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Fig. 1. MicroRNA expression patterns in 3-day-old zebrafish embryos. From Wienholds et al. 
2005. Science 309: 310-311. 
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The Central Dogma versus RNA 
The expanding inventory of international sequence databases and the concomitant sequencing 
of more than 350 genomes representing all three domains of life – bacteria, archea and eu-
karyota - have been the primary drivers in the process of deconstructing living organisms into 
comprehensive molecular catalogs of genes, transcripts and proteins. The importance of the 
genetic variation within a single species has become apparent, extending beyond the comple-
tion of genetic blueprints of several important genomes, culminating in the publication of the 
working draft of the human genome sequence in 2001 (Lander et al. 2001, Venter et al., 2001, 
Sachidanandam et al. 2001).  
 
On the other hand, the increasing number of detailed, large-scale molecular analyses of tran-
scription originating from the human and mouse genomes along with the recent identification 
of several types of non-protein-coding RNAs, such as small nucleolar RNAs, siRNAs, mi-
croRNAs and antisense RNAs, indicate that the transcriptomes of higher eukaryotes are much 
more complex than originally anticipated (Wong et al. 2001, Genome Research 11: 1975-
1977; Kampa et al. 2004, Genome Research 14: 331-342).  
 
As a result of the Central Dogma: “DNA makes RNA, and RNA makes protein”, RNAs have 
for decades been considered as simple molecules that just translate the genetic information 
into protein. Recently, it has been estimated that although most of the genome is transcribed, 
almost 97% of the genome does not encode proteins in higher eukaryotes, but putative, non-
coding RNAs (Wong et al. 2001, Genome Research 11: 1975-1977). The non-coding RNAs 
(ncRNAs) appear to be particularly well suited for regulatory roles that require highly specific 
nucleic acid recognition. Therefore, the view of RNA is rapidly changing from the merely in-
formational molecule to comprise a wide variety of structural, informational and catalytic 
molecules in the cell (Fig. 1). 
 
MicroRNAs – novel regulators of gene expression 
MicroRNAs (miRNAs) are an abundant class of short endogenous RNAs that act as post-
transcriptional regulators of gene expression by base-pairing with their target mRNAs. The ~ 
22 nucleotide (nt) mature miRNAs are processed sequentially from longer hairpin transcripts 
(Fig. 2) by the RNAse III ribonucleases Drosha (Lee et al. 2003) and Dicer (Hutvagner et al. 
2001, Ketting et al. 2001). To date more than 3500 microRNAs have been annotated in verte-
brates, invertebrates and plants according to the miRBase microRNA database release 8.0 in 
February 2006 (Griffith-Jones 2004, Griffith-Jones et al. 2006), and many miRNAs that cor-
respond to putative genes have also been identified. More than half of all known mammalian 
miRNAs are hosted within the introns of pre-mRNAs or long ncRNA transcripts (Rodriquez 
et al. 2004). Many miRNA genes are arranged in genomic clusters (Lagos-Quintana et al. 
2001). For example, ca. 40 % of human miRNA genes appear in clusters of two or more, with 
the largest cluster of 40 miRNA genes being located in the human imprinted 14q32 domain 
(Setiz et al. 2004; Altuvia et al. 2005). In plants, 117 miRNA genes have been identified in 
Arabidopsis thaliana while number of miRNAs identified in rice is currently 178 (Griffith-
Jones 2004, Griffith-Jones et al. 2006). The identified miRNAs to date represent most likely 
the tip of the iceberg, and the number of miRNAs might turn out to be very large. Recent bio-
informatic predictions combined with array analyses, small RNA cloning and Northern blot 
validation indicate that the total number of miRNAs in vertebrate genomes is significantly 
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higher than previously esti-mated and maybe as many as 1000 (Bentwich et al. 2005, 
Berezikov et al. 2005, Xie et al. 2005).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Model for small RNA-guided post-transcriptional regulation of gene expression. From 
Meister and Tuschl 2004. Nature 431: 343-349. 
 
The first miRNAs genes to be discovered, lin-4 and let-7, base-pair incompletely to re-peated 
elements in the 3’ untranslated regions (UTRs) of heterochronic genes, and control develop-
mental timing in C. elegans by regulating translation directly and negatively via antisense 
RNA–RNA interaction (Lee et al. 1993, Reinhart et al. 2000). The majority of plant miRNAs 
have perfect or near-perfect complementarity with their target sites and direct RISC-mediated 
target mRNA cleavage (for review, see Bartel 2004, Fig. 3). A large fraction of the plant 
miRNAs appears to regulate genes with roles in developmental processes, such as control of 
meristem identity, cell proliferation, developmental timing and patterning (Kidner and Mar-
tienssen 2005). In contrast, most animal miRNAs recognize their target sites located in 3’-
UTRs by incomplete base-pairing (Fig. 3), resulting in translational repression of the target 
genes (Bartel 2004). An increasing body of research shