requires the GC content to lie between 30 and 70% (Bonnet et al., 2004). Also 
the requirements for proper processing by Drosha can be used (Han et al., 2006). Another 
approach is to use machine learning. The principle of this method is that a computer is 
presented to a mixture of sequences where the output is known and from this the computer 
should be able to learn to distinguish true pre-miRNAs from false ones (Lindow and 
Gorodkin, 2007). Machine learning has for example been applied in RNAmicro and Triplet-
SVM (Hertel and Stadler, 2006; Xue et al., 2005). 
 
Sequence conservation. Most early-discovered miRNAs were very well conserved over long 
evolutionary distances and conservation was proposed as one of the defining characteristics of 
miRNAs (Ambros et al., 2003). This made it feasible to use evolutionary conservation as a 
criterion to increase specificity and it has been applied in many different forms in miRNA 
predictions. Mirscan locates hairpins in one genome and then looks to find potential homologs 
in another species (Lim et al., 2003). MIRFINDER starts by blasting intergenic sequences of 
two genomes against each other, thereby creating a pool of conserved sequences to look for 
miRNAs in (Bonnet et al., 2004). Since then also taxon specific miRNAs have been identified 
(Bentwich et al., 2005; Berezikov et al., 2005; Berezikov et al., 2006). These will be filtered 
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out when search criteria require conservation between rather unrelated species. On the other 
hand it is seldom useful to use closely related species when looking for conservation since 
genomes then are too alike to provide useful information. 
 
Instead of looking for conservation on an intergenomic basis some have also used 
intragenomic conservation as a criteria. The prediction method findMiRNA group hairpins 
found in a single genome into clusters based on their sequences and assigns higher confidence 
to hairpins from clusters with many members (Adai et al., 2005). Also conserved sequence 
motifs upstream of pre-miRNA sequences may help finding new miRNAs (Inouchi et al., 
2007; Lee et al., 2007; Ohler et al., 2004). In plants were miRNAs often show extensive 
complementarity to its targets the requirement of one or more potential targets of a predicted 
miRNA has been used as a filter (Bonnet et al., 2004; Jones-Rhoades and Bartel, 2004). 
 
Genome considerations. Most attempts of genome wide miRNA prediction filters out 
candidates overlapping exons or originate from repetitive sequences (Lindow and Gorodkin, 
2007). Given the earlier described hypothesis that animal miRNAs originally evolved from 
repetitive sequences this might reject interesting candidates but again this is a trade of 
situation where sacrifices on the sensitivity sometimes have to be made in order to increase 
specificity. 
 
No golden rule have yet been found to predict new miRNAs and as the number of yet 
unknown miRNAs gets lower and lower the need for these prediction methods decreases. It 
can also be very hard to verify predicted candidates as true miRNAs since they may only be 
expressed in specific cell types at specific time points. 
 
MiRNA target prediction 
 
In order to know the function of a specific miRNA it is of great importance to know which 
mRNAs it targets. Several target prediction methods have been developed including miRanda 
(Enright et al., 2003), TargetScan (Lewis et al., 2003), TargetScanS (Lewis et al., 2005), 
DIANA microT (Kiriakidou et al., 2004), PicTar (Krek et al., 2005), RNAHybrid 
(Rehmsmeier et al., 2004), and miTarget (Kim et al., 2006c). A version of the miRanda target 
prediction method is also used in miRBase (Griffiths-Jones et al., 2006). As with miRNA 
genes an introduction to key criteria used for increasing specificity will be given including 
examples from the different methods. 
 
3’UTR. Most animal miRNA targets are thought to locate in the 3’UTR (Bartel, 2004). If this 
is true specificity can be increased without lowering sensitivity particularly by only searching 
for targets in the 3’UTRs. However, it is at times difficult to obtain 3’UTR sequences. A 
varying proportion of genes depending on the organism are annotated as ending with a stop 
codon and thus without the 3’UTR (Lindow and Gorodkin, 2007). Some target prediction 
methods including miRanda has tried to circumvent this problem by taking a constant length 
of sequence down-stream of the stop codon and define this as the 3’UTR (Enright et al., 2003; 
John et al., 2004). This method can of course lead to prediction of targets located after the 
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3’UTR or miss target in the end of the 3’UTR when the actual 3’UTRs are shorter or longer 
respectively than the constant length used in the method. Therefore target prediction can be 
improved by exact determination of the 3’UTRs. 
 
Sequence conservation. As for the miRNA genes conservation between species can also be 
used as a way to increase specificity in target finding. This has been included in several in 
several target prediction methods including TargetScan and miRanda (Enright et al., 2003; 
Lewis et al., 2003; Stark et al., 2003). It has though been questioned whether the conservation 
criteria of targets is a good indicator of a well functioning target (Farh et al., 2005). 
 
MiRNA complementarity. In plants most miRNAs are almost fully complementary to their 
target mRNAs (Tang et al., 2003) while experiments examining miRNA function in animals 
have indicated that especially complementarity to the 5’end of a miRNA is important in target 
recognition in this kingdom (Lai, 2002). This difference makes target prediction in plants 
somewhat easier than in animals. In animals complementarity between the seed region and 
target has been used in many ways in target prediction. MiRanda selects targets based on 
sequence alignments with higher weight on complementarity between bases 2-8 in the 
miRNA and the target (Enright et al., 2003; John et al., 2004). Perfect seed matching with no 
G:U pairs is required by both TargetScan and PicTar. TargetScan operates with a base 2-8 
seed, while PicTar uses a 7nt seed that can start either at position 1 or 2 of the miRNA. (Grun 
et al., 2005; Krek et al., 2005; Lall et al., 2006; Lewis et al., 2003). Although seed match is an 
often used criterion to predict targets it has its limitations. Sometimes predicted targets 
showing 5’ complementarity even extending the boundaries of the seed region are not 
functional targets. In addition G:U wobbles and even bulges in the seed region are sometimes 
allowed (Didiano and Hobert, 2006; Miranda et al., 2006). 
 
Pattern finding. Also machine learning has been used to predict miRNA targets. In miTarget 
target rules are learned from positive and negative examples of validated target-miRNA 
interactions (Kim et al., 2006c). This method may improve when more targets are 
experimentally validated. 
 
Target accessibility. Local structure in the mRNA may determine whether a target is 
accessible or not (Zhao et al., 2005). This criterion has recently been used to increase 
specificity when predicting targets (Kertesz et al., 2007). Also sequence specific protein 
binding sites in the vicinity of the target sites may affect its accessibility. For example binding 
of dead end 1 (Dnd1) to uridine-rich regions near the target sequence has been found to 
inhibit miRNAs in binding to their targets in zebrafish (Kedde et al., 2007). 
 
Editing. It should also be remembered that some miRNAs and miRNA targets seem to 
undergo editing (Ohman, 2007). This adds an extra layer of complexity in target prediction 
and does not make target prediction any easier 
 
Experimental approaches. Also experimental approaches for determination of targets have 
been applied. Over-expression of a miRNA and subsequent microarray analysis reveals 
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transcripts that are influenced by this miRNA (Lim et al., 2005). The search for targets can 
then be narrowed down to the influenced transcripts. However, not all miRNA target 
transcripts undergo degradation as some are only translationally repressed. Therefore 
proteome measurements have been applied to also capture these targets (Vinther et al., 2006). 
Another method uses a FLAG tagged Drosophila Ago1 protein to pull out miRNPs bound to 
their targets thereby creating an mRNA pool enriched for transcripts actually being targeted 
(Easow et al., 2007). A recent paper from a Danish group describes a method where biotin-
labeled miRNAs transfected into cells are used to purify targets for a specific miRNA (Orom 
and Lund, 2007). A clear advantage when using experimental approaches to target prediction 
is that they allow identification of targets not following general rules of seed match, 
conservation etc. 
 
Since higher specificity usually is accompanied by lower sensitivity it is always a 
consideration when to stop adding more criteria to narrow down the field of candidates. To 
some extend the answer depends on what is being investigated. If looking for targets of a 
miRNA in all 3’UTRs a relatively high specificity is needed to narrow down the field of 
candidates to a number that is possible to experimentally verify. If in-stead looking for 
miRNAs targeting a specific 3’UTR it could be advantageous to accept a lower specificity in 
order not to loose any real targets - as long as the number of predicted targets are low enough 
to experimentally verify. 
 
LNA 
 
Locked Nucleic Acid (LNA) is a nucleotide modification often used when studying miRNAs 
therefore a brief description of these will be given. LNA is a chemical nucleic acid 
modification where the C-2 and C-4 of the ribose are covalently linked via an ether bond 
(Vester and Wengel, 2004). Incorporation of LNA nucleotides in an RNA (LNA-RNA) or 
DNA (LNA-DNA) oligonucleotide improves annealing of complementary RNA or DNA 
strands (Wengel, 1999). Incorporation of LNA nucleotides into an oligonucleotide 
furthermore improves its resistance towards nucleases, although if designed correctly an 
LNA-DNA oligonucleotide can still direct RNase H cleavage of a complementary RNA. LNA 
incorporation also increases discrimination between mismatched and fully complementary 
targets as well as it enhances an oligonucleotides ability to anneal to structured RNA (Vester 
and Wengel, 2004). LNA containing oligonucleotides are today routinely used for several 
purposes when investigating miRNAs. 
 
MiRNA detection methods 
 
In order to investigate the functions of miRNAs detection of their expression patterns is 
required. Several methods are today available for this purpose including a detection system 
based on padlock probes and rolling circle amplification developed by me and co-workers in 
the laboratory of professor Jørgen Kjems and described in detail in the results section and 
appendix A (Jonstrup et al., 2006). A thorough introduction to other detection methods 
available will be given in this section. 
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Northern blotting 
 
Since the discovery of the first miRNA in 1993 (Lee et al., 1993) northern blots have been 
used frequently to validate and quantify miRNA expression. Traditionally radioactively 
labeled probes antisense to the miRNA investigated have been used and amounts of 5-30 µg 
of total RNA are usually required for detection. Different variants of the northern blot 
methodology have been developed. A method using digoxigenin labeled RNA probes for 
miRNA detection is a way to avoid working with radioactivity (Ramkissoon et al., 2006), 
while the use of LNA probes for northern blot detection increases sensitivity around 10 fold 
(Valoczi et al., 2004; Varallyay et al., 2007). The usage of ribonuclease protection or primer 
extension assays also lowers the detection limit (Chang et al., 2004; Zeng and Cullen, 2003). 
However, the amount of total RNA needed for these methods are still relatively large and in 
many cases impossible to obtain. The work needed to obtain a result is also relatively large. 
For these reason several other detection methods have been developed. 
 
Real time PCR 
 
Several real time PCR based methods have been used for miRNA detection. They are either 
based on SYBR green or taqman probes for detection. SYBR green is a cyanine dye that 
binds unspecifically to dsDNA. Only when bound to dsDNA SYBR green absorb blue light 
and emits green light. The emission of green light is therefore a measure of the amount of 
dsDNA present. Since the amount of dsDNA increases during a PCR measurements of the 
SYBR green signal can be used to follow the PCR real time. While SYBR green 
unspecifically recognizes dsDNA the taqman probe recognizes a specific DNA sequence and 
therefore can be used to add more specificity to the real time PCR.  
 
The first method based on real time PCR to detect miRNAs developed is unable to detect the 
mature form of the miRNAs but instead detects pri-miRNAs and pre-miRNAs using a SYBR 
green based real time PCR system (Schmittgen et al., 2004). This system has later been 
developed into a 384 well format refined with taqman probes to allow discrimination of 
highly related pre-miRNAs (Jiang et al., 2005). 
 
The mature miRNAs are the molecules responsible for target regulation. Since it has been 
shown that regulation of the amount of mature miRNA can happen both at the Drosha and the 
Dicer processing steps (Obernosterer et al., 2006; Thomson et al., 2006; Wulczyn et al., 2007) 
measuring the levels of pre-miRNA or pri-miRNA could lead to wrong conclusions if these 
results are used to explain target regulation. Instead methods detecting the mature miRNA 
should be applied. The major problem in developing real time PCR based methods for doing 
this is the small length of the mature miRNA because this makes it impossible to fit in the 
primers needed for detection. This problem has been circumvented in several ways. The 
technique developed by Raymond et al. (figure 4) uses a primer for reverse transcription (RT 
primer) complementary to the 3’end of the mature miRNA as well as containing a 5’ tail 
sequence. Specific primers are designed for each miRNA (except the ones that have identical 
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3’ends). This creates a template for real time PCR detection that is somewhat longer than the 
mature miRNA. SYBR green based real time is performed on this template using a miRNA 
specific forward primer and a universal reverse primer recognizing the identical tail sequence. 
Since the forward primers are only ~15nt long two or three bases have been LNA modified to 
increase annealing temperature. The method requires 100 ng of total RNA, is able to 
distinguish related miRNAs, and has high specificity towards amplification of the mature 
miRNA compared to the pre-miRNA (Raymond et al., 2005). 
 

 
 
Lao and co-workers use a similar strategy (figure 5). In this setup specific RT primers for up 
to 190 different miRNAs are designed all containing a 5’tail. All primers are mixed and a 
single tube reverse transcription is performed. The reverse transcribed sample is now 
amplified by a pre-PCR using a universal reverse primer recognizing the 5’tail and a mixture 
of up to 190 different forward primers each specific for a unique miRNA. The forward 
primers also contain a 5’tail. The PCR reaction is stopped while the amplification is still 
thought to be exponential. The pool of cDNA is then distributed in a 384 well plate and each 
miRNA is amplified separately in duplicates using specific forward primers spanning the tail 
and the 5’end of the miRNA and a universal reverse primer. The template also includes a 
specific TaqMan probe spanning the 3’end of the miRNA as well as the beginning of the 
down stream tail. The multiplex reverse transcription and pre-PCR makes it possible to detect 
up to 190 different miRNAs from starting material corresponding to RNA from only 1 cell 
(Lao et al., 2006). 
 
Shi and Chiang solves the problem of the short length of the mature miRNA by adding an 
artificial poly(A) tail to the miRNAs using poly(A) polymerase (PAP) from Escherichia coli. 
This permits the use of an anchored oligo(dT) RT primer with a 5’tail. Real time PCR is then 
performed with a specific forward primer directed against the mature miRNA and a universal 



 30

reverse primer targeting the 5’tail of the RT primer. SYBR green is used for detection and 
only 100 pg of total RNA is needed pr reaction (Shi and Chiang, 2005). 
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A somewhat different approach is used by Chen et al. who find that using stem loop RT 
primers with a 3’ overhang specific for each miRNA works better than the linear RT primer 
used in the previous two methods described (figure 6). The stem loop RT primers were found 
to provide better specificity and sensitivity than linear primers. After the reverse transcription 
a miRNA specific forward primer in combination with a universal reverse primer is used for 
real time PCR. The method is able to discriminate mature miRNAs from pre-miRNAs. 
MiRNA specific TaqMan probes are used to improve distinction between closely related 
miRNAs and only 25 pg of total RNA is enough for detection of most miRNAs (Chen et al., 
2005). This method has been commercialized and is available through Applied Biosystems. A 
very similar system has recently been developed for detection of miRNAs in plants starting 
with only 20 pg total RNA (Varkonyi-Gasic et al., 2007). 
 
A method combining the use of a stem loop RT primer and a single tube reverse transcription 
followed by a single tube pre-PCR make it possible to detect up to 220 miRNAs from the 
RNA content of a single embryonic stem cell. After the pre-PCR TaqMan chemistry is used to 
increase specificity of the real time PCR reactions. A miRNA specific forward primer and a 
universal reverse primer are used for the detection (Tang et al., 2006). 
 
The problems related to the short length of the mature miRNA has successfully been 
overcome and real time PCR today represent one of the most sensitive and convenient 
miRNA detection methods. However also other relevant detection methods have been 
developed. 
 
Microarrays 
 
A microarray is a collection of microscopic oligonucleotide containing spots arrayed on a 
solid surface by covalent attachment to a chemical matrix. The oligonucleotides of each spot 
are complementary to a specific gene or transcript. Since many thousands of spots may be 
present on a microarray this technique is able to detect the regulation of many different genes 
simultaneously. The transcripts of different samples investigated are labeled (normally with 
the fluorophores Cy3 and/or Cy5) and hybridized to the microarray. The fluorescent signal of 
bound transcript obtained from each spot is ideally a measure for the amount of the 
corresponding gene present. 
 
Microarrays allow detection of all known miRNAs in one experiment. Several strategies have 
been developed (Babak et al., 2004; Barad et al., 2004; Baskerville and Bartel, 2005; Castoldi 
et al., 2007; Castoldi et al., 2006; Grundhoff et al., 2006; Krichevsky et al., 2003; Liang et al., 
2005; Lim et al., 2005; Liu et al., 2004a; Mattie et al., 2006; Miska et al., 2004; Monticelli et 
al., 2005; Nelson et al., 2004; Shingara et al., 2005; Sioud and Rosok, 2004; Thomson et al., 
2004; Thomson et al., 2007; Wang et al., 2007a; Zhao et al., 2006). Here different labeling 
techniques, probe sets, normalization methods, and statistical methods will be introduced. 
 
Labeling techniques. The first miRNA array developed was based on P32 5’endlabeling of 
samples used for hybridization. 5 to 10 µg total RNA is needed in this method but enrichment 
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for small RNAs is needed before use. This method has been further developed since 
(Krichevsky et al., 2003; Monticelli et al., 2005; Tang et al., 2007). 
 
Thompson and co-workers also use a direct labeling strategy. They use T4 RNA Ligase to 
link a fluorescent Cy3 to the 3’ end of the miRNA. The Cy3 molecule is linked to a 
dinucleotide in order to make it a substrate for the T4 RNA Ligase. Total RNA can be used 
directly and 500 ng is enough to obtain a good hybridization signal (Thomson et al., 2004; 
Thomson et al., 2007). Slightly refined versions of this method have been applied by other 
groups (Castoldi et al., 2007; Castoldi et al., 2006; Wang et al., 2007a). 
 
Babak et al. use a chemical labeling protocol that fluorescently labels G residues for 
microarray analysis on samples of 7 µg total RNA (Babak et al., 2004). Instead of direct 
incorporation of fluorescence Liu et al. chemically labels the miRNAs with biotin. After 
hybridization reaction with a streptavidine-Alexa647 conjugate visualizes the miRNAs. In 
this way detection is possible starting with 2.5 µg of total RNA (Liu et al., 2004a). Liang and 
co-workers also labels miRNAs with biotin. After hybridization quantum dots labeled with 
streptavidine binds to hybridized miRNAs and makes detection possible (Liang et al., 2005). 
Shingara et al. adds a 3’poly(U) tail to the miRNAs. The UTPs are amine modified allowing 
labeling by amine reactive dyes possible (Shingara et al., 2005). 
 
An array developed in the laboratory of Dr. David Bartel does not label the miRNAs directly. 
Instead RNAs 18-26nt long are purified and adaptors are ligated to the 3’end and 5’end. A 
cDNA library is then created by reverse transcription and PCR amplified. Using chemically 
modified primers a second PCR incorporates Cy3 or Cy5 in one strand and selectively 
lengthens the other thereby making it possible to separate the two on a denaturing gel. The 
dye-labeled samples are then used for hybridization to a microarray chip. The usage of PCR 
amplification makes it possible to reduce the amount of input RNA significantly (Baskerville 
and Bartel, 2005). A slightly different variant of this method is developed although in this 
version no separation of the labeled and unlabeled strand is performed (Miska et al., 2004). 
Barad et al. also applies a similar technique. Here the 3’adaptor contains a T7 RNA 
polymerase promoter. Instead of performing the second PCR step a transcription is made 
where Cy3 or Cy5 is incorporated through labeled CTPs. The labeled cRNA is subsequently 
used for hybridization to the microarray (Barad et al., 2004). Mattie et al. starts by adding a 
poly(A) tail to the 3’end of the miRNAs. Reverse transcription is then performed using an 
oligo(dT) RT primer (figure 7). The DNA strand made is then added a 3’poly(dT) tail 
followed by annealing of a oligo(dA) primer with a 5’ T7 template sequence. This primer is 
blocked in a way making extension impossible. Klenow enzyme is used to generate a double 
stranded T7 promoter from which RNA is transcribed containing the miRNA sequence 
flanked by two short poly(A) sequences. Again an oligo(dT) primer is used for a reverse 
transcription. This time the oligo(dT) primer contains a 5’tail for recognition by dendrimers. 
This cDNA is used for hybridization and the array is developed by a second hybridization 
with Cy3 and Cy5 labeled dendrimers having complementary sequences to the added tags. 
The method works using as little as 2 ng of total RNA as starting material (Mattie et al., 
2006). 
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In the Mourelatos laboratory a very different approach is used. This method is based on the 
RNA-primed, array-based Klenow enzyme (RAKE) assay. Here the miRNA sample is 
hybridized to the array. Exonuclease I is then used to degrade unhybridized spotted probes 
leaving only probes where miRNAs have annealed. After this the Klenow enzyme is applied 
to catalyze the addition of biotin-conjugated dATPs to two dT bases located just below the 
binding site for the miRNA. A fluorescently labeled streptavidin is then used to develop the 
array. The method requires around 2 µg of total RNA to function properly (Nelson et al., 
2004). 
 
Probe sets. Besides development of an efficient sample labeling strategy it is also important 
to have microarray chips spotted with probe sets that allow efficient and specific detection of 
miRNAs. The probes spotted on microarray are designed to specifically recognize specific 
miRNAs. Some spot simple probes antisense to specific miRNA with linkers to physically 
separate them from the chip surface (Baskerville and Bartel, 2005; Liang et al., 2005; Nelson 
et al., 2004; Shingara et al., 2005; Thomson et al., 2004; Thomson et al., 2007), while others 
spot longer probes containing more than one of the same miRNA binding site per probe 
(Babak et al., 2004; Krichevsky et al., 2003; Mattie et al., 2006). Barad et al. finds that 60nt 
probes containing one miRNA binding site located in the 5’end (away from the surface of the 
chip) work just as well as probes with two or three identical sites (Barad et al., 2004). The 
short nature of the miRNAs makes it hard to adjust the probe sequence to normalize melting 
temperature of the different spots on the array. Baskerville et al. solves the problem by 
shortening the probe for miRNAs with a high melting temperature (though keeping them long 
enough to retain specificity) and extending the probes for miRNAs with low melting 
temperature to include some of the adaptor sequence. Solutions not relying on adaptor 
sequences are commercially available. Agilent probes have a stem loop sequence attached to 
the miRNA complementary region. When the miRNA hybridizes it can base stack with the 
dublex region of the stem. This increases base pairing energy thereby allowing more stringent 
hybridization conditions (Wang et al., 2007a). Exiqon probes solve the same problem by 
using LNA nucleotides interspersed within the DNA sequence (Castoldi et al., 2007; Castoldi 
et al., 2006). 
 
Data analysis. Data obtained by microarrays often have to be normalized. Several ways of 
doing this are available. Positive controls (Castoldi et al., 2006; Wang et al., 2007b), linear 
adjustment (Liu et al., 2004a; Miska et al., 2004; Thomson et al., 2004), northern blots (Tang 
et al., 2007), and forms of lowess (Babak et al., 2004; Perkins et al., 2007) have all been used 
to do normalization. Some have chosen to skip normalization after much investigation of 
positive, negative, and spike in controls (Barad et al., 2004; Baskerville and Bartel, 2005; 
Liang et al., 2005; Nelson et al., 2004). Another problem when doing data analysis concerns 
the statistics. When investigating one gene only statistical t-tests can be applied. The t-test 
provides the probability that an observed difference in gene expression occurred by chance 
(the p-value). For example a p-value lower than 0.01 means that the result is more than 99% 
sure not to have occurred by chance. Microarrays often assay several hundreds of miRNAs in 
one experiment. If using a p-value even as low as 0.01 this will still result in some false 
positives when conventional t-tests are used for data analysis. Significance Analysis of 
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Microarray (SAM) is an example of a statistical method that attempt to overcome this 
problem (Tusher et al., 2001). 
 
All in all microarrays are very useful to investigate the regulation of many miRNAs in one 
experiment. However if no amplification of the samples is performed the RNA input 
requirement is rather large. 
 
Other methods 
 
In addition to the commonly used northern blot, real time PCR, and microarray methods also 
other less widespread techniques have been developed to detect miRNAs. 
 
Flow cytometric based assays. Two miRNA detection methods based on a flow cytometric 
assay available from Luminex have been developed. The assays are based on fluorescent 
beads and like microarrays many miRNAs are detected in the same experiment. Beads 
conjugated to probes specific for a particular miRNA are labeled with a unique fluorescent 
color. In one assay (figure 8) beads are conjugated with capture probes antisense to the 3’end 
of individual miRNAs. Biotin labeled detection probes complementary to the 5’end of 
individual miRNAs are also synthesized. Both the capture probes and the detection probes 
contains LNA in order to increase specificity and sensitivity. The mixture of different beads is 
hybridized to an RNA sample together with the detection probes. Hereafter fluorescently 
labeled streptavidine is allowed to bind to the bead/capture probe/detection probe/miRNA 
complexes. Using a specialized flow cytometer it is now possible to detect the amount of a 
specific miRNA in the sample. This is done by measuring the fluorescence emitted from the 
beads one by one. The unique fluorescence from the bead tells, which miRNA this bead 
detects and the presence or absence of a fluorescent signal from the streptavidine-conjugated 
fluorophore tells whether this bead has bound a miRNA or not. Around 100 miRNAs can be 
assayed in a single experiment (Barad et al., 2004). The other assay using fluorescently 
labeled beads makes a cDNA library by ligation of adaptors (as described above at the 
microarray labeling technique developed in the Bartel lab.). A PCR reaction with a biotin 
labeled primer is then used to make a sample that can be hybridized to the beads. The beads 
contain a capture probe fully complementary to the miRNA and no detection probe is needed 
since the biotin is incorporated during the PCR (Lu et al., 2005b). 
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Detection by confocal laser. In another method two LNA-DNA probes designed to recognize 
each half of a mature miRNA are applied. The two probes are marked with different 
fluorophores. They are hybridized to an RNA sample where they anneal to their miRNA 
target. Adding quencher containing oligonucleotides complementary to the probe sequences 
quenches any unannealed probe. A special confocal laser system is used to detect miRNAs by 
looking for molecules fluorescing in both colors. 50 ng total RNA is needed to obtain a proper 
signal with this method (Neely et al., 2006). 
 
Invader assay. Allawi et al. uses an invader assay to detect the miRNAs (figure 9). An 
oligonucleotide named the invasive oligonucleotide is designed to recognize the 3’end of the 
miRNA while another oligonucleotide called the probe oligonucleotide is complementary to 
the 5’end of the miRNA. The probe oligonucleotide contains a 5’Flap sequence that is 
protruding from the miRNA with annealed oligonucleotides. This complex is a substrate for a 
structure specific 5’nuclease that cleaves off the 5’Flap. Uncleaved probe oligonucleotide is 
neutralized by addition of a 3’ complementary arrestor oligonucleotide. The 5’Flap then 
anneals as an invasive oligonucleotide to the 3’end of a secondary reaction template, while a 
new probe oligonucleotide anneals to the 5’end of this template. The new probe 
oligonucleotide contains a fluorophore in its 5’Flap. A quencher in the sequence 
complementary to the 5’end of the secondary reaction template is quenching this fluorophore. 
Cleavage by the structure specific 5’nuclease separates the fluorophore from its quencher and 
thereby generates a fluorescent signal that can be detected. The method can detect miRNAs in 
50 ng of total RNA. Because of the short length of a miRNA the invasive and probe 
oligonucleotides are designed to form stem loops at the 5’ and 3’ ends, respectively. This 
promotes base stacking with the targeted miRNA thereby increasing stability (Allawi et al., 
2004). 
 
Ribozymes. Ribozymes can also be used for miRNA detection. The ribozyme is designed in 
such a way that it is only able to bind and cleave a predesigned substrate when it is bound to a 
specific miRNA. The substrate contains a fluorophore and a quencher that are separated upon 
cleavage. This makes it possible to detect miRNAs by measuring the increase in fluorescence 
(Hartig et al., 2004). 
 
DNA dendrimers. Mora and Getts coats microtiter plates with oligonucleotides 
complementary to miRNAs. An oligonucleotide complementary to DNA dendrimer arms is 
ligated to the 3’end of miRNAs. The miRNA sample is then hybridized to the differently 
coated wells in the microtiter plate. After hybridization dendrimers recognizing the tag on the 
miRNAs delivers horseradish peroxidase (HRP) enzymes to the bound targets in the wells. 
Color is generated by addition of the HRP substrate tetramethylbenzidine. Quantification of 
the color signal reflecting the activity of the HRP enzyme is used as measure of the amount of 
miRNA present. The total RNA has to be enriched in order for the method to function and 
about 1 ng of miRNA enriched RNA are used per detection (Mora and Getts, 2006). 
 



 37

 
 
Splinted ligation. A method based on splinted ligation has also been developed (figure 10). 
Two oligonucleotides are used to detect a specific miRNA. The so-called bridge 
oligonucleotide is complementary to the miRNA and contains a 5’tail. The ligation 
oligonucleotide is complementary to the 5’tail and is 5’labeled with P32. The hybridization of 
the miRNA and the ligation oligonucleotide to the complementary bridge oligonucleotide thus 
creates a double stranded structure with a nick on one strand. T4 DNA ligase is then added to 
repair the nick thereby incorporating the P32 in the resulting miRNA/ligation oligonucleotide 
product. Since the P32 is no longer located at the 5’ position a phosphatase can be used to 
remove the P32 of unligated ligation oligonucleotide. The ligated product can now be 
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visualized by gel electrophoresis. The method requires about a couple of hundred nanogram 
total RNA per detection (Maroney et al., 2007). 
 

 
 
Microelectrode-based biosensor. MiRNAs can also be detected by a microelectrode-based 
biosensor. Peptide Nucleic Acid (PNA) capture probes complementary to a particular miRNA 
are deposited in nanogaps of a pair of interdigitated microelectrodes and miRNAs from an 
RNA sample are hybridized to them. Cationic aniline is then bound to the anionic phosphates 
of the bound miRNAs and polyaniline nanowires are created by an enzymatic reaction. Since 
PNA does not contain anionic phosphates the nanowires are not created where miRNAs have 
not bound. The conductance of the deposited nanowires correlates directly to the amount of 
the specific miRNA present in the sample. The method requires input RNA from only a 
couple of dozen cells and is easily arrayified (Fan et al., 2007). 
 
Cloning. Cloning has been the common way of finding new miRNAs (Lagos-Quintana et al., 
2001; Lau et al., 2001; Lee and Ambros, 2001). If enough sequences are cloned it is possible 
to use this method as a quantitative detection method for miRNAs comparable to microarrays. 
The development of high throughput sequencing systems like 454 pyrosequencing has made 
the large scale sequencing required for this method possible (Margulies et al., 2005) and the 
method has been used in various studies to sequence several hundred thousands of miRNA 
sequences (see for example (Barakat et al., 2007; Calabrese et al., 2007; Rajagopalan et al., 
2006)). Using cloning as a quantitative detection method has the advantage that it is not 
necessary to know the sequences of the miRNAs beforehand. 
 
In situ detection. In situ detection methods for miRNAs have also been developed based on 
either LNA (Wienholds et al., 2005) or RNA (Deo et al., 2006; Thompson et al., 2007) 
detection probes. The methods are not useful for quantification of miRNAs but have the 
advantage that miRNA expression can be shown to take place in subgroups of cells in an 
analyzed tissue. 
 
Padlock probes and rolling circle amplification 
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This section will provide the technical background for the miRNA detection method 
developed by me and co-workers in the laboratory of professor Jørgen Kjems (Jonstrup et al., 
2006). 
 
Padlock probes 
 
The ligation efficiency of DNA ligases is very sensitive to mismatches in the DNA duplex 
containing the nick. Therefore single nucleotide polymorphisms (SNPs) can be genotyped in a 
sample by detection of ligation products of two primers designed to recognize a specific SNP 
(figure 11 A). The primers are designed to anneal to the DNA exactly next to each other and 
contain the variable nucleotide at the end of one of the primers at the junction between them 
(Landegren et al., 1988). If a linker is introduced that connects the ends of the primers not 
used to recognize the SNP the product will be a linear DNA-probe where the terminal 
sequences are designed to hybridize to the two adjacent targets sequences. Now ligation will 
circularize the DNA probes (figure 11 B). The helical structure of dsDNA will cause the 
probe to be tangled into the target DNA upon circularization. Since this locks the probe to the 
target DNA this type of probe has been named a padlock probe (Nilsson et al., 1994). 
Fluorescently labeled padlock probes have been used to detect SNPs in the alpha-satellite 
sequence present at human centromeres in vitro (Nilsson et al., 1997). Utilization of the 
method in this way was only possible because the sequences are repeated many times at each 
centromere.  In order to detect single-copy sequences some sort of signal amplification is 
required. 
 
Rolling circle amplification 
 
If a primer is annealed to a short DNA circle, such as a padlock probe, DNA polymerases can 
use the DNA circle as template for DNA synthesis (figure 11 C). If the polymerase is able to 
displace the newly synthesized DNA the DNA polymerase keeps amplifying and produces a 
DNA strand containing several antisense copies of the circularized probe. This type of 
amplification has been named rolling circle amplification (Fire and Xu, 1995; Liu et al., 
1996). The phi29 DNA polymerase has proved to be optimal for this kind of amplification 
(Lizardi et al., 1998). This polymerase is able to produce around 90 kb of DNA from each 
circle per hour (Dahl et al., 2004). Combining padlock probe detection with rolling circle 
amplification Lizardi et al. were able to genotype a single-copy gene locus by hybridizing 
fluorescently labeled detection probes to the amplified product (Lizardi et al., 1998). A 
problem with rolling circle amplification is however the steric hindrance that a DNA 
polymerase encounters when trying to replicate a padlock probe that is linked to a 
chromosomal DNA strand (Baner et al., 1998). This can be avoided by using the DNA that 
the padlock probe is locked on as the primer for the phi29 DNA polymerase (figure 12). This 
is done by restriction digestion of the chromosomal DNA followed by 5’ exonucleolysis 
thereby making the padlock probe target single stranded. Hereafter the padlock probe is 
hybridized to the DNA. After the padlock probe is linked to the DNA the DNA is subjected to 
3’ exonucleolysis. This exonucleolysis will digest the single stranded DNA (ssDNA) until the 
site where the padlock probe is linked to the chromosomal DNA. Hereafter it is possible to 
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use the chromosomal DNA as a primer for the rolling circle amplification. This method was 
used to genotype individual mitochondrial DNA molecules in situ at single nucleotide 
resolution (Larsson et al., 2004). 
 

 
 
 
Functions of padlock probes 
 
As indicated above in situ detection is an important application of padlock probes and the 
technique has been applied both with and without rolling circle amplification depending on 
whether single copy or multiple repeated sequences are being detected (se for example 
(Landegren et al., 2004; Larsson et al., 2004; Lizardi et al., 1998; Nilsson et al., 1997)). By 
locking padlock probes on target genes it is also possible to inhibit transcription of a certain 
gene (Bello-Roufai et al., 2004). If it is not important to know the location of a gene in the 
nucleus but only whether a certain genotype is present or not it is much easier to do detection 
on purified nucleic acids. Here it is also possible to make relative quantification (Nilsson et 
al., 2006). The fact that the sequences recognizing the target are contained in the same DNA 
oligonucleotide makes padlock probes useful in multiplexed assays since the correctly formed 
circular products can be distinguished from cross reactive probes that generate linear 
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byproducts (Baner et al., 2003; Hardenbol et al., 2003; Hardenbol et al., 2005). Multiplexed 
padlock probe assays have been applied for expression analysis (Baner et al., 2005), microbial 
detection (Szemes et al., 2005), and SNP genotyping (Baner et al., 2003). Besides detecting 
DNA sequences, padlock probes are also able to detect RNA (Nilsson et al., 2001; Nilsson et 
al., 2000). 
 
 

 
 
 
RNA detection by padlock probes 
 
T4 DNA ligase is able to ligate a DNA oligonucleotide hybridized to an RNA template 
although the efficiency is somewhat lower compared to ligation on a DNA template (Fareed 
et al., 1971; Kleppe et al., 1970). Ligation by T4 DNÁ ligase is dependent on ATP. The 
enzyme is activated through ATP hydrolysis that results in covalent attachement of the AMP 
unit to the enzyme. The AMP is then transferred to the 5’phosphate of the padlock probe 
thereby creating an adenylated product. This product reacts with the 3’OH of the padlock 
probe resulting in a circularized padlock probe and a free AMP (Higgins and Cozzarelli, 
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1979; Rossi et al., 1997). Ligation of padlock probes on DNA normally takes place at ATP 
concentrations of 1 mM but when ligating on RNA high ATP concentrations favor a situation 
where the enzyme falls of after adenylating the padlock probe. To avoid extensive amounts of 
this adenylated end product a low ATP concentration is required (10uM or lower) (Nilsson et 
al., 2001). Elevated concentrations of NaCl have been found to increase the ability of the T4 
DNA ligase to recognize mismatches when ligation is performed on a DNA template 
(Landegren et al., 1988; Wu and Wallace, 1989). This does not seem to be the case when an 
RNA template is used (Nilsson et al., 2001) but still at low salt most mismatches are 
discriminated by a factor greater than 80 (Nilsson et al., 2000). Apparently the T4 DNA ligase 
is unable to perform more than one round of ligation when RNA is used as template, therefore 
a high concentration of ligase is needed when ligating on RNA. Furthermore manganese ions 
seem to work better that magnesium ions as cofactor for the enzyme when RNA is used as 
template (Nilsson et al., 2001). We have used padlock probes to detect miRNAs and amplified 
the signal by a rolling circle amplification that used the miRNA as primer (Jonstrup et al., 
2006). 
 
Osteoblasts 
 
Since part of the experimental work described in this thesis involves an investigation of 
miRNA changes during differentiation of osteoblasts an introduction to this subject will be 
provided here. 
 
Bone is a dynamic tissue undergoing continuous remodeling. This remodeling occurs through 
a process where osteoclasts breakdown bone matrix while osteoblasts deposit new (Harada 
and Rodan, 2003; Olsen et al., 2000; Ralston and de Crombrugghe, 2006). Regulation of 
various signaling molecules, such as morphogens, hormones, cytokines, growth factors, and 
matrix proteins are involved in maintaining the balance between these two processes (He, 
2005; Li and Cao, 2006; Lian et al., 1998; Luo et al., 2005; Luu et al., 2007; Reddi, 1997). 
 
Mature osteoblasts develop from mesenchymal stem cells (MSCs) also called marrow stromal 
cells and may further differentiate into osteocytes, which provide mechanical support and 
regulate mineral deposition in bones (Harada and Rodan, 2003; Olsen et al., 2000; Ralston 
and de Crombrugghe, 2006). 
 
MSCs are nonhematopoetic stem cells present in the bone marrow (Friedenstein et al., 1966). 
MSCs either proliferate to maintain a pool of uncommitted cells or differentiate into one of 
several cell types, including osteoblasts, adipocytes, chondrocytes and myocytes (Gerson, 
1999; Pittenger et al., 1999; Pountos and Giannoudis, 2005; Prockop, 1997; Prockop, 2002; 
Serafini and Verfaillie, 2006; Zuk et al., 2002). The potential of using MSCs in treatment of 
patients with bone and musculoskeletal diseases is huge (Caplan and Bruder, 2001; Horwitz et 
al., 1999; Luo et al., 2005). 
 
In vivo MSCs committed to undergo differentiation into osteoblasts are situated near the 
surface of the bone and express alkaline phosphatase, an early marker of this differentiation 
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(Karsenty, 1999; Lian et al., 1998; Luu et al., 2007). Phenotypically differentiation into an 
active mature osteoblast involves enlargement of the nucleus, Golgi apparatus, and 
endoplasmic reticulum to support the secretion of bone marrow proteins (Olsen et al., 2000). 
 
Several major signaling pathways are implicated in controlling osteoblast differentiation. The 
Wnt signaling pathway, the TGFβ/BMP superfamily, the Notch signaling pathway, the 
hedgehog signaling pathway and the FGF signaling pathway all contain members shown to be 
involved (Deng et al., 2008). Looking at gene expression a number of factors involved in 
transcription control have been connected to osteoblast differentiation. Runt-related 
transcription factor 2 (Runx2, also known as Cbfa1) is an important regulator of 
differentiation and several other transcriptional co-activators and co-repressors are involved in 
the regulation of this protein (Komori, 2006). The importance of Runx2 is illustrated by the 
fact that Runx2 deficient mice do not form bone tissue although a relatively normal cartilage 
skeleton develops (Mundlos et al., 1997). Runx2 regulates transcription of several bone 
proteins, including osteocalcin, bone sialoprotein, alkaline phosphatase, and type I collagen 
(Ducy et al., 1997). Other known factors involved in transcriptional regulation of osteoblast 
differentiation include a transcription factor called osterix, activating transcription factor 4 
(ATF4), and a transcriptional co-activator called TAZ (Komori, 2006).In addition several 
other proteins also have been shown to affect the differentiation process, for instance the 
ubiquitin ligase Smurf-1 (Deng et al., 2008; Zhao et al., 2004). The differentiation is thus a 
complicated affair involving a huge set of proteins and interactions that is not yet fully 
uncovered and it would not be surprising if miRNAs also were found to regulate be involved 
in this process. 
 
In order to invest the differentiation processes more closely MSCs have been isolated by 
several different methods (D'Ippolito et al., 2004; Gronthos et al., 1994; Kassem et al., 1993; 
Reyes et al., 2001). Unfortunately long-term in vitro culturing of MSCs leads to growth arrest 
and impaired differentiation capacity (Digirolamo et al., 1999; Stenderup et al., 2003). These 
phenomena are correlated with a shortening of the telomeres (Kveiborg et al., 1999; 
Stenderup et al., 2003) and MSCs have been found lack telomerase activity (Parsch et al., 
2004; Simonsen et al., 2002; Zimmermann et al., 2003). This problem can be circumvented 
by stably transfecting MSCs with the human telomerase reverse transcriptase (hTERT), which 
results in cells that maintain the stem cell characteristics of MSCs even during long-term in 
vitro culturing (Abdallah et al., 2005; Simonsen et al., 2002). In the upcoming result section it 
is described how we have taken advantage of such MSCs stably transfected with hTERT to 
investigate whether miRNAs are involved in osteoblast differentiation. 
 
Results 
 
Investigations of miRNAs involved in osteoblast differentiation 
 
Cloning of miRNAs from MSCs undergoing osteoblast differentiation 
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An investigation of the role of miRNAs in the differentiation of MSCs into cells with an 
osteoblastic phenotype was conducted. For this purpose MSCs expressing hTert were treated 
with osteoblast differentiation factors, which initiates this particular differentiation (Simonsen 
et al., 2002). RNAs of approximately 20 bases in length were cloned from cells grown with or 
without differentiation factors for 1 or 3 days (called D1+, D3+, D1-, and D3-. The number 
refers to the number of days grown, while +/- refers to whether differentiation factors were 
added or not). If miRNAs are involved in the differentiation process we expected to find one 
or more miRNAs that were highly up- or down-regulated during the differentiation process, 
thereby indicating that they might play a part in this process. Alternatively, a number of 
miRNAs undergoing smaller changes that in combination would give an effect might be 
identified. RNAs were also cloned from mouse embryos either 11 or 13 days old and from 
human embryonic kidney cells containing the SV40 large T antigen (HEK293T cells). These 
cells served as unrelated control cells. An aim of the cloning experiment was also to identify 
new miRNAs. The results are shown in table 1. A total of 552 miRNA sequences were cloned 
distributed over 60 different miRNAs. Six new miRNAs were found during the cloning 
process. These were miR-484, miR-512-5p, and miR-574 in the MSCs and miR-411, miR-
451, and miR-532 from the mouse embryos. However other groups have since published 
reports describing all six of these new miRNAs before we finished our investigation (Altuvia 
et al., 2005; Bentwich et al., 2005; Cummins et al., 2006; Fu et al., 2005; Lu et al., 2005a; 
Seitz et al., 2004). 
 
New miRNA clusters 
 
The new mouse miRNA miR-451 sequence was found to be localized only ~100 bp from the 
miR-144 sequence on the same DNA strand and the new mouse miR-532 sequence was 
localized around 500 bp from miR-188 also in this case on the same DNA strand. Both of 
these clusters are preserved in human although the distance between miR-532 and miR-188 is 
only around 300 bp in this species. It was speculated that more still unidentified miRNAs 
might be present in these regions. Therefore Dr. Niels Larsen searched for potential new 
miRNAs in these chromosomal regions using a bioinformatic approach. He found several 
candidates but it was not possible to verify any of these by northern blotting (data not shown). 
The existence of the miR-451/miR-144 cluster was confirmed by RT-PCR (data not shown). 
This cluster was later also predicted by Altuvia et al. (Altuvia et al., 2005). The miR-
532/miR-188 cluster was later predicted as well (Lu et al., 2005a). 
 
Examination of miRNA profiles 
 
It has previously been shown that cells of different origin often can be distinguished based on 
their miRNA profile (Liu et al., 2004a). Therefore the miRNA profiles from the different 
samples were compared in silico by the program TIGR MEV in order to reveal the relation 
pattern between these different profiles. Since the four MSC derived cultures are closer 
related to each other than to the two mouse embryo samples or to the HEK293T sample it was 
expected that the miRNA profiles of these four samples would group together. For the same 
reason it was expected that miRNA profiles of the two mouse embryo samples would be more  
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closely related to each other than to the other samples. Also if the general miRNA profile 
changes early as a consequence of differentiation D1- and D3- would be expected to group 
together and D1+ and D3+ to differ from these. A stem tree showing the relation between the 
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different samples is shown at the top of table 1. As can be seen from this stem tree, the MSC 
profiles are as expected more closely related to each other than to the HEK293T cells and the 
mouse embryos. However, the miRNA profiles of D1- and D3- did not group together 
compared to D1+ and D3+, as was expected if there was a general change in the miRNA 
profile caused by differentiation of the MSCs. Also the mouse embryos day 11 grouped closer 
to HEK293T cells than to mouse embryos day 13. The later could be due to statistically 
uncertainty owing to the quite low number of cloned miRNAs in especially HEK293T cells 
and mouse embryos day 11. In conclusion the general miRNA profile in the MSCs did not 
seem to change dramatically as a consequence of differentiation. 
 
Examination of single miRNAs 
 
Even though no significant differences between the general miRNA profiles of the four MSC 
derived cultures were observed it was still possible that a single or a few miRNAs were 
responding specifically to the differentiation process. Therefore we investigated the changes 
in the individual miRNAs between the samples. Two miRNAs (miR-16 and miR-93) were 
cloned from all samples, while others seemed to be specific for MSCs (miR-21, miR-29a, and 
miR-100 being the best examples). In addition, some miRNAs were cloned in both HEK293T 
and mouse embryos but only to a very low degree in MSCs e.g. miR-19b, and miR-20. 
However, a comparison of the miRNA profile of undifferentiated and differentiating MSCs 
revealed no miRNAs that were highly up- or down-regulated during this process. For the 
miRNAs that did show some difference, either the difference in expression level was not very 
pronounced e.g. miR-21, and miR-125b, or the number of cloned miRNAs was to low to 
determine whether the differences were significant, e.g. miR-15b, and miR-27a. Therefore it 
was decided to take a more quantitative approach in the form of northern blotting on selected 
cloned miRNAs. 
 
Northern blotting confirms new miRNAs but fail to identify miRNAs regulated during 
differentiation of MSCs 
 
To verify the expression of the new (at the time of cloning) miRNAs cloned and to investigate 
whether some of the miRNAs that were cloned in different numbers between the MSC 
samples were indeed differing northern blots of 19 different miRNAs were carried out (figure 
13). The HEK293T cell line and Chang liver cells derived from human and NIH 3T3 cells 
derived from mouse fibroblasts were used as reference cells and yeast cells were used as 
negative control since no miRNAs have been found in this organism. Four different blots 
were made and each blot was stripped and re-blotted against other miRNAs several times. Of 
the new miRNAs expression of miR-512-5p was not detected (data not shown), but the five 
others were all expressed in either mouse embryos or MSCs depending on their origin. When 
looking at all the miRNAs blotted no significant changes in expression were observed 
between the different MSC samples. But since large differences were found when comparing 
the MSC samples to the HEK293T and Chang liver cells, and that there were no signal from 
the yeast RNA control lane it was concluded that the results were reliable. Testing all known 
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miRNAs by northern blotting would be very time-consuming it was therefore decided to 
switch to microarrays 
 
Examination of differentiating MSCs using microarray reveals regulated miRNAs 
 
Microarray detection of RNA levels is contrary to northern blotting capable of detecting 
thousands of transcripts at a time. As the few miRNA candidates tested by northern blotting 
did not change as a response to differentiation a larger scale analysis using microarrays was 
made in order to further investigate the involvement of miRNAs in the osteoblast 
differentiation process. Three replicates of MSCs differentiated for 0, 1, 3, 6, or 9 days (D0, 
D1, D3, D6, and D9) were used for the experiment. Undifferentiated samples were not 
included. The microarrays used were spotted with DNA probes complementary to all known 
miRNAs. I did the experimental procedures and early data analysis. The RNA of the different 
samples was divided in two. One fraction was labeled with Cy3 while the other fraction was 
labeled with Cy5. A total of 15 microarrays were performed each containing one Cy3 and one 
Cy5 labeled sample (figure 14). Dr. Pascal Barbry and Dr. Bernard Mari carried out the 
statistical part of the analysis. They analyzed the data set independently of each other and by 
two different approaches. Dr. Pascal Barbry used both the Cy3 and Cy5 signal in his analysis 
(table 2), while Dr. Bernard Mari used only the Cy3 signal for his analysis, since the quality 
of the Cy5 signal was poor compared to Cy3 (table 3). To improve the clarity of the results 
table 4 shows a log2 transformed average value for the different miRNAs. It should be noted 
that since the microarrays used in this experiment are not very good at distinguishing between 
very closely related miRNAs some closely related miRNAs have been combined. 
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Of the 24 candidates chosen by Dr. Pascal Barbry and the 15 candidates chosen by Dr. 
Bernard Mari 11 candidates were repeated and the pattern of their regulation were similar 
between the two methods. The results were thus to a large extend independent of the 
statistical method used. Furthermore, 7 of the candidates were also found by cloning (miR-
15b, miR-20, miR-21, miR-29b, miR-34a, miR-92, and miR-138) which validates that they 
are in fact present in the samples. The results clearly showed that the majority of regulation 
happened in the later phases of the time span investigated (D6 and D9). It was also seen that 
both miRNAs showing down-regulation (e.g. miR-7, miR-145, miR-155, and miR-503) and 
miRNAs showing up-regulation (e.g. miR-34, miR-92, miR-243, miR-297, and miR-497) 
were present during the time course investigated. 
 
The regulation of the miRNAs were confirmed by real time PCR 
 
In order to validate the results from the microarrays real time PCR experiments were 
performed. At the time of the experiment real time PCR primer sets were not commercially 
available for all miRNAs showing regulation, therefore several interesting candidates were 
not verified. In figure 15 the result of the real time PCR is shown and compared to the 
microarray data from table 4. For the majority of miRNAs tested a fine agreement between 
the microarray data and the real time PCR data was found (miR-7, miR-34a, miR-92, miR-
145, miR-155, miR-181b, and miR-210), but for a few of them (miR-15b, miR-26b, and miR- 
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222) some disagreement was evident. MiR-26b showed up-regulation using both methods but 
the degree of up-regulation seemed much stronger when real time PCR was used. The two 
methods also showed some difference upon detection of miR-222. However, when comparing 
the two results only the level of D0 differed significantly but since this day was used as 
reference point for the graphs this resulted in a somewhat different appearance of the graphs. 
Only miR-15b showed markedly different results when comparing the real time PCR data to 
the data from the microarrays. No usable real time PCR data were collected for miR-20a or 
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miR-373. Whether this was due to bad primersets or that the miRNAs were not present in the 
samples (i.e. false signal on microarrays) is not known. In summary, the real time PCR 
experiments to a large extent confirmed the findings of the microarray analysis. Therefore it is 
likely that also a large fraction of the candidates where no primer sets were available are 
showing reliable regulation. 
 
The combined results of the real time PCR and the microarray data revealed miR-7 as a very 
interesting candidate. The expression of this miRNA dropped around 75% between D1 and 
D3 indicating that it might be involved in the early stages of osteoblast differentiation. The 
real time PCR data also suggested an 8 fold up-regulation of miR-26b during the 9 days of 
differentiation. Therefore it was decided to investigate how the osteoblast differentiation of 
the MSCs would be affected by artificial up- or down-regulation of these miRNAs during the 
differentiation process. MiR-34a, miR-92, and miR-210 was also chosen for this experiment, 
since the first two was known to be present from the cloning experiment and both miR-34a 
and miR-210 showed a more than two fold up-regulation during the differentiation process 
according to the real time PCR data (figure 15). 
 
Artificial up and down-regulation of miR-7 
 
To test the ability of antisense LNAs and artificial pre-miRNAs to respectively down and up-
regulate the expression of a certain miRNA an LNA and a pre-miRNA designed to regulate 
miR-7 expression was chosen. In order to test the transfection efficiency a proportion of these 
molecules were labeled with Cy3. As an initial test the molecules were transfected into 
HEK293T. After 24 hours the transfection efficiency was evaluated the use of a microscope 
equiped to visualize the Cy3 fluorescence. The transfection efficiency was found to be around 
80% for the LNA and around 100% for the pre-miRNA (data not shown). However, it could 
not be ruled out that the labeled molecules were sticking to the outside of cells instead of 
being taken up. In order to test whether the miR-7 expression was indeed regulated by the 
molecules real time PCR was conducted on samples from cells transfected with Cy3-labelled 
or unlabelled molecules as well as control samples (table 5). It was found that the miR-7 
expression was indeed regulated by the transfections. The transfection of the antisense LNA 
resulted in an around 20 fold inhibition, while the transfection of the pre-miR-7 showed a 10 
fold up-regulation of the miR-7 expression. The results were fairly independent of whether 
the transfected molecules were labeled with Cy3 or not. The real time PCR data does not take 
the transfection efficiency into account but combined with the observed Cy3 signals it seemed 
reasonable to assume that the molecules were taken up by at least a majority of the cells and 
here performed the expected function. To further strengthen this view it was shown by 
northern blotting that the pre-miR-7 was indeed processed to a mature miRNA of around 22 
nt (data not shown). Therefore the experiment was extended with an investigation of the 
MSCs. Here the transfection efficiencies were found to be comparable to the ones observed 
with the HEK293T cells (data not shown) while the real time PCR data were somewhat 
different (table 5). The LNAs were found only to suppress the level of miR-7 to 50% while 
the pre-miRs boosted the expression 50 fold. The non-normalized results showed however 
that the level of miR-7 in the untransfected samples were around 10 fold higher in the 
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HEK293T cells than in the MSCs. This could explain some of the differences seen in the 
regulation pattern although this comparison is not completely legitimate. In the MSCs it was 
also observed that the transfection reagent did not alter the expression of miR-7 much. 
Furthermore, doubling the amount of pre-miRNA had no observable effect on the degree of 
up-regulation though increasing the LNA concentration might improve the down-regulation 
(table 5). As the transfection results for miR-7 seemed promising it was decided to investigate 
whether artificial regulation of specific miRNAs would effect osteoblast differentiation of 
MSCs. 
 

 
 
Artificial up and down-regulation of miRNAs reveals three miRNAs possibly affecting 
osteoblast differentiation 
 
The effect on differentiation of artificial regulation of miR-7, miR-26b, miR-34a, miR-92, or 
miR-210 was investigated. It was found that transfections side by side with induction of the 
differentiation inhibited proper differentiation (data not shown). Therefore the transfections 
were done the day before differentiation was started. The differentiation process was allowed 
to run for three days. After this the cells were harvested and the level of the osteoblast 
differentiation marker alkaline phosphatase (ALP) was measured (this measurement was done 
by our collaborators in Dr. Moustapha Kassems group in Odense) (figure 16). None of the 
five miRNAs were predicted to be direct targets of ALP. The ALP activity was around 35 U/g 
in differentiating cells that received only differentiation agents and around 8 U/g in 
undifferentiating cells (marked, tko- in the chart). There was thus a clear induction of 
differentiation in the cells treated with differentiation agents compared to the ones that did not 
receive these. A comparison of the tko- samples to the samples that received transfection 
reagent but no transfection molecules (tko) shows that the transfection reagents did not 
interfere with the differentiation pattern (at least when considering ALP levels). Of the 
samples receiving transfection molecules especially three samples showed an interesting 
result. When artificially up-regulating miR-34a, miR-92, or miR-210 in cells receiving 
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differentiation agents the ALP activity was measured to be around 15 U/g (pre34a, pre92, and 
pre210). It has thereby been reduced 75% of the way from differentiating to undifferentiating 
cells. Also artificially inhibition of the same three miRNAs reduced the differentiation level 
of the stimulated cells although the effect was not as strong as the up-regulation (lna34a, 
lna92, and lna210). An interpretation of this result could be that disturbing the level of any of 
these miRNAs would reduce the level of differentiation. No up-regulation or inhibition of the 
examined miRNAs seemed to interfere to a larger extend with the undifferentiating cells. 
Indicating that if miR-34a, miR-92, and miR-210 are regulators of the differentiation process 
this regulation must be down-stream the targets of the differentiation agents in the 
differentiation process. 
 

 
 
The miRNA regulation in MSCs is independent of differentiation 
 
No undifferentiated samples were used in the array or real time PCR experiments. However, 
in the cloning experiment such samples had been included. Therefore a control experiment 
was set up to test whether the drop observed in the miR-7 expression between D1 and D3 was 
unique to the differentiated samples. Unfortunately it was found by real time PCR that both 
the differentiated and undifferentiated samples from the cloning experiment showed a 
decrease in miR-7 expression between D1 and D3 (data not shown). This suggested that the 
drop observed was not due to the differentiation process. 
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Since miR-7 was the only candidate showing a large difference in expression between D1 and 
D3 it was not possible to examine whether the other candidate miRNAs behaved similarly 
without including samples with longer incubation times. New samples of D0, D1, D3, D6,  
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and D9 were therefore made and this time undifferentiated control samples were also 
included. Real time PCR on osteoblast differentiation markers were performed to verify that 
only induced cells underwent differentiation (data not shown). The results are shown in figure 
17. Of the nine miRNAs tested almost no difference was found between differentiating and 
undifferentiating cells. The only larger difference was found at D9 for miR-7 but since the 
undifferentiating cells showed the largest drop and both treatments otherwise showed similar 
results the significance of this difference in concern to osteoblast differentiation was doubtful. 
Several of the other miRNAs were not changing much with time (miR-145, miR-155, miR-
181b, miR-222, and partly miR-92) and miR-155, miR-181b, and miR-222 even showed 
opposite regulation compared to the data from the earlier studies (compare results to figure 
15). It was therefore concluded that the observed regulation of these 9 miRNAs was not due 
to the differentiation process. To investigate if any other miRNAs were regulated during 
differentiation the D9 sample of each treatment were compared in a color swap microarray 
experiment on LNA based microarrays. No larger differences between differentiating and 
undifferentiating cells were observed here either (table 6). In conclusion, even though  
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artificial regulation of some miRNAs were shown to affect osteoblast differentiation it was 
not possible to find any miRNAs that showed a differentiation dependent expression pattern. 
 
The regulation of miR-7, miR-26b, miR-34a, and miR-210 is conserved in other human cell 
lines 
 
MiR-7, miR-26b, miR-34a, and miR-210 all showed significant regulation during the time of 
the differentiation experiment (figure 15 and 17). Even though this regulation seemed 
uncoupled to differentiation it might still have other functions. Therefore an investigation was 
carried out to determine whether this regulation was specific to the MSCs or it was a more 
universal process. 
 
The regulation of the four miRNAs during growth of HEK293T cells, Chang Liver cells, and 
NIH 3T3 cells were tested. The NIH 3T3 cells died when reaching confluence and therefore 
no data could be obtained but the HEK293T cells and Chang liver cells were tested (table 7). 
As can be seen from the results (compare table 7 with figure 15) the regulation of the four 
miRNAs seem to be conserved in both HEK293T cells and Chang Liver cells thereby 
indicating that this phenomena is conserved between different human cells (during a lab 
course some students tested the miR-7 and miR-210 expression in HeLa cells and here the 
same pattern was also evident (data not shown)). Since the experiment with the NIH 3T3 cells 
from mouse failed it is still not clear whether the phenomenon is also found in other 
organisms. 
 

 
 
The levels of miR-7, miR-26b, miR-34a, and miR-210 vary with the growth conditions of the 
cells 
 
To follow the regulation pattern of the four miRNAs in more detail a time course experiment 
was set up. Cells were plated from a dense cell culture and the cells were thus predicted to 
have high starting levels of miR-26b, 34a, and 210, but a low starting level of miR-7. Time 
zero has in the previous experiments been the day after cell plating as this was the time 
osteoblast differentiation was induced. However, in the following experiments time zero is 
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defined as the time where the cells are platted out. The cells were harvested at different time 
points spanning from half an hour to 8 days after plating (figure 18). By real time PCR it was 
found that a high level of miRNA 26b, 34a, and 210 was maintained during the phase were 
the cells were in the process of attaching to the surface and starting to spread out. The three 
miRNAs were then down-regulated somewhere between 5 hours, where almost all attached 
cells are round in shape, and 10 hours after plating, where around 25% of the cells are spread 
out to normal HEK293T cell shape. Mir-7 transcript levels also showed a slight decrease 
during the first 10 hours but was then activated from somewhere between 10 and 24 hours. 
The miR-7 transcript levels where down-regulated again from around the time point the cells 
reached confluence (between 54 and 101 hours). At confluence miR-26b, miR-34a, and miR-
210 were up-regulated again. After 145 hours a batch of cells were replated (split) and these 
were harvested together with an untouched batch at 191.5 hours. It was found that the replated 
cells apparently repeated the cycle (compare to the 54 hours data points). It therefore seemed 
that these four miRNAs were involved in processes that vary with the growth conditions of 
the cells. 
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Potential targets of the four miRNAs 
 
To elucidate the role of the four miRNAs database searches for potential targets was 
performed using PicTar (Krek et al., 2005) and miRbase (Griffiths-Jones et al., 2006). Ten 
target candidates involved in cell proliferation, apoptosis, and other processes that might be 
activated during cell growth were selected (table 8). A new batch of HEK293T cells was 
grown and the regulation of the ten transcripts and the four miRNAs were examined by real 
time PCR. Most transcripts showed no regulation (data not shown) but three showed different 
levels of expression during the time course and are presented in figure 19 along with the 
regulation of the four miRNAs.  In this experiment the reference sample was taken just before 
platting, as opposed to the reference sample in figure 18 that was taken shortly after platting. 
The pattern of regulation of the four miRNAs was similar to the pattern observed in figure 18. 
However, the change in reference sample revealed a short term up-regulation of miR-26b and 
miR-34a immediately after platting. Whether this up-regulation is a general trend or limited to 
this particular experiment has not been further investigated. 
 

 
 
One of the three transcripts, which was found to change expression levels during the time 
course of the experiment ALS2CR2 (also known as ILPIP) is involved in protection from 
apoptosis (Sanna et al., 2002) and is a potential target of miR-26b. It was observed that the 
level of ALS2CR2 transcript was behaving opposite to the level of miR-26b. This indicates 
that miR-26b may in fact targets ALS2CR2. Another of the three transcripts DLL1 acts 
through the cell fate regulating receptor Notch1 to inhibit cell death and promote cell 
proliferation (Conboy et al., 2003; Han et al., 2000). Both transcripts are predicted targets of 
miR-34a. The transcript levels of DLL1 and miR-34a follow each other during the time 
course. This is not the expected behavior of a miRNA and its target. Also Notch1 and miR-
34a behaves somewhat contrary to what would be expected as these also show similar 
regulation during part of the time course. In conclusion, of the ten candidates tested only 
ALS2CR2 would be an obvious candidate for future studies. 
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Besides the ten targets found by looking in target databases one experimentally validated 
target was also tested. MiR-7b is implicated in the regulation of the transcription factor c-Fos 
in mouse (Lee et al., 2006a). The transcription of the gene encoding c-Fos is furthermore 
known to be stimulated upon addition of serum (Muller et al., 1984). It was therefore 
speculated that the up-regulation of miR-7 observed from around 10-24 hours in figure 18 
could be implicated in the down-regulation of c-Fos after a potential serum shock. This serum 
shock could possibly occur when the cells are provided with fresh media during plating. 
Therefore the level of c-Fos transcript was measured in the samples from the HEK293T cells. 
A massive up- and down-regulation of c-Fos transcript in the cells was observed, but this 
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regulation took place before miR-7 up-regulation was started (data not shown). Therefore it is 
unlikely that the miR-7 regulation is involved in regulating c-Fos in this case. 
 
The regulation of the four miRNAs is dependent on cell density, while no dependency on pH, 
serum concentration or apoptosis was found 
 
Instead of searching for specific target transcripts the effect of specific processes on the 
transcript level of the four miRNAs were investigated. To test whether the regulation patterns 
were dependent on cell density HEK293T cells were plated at different concentrations and all 
samples were harvested after 24 hours. In the least dense sample (1x) 10.000 cells per cm2 
were plated and the concentration varied 5 fold between samples. Samples 1x, and 5x were 
less than confluent when harvested. Sample 25x had just reached confluence, while sample 
125x was overgrown. As with the previous experiment real time PCR detection revealed that 
miR-7 expression topped just around confluence and the 3 other miRs were up-regulated 
when confluence was reached (figure 20). This further strengthened the view that the 
regulation is somehow coupled to the density of the cells. 
 

 
 
Higher cell density also lowers the pH and serum concentration of the media. Therefore 
HEK293T cells were plated out in media with different serum concentrations (media 
containing either 10%, 2%, 0.4%, or 0% serum) and at different pH (media containing 0 ml/l, 
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0.08 ml/l, 0.4 ml/l, 2 ml/l, or 10 ml/l 37% HCl). The cells were all dead at 10 ml/l 37% HCl 
but otherwise no differences in the levels of the four miRNAs were observed as a 
consequence of neither HCl nor serum regulation (data not shown). It was therefore 
concluded that the observed regulation was not due to lowering of neither serum 
concentration nor pH of the media as a consequence of cell growth. 
 
MiR-7, miR-34a and miR-210 are all implicated in apoptosis (Chang et al., 2007; Cheng et 
al., 2005; Raver-Shapira et al., 2007; Tarasov et al., 2007; Welch et al., 2007). It was 
therefore decided to test whether induction of apoptosis by gossypol would influence the 
expression pattern of the miRNAs. This was found not to be the case (data not shown). The 
transcription of miR-34a is however regulated by the tumor suppressor protein p53 (Bommer 
et al., 2007; Chang et al., 2007; Raver-Shapira et al., 2007) and gossypol does not influence 
p53 levels (Wang et al., 2000). Therefore apoptotic pathways not stimulated by gossypol 
might still affect apoptosis. 
 
Summary 
 
Using a miRNA cloning procedure I identified six new miRNAs. These were miR-484, miR-
512-5p, and miR-574 cloned from MSCs and miR-411, miR-451, and miR-532 cloned from 
mouse embryos. Artificial regulation of miR-34a, miR-92, and miR-210 was found to affect 
osteoblast differentiation of MSCs. However, neither cloning, northern blotting, microarray, 
nor real time PCR techniques could identify miRNAs showing an expression pattern 
dependent on this differentiation. In stead four miRNAs were identified which expression 
pattern showed dependency on cell density. These were miR-7, miR-26b, miR-34a, and miR-
210. The cell density dependent expression of these four miRNAs was found to be conserved 
in several human cell lines. 
 
MiR-17-5p and miR-20a are involved in protecting meiotic cells and carcinoma in situ in 
testis from apoptosis 
 
Deregulation of the activity of the E2F1 transcription factor is found in a majority of human 
cancers and this factor is known to regulate both apoptosis and cell cycle progression (Sherr 
and McCormick, 2002). The E2F1 mRNA is subjected to translational repression by miR-17-
5p and miR-20a (O'Donnell et al., 2005). In collaboration with Dr. Henrik Leffers and Guy 
Novotny from Rigshospitalet in Copenhagen the role of miR-17-5p and miR-20a in 
spermatogenesis and carcinoma in situ (CIS) in testis were investigated. Here it was found 
that in several cases E2F1 mRNA could be detected even though no protein was detectable. 
The cells showing this phenomenon were also shown to express miR-17-5p and miR-20a. 
Together with the knowledge that these miRNAs target E2F1 the results strongly indicated 
that E2F1 was being subjected to translational repression by miR-17-5p and miR-20a in these 
cells. The repression seemed to both function as a way for meiotic cells in normal 
spermatogenesis to avoid apoptosis and as a way of protecting CIS cells in testis from 
apoptosis (appendix B) (Novotny et al., 2007). My contribution was to show by PCR that 
mature miR-17-5p and miR-20a were indeed present in the different testis samples (figure 1i 
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in appendix B). All in all these results indicated that miRNAs might be involved in both 
proper spermatogenesis as well as development of testis cancer. 
 
Implementation of the microarray technique 
 
Lately it was decided to implement the microarray on miRNAs technique in the laboratory. I 
was made responsible for doing this. Arrays based on the LNA probe set available from 
Exiqon were chosen for the experiments. Microarrays spotted either by Dr. Hans Mollenkopf 
from the Max Planck Institute in Berlin or by Dr. Lars Dyrskjøt Andersen from Skejby 
sygehus in Aarhus were tested but only the slides spotted at Skejby sygehus worked (data not 
shown). Three different commercially available kits were tested. The mirVana miRNA 
labeling kit from Ambion required a large amount of input RNA to work properly. The ULS 
small RNA labeling kit from Kreatech worked fine on small amounts of miRNA enriched 
RNA, but the miRCURY LNA Array labeling kit from Exiqon was chosen because of its 
ability to work on only a few µg of total RNA (data not shown). The Exiqon kit with total 
RNA, as input material, was also the method used by our collaborators at Skejby sygehus (Dr. 
Lars Dyrskjødt, personal communications). An initial test examining the differences in 
HEK293T and Chang Liver cells revealed a fine correlation between the array data and data 
from northern blot (figure 21). However, the array used for this experiment was not optimal as 
the Cy-5 signal was much higher than Cy-3. This resulted in that no usable signal was 
obtained from many of the miRNAs known to be present. Though, since the data retrieved 
were in fine agreement with the data from northern blotting it was decided to go on and look 
at samples were the miRNA expression was unknown. 
 

 
 
The LNA arrays were as earlier mentioned used to examine differences between D9 samples 
of differentiating and undifferentiating MSCs (table 6). Since there was not found up-
regulations larger than around 20% and down-regulations larger than around 10% when 
looking at the average of 3 arrays it was concluded that no significant changes were observed. 
Also attempts to see changes in the miRNA pattern in HIV infected cells, cells treated with 
fatty acids, and stem cells grown under low oxygen conditions were unsuccessful (data not 
shown). Only limited testing of the arrays have been made on samples were differences are 
known to be present. It is therefore not completely certain whether no miRNAs are regulated 
between the tested samples or the microarrays somehow do not function properly. 
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Development of a system for experimental targetfinding 
 
As described in the introduction prediction of miRNA targets is far from trivial. A simple 
experimental way of determining targets would be of advantage in many cases. Therefore the 
development of such a system was attempted. 
 
A cDNA library was constructed from RNA extracted from HeLa cells using a oligo(dT) 
primer in the reverse transcriptase reaction. An oligo(dT) primer was chosen since most 
known miRNA targets are located in the 3’UTR of mRNAs (Bartel, 2004). Using this primer 
would therefore get rid of the majority of non-poly(A) RNA without risking the loss of to 
many targets. Random primers with known 5’ tags were used to construct a library containing 
sequences a couple of hundred nucleotides long. Using primers recognizing these tags on the 
random primers the library was amplified. In this process the T7 promoter was also 
incorporated making it possible to transcribe the library. RNA transcribed from the library 
was mixed with biotin labeled miR-23a allowing this miRNA to hybridize to potential targets. 
Streptavidin beads were used to capture the miR-23a with bound targets. The targets were 
eluted and reverse transcribed thereby creating an enriched library, which was subjected to 
further selection rounds. 
 
After 6 selection rounds each of the seven libraries were transcribed with a small amount of 
P32 labeled UTP present. Equal amounts of RNA (measured by a cherenkov counter) were 
subjected to one selection round and the recovered amount of RNA was quantified again 
using the cherenkov counter (table 9). It was found that the selection process had increased 
the quantity of recovered target by 36 fold. The major enrichment was seen in round 3. 
 

 
 
In order to investigate the identity of the selected RNA, sequences were retrieved from 
selection round 6 (table 10). However, for some unknown reason the cloning of the libraries 
proved to be very difficult and only five sequences were retrieved. These were found to 
correspond to five different unrelated mRNAs. All sequences contained regions 
complementary to miR-23a and these complementarities was significantly higher than the 
complementarity found in scrambled versions of the sequences. In conclusion, the method 
was capable of selecting mRNAs showing complementarity towards a specific miRNA. 
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MiR-23a: ATCACATTGCCAGGGATTTCC 
 
1. Ribosomal protein L32 (CDS) (63.1ºC/41.1ºC) 
AACATTGGTTATGGAAGCAACAAAAAAACAAAGCACATGCTGCCCAGTGGCTTCCGGAAGTTCCTGGTCCAC
AACGTCAAGGAGCTGGAAGTGCTGCTGATGTGCAACAAATCTTACTG 
 
2. Proteasome subunit alpha type 6 (mainly 3’UTR) (70.4ºC/49.4ºC) 
TGTTGCTCTAGCAGAGAGAGACTAAACATTGTCGTTAGTTTACCAGATCCGTGATGCCACTTACCTGTGTGTTT
GGTAACAACAAACCAACATCATGGAGGTCCCTGGAT 
 
3. Eukaryotic translation initiation factor 3, subunit 7 zeta (CDS) (66.6ºC/48.9ºC) 
GGAGATGATATTGACCTTATTGTCCGTTGTGAGCACGATGGCGTCATGACTGGAGCCAACGGGGAAGTGTCCT
TCATCAACATCAAGACACTCAATGAGTGGGATTCCAGGCACTGT 
 
4. Carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydrooratase (CDS) (71.6ºC/42.0ºC) 
GAAGGGGAAGGTCATGGCCTCCATGTTCTATGAAGTGAGCACACGGACCAGCAGCTCCTTTGCAGCAGCCAT
GGCCCGGCTGGGAGGTGCTGTGCTCAGCTTCTCGGAAGCCACATCGTCCGTCCAGAAGGGCGAATCCCTGGC
TGACTCCGTGCAGACCATGAGCTGCTATGC 
 
5. N-acylaminoacyl-peptid hydrolase (CDS) (75.7ºC/54.1ºC) 
TATCGTGGCTCCACGGGCTTTGGCCAGGACAGCATCCTCTCCCTCCCAGGCAATGTGGGCCACCAGGATGTGA
AGGATGTCCAGTTTGCAGTGGAACAGGTGCTCCAGGAGGAACACTTTGATGCAAGCCAT 
 
Table 10. List of sequences retrieved from selection round 6 as well as the sequence of miR-23a. In 
the sequences regions showing complimentarity to miR-23a are underlined and marked with bold. 
Along with each sequence it is noted whether the cloned sequence is located in the coding sequence 
(CDS) or in the 3’UTR. The theoretical melting temperature of the miR-23a annealed to the cloned 
sequence as well as the temperature of the miR-23a annealing to a scrambled version of the same 
sequence are also given. 
 
Testing of miRNA LNA knockdown probes 
 
The previously described knockdowns of miRNAs were performed using commercial 
available LNA-DNA probes from Exiqon. These probes are based on deoxyribose and LNA 
nucleotides, but the exact incorporation sites of the LNAs are unknown to the buyer. 
However, ribose nucleotides should give a better annealing to an RNA target. Therefore we 
wanted to test whether it was more favorable to use a combination of ribose and LNA 
nucleotides. Dr. Jesper Wengel from University of Southern Denmark made these LNA-
RNAs. Five different LNAs targeting miR-92 and three different LNAs targeting miR-7 were 
produced (table 11). The miR-92 LNAs were made 14 nt long while the miR-7 LNAs were 
the full length of the target (22 nt.). The short length of the miR-92 LNAs was chosen since it 
was not completely clear at the time how long the Exiqon LNAs were and miR-92 is 
furthermore very GC rich resulting in a high melting temperature even with short LNA 
probes. 
 
Knockdown of miR-92 
 
The miR-92 LNAs were transfected into HEK293T cells and cells were harvested after either 
1 or 2 days. The level of miR-92 was afterwards determined by real time PCR (figure 22 A). 
At day one, a knockdown of around 95% was observed for the LNA from Exiqon and after 
two days the miR-92 was still knocked down by around 70%. None of the LNAs tested 
worked as well as the Exiqon LNA. In fact the only one showing a somewhat usable 
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knockdown was LNA 5 that after one day of knockdown reduced the level of miR-92 with 
around 90% but already after 2 days this effect was almost abolished. 
 

 
 

 
 
The RNA fractions from cells treated with transfection reagent only, Exiqon LNA, or LNA 5 
was used in a northern blot with a probe targeting miR-92 (figure 22 B). The result was 
consistent with the real time PCR data when looking at the band for the mature miR-92 at 22 
nt. However, apparently a band shift occurred in the two knockdown samples especially at 
day 1. This band was presumably a complex between the LNA and the miR-92 (see 
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discussion). The fact that the band shift was larger for the Exiqon LNA could be an indication 
that this LNA is longer than LNA 1-5. Afterwards Exiqon has informed that the LNA they 
provided us was a full length antisense LNA (personal communication). 
 
Knockdown of miR-7 
 
Since miR-92 is very GC rich the advantage of better annealing using ribose nucleotides 
would most likely not be as pronounced as if a more AU rich miRNA was used. Therefore it 
was decided to switch to miR-7 and this time use full-length antisense LNAs (table 11). It was 
also decided to test whether using 2’-O-methyl modified RNA bases would work better. 
Again knockdowns were performed and the samples were analyzed by real time PCR to 
determine the level of miR-7 knockdown (figure 23 A). This time an additional control was 
performed where LNA was added without transfection reagent (Ex-) to rule out the possibility 
that part of the knockdown observed was due to untransfected LNAs that came in contact with 
the miRNA after cell lysis. The results showed that this was not the case (sample Ex-). Cells 
were only harvested one day after transfection as earlier results had shown that miR-7 is 
down-regulated after a period when re-plated (figure 18). Again it was observed that the 
Exiqon LNA worked very well giving a knockdown of around 95%. The 2’-O-methyl 
modified LNA 8 performed just as well, while LNA 6 only yielded a 60% knockdown and 
LNA 7 did not seem to work at all (figure 23 A). It therefore seems when looking at the 
knockdown levels of both miR-92 and miR-7 that the ribose based LNAs cannot compete 
with the deoxyribose based LNAs from Exiqon. However, the LNA 8 based on 2’-O-methyl 
modified nucleotides was able to compete with the commercially available LNA. 
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Regulation of protein levels 
 
Examining the level of a miRNA by real time PCR is only one of several ways to determine 
the degree of a knockdown. Another way is to examine to what extend the protein expression 
from an mRNA containing a miRNA target is up-regulated after a knockdown of the miRNA. 
In order to investigate this two luciferase constructs were made containing either a perfect 
miR-7 target or a miR-7 antisense target (as negative control) in its 3’UTR. Similar constructs 
were also made for miR-92. The luciferase expression from cells tranfected with plasmids 
containing either sense or antisense target was measured and a relative value of the 
knockdown on protein level was determined by dividing the sense measurement with the 
antisense measurement. These values were determined for samples transfected with different 
LNAs (figure 23 B). Without LNAs present, the protein expression from the luciferase 
construct containing a miR-7 target was down-regulated to 6.1% of the expression from the 
construct containing the antisense target. The same experiment with the miR-92 constructs 
showed a down-regulation to 24.3%. This indicated that there was indeed a down-regulation 
effect from both miR-7 and miR-92. However, it should be borne in mind that the constructs 
bearing the antisense targets could show lower expression for some other reason. The down-
regulation effect of miR-7 was attempted relieved by transfecting the cells with the four 
LNAs against miR-7 one at a time. Each of the LNAs recovered the protein expression 
somewhat. Even LNA 7 that showed no detectable effect in the real time PCR experiment 
gave a small recovery. Surprisingly, the largest recovery was seen from LNA 6 that only 
showed a moderate knockdown in the real time PCR experiment. All in all, the observed 
recoveries were small and the experiment should be repeated before any final conclusions can 
be made. 
 
In summary, the knockdown experiments indicated that the Exiqon LNAs worked fine and in 
most cases better than the tested LNAs. There seemed thus to be no advantage in changing 
from a deoxyribose to a ribose backbone. However, the knockdown effect of LNAs based on 
2’-O-methyl modified nucleotides may be a subject for future studies. 
 
Development of a miRNA detection system using padlock probes and rolling circle 
amplification 
 
The classical tool for miRNA detection is northern blotting (Lee et al., 1993). This method 
has the advantage that the length of the detected product is easily seen and that the signal from 
the mature miRNA is easily distinguished from the signal from the pre-miRNA. However, a 
large amount of RNA is required for the northern blot to work properly and in many cases it is 
not possible to obtain enough RNA. Therefore a system for miRNA detection that only needs 
a small amount of input RNA was developed. The padlock probe detection system (Nilsson et 
al., 1994) was chosen as scaffold because of its ability to distinguish between closely related 
RNA sequences (Nilsson et al., 2000) and the possibility of signal amplification using rolling 
circle amplification (Fire and Xu, 1995; Liu et al., 1996) thereby making it possible to use a 
very small quantity of input RNA. The principle in the method is shown in figure 24. In short, 
the miRNA serves as a template for the circularization of the padlock probe. Hereafter the 
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miRNA is used to prime the rolling circle amplification thereby amplifying the miRNA 
sequence in a linear reaction. The amplified product is then detected using slot-blotting. Since 
the method is published ((Jonstrup et al., 2006) appendix A) references to this paper will be 
made and only supplementary data not already published will be presented in detail here. 
 

 
 
Determination of the suitable reaction conditions for the padlock detection step 
 
The method can be divided into two main processes. First, the miRNA is detected by the 
padlock probe and second, the detection signal is amplified by rolling circle amplification. In 
order to get the detection step (figure 24 A and B) to work properly and selectively several 
experiments were performed. In vitro transcribed miRNAs were used in order to keep the 
system simple and to ensure enough RNA to obtain a signal. MiR-16 was chosen as the 
miRNA-target for these studies. Padlock probes 5’-endlabeled with P32 were used in order to 
detect the signal. 
 
First, the optimal conditions for the procedure were tested. Previously published conditions 
were used as inspiration (Nilsson et al., 2001). The annealing procedure of the padlock probe 
to the miRNA was found to be rather tolerant to denaturing temperature (65˚C or 95˚C), 
cooling (slow or fast), and end temperature (room temperature or on ice), maybe with slightly 
better selectivity when using room temperature as end temperature (data not shown). 
Therefore the conditions from Nilsson et al. 2001 using denaturing at 65˚C and slow cooling 
were applied but the placement on ice was avoided when possible. The optimal ligation 
temperature was as in Nilsson et al. 2001 determined to be 37˚C compared to room 
temperature or 14˚C (data not shown). The optimal T4-DNA ligase concentration was found 
to be 200 units (300-3 units were tested). This was 80 times higher than applied by Nilsson et 
al. 2001. However, this discrepancy may be due to that different T4-DNA ligases were used. 
 
The padlock probes are able to discriminate between closely related miRNAs 
 
Two padlock probes were designed: Pad-miR-16, which also was used for the above 
described testing of experimental conditions and pad-miR-16mut. Pad-miR-16 was 
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constructed in such a way that nt 1-12 were complementary to nt 12-1 of miR-16 and nt 64-73 
were complementary to nt 13-22 (the 3’ end) of miR-16. This implies that during annealing of 
pad-miR-16 to miR-16 the 5’- and 3’ end of pad-miR-16 is brought together and could 
therefore be subjected to ligation - this principle was used to design all padlock probes. In 
pad-miR-16mut nt 4 (G → C) and 69 (A → G) were mutated and this probe served as a 
control for unspecific annealing. The ability of pad-miR-16 but not pad-miR-16mut to 
recognize in vitro transcribed miR-16 in a quantitative fashion was confirmed experimentally 
(figure 2A in appendix A). The ability of the two padlock probes to discriminate between 
miR-16 and miR-16mut was further analyzed (figure 25). Again it was found that pad-miR-16 
(sample 1) but not pad-miR-16mut (sample 2) recognized the in vitro transcribed miR-16. 
Furthermore it was shown that pad-miR-16mut (sample 4) but not pad-miR-16 (sample 3) 
recognized in vitro transcribed miR-16mut. Together these results indicated that the method 
was able to discriminate between closely related miRNAs. 
 

 
 
An attempt to detect miR-16 in total RNA purified from HEK293T cells and Chang Liver 
cells were made. Even though up to 10 µg total RNA was used, no circularized padlock probe 
could be detected (data not shown). This showed, as expected that rolling circle amplification 
was required to increase sensitivity of the method but importantly it also indicated that there 
was no major problem with unspecific circularization. 
 
Determination of the suitable reaction conditions for the rolling circle amplification step 
 
Rolling circle reactions on the ligated padlock probes were carried out to amplify the signal 
from the ligation experiment. It was speculated, that the miRNA used as ligation template 
could also function as a primer for the rolling circle amplification (figure 24 C). Phi29 DNA 
polymerase was chosen to carry out this amplification (figure 24 D) since it previously has 
been found to be well suited for this kind of reaction (Baner et al., 1998). 
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Slot blotting was used to detect the amplified product, as detection on a gel was inapplicable 
due to the uneven lengths of the products. However, the lack of size separation made 
background noise a much larger problem. When detecting miRNAs in total RNA fractions 
background signal, most likely mainly from cross hybridization of the detection probe to 
rRNA, ruined the experiments (data not shown). Experiments with RNase treatment of the 
samples after amplification were not successful (data not shown). Therefore samples enriched 
for small RNAs using mirVana miRNA isolation kit (miRNA enriched RNA) or total RNA 
samples gel purified for RNAs in the range of 15-30 nt (20 nt pool) were used. An additional 
advantage of using the 20 nt pool was that it ensured that signals were obtained from mature 
miRNAs and not from pre- or pri-miRNA. 
 
To optimize the incubation time for the polymerization step, rolling circle amplifications were 
performed on the 20 nt pool of variable amounts of total RNA from Chang liver cells for 30 
min., 2 hrs, or 8 hrs. A nearly linear relationship was observed between incubation time and 
signal over this time period indicating that a strong gain in signal without compromising 
linearity can be obtained by incubating 8 hrs compared to 30 min. or 2 hrs of incubation (table 
1 in appendix A). Therefore it was decided to do overnight rolling circle amplification since 
this gave a strong signal and allowed detection of small amounts of target.   
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The amount of padlock probe required for the experiment was then examined (figure 26). 40, 
10, 2.5, and 0.625 fmol padlock probe was applied to detect miR-92 from HEK293T, Chang 
Liver, and murine neuroblastoma (N2a) cells. The 20 nt pool from 100 ng total RNA was 
used and yeast RNA was used as background. The results were compared to results obtained 
by northern blotting. All concentrations except 0.625 fmol gave results in fine agreement with 
the northern blot data. 2.5 fmol was selected as the optimal amount since the error bars were 
smallest in this experiment and as it was preferable to use as little padlock probe as possible 
in order not to waste probe unnecessarily. These conditions were employed to detect miR-92 
in the 3 cell types using the 20 nt pool from only 10 ng of total RNA (figure 4 B in appendix 
A). 
 
Signal is only obtained in cells expressing the miRNA detected 
 
Two miRNAs, miR-21 and miR-27a, known to be present in Chang Liver cells but not in 
HEK293T cells were investigated. The 20 nt pool from 500 ng or 125 ng of total RNA was 
used to detect miR-27a (figure 4 A in appendix A). As expected, a signal was only observed 
when RNA originating from Chang Liver cells was used. Furthermore the signal strength was 
proportional to the quantity of input RNA. In a similar manner the 20 nt pool from 750 ng or 
150 ng of total RNA from Chang Liver cells and HEK293T cells was used to detect miR-21. 
Also here a signal specific for the Chang Liver cells with a strength proportional to the 
quantity of input RNA was observed (figure 27). 
 

 
 
Only a few nanograms of total RNA is needed for detection 
 
The system was found to be able to detect miRNAs using as little as the 20 nt pool from 3 ng 
total RNA (figure 2 B in appendix A) or 5 ng miRNA enriched RNA (figure 4 C in appendix 
A). 
 
The method can distinguish between closely related miRNAs 
 
The ability of the method to discriminate between closely related miRNAs was tested by 
detecting in vitro transcribed copies of the two almost identical miRNAs, miR-17-5p and 
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miR-20a.  Samples were used where the total RNA concentration (miR-17-5p + miR-20a) 
was held constant at 20 pg while the ratio between miR-17-5p and miR-20a was varied (figure 
3 in appendix A). The results showed that the padlock probes were able to discriminate 
between the two closely related miRNAs. Also the ability to discriminate between miR-16 
and miR-16mut was investigated (figure 28). Here the level of in vitro transcribed miR-16 + 
miR-16mut was held constant at 100 pg while the ratio again was varied. Unfortunately the 
detection by pad-miR-16 was ruined due to repeated defects in the slot blotter (data not 
showed). However, the pad-miR-16mut was nicely detecting the miR-16mut in a linear 
concentration dependent way. The method is thus able to specifically detect individual 
miRNAs in a concentration dependent manner. 
 

 
 
The method may be better at distinguishing closely related miRNAs than northern blotting 
 
During a detection of miR-21 a peculiar phenomena was observed. The data from the padlock 
experiment did not fit with the northern blot data. A closer look at the northern blot revealed 
that the mature band was in fact two separate bands that showed different regulation patterns 
(figure 29 B). The data from the padlock data was found to correlate nicely with the upper of 
the two bands (figure 29 A). This could potentially be an example where northern blotting 
was unable to distinguish between two closely related miRNAs, while the padlock system was 
able to. 
 
Development of a small-scale array 
 
A small-scale array study was made to examine the ability of our method to detect several 
miRNAs in the same experiment (figure 30). The array was designed to detect four different 
miRNAs and in addition contained three negative control miRNAs. The array was tested on 
HEK293T cells and Chang Liver cells. MiR-15b and miR-16 were known by northern blot to 
be present in both cell lines in around equal amounts while miR-21 and miR-27a were found  
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in Chang Liver cells only (data not shown). Mir-15b, miR-21, and miR-27a showed the 
expected expression. This was also the case for miR-16 but here the signal was quite weak. Of 
the negative controls only miR-191 showed a very weak signal. This initial trial experiment 
thus gave promising results and a further development of the array may result in a powerful 
system to detect multiple miRNAs simultaneously. 
 
In situ detection of miRNAs using padlock probes 
 
Also in situ detection is possible using padlock probes (se for example (Landegren et al., 
2004; Larsson et al., 2004; Lizardi et al., 1998; Nilsson et al., 1997)). Although several 
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attempts were made it was not possible to get the technique to work for detection of miRNAs 
(data not shown). 
 
Summary 
 
We developed a padlock probe based detection method for detection of miRNAs. The method 
is capable of detecting miRNAs quantitatively using only a few ng of total RNA as starting 
material. Even closely related miRNAs are successfully discriminated and the method can 
probably be developed in to a system capable of detecting multiple miRNAs simultaneously. 
 
Materials and methods 
 
Investigations of miRNAs involved in osteoblast differentiation 
 
Preparation of RNA 
 
Human bone marrow mesenchymal stem cells expressing telomerase cDNA (Simonsen et al., 
2002) were incubated either in control medium (MEM with 10% FCS) or in medium inducing 
an osteoblastic phenotype (control medium supplemented with 10-8 M calcitriol, 50 µg/ml L-
ascorbic acid, and 10 mM β-glycerophosphate). Around 100 µg of total RNA was harvested 
after 1 day or 3 days of incubation using TRIzol Reagent (Invitrogen). Dr. Basem Mohamed 
Abdallah from Dr. Moustapha Kassems group at the university hospital of Odense did this 
work. 
 
Mouse embryos were harvested after 11, 12, and 13 days of pregnancy by Christina Gerlings 
and Karen Larsen from Dr. Ernst Martin Füchtbauers laboratory MBI AU. RNA from around 
0.75 g of mouse embryos was purified using mirVana miRNA isolation kit (Ambion). 
 
HEK293T cells were incubated in D-MEM with 10% FCS. RNA was purified using mirVana 
miRNA isolation kit (Ambion). 
 
RNA from other cell lines were purified using TRIzol Reagent (Invitrogen). 
 
Cloning of miRNAs 
 
The cloning procedure was based on a previously published protocol with a few changes 
(Elbashir et al., 2001b). ~20mers of RNA was purified from around 50 ug of total RNA by 
size-separation on an 8% polyacrylamide gel, gel extracted, and precipitated with 10 ug of 
glycogen. The ~20mers were dephosphorylated using Calf Intestine Phosphatase (CIP) (New 
England Biolabs), phenol extracted, and precipitated with 10 ug of glycogen. A 3’adaptor 
pUUUaaccgcatccttctc (lower case DNA, upper case RNA) was then ligated to the ~20mers 
using T4 RNA ligase (New England Biolabs). The ~40mer ligated product was purified on a 
4% polyacrylamide gel. The purified product was then phosphorylated using Poly Nucleotide 
Kinase (PNK) (New England Biolabs) and precipitated. A 5’ adaptor tactaatacgactcactAAA 
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(lower case DNA, upper case RNA) was then ligated to the ~40mers using T4 RNA ligase 
(New England Biolabs) followed by precipitation. The ~60mer ligated product was then 
reverse transcribed with AMV-reverse transcriptase (promega) using the primer 
gactagctggaattcaaggatgcggttaaa (miRclonRTBW) followed by precipitation. Then the reverse-
transcribed product was PCR amplified with Phusion polymerase (Finnzymes) using primers 
miRclonRTBW and cagccaacggaattcatacgactcactaaa (miRclonFW). Following this the 
product was gelpurified on an 8% polyacrylamide gel and precipitated with 10 ug of 
glycogen. Then half of the product was subjected to PCR using Phusion polymerase and 
primers miRclonRTBW and miRclonFW and gelpurified on a 2% low melting temperature 
agarose gel. The product was then precipitated with 10 ug of glycogen. 10% of this 
precipitated product was PCR amplified like above followed by phenol extraction and 
precipitation with 10 ug of glycogen. This product was digested with EcoRI (New England 
Biolabs) and gelpurified on a 2% low melting temperature agarose gel followed by 
precipitation with 10 ug of glycogen. The digested DNA was then concatemerised using T4 
DNA ligase (New England Biolabs). A smear between 300-1000 bp was purified on a 2% low 
melting temperature agarose gel followed by precipitation with 10 ug of glycogen. The ligated 
fragments were topocloned (invitrogen) after addition of 3’A overhangs. The resulting 
colonys were subjected to colonyPCR using M13FW and M13BW primers and Taq 
polymerase (invitrogen). The PCR reactions were purified on a 1% agarose gel and finally 
sequenced. 
 
Creation of stem threes 
 
The miRNA profiles from the different samples were compared in silico by the program 
TIGR MEV. In this program the HCL: Hierarchical clustering (Eisen et al., 1998) was applied 
using the standard settings. In order to perform the analysis the miRNA profiles were 
converted into an array format were the Cy3 channel was held constant and the Cy5 channel 
varied with the values of the cloning percentages. 
 
Northern blotting 
 
The northern procedure was based on a previously published protocol (Lau et al., 2001). In 
short, 20 µg of RNA (TRIzol purified except for mouse embryonal RNA which where 
purified via mirVana miRNA isolation kit (Ambion)) where loaded on a 15 % polyacrylamide 
gel. After running the gels RNA was blotted on to a Hybond N+ membrane (Amersham) 
using a semi-dry blotter. DNA probes complementary to the cloned miRNAs were used in the 
hybridizations. The blots were stripped between hybridizations. 
 
DNA microarrays 
 
MSCs differentiated for 0, 1, 3, 6, or 9 days were grown by Dr. Basem Mohamed Abdallah 
from Dr. Moustapha Kassems group at the university hospital of Odense. Three independent 
cell samples were made for each time point. 
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The DNA microarrays were performed using the MICROMAX ASAP miRNA LABELING 
KIT (PerkinElmer). RNA was purified using mirVana miRNA isolation kit (Ambion) and 2x1 
µg RNA from each sample was isolated and used for the arrays as described by the 
manufacturer. An overview of the microarray setup is provided in figure 14. 
 
Real time PCR detection of miRNAs 
 
The mirVana qRT-PCR miRNA detection kit (ambion) was applied. 25 ng total RNA was 
used for detection as described by the manufacturer. 
 
Artificial regulation of miRNAs 
 
Cells are plated at ~60-80% confluence approximately 24 hours prior to transfection. 
Artificial pre-miRNAs and antisense LNAs are transfected into the cells using the TransIT-
TKO Transfection Reagent (Mirus) as described by the manufacturer. Amounts of the 
transfected molecules were used resulting in a final concentration of 10 nM in the wells 
containing the transfected cells. If osteoblast differentiation was induced this was done 24 
hours after transfection following the procedure described earlier. Total RNA was purified 
from the cells using TRIzol Reagent (Invitrogen). Real time PCR was performed as earlier 
described. 
 
Real time PCR detection of potential mRNA targets 
 
5 µg TRIzol purified RNA of each sample was treated with 5 units of DNase I (New England 
Biolabs) in 10 mM Tris-HCl pH 7.6, 2.5 mM MgCl2, and 0.5 mM CaCl2. The samples were 
incubated at 37˚C for 20 min. The Dnase I enzyme was removed via phenol extraction. 0.5 µg 
of the DNase I treated RNA was mixed with 100 ng random hexamer primers (Invitrogen) in 
a volume of 10 µl and incubated at 70˚C for 10 min. The samples were cooled on ice and 
added 100 units of SuperScript II Reverse Transcriptase (Invitrogen). Reverse transcription 
was performed in a volume of 20 µl containing 50 mM Tris-HCl pH 8.3, 40 mM KCl, 6 mM 
MgCl2, 1 mM DTT, and 0.5 mM dNTP. The samples were incubated 10 min. at 25 ˚C, 50 
min. at 42 ˚C, and 15 min. at 70 ˚C. 80 µl of H2O was added to each sample resulting in a 
volume of 100 µl. 5 µl of this volume were used for each real time PCR detection. SYBR 
green based real time PCR was performed using Platinum SYBR green qPCR SuperMix-
UDG (invitrogen) as described by the manufacturer. 200 nM of both forward (FW) and 
backward (BW) was used. 
 
The sequences of the primers used for the real time PCR are as follows: 
ALS2CR2-FW: CGGCATCCCAATATTACAAC 
ALS2CR2-BW: GCCATTTTGGTGCAGATAGT 
Arhgap26-FW: CCCAAGACTGCTTCTGAGAC 
Arhgap26-BW: TTCTCCAGTTTTGCTGCTTT 
ASCL1-FW: GCAGCACACGCGTTATAGTA 
ASCL1-BW: CAGAGTTTCAAAGGGCTGAG 
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DLL1-FW: AGACGGAGACCATGAACAAC 
DLL1-BW: TATAGTCCACCGCTGGGTAG 
E2F3-FW: CCTGGTACCATTGAGTTGCT 
E2F3-BW: TTTTCTAAGGCTCACGCAGT 
Map3K2-FW: TACTGTGCCAAGGTCCTACC 
Map3K2-BW: CAGGGACACCTCATTCTTGT 
NLK-FW: CAGTGACTTTGAGCCTGTCA 
NLK-BW: GCACTCTGTTTCCTTTCTGC 
Notch1-FW: ATTGTCCAGGAAACAACTGC 
Notch1-BW: GTCCACATCCTCGGTACAGT 
RB1-FW: GAATCATTCGGGACTTCTGA 
RB1-BW: AGTGGTTTAGGAGGGTTGCT 
Tp53INP1-FW: GCCCACGTACAATGACTCTT 
Tp53INP1-BW: AGACTGAGAGTTTGGCTGGA 
 
MiR-17-5p and miR-20a are involved in protecting meiotic cells and carcinoma in situ in 
testis from apoptosis 
 
This section only concerns results already published (appendix B) (Novotny et al., 2007). 
 
Implementation of the microarray technique 
 
Arrays based on the LNA probe set available from Exiqon used. Microarrays were spotted 
either by Dr. Hans Mollenkopf from the Max Planck Institute in Berlin or by Dr. Lars 
Dyrskjøt Andersen from Skejby sygehus in Aarhus. The mirVana miRNA labeling kit 
(Ambion), the ULS small RNA labeling kit (Kreatech), and the miRCURY LNA Array 
labeling kit (Exiqon) were all used as described by the manufacturer. Two RNA fractions 
from each of the two samples (here called S1 and S2) that were to be compared were taken 
out. One fraction from each sample was labeled with Cy3 and one fraction from each sample 
was labeled with Cy5. Color-swap experiments were performed by doing two arrays where 
array 1 was comparing S1-Cy3 to S2-Cy5 and array 2 was comparing S1-Cy5 to S2-Cy3. The 
results were analyzed using the TIGR software pack available for free at 
http://www.tigr.org/software/microarray.shtml. Northern blots were performed as described 
above. 
 
Development of a system for experimental targetfinding 
 
Total RNA was purified from HeLa cells using TRIzol reagent (Invitrogen). Reverse 
transcription was performed as described in the previous section although the random 
hexamer primers were substituted by an oligo(dT) primer 20 nt long. From this reverse 
transcription a library containing sequences a couple of hundred nucleotides long was 
constructed as previously described (Lindtner et al., 2002). In this process the T7 promoter is 
incorporated making it possible to transcribe the library. The MEGAscript T7 Kit (Ambion) 
was used to transcribe the library following the instructions by the manufacturer. The 
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transcribed library was purified on a 4% polyacrylamide gel (100 mM Tris Borate, pH 7.5, 1 
mM EDTA) followed by phenol extraction and precipitation with 10 µg yeast tRNA carrier. 
The yeast tRNA carrier was added to improve the precipitation but also more importantly to 
function later as a competitor molecule when doing the selections. The transcribed library was 
mixed with 2 µg biotin-labeled miR-23a and incubated for one hour at 37 ˚C in 10 mM hepes 
pH 7.0, 1 mM MgCl2, 100 mM KCl, 0.25 U/µl RNasin (Promega) and 10 mM DTT. Then one 
volume 50% streptavidine (Amersham), 10 mM hepes pH 7.0, 1 mM MgCl2, 100 mM KCl, 
0.25 U/µl RNasin (Promega), and 10 mM DTT was added. The sample was incubated 1 hour 
at 37 ˚C while shaking. At 37 ˚C the sample is spun down and the supernatant is removed. 
The pellet is re-dissolved and washed in 10 mM hepes pH 7.0, 1 mM MgCl2, 100 mM KCl, 
0.25 U/µl RNasin (Promega), and 10 mM DTT pre-warmed to 37 ˚C. This washing procedure 
is repeated three times. To release bound transcripts dissolve the pellet in TE-buffer supplied 
with 0.25 U/µl RNasin (Promega) and 10 mM DTT. Incubate at 90 ˚C for 2 min. Quickly spin 
down sample and recover the supernatant. Precipitate with yeast tRNA carrier. A new library 
was then generated from the recovered transcripts. This was done by reverse transcription (as 
described earlier) using Primer B as RT-primer and then follow the previously published 
procedure (Lindtner et al., 2002). The selection can now be repeated. 
 
To test the selected libraries the procedure described above was performed simultaneously for 
all libraries with some changes. In the transcription reaction trace amounts of α-P32-UTP was 
added. After purification of the transcribed RNA a cherenkov count was made to ensure the 
same amount of RNA input was used. After the selection instead of eluting from the 
streptavidine beads another cherenkov count was made on the pellet to decide the amount of 
RNA bound to the beads. 
 
The TOPO TA Cloning Kit for Sequencing (Invitrogen) was used to clone sequences from the 
6x selected library following the instructions by the manufacturer. Targets for miR-23a in the 
cloned sequences were determined using the mfold server (Mathews et al., 1999; Zuker, 
2003). Cloned sequences and miR-23a were connected via a poly(U)-linker during folding. 
Afterwards the melting temperature of the cloned sequences (and scrambled versions of these) 
annealed to miR-23a was determined using the DINAMelt Server 
(http://frontend.bioinfo.rpi.edu/applications/hybrid/twostate.php) (Conditions, RNA, 37ºC, 
1M Na+, 0M Mg++, strand conc. 0.00001M). Scrambled versions of the cloned sequences 
were generated at the website http://users.umassmed.edu/ian.york/Scramble.shtml. 
 
Testing of miRNA LNA knockdown probes 
 
Transfection of the LNAs were performed as described above. The sequences of the 
transfected LNAs are presented in table 11. Northern blots and real time PCR was done as 
described above. To detect the effect on protein level two luciferase constructs were made 
containing either a perfect miR-7 target or a miR-7 antisense target (as negative control) in its 
3’UTR as described earlier (Lewis et al., 2003). Similar constructs were also made for miR-
92. Luciferase constructs and antisense LNAs were transfected into HEK293T cells using the 
TransIT-TKO Transfection Reagent (Mirus) as described by the manufacturer (the protocol 
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for combined transfection of plasmid and oligonucleotides). Luciferase measurements were 
done using the Luciferase Assay System (Promega) as described by the manufacturer. 
 
Development of a miRNA detection system using padlock probes and rolling circle 
amplification 
 
Padlock probes 
 
All padlock probes were chemically synthesised with a phosphate at the 5’end. The probe 
specific sequences are underlined:  
pad-miR-16: 
pTACGTGCTGCTATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTACTTG
GATGTCTCGCCAATATT 
pad-miR-16mut: 
pTACCTGCTGCTATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTACTTG
GATGTCTCGCCAGTATT 
pad-miR-17-5p: 
pTAAGCACTTTGTTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTACTTGG
ATGTCTACTACCTGCACTG 
pad-miR-20a: 
pTAAGCACTTTATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTACTTGG
ATGTCTCTACCTGCACTA 
pad-miR-21: 
pCTGATAAGCTATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTACTTGG
ATGTCTTCAACATCAGT 
pad-miR-27a: 
pTAGCCACTGTGAATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTACTT
GGATGTCTGCGGAACT 
pad-miR-92: 
pCGGGACAAGTGCAATATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTT
ACTTGGATGTCTCAGGC 
pad-miR-125b: 
pTAGGGTCTCAGGGATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTAC
TTGGATGTCTTCACAAGT 
pad-miR-199a*: 
pTACTGTATTTATTTCCTCAATGCTGCTGCTGTACTACTAGTGATTTACTTGGATGT
CTAACCAATGTGCAGAC 
 
RNA preparation 
 
Total RNA from cultured cells was purified with Trizol reagent (Invitrogen), and either 
enriched for small RNAs using mirVana miRNA isolation kit (Ambion; miRNA enriched 
RNA) or purified on a 8% polyacrylamide gel (100 mM Tris Borate, pH 7.5, 1 mM EDTA) 
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selectively for RNAs in the range of 15-30 nt (20 nt pool). In vitro transcribed RNA was 
transcribed using mirVana miRNA probe construction kit (Ambion). 
 
Investigations of the padlock detection step 
 
Ligations were performed in 4.5 µl  ligation buffer (10 mM Tris-HCl pH 7.5, 10 mM MgCl2, 
10 uM ATP) in the presence of 25 ng in vitro transcribed miR-16 or miR-16mut RNA, and 
2.5 fmol of P32 5’end labeled of the corresponding padlock probe. The samples were heated at 
65°C for 3 min., cooled slowly to room temperature (RT) over 10 min. Two hundred units of 
T4-DNA ligase (New England Biolabs) were then added in a total reaction volume of 5 µl. 
The reactions were incubated at 37°C for 2 hours. Two volumes of RNA loadbuffer 
containing 90% formamide were added to stop the reactions. The ligation products were 
analysed on a 8% polyacrylamide gel (100 mM Tris Borate, pH 7.5, 1 mM EDTA) along side 
a P32 5’endlabeled 25 bp DNA marker (invitrogen) and 2.5 fmol of untreated P32 5’endlabeled 
pad-miR-16. The standard procedure was varied as described in the results. 
 
Ligation followed by rolling circle assay 
 
The ligation was performed as described above with the following modifications. Either in 
vitro transcribed RNA, miRNA enriched RNA, or gel purified 15-30 nt fractions from total 
RNA were used depending on the experiment. Padlock probes containing a non-radioactive 
5’phosphate were present in the sample instead of the radioactively labeled probes. After the 
ligation the samples were subjected to rolling circle amplification in 100 µl in the presence of 
50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 10 mM (NH4)2SO4, 4 mM dithiothreitol, 200 µg/ml 
BSA, 10 U of phi29 DNA polymerase (New England Biolabs), and 0.2 mM dNTPs. The 
reactions were then incubated over night at 30°C followed by 10 min. at 65°C to inactivate 
the polymerase. The relatively long incubation time gave us the highest signal without 
compromising linearity (data not shown). The samples were transferred to a 2xSSC soaked 
hybond N+ filter (Amersham) using a slot blot apparatus. The DNA was UV-X-linked to the 
filter with 1200 uJ. Hybridization reactions were carried out as described with the northern 
blots. A P32 5’endlabeled DNA-probe antisense to the miRNA being detected was used to 
visualize the rolling circle amplification. The standard procedure was varied as described in 
the results. 
 
Development of a small-scale array 
 
A standard reaction was performed with the following modifications. 2.5 fmol of each 
padlock probe (pad-miR-15b, pad-miR-16, pad-miR-21, and pad-miR-27a) was added to the 
ligation reaction. The 20 nt pool from 2 µg of either HEK293T cell or Chang Liver cell RNA 
was used. In the rolling circle reaction α-P32-dATP was added instead of non-radioactive 
dATP. After rolling circle amplification the samples were purified on a microspin G-50 
column (Amersham) to get rid of non-incorporated α-P32-dATP. Oligonucleotides antisense to 
the miRNAs detected as well as control miRNAs (miR-31, miR-125b, and miR-191) were 
transferred to a 2xSSC soaked hybond N+ filter (Amersham) using a slot blot apparatus. The 
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oligonucleotides were UV-X-linked to the filter with 1200 uJ. Hybridization reactions using 
the P32 labeled rolling circle amplified product as probe were carried out as described with the 
northern blots. 
 
Northern blots 
 
The northern protocol used was performed as described earlier. 
 
Discussion 
 
I have now presented several results. Six new miRNAs were identified. Artificial regulation 
of miR-34a, miR-92, and miR-210 was found to affect osteoblast differentiation of MSCs. 
However, no miRNAs showing an expression pattern dependent on this differentiation could 
be found. In stead four miRNAs were identified which expression pattern showed dependency 
on cell density. The cell density dependent expression of these four miRNAs was found to be 
conserved in several human cell lines. Data indicating that miRNAs might be involved in both 
proper spermatogenesis as well as development of testis cancer were presented. I have played 
a profound role in implementation of the microarray technique in our laboratory. I have also 
developed an experimental approach for identification of miRNA targets capable of selecting 
mRNAs showing complementarity towards a specific miRNA. In a test of LNA knockdown 
probes it was found that probes based on deoxyribose nucleotides or on 2’-O-methyl modified 
nucleotides worked better than probes based on ribose nucleotides. Finally, a miRNA 
detection method relying on padlock probes was presented. This method was shown to 
discriminate between closely related miRNAs and only require a few nanogram of total RNA 
for detection. Now a discussion on these results will follow. 
 
Investigations of miRNAs involved in osteoblast differentiation 
 
Investigations of the cloning profiles reveals that the majority of miRNAs have now probably 
been identified 
 
One purpose with the cloning of miRNAs from MSCs, mouse embryoes, and HEK293T cells 
were to find new miRNAs. Of the 60 different miRNAs cloned 6 new miRNAs were found 
meaning that 10% of the cloned miRNAs were new. This is a rather large fraction and it 
indicates that many miRNA genes were still undiscovered at the time of the experiment. 
Indeed many miRNA genes have been found since (Griffiths-Jones et al., 2006). Of the 552 
sequences cloned 15 sequences were of the new miRNAs. This corresponds to around 3%. 
That this percentage is lower than the 10% obtained when looking at the number of different 
miRNAs cloned is not surprising since abundant miRNAs are more likely to have been cloned 
in earlier studies. In a newer study 330.000 sequences obtained from 256 small-RNA libraries 
from human, mouse, and rat revealed 1431 sequences originating from 33 new miRNAs 
(Landgraf et al., 2007). Thus only 0.4% of the sequences obtained belong to new miRNAs. 
This shows that the effort needed to find new miRNAs via cloning has grown substantially 
over the last few years. The majority of new miRNAs found in the future will therefore 
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probably be very tissue specific miRNAs or miRNAs only expressed in a certain period of 
time during development or as a response to specific stimuli. 
 
MiRNA profiling by cloning 
 
The other purpose of the cloning experiment was to find differences in the miRNA profile 
between samples. Especially differences between differentiating and undifferentiating MSCs 
were of interest since this could indicate that miRNAs are involved in osteoblast 
differentiation. The discrimination by miRNA profiling only partly succeeded. The profiles 
were employed to discriminate MSCs from the other cell types but discrimination between 
differentiating and undifferentiating MSCs was not possible (table 1). This could of course 
mean that the miRNA profile does not change during differentiation. However, since the 
method also was unable to discriminate correctly between HEK293T cells and mouse embryo 
samples, which are very likely to differ, it seems most likely that the quantity of cloned 
sequences was not large enough to make a detailed miRNA fingerprint of the individual cell 
types. When examining the cloning results of individual miRNAs (table 1) and comparing 
them to data obtained by northern blotting (figure 13) again the results obtained by the two 
methods only partly agree. MiR-15b and miR-16 are examples of miRNAs cloned in both 
MSCs and HEK293T cells that show expression in both cell types when northern blotting is 
applied. Whereas miR-21 and miR-125b are examples of miRNAs cloned in MSCs but not in 
HEK293T. Again the northern data support this. Not all data are consistent between the two 
methods though, for example miR-199a* and miR-484 were not cloned in HEK293T cells, 
but still northern blotting showed expression of these. Also expression of miR-512-5p was not 
detected by northern blot even though it was cloned in sample D1-. When (as in our case) a 
relatively low number of miRNAs have been cloned northern data are more reliable since they 
detect the expression from a pool of RNA containing numerous miRNAs. The more miRNAs 
cloned the more the distribution of sequences should in theory resemble the distribution of 
miRNAs present in the RNA sample used for the cloning experiment thereby making the 
results increasingly more comparable to data obtained by northern blotting. Furthermore the 
cloning experiment detects exact sequences while in northern blotting cross hybridization to 
related sequences could take place. An example of the latter was potentially observed in 
figure 29 B. Development of high throughput sequencing methods has made it possible to 
obtain large amount of sequences thereby making the cloning approach quantitative 
(Margulies et al., 2005). However, the method is only quantitative when comparing levels of 
specific miRNAs between samples. Different miRNAs are not cloned with the same 
efficiency therefore the method is not as reliable if used to compare expression levels of 
different miRNAs within the same sample (Landgraf et al., 2007). 
 
Unidentified sequences 
 
The miRNAs presented in table cloning are only part of the sequences retrieved from the 
cloning experiment. The percentage of sequences cloned that were miRNAs varied from 
around 10% to 50% depending on the RNA sample (data not shown). The remaining 
sequences were in most cases found to be breakdown products of rRNAs and also to some 
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extent tRNAs. This shows that RNA degradation is a serious issue when purifying samples 
for miRNA cloning experiments. If only 10% of the sequences are miRNAs five times as 
many sequences will have to be obtained compared to the situation were 50% of the 
sequences are miRNAs. Besides the miRNAs found and the sequences probably being 
degradation products a group of sequences that apparently do not fall into one of these two 
categories were also found (table 12). Seemingly these sequences do not originate from 
genomic locations that fold up into a pre-miRNA structure. Some of the sequences do not 
even originate from any known location in the genome. Various biological relevant 
explanations can be put forward to explain the origin of these sequences: 1. Several of the 
sequences may very well be siRNAs. 2. It could be that some are true miRNAs originating 
from unknown sequences in the genome or maybe from unknown exon-exon junctions. 3. A 
few could also be miRNAs edited to such an extent that their origin is not obvious (see 
below). Also non-biological explanations may be speculated, for example it is possible that 
the sequences originate from contaminations of the sample or from sequences that have 
undergone mutations during the cloning process. 
 
An interesting observation is that 3 of the sequences (Seq-A, Seq-B, and Seq-C) were cloned 
more than once indicating that they may serve some sort of function. Seq-A and Seq-B were 
even cloned from independent samples thereby limiting the possibility that the sequences 
originate from contamination. Only Seq-B maps to the human genome but not to any location 
capable of forming a pre-miRNA structure. It would be interesting to try verifying the 
expression of these sequences by northern blotting. However the high GC-content of Seq-A 
will make it hard to obtain a reliable specific signal for this sequence. 
 
Editing 
 
Adenosine to inosine editing of pri-miRNAs has been reported (Blow et al., 2006; Kawahara 
et al., 2007a; Kawahara et al., 2007b; Luciano et al., 2004; Yang et al., 2006a). Around 6% of 
all human pri-miRNAs are estimated to undergo some degree of A to I editing in the sequence 
of the mature miRNA (Blow et al., 2006). Since this estimate is based on an examination of 
the miRNA situated in the pri-miRNA it is not certain, that it reflects the percentages of edited 
mature miRNAs. Another study addressing this problem finds that 0.5% and 2.2% of mature 
miRNAs in mouse and human respectively contain A to I editing (Landgraf et al., 2007). 
However, none of the miRNA sequences retrieved from our cloning experiment showed signs 
of obvious A to I editing. All in all this indicates that editing, as a way of changing the 
sequence of the mature miRNA, is a rare event in vivo, but it may still serve an important 
function in some cases. Especially if the seed sequence undergoes editing the miRNA may 
switch targets and thereby a small editing event may influence the biology of the cell (Ohman, 
2007). 
 
When looking for new miRNAs one has to keep in mind that the edited miRNAs will not map 
to their original genomic location. This means that these miRNAs might be overlooked in a 
cloning experiment since they do not at first sight seem to originate from possible pre-
miRNAs. Some of the sequences from table 12 might be such miRNAs but since no miRNAs  
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were identified that were slightly edited versions of known miRNAs this seems unlikely. 
Even though no editing is found in the mature miRNAs it may still be in function as an 
inhibitor of processing of pri-miRNAs and pre-miRNAs as reported in the literature 
(Kawahara et al., 2007a; Yang et al., 2006a). If this kind of editing takes place no mature 
miRNA will be present to detect by cloning. 
 
Also 3’terminal A and U additions have been reported (Landgraf et al., 2007). In our 
experiment a few of these additions were found but others may have been overlooked since 
the modification would be unnoticed if the predicted pre-miRNA has an A or U just 3’ to the 
mature sequence. As the 5’end is believed to be most important in target recognition 
(Brennecke et al., 2005; Doench and Sharp, 2004; Lai, 2002; Lewis et al., 2003) addition to 
the 3’end probably have little effect on target recognition. Maybe this means that these 
additions are unimportant by-products or maybe the function is just waiting to be discovered. 
 
Variations in the 3’ and 5’ length of cloned miRNAs 
 
In our cloning experiment some sequences were cloned with variable lengths of the 3’ and 5’ 
ends (these sequences were pooled in the data analysis). Several explanations for this 
phenomenon could be imagined. A likely explanation could be that a minor RNase activity in 
the purified samples has degraded some of the ends. The northern blot results might however 
speak against this since several bands of the mature miRNA were observed in some cases 
(discussed later) (figure 13). Let us for now assume that these multiple bands of the northern 
blots represent different lengths of the mature miRNA. It would then be expected that if 
RNase activity was present in the purified samples either the top band would be strongest or if 
more severe RNase activity took place a distinct ladder would be observed. This situation was 
usually not seen, since generally only a few alternative bands were present and often the top 
band was not the strongest. In many cases the intensity of the different bands around 22 nt 
relative to each other did not change when comparing samples. This also speaks against 
RNase degradation in the sample, since it would be unlikely that the RNase activity was the 
same in the different samples. An alternative explanation could be that the miRNA after 
incorporation into the RISC have its ends exposed to potential RNases. Results from the 
literature however suggests that both ends of the miRNA is protected in the RISC with the 5’ 
phosphate bound to a highly basic pocket in the MID domain of an Ago protein and the 3’end 
protected by the PAZ domain (Bartel, 2004; Parker et al., 2005; Yuan et al., 2005). Finally the 
phenomenon could be due to inaccurate Dicer and Drosha cleavage. Especially differences in 
the 5’end processing could cause target shifts of the miRNA since this would alter the 
position of the seed sequence. Therefore inconsequent processing would probably not be 
beneficial for the cell (Brennecke et al., 2005; Doench and Sharp, 2004; Lai, 2002; Lewis et 
al., 2003). A large-scale study finds that around 10% of the miRNA genes show an irregular 
processing, but that these miRNAs often are expressed at very low levels. This indicates that 
certain structures in the pre-miRNA might lead to inaccurate processing (Landgraf et al., 
2007). Taken together it is therefore not certain that the observed differences in length have 
any biological relevance but further studies will have to be made to solve the puzzle.  
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Occurrence of mirtrons and piRNA 
 
Mirtrons have recently been reported to be miRNAs that bypass the Drosha processing step 
(Berezikov et al., 2007; Okamura et al., 2007; Ruby et al., 2007). None of the miRNAs 
known to be mirtrons were found in the cloning experiment but the fact that these miRNAs 
have been discovered relatively recently also indicates that they are not abundant in most 
systems. 
 
No piRNAs were found during cloning but since they are normally around 30 nt in length 
most of these (if present) may have been lost during the cloning procedure that selects for 
transcripts ~20 nt in length. However, in spite of the selection some rRNA breakdown 
products of around 30 nt were cloned. Although piRNAs are also found in other tissues they 
mainly seem present in germline cells (Aravin et al., 2006; Aravin et al., 2007; Girard et al., 
2006; Grivna et al., 2006; Landgraf et al., 2007; Lau et al., 2006; Watanabe et al., 2006). 
Thus, at least in the mouse embryos where germline cells are present they might be found if 
larger RNAs were cloned. 
 
MiR-451 may undergo untraditional processing by Dicer 
 
Dicer processing of a pre-miRNA normally results in cleavage of both RNA strands in the 
stem-loop structure thereby separating the pre-miRNA loop from the ~22bp miRNA duplex 
intermediate (Zhang et al., 2004). Of the six new miRNAs cloned miR-451 was found to span 
the loop of its potential pre-miRNA indicating that dicer might only cut one strand in this 
miRNA (figure 31). Since this miRNA was only cloned once (table 1) it could of course be 
argued that by chance an incorrectly processed sequence had been cloned and that it therefore 
is biologically irrelevant. At least two things speak against this possibility. First, in all the 
clonings made in this report no other cases of miRNAs spanning the loop was observed, and 
second, the northern blot of miR-451 supports that the majority of the mature miR-451 have a 
length which is longer than a normal miRNA, as it is the case with the cloned miR-451 (figure 
13). The miR-451 later reported to the miRNA registry also includes the loop, but is reported 
to be 4 nt shorter in its 3’ end resulting in a 22 nt miRNA (Griffiths-Jones et al., 2006). The 
northern blot data however also suggest that multiple lengths of this miRNA are present. 
Whether dicer is responsible for this atypically cut and what the purpose of this phenomenon 
is needs to be investigated further. 
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Clusters containing the new miRNAs 
 
As noted in the result section the at the time new mouse miRNAs miR-451 and miR-532 are 
expressed in separate clusters with miR-144 and miR-188, respectively (data not shown, 
(Altuvia et al., 2005; Lu et al., 2005a)). Also two copies of the, at the time, new human 
miRNA miR-512-5p are located ~2500 bp from each other on the same DNA strand. Since 
pri-miRNAs often are 3-4 kb in length these may very well also share the same pri-miRNA 
(Saini et al., 2007). It may be speculated that miRNAs expressed in a cluster have synergistic 
functions in the cell. Data showing that a cluster of miRNAs are likely to play a role in 
maintaining a pluripotent cell state of human embryonic stem cells strengthens this view (Suh 
et al., 2004). It is obvious that the two identical miR-512-5p copies will mediate the same 
effect, but similarities are also seen when comparing the miR-188 sequence 
(caucccuugcaugguggagggu) and the miR-532 sequence (caugccuugaguguaggaccgu). Of the 
residues 2-8 that seem to be important in target recognition (Lewis et al., 2003) only two 
nucleotides differs, and outside this region similarities are also seen. This raises the possibility 
that miR-188 and miR-532 might share the same targets. When comparing the miR-144 
(uacaguauagaugauguacuag) and the miR-451 (aaaccguuaccauuacugaguuuagu) sequences no 
obvious similarities are evident. This does however not rule out that they work together to 
mediate a particular response since they might recognize different targets on the same 
transcript or work on different transcripts that have to be repressed simultaneously. 
 
Specificity of northern blots 
 
In many of the northern blots made to examine miRNAs more than one band around 22 nt 
was visible (figure 13). An explanation for this could be partly loss of the 5’-phosphate of the 
miRNAs, which would result in a different migration pattern of this species. This does 
however not explain why three or more bands are present in some cases. Some of the 
miRNAs were cloned in more than one length version. As discussed earlier several reasons 
for this could be imagined. The different mature miRNA bands could therefore correspond to 
different length versions of the same miRNA. However, at least in some cases some 
unspecific hybridization may also take place. This is for instance indicated by the Northern 
blot for miR-21*. This blot shows a band around 22 nt for all the mammalian cell types, but 
when looking at the precurser band located around 76 nt the HEK293T cells seem to have no 
precursor contrary to the other mammalian cell types. The other mammalian cell types all 
express miR-21 as well, while this is not the case for the HEK293T cells. All in all, this 
indicate that the band around 22 nt in the miR-21* blot for HEK293T cells does not reflect 
the presence of miR-21* in the cells but instead was due to unspecific hybridization. Also 
northern blots against miR-21 revealed two bands around 22 nt of varying intensity relative to 
each other when comparing samples. Padlock probe detection of miR-21 correlated with the 
upper of the two bands indicating that the lower band was due to unspecific hybridization 
(figure 29). As mentioned above in many cases the intensity of the different bands around 22 
nt relative to each other did not change when comparing samples. Here either hybridization to 
different related miRNAs showing a similar regulation pattern is taking place or different 
length versions are present made by an inaccurate processing or trimming of the miRNA. 
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Microarray investigations of osteoblast differentiation 
 
Since traditional miRNA cloning and northern blotting are time consuming methods 
microarray was used to get a quick overview of changes in the miRNA composition during 
the first 9 days of osteoblast differentiation. Several miRNAs were found that seemed to 
change expression levels as a consequence of differentiation (table 4), but as noted in the 
result section no undifferentiating control was applied. This made it impossible to 
discriminate between miRNAs changing as a consequence of differentiation and miRNAs 
changing as a consequence of cell culturing. The reason for not doing an undifferentiated 
control was that it was feared that auto-differentiation of uninduced cells might have been the 
reason that no difference was found between the miRNA profiles from induced and uninduced 
cells during the cloning experiment. When later doing the undifferentiated control it was 
found that no significant auto-differentiation took place at least when looking at traditional 
markers for osteoblast differentiation (data not shown, figure 16). Therefore a new array was 
made comparing cells grown for 9 days with or without differentiation inducing media. Only 
small and probably insignificant differences in miRNA expression were found (table 6). The 
only miRNA appearing in both tables 4 and 6 is miR-297 but even though this miRNA was 
found to be strongly up-regulated when not doing the undifferentiated control it was found to 
be slightly down-regulated when the control was included. Even though not all candidates 
found in the original array were tested for dependence of differentiation (figure 17) the lack of 
candidates when comparing undifferentiated and differentiated day 9 MSCs indicates that all 
candidates found in the original array study are responding to factors other than osteoblast 
differentiation. At least miR-7, miR-26b, miR-34a, and miR-210 seemed to respond to 
changes in cell density but whether other factors may account for the regulation of some of 
the other candidates remains to be elucidated. 
 
Primer-dimer problems in real time PCR 
 
The microarray data were to a large extent verified by real time PCR. The SYBR green based 
mirVana qRT-PCR miRNA Detection Kit (Ambion) was chosen for detection since this was 
the only commercially available kit at the time where primer set for single miRNAs could be 
bought. A disadvantage of this system is that the primersets show a tendency to make primer-
dimer products and that this tendency is more pronounced when less miRNA target is present 
(data not shown). This result in standard curves showing lower PCR efficiencies and samples 
containing no template at all show signals very close to samples with the miRNA present. 
This result in larger standard deviations and samples with small amounts of the detected 
miRNA present might in some cases be assigned a too high concentration. For example are 
the signal values of the late days when detecting miR-7 very close to the signal value of a 
sample containing no template (data not shown) therefore the decrease in miR-7 expression 
might be larger than stated. By switching to a taqman-based detection system part of this 
problem might be avoided if the taqman probes are designed not to detect the primer-dimer 
(Chen et al., 2005). 
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Artificial miR regulation 
 
It was possible to artificially regulate the level of specific miRNAs by introducing artificial 
pre-miRNAs that up-regulate the level of the miRNAs or LNA containing antisense probes 
that down-regulate the level of the miRNAs (table 5). This type of regulation only last few 
days (figure 22), but it was chosen since it is a fast method where it is easy to obtain high 
transfection efficiencies. It should however be noted that when doing the experiment with 
artificial miRNA regulation on MSCs the transfections were done the day before 
differentiation was induced and the cells were harvested 3 days after the induction (figure 16). 
The miRNA levels were not tested in the harvested cells, but it is by no means certain that the 
artificial regulation would last all 4 days. Still effects induced by the regulation on earlier 
days may affect the result at the time of harvest. Therefore the experiments were considered 
reasonable to perform. Effects of plasmid born pre-miRNAs or stably integrated or deleted 
pre-miRNAs are longer lasting but plasmids are difficult to transfect with high efficiency and 
stable cell lines are time consuming to make. Therefore these approaches were not chosen for 
the initial studies. When using these approaches one also risks saturating exportin-5 mediated 
export and thereby introducing many indirect effects (Yi et al., 2005). 
 
Up-regulation of miR-34a, miR-92, and miR-210 was found to inhibit proper osteoblast 
differentiation of MSCs (figure 16). It would be interesting to up-regulate all three miRNAs 
in the same cell sample and see whether the effect would be even larger. That these miRNAs 
seemed to influence differentiation was at first glance surprising seen in the light of the fact 
that these miRNAs did not seem to respond specifically to osteoblast differentiation (figure 
17). Neither did others looking at osteoblast differentiation find these miRNAs to be involved 
(Landgraf et al., 2007). The effect however does not seem to be a side effect of the 
transfection procedure since up-regulation of miR-7 and miR-26b do not show this inhibition. 
Since animal miRNA targets often primarily rely on seed sequences of only 7 nucleotides 
these may also arise fairly often by random mutations (Brennecke et al., 2005; Doench and 
Sharp, 2004; Lai, 2002; Lewis et al., 2003). Therefore some transcripts coding for factors 
involved in osteoblast differentiation may by chance contain targets for some miRNAs that 
are not present (or not regulated) in the in vivo situation. This underlines the importance of 
combining artificial up- or down-regulation of miRNA levels with data showing that the 
miRNA is regulated in the in vivo situation. That the levels of some miRNAs, which seems to 
be induced during cell culturing, affects osteoblast differentiation of MSCs may have 
implications. Differentiation independent regulation of these miRNAs during the normal 
procedure of in vitro differentiation of MSCs may have the consequence that these miRNAs 
affect the differentiation process even though they are not directly involved in this. This may 
introduce differences between the in vitro assay and the in vivo situation. 
 
Predicted targets in osteoblasts 
 
To explain why up-regulation of miR-34a, miR-92, and miR-210 inhibit osteoblast expression 
a search for possible targets of these miRNAs among mRNA transcripts of proteins involved 
in osteoblast differentiation was performed. The target prediction from miRBase was used in 
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the search (Griffiths-Jones et al., 2006). None of the miRNAs were found to target the 
important transcription factor Runx2, however miR-34a was predicted to target the 
transcriptional co-activator called TAZ. TAZ coactivates Runx2-dependent gene transcription 
and thereby promotes osteoblast differentiation. At the same time it represses PPARG-
dependent gene transcription that otherwise play an important role in adipocyte differentiation 
(Hong et al., 2005). MiR-34a repression of TAZ would therefore be expected to inhibit proper 
osteoblast differentiation. No obvious candidates for miR-92 and miR-210 were found. 
However, the osteoblast differentiation pathway is not fully understood therefore transcripts 
may be targeted that have not yet been linked to osteoblast differentiation. 
 
Comparison of cloning results to another study on osteoblast differentiation 
 
Not much is known about miRNA involvement in osteoblast differentiation. MiR-1 has been 
implicated in differentiation into myocytes, but was found not to effect osteoblast and 
adipocyte differentiation (Nakajima et al., 2006). Landgraf et al. have recently examined 
osteoblast differentiation through a cloning study. Here the renal carcinoma cell line (DH-1) 
and unrestricted somatic stem cells (USSCs) obtained from umbilical cord blood (Kogler et 
al., 2004) were differentiated for 0, 3, and 6 days or for 0, 1, 3, and 7 days, respectively. No 
undifferentiating controls were investigated (Landgraf et al., 2007). Between 238 and 1517 
sequences were obtained from each cell sample. The result from their cloning study is 
compared to ours in table 13 A. Only miRNAs constituting at least 2% of the clones in at least 
one sample have been included, since differences in low expressed miRNAs are much more 
unlikely to be true. Since the study by Landgraf et al. were part of a larger study where 
161.006 sequences were obtained from various human tissues also the total distribution of 
human miRNAs have been included in table 13. The let-7 variants seem to rise upon 
differentiation in both DH-1 and USSCs although in DH-1 they decrease again after 6 days of 
differentiation. In our cloning experiment the same trend is seen although it seems to be 
independent of differentiation. Both DH-1 and USSC samples show an increase of miR-368 
upon differentiation. This miRNA was not found in our cloning experiment and in the array 
data it was not found to be regulated if expressed at all (data not shown). In USSCs miR-142-
3p and miR-142-5p both seem to be down-regulated during differentiation, but this is not 
backed up by either the DH-1 experiment or our cloning and array results. Since Landgraf et 
al. has not made any functional testing of the regulated miRNAs it is not clear whether they in 
fact regulate differentiation. Also given the still relatively small number of clones obtained 
northern blotting or real-time PCR data should be made to verify the results. Even though 
some miRNAs might influence osteoblast differentiation in one cell type it is of course not 
certain that the effect is preserved in all cells capable of undergoing this type of 
differentiation. 
 
A comparison of the miRNA profile from MSCs to the total human miRNA profile show that 
although the very common miRNAs miR-16 and miR-21 are also among the abundant 
miRNAs in MSCs some differences in the miRNA profiles are also seen table 13 A. The very 
common miRNAs miR-142-3p and miR-142-5p were not found at all in MSCs and also other 
common miRNAs as miR-15a and miR-143 showed markedly low cloning frequencies. On  
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the other hand miR-29a, miR-199a*, miR-210, and miR-214 seem to be enriched in these 
cells compared to the average situation. The DH-1 cells and USSCs also have their own 
characteristics for example DH-1 show elevated expression of miR-424, while USSCs show 
reduced expression of miR-29b. This implies that miRNA profiles can be used to distinguish 
cells of different origin. Creation of a stem tree using only these 30 miRNAs group the three 
different cell types into distinct categories different from the average profile (table 13 B). The 
only exception is USSC, D0 that does not group with the three other USSC samples. The 
potential of using miRNA profiling alongside mRNA profiling to discriminate cell types is 
large. Indeed miRNA profiling has been used successfully to discriminate between different 
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cell types including cancer cells (Cho, 2007; Stefani, 2007) and different cells of the brain 
(Krichevsky, 2007). 
 
Potential of knowing osteoblast differentiation 
 
Since osteoblasts are responsible for synthesizing bone matrix they play vital roles both in 
correct development of bones and in repairing broken bone (Harada and Rodan, 2003; Olsen 
et al., 2000; Ralston and de Crombrugghe, 2006). An understanding of the osteoblast 
differentiation pathway could potentially help in developing new ways of treating bone 
diseases and bone injuries. For example a study indicates that aging favors adipocyte 
differentiation on behalf of osteoblast differentiation in MSCs, which could explain weaker 
bones and longer healing time of bone fractures in elderly people (Moerman et al., 2004). 
Here a proper understanding of the differentiation pathway could give ideas on how to avoid 
this situation. Since we found no miRNAs involved in osteoblast differentiation we have not 
gotten much closer to unraveling the process. A possible exception is that overexpression of 
miR-34a, miR-92, and miR-210 might reduce osteoblast differentiation (figure 16) and that 
miR-34a might mediate its effect through targeting of TAZ. Artificial regulation of these 
miRNAs as a mean of controlling osteoblast differentiation would however most likely have 
unwanted side effects, for example up-regulation of miR-34a stimulates p53 mediated 
apoptosis (Chang et al., 2007; Raver-Shapira et al., 2007; Tarasov et al., 2007; Welch et al., 
2007). In order to understand the role of miRNAs in osteoblasts three studies have been 
performed where miRNA regulation in MG63 osteoblast-like cells are investigated as the cell 
line is subjected to different materials used in repairing broken bone (Palmieri et al., 2007a; 
Palmieri et al., 2008; Palmieri et al., 2007b). Several miRNA candidates are found to change 
expression levels in response to the materials, but since all three studies only use microarray 
data it is not certain that all the miRNA candidates found actually are important when using 
these materials to aid repair. It would be nice to see the results validated by real time PCR 
data or northern blot data as well as functional studies should be made before any conclusions 
can be drawn. 
 
Conclusion 
 
The discovery of the influence of miRNAs in osteoblasts is still in an early phase. Even 
though I found no miRNAs that are regulated during osteoblast differentiation of MSCs I was 
still able to show that the process might be influenced by artificial regulation of specific 
miRNAs. Therefore it is possible that artificially introduced miRNAs or siRNAs in the future 
may be used to facilitate bone repair or be applied as treatment of diseases related to 
malfunctioning osteoblasts. 
 
MiRNAs regulated during cell growth 
 
We have found four miRNAs that are regulated as a consequence of cell growth in human cell 
lines. MiR-7 is up-regulated about the time the cells have settled and are spreading out on the 
surface and is down-regulated again when the cells have reached confluence. While miR-26b, 
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miR-34a, and miR-210 are up-regulated around the time point confluence is reached (figure 
18). 
 
Sub-groups of cells within a culture might show different regulation of miRNAs 
 
When examining the regulation pattern of the four miRNAs the degree of up- or down-
regulation vary from cell type to cell type and also to some extent from experiment to 
experiment using the same cell type. Changes as the 16-fold up-regulation of miR-210 and 8-
fold up-regulation of miR-34a during nine days of growth in MSCs seem large enough to 
potentially have profound effects on the cells (figure 17), while the approximately 2-fold up-
regulation of miR-26b and miR-34a seen in HEK293T cells may be less likely to play an 
important role (figure 19). It is, as mentioned previously, possible that in some cases the 
regulation caused differences are larger than detected by real time PCR but masked by the 
primer-dimer by-product. However, also another factor needs to be considered. The regulation 
observed is an average of the regulation in several hundreds of thousands of cells it is 
therefore possible that a certain group of these cells show a massive up- or down-regulation of 
particular miRNAs, while the remaining cells show little or no regulation. This would result 
in an average signal showing a weaker regulation than the one actually taking place in a sub-
group of the cells. For example cells entering apoptosis could constitute such a group. Either 
in situ hybridization studies or FACS-sorting of the cells (if possible for the trait investigated) 
prior to the real time PCR could determine whether a specific sub-group of the cells show an 
extensive regulation. 
 
Role of cell density dependent miRNAs 
 
A possible role of the regulated miRNAs could be connected to apoptosis induced in the cells 
when the cell culture gets dense. It has previously been shown that individual inhibition of 
miR-7 and miR-210 induced apoptosis (Cheng et al., 2005) and up-regulation of miR-34a is 
found to stimulate apoptosis (Chang et al., 2007; Raver-Shapira et al., 2007; Tarasov et al., 
2007; Welch et al., 2007), while no reports have described the potential involvement of miR-
26b in apoptosis. Thus, according to this down-regulation of miR-7 and miR-210 and up-
regulation of miR-34a would promote apoptosis. Although miR-34a and miR-7 is behaving as 
would be expected if apoptosis is anticipated, miR-210 is showing the opposite pattern but it 
is of course not certain that it is the same sub-group of cells that show regulation of all four 
miRNAs. We were not able to influence levels of the 4 miRNAs by gossypol-induced 
apoptosis (data not shown). The miRNAs may however be involved in apoptotic pathways not 
influenced by gossypol. Whether these miRNAs are involved in apoptosis will hopefully be 
solved by future experiments. For example it is possible to FACS sort apoptotic cells from 
non-apoptotic thereby creating two pools of cells to compare. 
 
Cheng and co-workers found that inhibition of miR-7 leads to down-regulation of cell growth 
and an increase in apoptosis (Cheng et al., 2005). Taken together with our results this may 
suggest that miR-7 is implicated in the growth of cells after they have attached to the surface. 
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When confluence is reached down-regulation of miR-7 will slow down growth and might 
even trigger apoptosis in some cells. 
 
The experiment where cells were plated at different densities (figure 20) did not show as 
extensive miRNA regulation as was seen in the time course experiment (figure 18). This 
indicates that although the level of confluence probably plays a role in the regulation of the 
miRNAs other things are most likely also affecting the regulation. Especially for miR-7 this is 
not a big surprise as this miRNA is up-regulated before confluence is reached therefore 
factors involved in the settlement of cells probably determines the up-regulation of this 
miRNA, while the cell density might be responsible for the subsequent down-regulation. 
 
Potential targets 
 
Another way to identify processes that the four miRNAs, found to be regulated in the cells, 
are involved in is to pinpoint the targets they regulate. A search for direct targets of the four 
regulated miRNAs was therefore performed and potential targets identified. The expression of 
ten candidate transcripts (table 8) was compared to the expression of the four miRNAs. Three 
of these transcripts were found to be regulated (figure 19) but only one of them (ALS2CR2) 
followed a pattern that could be explained by miRNA directed target degradation (direct or 
indirect). ALS2CR2 has been reported to be involved in protection against apoptosis (Sanna 
et al., 2002). ALS2CR2 contain two targets for miR-26b both with perfect seed matches and 
also some additional base pairing outside this region (Griffiths-Jones et al., 2006). The level 
of ALS2CR2 mRNA showed reverse regulation of miR-26b (figure 19). This could indicate 
that miR-26b targets the ALS2CR2 mRNA and induce degradation of the transcript. The 
reduction in ALS2CR2 mRNA is about 3-fold but since the degradation may be accompanied 
by translational repression the effect on protein level could be more profound. Since miR-26b 
is only 2-fold up-regulated the 3-fold down-regulation of ALS2CR2 actually seems rather 
large. If the function of miR-26b in our system is to down-regulate the level of ALSCR2 it 
would probably function to promote cell death by inhibiting the ALS2CR2-mediated 
protection against apoptosis. Following this rationale only a sub-group of the cells, namely 
the ones entering apoptosis, up-regulates miR-26b and thereby down-regulates ALS2CR2 and 
therefore this sub-group may show a more extensive regulation than observed when looking at 
the average signal. 
 
Even though the expression of miR-26b and ALS2CR2 are showing opposite regulation 
patterns it does not necessarily mean that ALS2CR2 is a direct target of miR-26b. If for 
example they are both involved in apoptosis their regulation might show this opposite 
tendency simply because they both show a regulation pattern correlated to the amount of 
apoptotic cells. To investigate in more detail whether ALS2CR2 is indeed a target of miR-26b 
the miRNA could be artificially regulated and the effect of this on ALS2CR2 mRNA and 
protein level could then be examined. Another approach would be to clone the 3’UTR of 
ALS2CR2 into a luciferase construct and compare the luciferase expression from a construct 
including both miR-26b targets to the expression from constructs were one or both targets 
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have been mutated (Lewis et al., 2003). This last approach overcomes the potential problem 
of getting a well-functioning antibody for ALS2CR2. 
 
Seven out of ten transcripts tested by real time PCR showed no regulation in mRNA levels. 
This does however not necessarily mean that they are not targeted by the miRNAs. As 
mentioned in the introduction miRNAs may mediate translational repression without affecting 
mRNA levels (see for example (O'Donnell et al., 2005; Poy et al., 2004; Wightman et al., 
1993)). Therefore a thorough investigation of potential targets should examine protein levels 
instead of mRNA levels. Western blotting could do this but since this procedure is far more 
laborious than real time PCR as well as requiring specific antibodies for each protein these 
blots were not performed. 
 
The transcription of miR-34a is regulated by the tumor suppressor protein p53 and the 
induction of the miRNA leads to inhibition of cell proliferation and stimulation of apoptosis 
(Bommer et al., 2007; Chang et al., 2007; Raver-Shapira et al., 2007). Artificial up-regulation 
of miR-34a affects the mRNA levels of around 1000 transcripts (direct or indirect) (Bommer 
et al., 2007; Chang et al., 2007). This indicates, that miR-34a is playing an important role in 
regulation of several processes in the cell. The anti-apoptotic BCL2 protein is regulated 
directly by miR-34a (Bommer et al., 2007). We did not test BCL2 regulation, but if the up-
regulation of miR-34a also regulates BCL2 in our system it could play a role in stimulating 
apoptosis. The miR-34a effect on cell proliferation has been found to involve targeting of the 
transcription factor E2F3 and this targeting is also evident when looking at mRNA levels 
(Bommer et al., 2007; Tazawa et al., 2007; Welch et al., 2007). We did not find miR-34a 
mediated regulation of E2F3 in our system by real time PCR experiments (data not shown). It 
should however be noted that contrary to the above findings at least one study finds that miR-
34a induce cell proliferation instead of inhibiting it (Dutta et al., 2007). Therefore the effect of 
miR-34a might vary depending on the cell type studied. Further investigations are needed to 
elucidate how miR-34a works in our system and whether the effect is the same in all the cell 
types studied. For example it would be interesting to see whether miR-34a transcription is 
regulated by p53 in our system. 
 
Conservation 
 
The cell growth dependent regulation of the four miRNAs was found to be conserved in 
MSCs, HEK293T cells, HeLa cells (only miR-7 and miR-210 were tested in this cell line), 
and Chang Liver cells. These are all human cell lines growing attached to the surface. It 
would be interesting to test whether cells grown in solution show the same regulation pattern. 
The result from such an experiment could indicate whether the miR-7 up-regulation occurring 
at the time the cells attach to the surface are a direct effect of the surface attachment process. 
Cells growing in solution would also be easier to sort by FACS. Since the four miRNAs are 
found in several animals (Griffiths-Jones et al., 2006) it would also be interesting to see 
whether the growth dependent regulation is conserved in cell lines from other organisms or 
the phenomena is restricted to human cell lines. 
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Conclusion 
 
MiR-7, miR-26b, miR-34a, and miR-210 were found to be regulated during growth of several 
human cell lines. MiR-7, miR-34a, and miR-210 have earlier been shown to be implicated in 
apoptosis. MiR-7 and miR-34a have furthermore been shown to affect cell proliferation 
(Chang et al., 2007; Cheng et al., 2005; Raver-Shapira et al., 2007; Tarasov et al., 2007; 
Welch et al., 2007). It could be that the function of the miRNAs in our system also is related 
to these two processes. However no direct link between these miRNAs and the two processes 
were established. The level of the anti-apoptotic factor ALS2CR2 transcript was found to 
behave opposite to the level of miR-26b. This indicates that miR-26b targets ALS2CR2 and 
thereby potentially stimulates apoptosis but future studies are still needed to establish whether 
the regulation of ALS2CR2 is a direct effect of miR-26b targeting. 
 
MiR-17-5p and miR-20a are involved in protecting meiotic cells and carcinoma in situ in 
testis from apoptosis 
 
MiRNAs seem to play a role in cancer (Calin and Croce, 2006; Esquela-Kerscher and Slack, 
2006; Hammond, 2006; Stefani, 2007) and miRNA profiling is used to discriminate between 
different forms of cancer (Cho, 2007; Stefani, 2007). Since treatment of many cancers still 
needs to be improved an understanding of the biology of cancer cells, including the role of 
miRNAs, is important to obtain. Malignant cancers arising from epithelial cells are called 
carcinomas. Carcinoma in situ (CIS) is a pre-malignant condition where the cytological signs 
of malignancy are present but there is no histological evidence of invasion through the 
epithelial basement membrane. CIS in testis will progress into an invasive tumor in around 
50% of the cases within 5 years (Skakkebaek, 1972; von der Maase et al., 1987; von der 
Maase et al., 1986). In Novotny et al. (appendix B) miRNAs were found to play a potential 
role in CIS cells from testis by protecting them from undergoing E2F1-mediated apoptosis 
(Novotny et al., 2007). In this study, in situ results showed that CIS cells contained large 
amount of E2F1 mRNA while E2F1 protein was absent. Since it was only shown that mature 
miR-17-5p and miR-20a was present but not that they actually target the E2F1 transcript it is 
not certain that the translational repression is indeed carried out by these two miRNAs. The 
postulation was put forward since O’donnel et al. had already shown that these miRNAs 
target E2F1 (O'Donnell et al., 2005). Even though there are strong indications that the 
proposed theory is true it would be preferable if it could be shown that inhibiting the 
expression of these two miRNAs would restore E2F1 translation in the CIS cells. However, as 
the material is patient samples and not cell lines it is not trivial to carry out such experiments. 
If the proposed theory is true inhibiting the function of the two miRNAs might be a way to 
induce apoptosis in the cancer cells and thereby control the cancer. It is however possible that 
apoptosis also would be induced in normal cells. 
 
Implementation of the microarray technique 
 
Two types of microarrays were used for the experiments described in this thesis. First, one 
based on 5’ NH2 modified DNA probes complementary to the miRNA sequences was used, 
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but later a switch to one based on LNA probes was done. The reason for the switch was that 
LNA containing probes increases the discrimination between mismatched and fully 
complementary targets (Vester and Wengel, 2004) and make it possible to adjust the probe 
sequence to normalize melting temperature of the different spots on the array (Castoldi et al., 
2007; Castoldi et al., 2006). 
 
Most attempts using the LNA arrays did not provide any miRNA candidates for further 
studies. This indicates that either no miRNAs are regulated in these systems or the arrays are 
not working correctly. Only a few tests were made on samples where the differences in 
miRNAs were known beforehand (figure 21) and here it should be noted that although the 
investigated miRNAs show up-regulation in the expected cell type the degree of up-regulation 
detected is much smaller than expected from northern blotting. Therefore it would be 
preferable to perform more tests on samples whith known differences in order to be certain 
that the results from the studies showing no regulation can be trusted. 
 
Development of a system for experimental targetfinding 
 
Many approaches have been made to predict miRNA targets using bioinformatics and/or 
experimental approaches (Lindow and Gorodkin, 2007; Maziere and Enright, 2007). The 
bioinformatics approach is fast but relies on rules partly derived from experimental studies. 
Therefore experimental target finding and verification can help improve bioinformatic 
approaches. We designed a method capable of selecting mRNAs showing complementarity 
towards a specific miRNA. The method has several advantages. The possibility of performing 
several selection rounds may increase the signal to noise ratio. Targets unavailable because of 
local structure will most likely not be selected as frequent as targets without structural 
constrains. The oligo(dT) primer for reverse transcription avoids problems of unknown 
3’UTR lengths. 
 
When examining selected targets (table 10) at least two abnormalities are noted. Most animal 
miRNA targets have been found in the 3’UTR (Bartel, 2004). First, even though inclusion of 
the 3’UTRs in our library was ensured by using an oligo(dT) primer for the reverse 
transcription is was evident when inspecting the five retrieved sequences that only the target 
in sequence 2 was located in the 3’UTR. It is however known that targets outside the 3’UTR 
may work just as well as those in the 3’UTR (Lytle et al., 2007) but still when four out of five 
targets are unusually located it indicates that something might be wrong. Second, animal 
miRNA targets often primarily rely on complementarity to nt 2-7 of the miRNA (Brennecke 
et al., 2005; Doench and Sharp, 2004; Lai, 2002; Lewis et al., 2003). Only the target in 
sequence 5 shows a perfect seed match (with one G:U). The other targets are either located in 
the 3’end of the miRNA (1 and 2), in the middle region (3 and second target in 4), or scattered 
all over the miRNA with several bulges (first target in 4). This further raises doubts about the 
reliability of these targets. 
 
Since our method relies solely on hybridization of the bare miRNA to target sequences it does 
not emphasize the importance of the miRNA 5’end. If the biotinylated miRNA however could 
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be incorporated into the RISC before doing the experiment it might mimic the in vivo 
situation better. This approach has been used in a closely related experimentally based target 
prediction method. Here the biotinylated miRNA is transfected into cells as a miRNA duplex. 
The miRNA is then incorporated into RISC and binds to its targets. The target sequences are 
then retrieved by capturing the miRNA-mRNA complexes using streptavidine beads (Orom 
and Lund, 2007). Using this method it is however not possible to go through several selection 
rounds to enrich for true targets. 
 
In conclusion, the targets selected by our method does not seem to primarily locate to the 
3’UTR, neither do they seem to rely on extensive base pairing between the target and the 
5’end of the miRNA. Since no testing of the selected targets was performed it is not known 
whether they are in fact true targets. If the selected sequences are shown to be true targets the 
theory of target recognition by miRNAs will have to be revised. It is however far more likely 
that the lack of RISC incorporation of the miRNA result in a selection of sequences based 
only on the degree of complementarity and not on the special target requirements that the 
RISC is thought to introduce. 
 
Testing of miRNA LNA knockdown probes 
 
In order to invest the functions of miRNAs a good system for knocking down miRNA 
transcript levels is needed. LNA-DNA probes are commercially available from Exiqon for 
this purpose. In the experiments presented in this thesis oligonucleotides based on LNA-RNA 
did not work better in the knockdown of miRNAs than the LNA-DNA inhibitors 
commercially available. In fact in most cases the commercially available inhibitors proved 
superior. One reason for this could be connected to the ability of an LNA-DNA to direct 
RNase H cleavage of a complementary RNA if designed correctly (Vester and Wengel, 2004). 
This means that LNA-DNA inhibitors could trigger degradation of their target miRNA and 
hereafter be available to inhibit other target miRNAs. 
 
Possible explanation for the observed band shift 
 
When looking at the northern blot data from figure 22 B a band shift occurred in the two 
knockdown samples especially at day 1. A possible explanation for this is that a duplex 
between the targeted miRNA and the LNA containing oligonucleotide is formed and that this 
duplex is maintained under the denaturing conditions of the gel electrophoresis thereby 
making the product migrate differently. However, since the radioactively labeled probe 
detects the band the duplex product must be broken during hybridization. This might seem 
unlikely, but since the hybridization probe recognizes the shifted band it must contain the 
sequence of the mature miRNA and the observation that the Exiqon oligonucleotide induces a 
higher band shift than our oligonucleotide fits well with the fact that the Exiqon 
oligonucleotide is longer. If the explanation is valid it is however still strange that the shifted 
band is much stronger than the mature miR-92 band in the untransfected sample. Maybe the 
transcription of miR-92 is up-regulated upon transfection of the LNA containing 
oligonucleotides or maybe the LNA protects its bound miRNA from degradation. The fact 
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that the shifted band induced by the Exiqon oligonucleotide is weaker than the shifted band 
induced by our oligonucleotide (even though the Exiqon oligonucleotide has reduced the 
levels of mature miR-92 more) might indicate that the Exiqon oligonucleotide induces Rnase 
H cleavage. Finally, it should be noted that the band shift product is apparently not detected 
by real time PCR (figure 22 A). The nature of the shifted bands thus needs to be determined 
more closely before any final conclusions can be made. 
 
The lack of target expression restoration 
 
The use of LNA containing oligonucleotides to knock down miR-7 only to a small extent 
rescued expression of miR-7 target containing constructs even though the knockdown was 
almost 100% (figure 23). One explanation may be that the constructs containing the antisense 
targets showed lower expression due to some bias unintentionally introduced during the 
making of these constructs. Another explanation could be that the targeted construct is also 
transcriptionally repressed and that this silencing is maintained even though miR-7 is knocked 
down. 
 
Rules of LNA design 
 
When looking at the sequences utilized to knock down miR-92 no defining rules about how 
an optimal LNA-RNA should be designed can be made since so few sequences were used 
(table 11). It is however evident that sequence 1, which contained no LNA modified 
nucleotides, was also the one working less efficiently (it did not seem to work at all). 
Therefore it seems necessary to introduce modifications in the knockdown oligonucleotides in 
order to knock down miRNA levels. LNA 5, which was the only LNA-RNA oligonucleotide 
working somewhat efficiently, was also the only oligonucleotide containing an LNA 
modification at nt 10 but the importance of this needs further investigations. When examining 
the sequences employed to knock down miR-7 it seemed that the two oligonucleotides 
containing seven LNA modifications worked much better than the one containing only two 
LNA modifications. It also seemed, at least when looking at the real time PCR data, that using 
2’-O-methylribonucleotides worked better than using normal ribonucleotides at the positions 
where no LNA modification was present. 2’-O-methyloligoribonucleotide probes binds RNA 
targets faster and with higher melting temperatures than unmodified oligoribonucleotides 
(Majlessi et al., 1998). Taken together these result indicate that the knockdown effect can be 
enhanced by using antisense oligonucleotides with higher melting temperatures though it 
must be remembered that raising the melting temperature may also introduce more unspecific 
binding. 
 
Development of a miRNA detection system using padlock probes and rolling circle 
amplification 
 
The recent explosion in research into small RNAs has made more sensitive and specific 
methods for the quantification of short RNA oligonucleotides requested. This prompted the 
development of a method based on padlock probe detection and rolling circle amplification 
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capable of detecting specific miRNAs in the 20 nt pool purified from only a few ng of total 
RNA. Assuming that each cell contains approximately 10pg of RNA (Maniatis et al., 1982), 
this corresponds to RNA from only a few hundred cells. 
 
Discrimination of related miRNAs 
 
It has previously been shown, that the ligation of a padlock probe is very sensitive to 
mismatches between the RNA template and the padlock probe (Nilsson et al., 2000). In 
accordance to this we found that our method could distinguish between two very closely 
related miRNAs such as miR-17-5p and miR-20a and also miR-16 and miR-16mut ((Jonstrup 
et al., 2006), figure 25 and 28). This shows that our method is very suitable for distinguishing 
between closely related miRNAs, at least if the miRNAs differ at a position near the middle 
region of the miRNA. Differences closer to the ends and thus further away from the ligation 
position are likely to be discriminated less efficiently. The ligation position does not 
necessarily need to be located in the exact middle of the miRNA but if this position is moved 
to far from the middle one arm of the padlock probe will most likely be to short for proper 
sequence recognition. 
 
The rolling circle amplification might ensure yet another level of specificity. Since the 
miRNA is used as a primer for the amplification process, miRNA/padlock probe duplexes that 
are perfectly matched at the 3’ end of the miRNA will probably be better substrates for the 
phi29 DNA polymerase than related miRNAs differing in the 3’ end. However since the 
extent of this discrimination was not tested and since phi29 DNA polymerase contains 3’-5’ 
exonuclease activity at least on DNA (Blanco and Salas, 1985) it is not certain how 
pronounced the discrimination of miRNAs differing in their 3’end is. 
 
Discrimination between the mature miRNA and its precursors 
 
The fact that the detected miRNA was used, as primer for the rolling circle amplification, 
should assure that the pri-miRNA and potential contaminations of genomic DNA are not 
detected. The reason for this is that no free 3’end would be available to prime the rolling 
circle amplification on padlock probes ligated on these templates. This should also apply for 
pre-miRNAs were the mature miRNA is situated in the 5’arm. However, miRNAs situated in 
the 3’arm of the pre-miRNA will have a 3’end available for priming the rolling circle 
amplification if the padlock probes are ligated on these pre-miRNAs. The hairpin structure of 
the pre-miRNA might at least to some extent inhibit the annealing of padlock probes to them. 
We did not test the discrimination between mature miRNAs and pre-miRNAs in our system 
but in other detection methods it has been found that pre-miRNAs are not frequently detected 
probably because of their hairpin structure (Chen et al., 2005; Raymond et al., 2005). 
Therefore this might also be the case in our system. In any case choosing the right RNA 
fraction to work with should circumvent the problem. 
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Choosing the right RNA fraction 
 
Three different RNA fractions were tested for their usability in miRNA detection. These were 
total RNA, miRNA enriched RNA, and the 20 nt pool of total RNA. Using total RNA for the 
experiment was not successful because of high background signal probably due to unspecific 
annealing of the radioactively labelled detection probe to rRNA. This background noise was 
removed when using miRNA enriched RNA. However to be absolutely sure that the signal 
detected originates from the mature miRNA and not the pre-miRNA the 20 nt pool must be 
used. Detecting only the mature miRNA is important as the levels of a mature miRNAs are 
not directly coupled to the levels of its pre-miRNA or pri-miRNA, since regulation both at the 
Drosha and the Dicer processing steps are taking place (Obernosterer et al., 2006; Thomson et 
al., 2006; Wulczyn et al., 2007). However, provided that our method does not detect pre-
miRNAs and pri-miRNAs to any significant level other factors may also be considered before 
choosing which fraction to work with. It is far more laborious to isolate the 20 nt pool than 
using the other two strategies. Furthermore doing the extra purification step increases the risk 
that differences between samples are introduced due to extra handling. In addition, more 
starting material is needed due to unavoidable losses in the purification procedure. It is also 
much cheaper to use total RNA than the two other fractions. Therefore it would be preferable 
if total RNA could be used in the method. If this cannot be achieved using the slot blot 
detection method, maybe a substitute for this apparatus could be applied (see below). 
 
Reaction conditions 
 
The reaction conditions used for the padlock ligation were to a large content copied from 
previous studies of padlock detection of RNA (Nilsson et al., 2001). However, we found the 
optimal concentration for the T4-DNA ligase to be much higher than described previously. 
This could be due to the use of T4-DNA ligases from different companies. The optimal ligase 
concentration was however not tested in the study conducted by Nilsson et al. Therefore the 
possibility remains that they could have improved detection by increasing the amount of T4-
DNA ligase but chose not to because it increases the expense of the experiment. This is of 
course pure speculation and some other unknown difference between the experiments may be 
responsible for the large difference. It is however clear that a relatively high ligase 
concentration is required as the T4-DNA ligase is not turned over during the ligation reaction 
(Nilsson et al., 2001). 
 
The addition of NaCl to the ligation reaction has been found to increase the ability of padlock 
probes to discriminate between match and mismatch targets when the ligation is performed on 
DNA targets (Landegren et al., 1988; Wu and Wallace, 1989) but since this does not seem to 
be the case when an RNA template is used we decided to use a low salt buffer (Nilsson et al., 
2001). Manganese ions were previously found to be superior to magnesium ions as co-factors 
for the T4-DNA ligase (Nilsson et al., 2001). Therefore it might be possible to improve 
ligation if manganese ions were applied in our system. 
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Finally, it should be mentioned that we use a large surplus of padlock probe compared to 
target. This was done because it is very important that the amount of padlock probe does not 
become the limiting factor during the ligation assay. If this happens the quantitative nature of 
the method will most likely vanish. 
 
Internal control and standard curve 
 
When quantifying RNA, it is generally useful to include a ubiquitously expressed gene as an 
internal control for RNA recovery. However, especially when using the 20 nt pool only 
miRNAs are available as potential internal controls and there is no known miRNA expressed 
to the same level in all kinds of cells. The most commonly expressed miRNA seem to be 
miR-16 (Landgraf et al., 2007) but even this miRNA varies in level from tissue to tissue. 
When studying a limited number of samples miRNAs suitable as internal controls will 
probably often exist but the determination of these is not always trivial. Therefore, if an 
internal control is needed it will in most cases be easier to add and artificial miRNA to all 
samples immediately after cell lysis and subsequently measure it using a matching padlock 
probe. This however only serves as an internal control for differences occurring due to the 
handling of the samples after cell lysis. 
 
In our experiments the accuracy of the result was known in advance. Either we looked at 
dilutions of samples or at samples also tested by northern blot. Therefore we could use this 
knowledge to determine whether the quantitative nature of the reactions was maintained. If 
however the technique should be used to quantify on samples where the result is unknown it 
is very important to have a control showing that the quantitative nature of the experiment is 
intact. Adding a standard curve like the one used in real time PCR experiments could assure 
this. 
 
Differences between different padlock probes 
 
Several different padlock probes were used for miRNA detection. Padlock probes against 
miR-15b, miR-16, miR-16mut, miR-17-5p, miR-20a, miR-21, miR-27a, and miR-92 worked 
nicely. However two padlock probes did not work properly. Both pad-miR-199a* and pad-
miR-125b gave rise to high background signals making it impossible to quantify the signal 
(data not shown). The origin of this high background signal has not been thoroughly 
investigated. The signal was however shown to be independent of the presence of RNA. 
Therefore it seems that the phi29 DNA polymerase is able to amplify these padlock probes 
even though they have not recognized any target. These findings indicate that if our technique 
should be applied to detection of every known miRNA it might be necessary to change the 
common linker sequence in the padlock probes in some cases. It could also be necessary to 
compare different padlock probes with varying sites of ligation to find the optimal padlock 
probe for a specific miRNA. 
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Alternative signal detection 
 
We used slot blotting in order to detect the rolling circle amplified product. This detection 
procedure is cheap and simple but it has its drawbacks. The procedure involves working with 
radioactivity, which requires various safety precautions and equipment. It is time consuming 
since an overnight hybridization procedure is required and the subsequent exposure step may 
take from a few minutes to several days depending on the signal strength. The signal obtained 
was in several cases unusable due to unevenly distributed background noise on the membrane 
or because the slots in the slot blotter had leaked upon blotting. Finally, since the same slot 
blotter is reused from experiment to experiment difficulties with cleaning of the apparatus can 
lead to carry over of signal from one experiment to another. All in all, an alternative way to 
detect the signal might improve the method. 
 
A method using digoxigenin labeled RNA probes for miRNA detection was, as mentioned 
previously applied as a way to avoid working with radioactivity when doing northern blots 
(Ramkissoon et al., 2006). Switching from a radioactivity based detection system to one based 
on digoxigenin should in principle also work in our case. 
 
To avoid using the slot blotter it would be a possibility to switch to detection based on gel 
electrophoresis. Because of the uneven length of the rolling circle amplified product this 
method is however not directly applicable. Baner et al. solved this problem by incorporating a 
restriction site into the linker sequence of the padlock probe (Baner et al., 1998). Rolling 
circle amplification was performed with radioactively labelled dCTP present. After 
amplification a short oligonucleotide complementary to the restriction site sequence was 
hybridized to the amplified product thereby making this site double-stranded. Restriction 
digestion now produced DNA strands of similar length, which subsequently could be used for 
detection based on gel electrophoresis. Switching to detection based on gel electrophoresis 
has the advantage that a size separation is now being performed thereby avoiding background 
signals from RNAs of different lengths. This could be a clear advantage if the method should 
be applied to miRNA detection directly on total RNA. The procedure is however still time 
consuming. 
 
A system, which makes it possible to follow the rolling circle amplification in real time, has 
been developed. The setup includes oligonucleotides of random hexamers, which are used to 
prime the rolling circle amplification (Dean et al., 2001). The random hexamers will also 
prime the amplification of the newly synthesized DNA making the amount of DNA grow 
exponentially. By including SYBR-green in the mixture this exponentially growth can be 
followed by measuring the fluorescent signal from SYBR-green bound to double-stranded 
DNA. The idea is to define a level of fluorescence where the reaction is still exponential and 
measure the time it takes for a sample to reach this value. By comparing this time to a 
standard curve based on samples with known starting concentrations of miRNA, a 
quantitative result is obtainable. Switching to this detection form would in principle 
considerably lower the time needed for each experiment. This procedure was therefore tested 
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but significant problems with unspecific amplification as well as the reproducibility of results 
were encountered (data not shown). These problems might however be overcome by further 
optimization. 
 
Detection by PCR is also possible (van Eijk et al., 2004). Here no rolling circle amplification 
is performed. In stead PCR primers amplifying a sequence spanning the ligation site is used. 
These primers should in principle only amplify ligated padlock probes but an exonuclease 
step can be introduced to get rid of unligated probe. The PCR amplification can be followed 
real time by including SYBR green or specific taqman probes in the reaction. This detection 
form has not been tested with padlock probes against miRNAs but it would be interesting to 
do so, since skipping both rolling circle amplification and the slot blotting procedure will 
make it possible to do the detection within one day. 
 
Circle-to-circle amplification 
 
As mentioned previously it is possible to restriction digest the rolling circle amplified product 
thereby making detection by gel electrophoresis possible (Baner et al., 1998). Instead of using 
the digested sample for gel electrophoresis it is also possible to use these fragments as 
templates for yet another round of padlock probe ligation followed by rolling circle 
amplification. This procedure is called circle-to-circle amplification (Dahl et al., 2004) and 
can be repeated until enough amplified sample is obtained. Using circle-to-circle 
amplification would be a way to increase the sensitivity of our method and maybe make it 
possible to detect miRNAs from single cells. However it will most likely also increase the 
standard deviation of the results. Whether the increase in sensitivity can be achieved without 
introducing too much unspecific variation in the results will have to be tested experimentally. 
 
Detecting miR-21 
 
The observant reader may have wondered when comparing miR-21 detection in Jonstrup et 
al. (figure 4 C in appendix A) to miR-21 detection in the same cell lines in figure 29 that 
differences in the levels of miRNAs between the experiments are evident. For example HeLa 
cells showed higher expression of miR-21 than N2a cells in Jonstrup et al., while figure 29 
shows the opposite situation. The reason for this is that the experiments are conducted on 
different RNA purifications. This shows the importance of comparing northern blots and 
padlock experiments made from the same RNA samples since the miRNA expression can 
vary quite a lot from purification to purification. 
 
In the experiment presented in figure 29 two mature miRNA bands were detected upon 
northern blotting and only the upper band correlated with data obtained using the padlock 
method. This led to the conclusion that the lower band was due to unspecific hybridization. A 
closer look at the northern blot of miR-21 in Jonstrup et al. (figure 4 C in appendix A) 
revealed that two bands also were present in this case, although the lower (false) band was 
much weaker compared to the upper band. Processing of the data without the lower band also 
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here improved the correlation to the padlock data especially for the N2a cells (data not 
shown). 
 
In situ hybridization 
 
A major application of padlock probes has been in in situ hybridizations studies (Landegren et 
al., 2004; Larsson et al., 2004; Lizardi et al., 1998). Extending this application to miRNA 
detection would make it possible to determine which specific cells that express the miRNA 
investigated and maybe also make it possible to visualize miRNA localization within a single 
cell. In order to get a detectable signal it will most likely be necessary to use rolling circle 
amplification. No additional primer is required since the miRNA can function as a primer 
itself. Because of the amplification step the method is potentially more sensitive than the 
conventional methods already developed for in situ miRNA detection (Deo et al., 2006; 
Thompson et al., 2007; Wienholds et al., 2005). Using padlock probes for detection of 
miRNAs in situ was attempted several times but no signal was ever detected (data not shown). 
Maybe the 3’ end of the miRNA is buried in the RISC as previously suggested (Bartel, 2004) 
thereby making it unsuitable for detection by the padlock method, as first, the 5’arm of the 
padlock probe will have problems recognizing its target and second, the priming of the rolling 
circle amplification might be inhibited. Treatments of samples with proteases did not solve 
the problem. However, it is also unclear whether cross-linking of small RNAs during fixation 
of the samples affects the performance of this assay. All in all it seems that developing the 
method into a technique usable for in situ hybridization is not straightforward. 
 
Arrayifying the technique 
 
Instead of detecting only one miRNA at a time it would in several cases be preferable to 
detect the regulation of many miRNAs in one experiment. As described in the introduction 
several methods are already available for this purpose. The initial attempt to develop the 
padlock method into an array version showed promising (figure 30) and this may be further 
improved. However, if the method is to be developed into a labelling strategy usable for 
conventional miRNA microarrays several problems should be considered. To detect several 
hundreds of miRNAs in one assay careful design of the padlock probes is necessary in order 
to prevent unspecific ligation where padlock probes are recognizing other padlock probes. 
That the preliminary array was based on detection of radioactively labelled samples posses 
another problem since most conventional microarrays are based on detection of fluorescently 
labelled samples. Therefore further development of the method into a system in which a 
fluorescent signal is measured rather than a radioactive will be required if the method is to be 
used as a labelling strategy for conventional miRNA microarrays. However phi 29 DNA 
polymerase apparently incorporate modified nucleotides with low efficiency (Dr. Jørn Koch 
Århus kommunehospital personal communications). Therefore, some sort of secondary 
incorporation of fluorescent signal must be applied. Perhaps the method called Universal 
Linkage System (ULS) can be useful for this purpose, since this method can be used to label 
conventional guanosin-residues with markers that are able to fluoresce (Wiegant et al., 1999). 
A third problem is that there are considerable differences in ligation kinetics upon target 
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detection of different padlock probes (Nilsson et al., 2001). The optimal RNA amount for 
detection may thus vary from padlock probe to padlock probe. This may make it difficult to 
find an optimal RNA amount for the array experiments and may explain why almost no miR-
16 signal was obtained in our experiment (figure 30). All in all, a lot of effort would probably 
be needed in order to develop a fully functional array. 
 
Detection of plant miRNA 
 
Most plant miRNAs are methylated at the 2’position in the 3’end (Yang et al., 2006b; Yu et 
al., 2005). Detection of plant miRNA was not attempted and therefore it remains unknown 
whether this modification of the 3’end will affect the ability of the miRNA to function as a 
primer for rolling circle amplification. If this is the case the problem can probably be solved 
by addition of an oligonucleotide recognizing the linker sequence of the padlock probes and 
functioning as a primer for the rolling circle amplification. Alternatively use of PCR 
amplification of the padlock probe instead of rolling circle amplification as described 
previously could be applied. The padlock method should thus, potentially with a few 
adjustments, be applicable also to detect plant miRNAs. 
 
Comparison to other available techniques 
 
When I started working on padlock probe based detection of miRNAs only a few detection 
methods for miRNAs were available and these were not very sensitive. Therefore the need for 
new sensitive detection methods was considerable and several have since then been developed 
each having their advantages and disadvantages. A description of the different methods 
available is given in the introduction of this thesis. Here several important aspects of the 
different detection methods are discussed and our method is compared to other methods 
available. 
 
Equipment. Cost is always an important aspect to consider. First the equipment needed 
should be considered. Real time PCR based methods requires a real time PCR machine, 
microarray based methods requires an expensive scanner, the flow cytometric based assays 
requires a specialized flow cytometer, detection by confocal laser requires a special confocal 
laser system, the invader assay and the method based on ribozymes both need a system to 
detect the fluorescent signal obtained, the DNA dendrimer based method relies on a system to 
detect the activity of the HRP enzyme, and the microelectrode-based biosensor method 
requires this sensor. If the special equipment is not already available one has to consider 
whether this equipment should be purchased and time should be invested in learning how this 
equipment works or another method should be chosen. If equipment for visualizing gels or 
blots in a quantifiable way is assumed to be standard laboratory equipment (as would be the 
case in at least most laboratories working with DNA or RNA) then our method as well as 
northern blotting, and the method based on splinted ligation has the advantage of requiring no 
specialized equipment and therefore no larger funding is needed just to get started. Traditional 
cloning also only requires standard equipment but in order to obtain enough sequences to 
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make the method quantitative access to high throughput sequencing systems is of great 
advantage. 
 
Non-recyclable materials. Even though the equipment for a specific detection method is 
available there are still expenses every time an experiment is performed because chemicals, 
enzymes, plastic wares, primers, probes etc. usually cannot be reused. Since many different 
materials and reagents are used in each detection method, the costs of these vary between 
different distributors, and due to local discount agreements it is difficult to make an accurate 
estimate of the cost of different methods. Some remarks will however be made. Commercially 
available microarray methods are very expensive. Especially the arrays are expensive but also 
the different kits available for labelling are very costly. Unless one have access to a spotting 
facility it is hard to avoid buying pre-spotted arrays but even though arrays are spotted in-
house it is still not a cheap process. The labelling process can however be copied published 
methods (see introduction) and thereby money can in some cases be saved. One also needs to 
remember that the microarray technique detects many miRNAs in one experiment, while 
several other methods only are able to detect a single or a few miRNAs per experiment. Thus 
compared to these the cost per miRNA may in some cases be lower using microarrays. Flow 
cytometric based assays are also capable of detecting many miRNAs in the same experiment 
but also these methods are costly partly because they rely on expensive fluorescently labelled 
beads. Real time PCR methods for miRNA detection are also commercially available. They 
are still relative expensive but compared to the amount of work needed to do the experiments 
the costs are not dramatic. Today many kits are available for real time PCR detection of 
mRNAs and this can be done fairly cheap. Therefore as more and more companies launch kits 
for real time PCR detection of miRNAs the prices will probably go down. Again it is also 
possible to copy published real time PCR detection methods (see introduction) and thereby 
cut expenses. Choosing a SYBR green based assay will be cheapest especially if one wants to 
detect many different miRNA relatively few times since a unique taqman probe is required for 
each miRNA examined. Detection by confocal laser requires expensive LNA-DNA probes 
marked with fluorophores and new probes are required for each specific miRNA. The invader 
assay and the assay based on ribozymes also need a fluorescently labelled probe but the same 
probe can be reused for all miRNAs detected. Using cloning, as a detection method, can be 
very costly when looking at expenses to sequencing. Simple techniques like our method, 
northern blotting, and splinted ligation at first sight seem quite inexpensive since they rely on 
cheap reagents but since many different reagents are used the combined costs are probably not 
dramatically cheaper than for example real time PCR. However in most cases they are 
probably still the cheapest solution when looking only at cost of non-recyclable material. 
 
Time. ‘Time is money’ a well known saying states. That a method is cheap when considering 
equipment and materials does not necessarily make this method the cheapest to use if a lot of 
working hours have to be invested in each experiment. The different methods vary when 
looking at the time from the experiment is started from a purified RNA sample to the time a 
result is obtained. Real time PCR detection, flow cytometric based assays, detection by 
confocal laser, the invader assay, the ribozyme based assay, the assay based on DNA 
dendrimers, the splinted ligation assay, and the microelectrode-based biosensor are methods 
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were it often is possible to get a result the same day the experiment is started, while northern 
blotting, microarrays, cloning, and our method all contain at least one overnight step. Some 
variants of the methods include extra steps such as creation of a cDNA library that may 
further expand the time needed to perform the experiment (Baskerville and Bartel, 2005; Lu et 
al., 2005a). It is of course a clear advantage to get the result as fast as possible but a method 
taking days might include less work than a method taking hours when looking at the effective 
time spent in the laboratory. The effective time of each method is difficult to compare since 
the time used depend very much on the equipment available and to some extent on the person 
doing the work. However our method is probably among the more work demanding methods. 
 
Sensitivity. The different methods vary greatly in their detection limits. Real time PCR is a 
very sensitive detection method especially the variants based on taqman probes. It is often 
possible to detect expression of a miRNAs in as little as 25 pg of total RNA (corresponds to 
RNA from only a couple of cells) (Chen et al., 2005) and if a pre-PCR is performed RNA 
from a single cell can be used for detection of up to a couple of hundred different miRNAs 
(Lao et al., 2006; Tang et al., 2006). Many microarray based methods use only a few 
microgram of total RNA or less to detect several hundreds of miRNA (Castoldi et al., 2007; 
Castoldi et al., 2006; Liang et al., 2005; Liu et al., 2004a; Nelson et al., 2004; Shingara et al., 
2005; Thompson et al., 2007; Thomson et al., 2004; Wang et al., 2007a) and if using pre-PCR 
or pre-transcription only a couple of nanogram total RNA is required (Baskerville and Bartel, 
2005; Mattie et al., 2006). The RNA requirements for the flow cytometric based assays are 
comparable to the arrays. When comparing our method to these three methods the detection 
limit of a few nanogram of total RNA for detection of a single miRNA is not impressive. The 
microelectrode-based biosensor also seems slightly more sensitive than our method. However 
other methods are less sensitive than our method. Northern blotting uses around 20 µg of total 
RNA for detection (the blot can however be reused several times). The splinted ligation assay 
needs a couple of hundred nanogram total RNA to work properly. Detection by confocal laser 
and the invader assay requires around 50 ng of total RNA. The DNA dendrimer method uses 
at least 1 ng of miRNA enriched RNA. Thus, compared to other low technology methods 
available and even some using advanced equipment the detection limit of our method is 
impressive. 
 
Multiplexing. If only one miRNA is under investigation the most sensitive method is the one 
using the least RNA. However often it is interesting to know how multiple miRNAs are 
regulated between two or more samples. If a method is only able to detect one miRNA per 
experiment the amount of RNA required has to be multiplied with the number of miRNA 
tested and also the workload grows considerably. In these cases it is often preferable to use a 
method able to detect the expression of many miRNAs at once. The microarrays, the flow 
cytometric based assays, and the microelectrode-based biosensor are all assays allowing this. 
The cloning technique per definition detects all miRNAs present and here no knowledge of 
sequences is needed before the experiment is performed. If our method could be developed 
into a labeling strategy for microarrays as discussed above it may also be used for this 
purpose. 
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Discrimination. Many miRNAs show extensive sequence similarities to other closely related 
miRNAs. This makes it important that the detection method used can discriminate between 
very closely related sequences. As discussed above our method is capable of discriminating 
closely related miRNAs differing only in the middle region of the sequence and may also be 
able to distinguish miRNAs differing in their 3’end, although the latter has to be tested 
experimentally. Results also indicate that our method in at least some cases is better at 
discriminating closely related miRNAs than northern blotting (figure 29). Microarrays relying 
on DNA probes for detection are using a strategy similar to northern blotting and might 
therefore experience the same problems (Babak et al., 2004; Barad et al., 2004; Baskerville 
and Bartel, 2005; Krichevsky et al., 2003; Liang et al., 2005; Mattie et al., 2006; Nelson et al., 
2004; Shingara et al., 2005; Thomson et al., 2004; Thomson et al., 2007). Northern blotting 
and microarrays are examples of methods were a stringent washing procedure after 
hybridization is very important and optimization of this step can increase the discrimination 
ability of these methods. Similar to our method the invader assay is also likely to be more 
sensitive to mismatches located near the middle of the miRNA since this is were the cleavage 
site is generated. The detection by confocal laser on the other hand might be less sensitive to 
mismatches in the middle region, since this will locate the mismatch in the end of one of the 
LNA-DNA probes (mismatches located in the middle of the LNA-DNA probes will most 
likely destabilize them the most). If one seeks a nearly perfect discrimination cloning should 
be used since this method provides the precise sequence. Which of the other methods that is 
superior will probably vary from miRNA to miRNA and also depend on the person doing the 
experiments and the equipment used. 
 
Conclusion. There are many things to consider when choosing between detection methods for 
miRNAs. Our method has the advantage that it does not rely on specialized equipment and is 
fairly cheap in non-recyclable materials but despite this it still is sensitive and capable of 
discriminating highly related miRNAs. A drawback of the method is however that it is time 
consuming and at present, only able to detect one miRNA at a time. If the method is not made 
more time efficient it will in most cases not be able to compete with real time PCR. However, 
compared to other methods available for single miRNA detection it performs well. The 
method can be used in situations were only one or a few miRNAs are investigated or be used 
for verification of results obtained by array based methods. 
 
In summary 
 
I have presented a study aiming to find miRNAs involved in osteoblast differentiation of 
MSCs. Although several approaches were tested it was not possible to find any miRNA 
showing a differentiation dependent expression. Artificial up-regulation of miR-34a, miR-92, 
or miR-210 all reduced the differentiation potential of the MSCs. The mechanism for this 
reduction is not known but the existence of a potential miR-34a target in the osteoblast 
differentiation promoter TAZ may explain the effect of this miRNA. Six new miRNAs were 
found. These were miR-484, miR-512-5p, and miR-574 found in the MSCs and miR-411, 
miR-451, and miR-532 found in mouse embryos. Expression of miR-7, miR-26b, miR-34a, 
and miR-210 was found to be dependent on cell growth while miR-17-5p and miR-20a was 
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shown to possibly be involved in protecting cancer cells of the testis from apoptosis. These 
two findings contribute to the growing amount of data showing that miRNAs play important 
roles in cells of higher eukaryotes. Our experimental approach for finding miRNA targets 
resulted in selection of sequences that did not follow the normal rules for miRNA targets. 
This was probably due the lack of incorporation of the miRNA into RISC. No defining rules 
were made when comparing different LNA knockdown probes. However, it was found that 
among the probes tested probes based on deoxyribose nucleotides or on 2’-O-methyl modified 
nucleotides worked better than probes based on ribose nucleotides. Our padlock probe based 
miRNA detection technique was shown to be a sensitive detection method capable of 
discriminating between closely related miRNAs. It is able to compete with most miRNA 
detection methods but in order to be among the best methods available it should be made less 
time consuming to compete with real time PCR or be able to detect hundreds of miRNAs in 
one experiment to compete with the microarrays. 
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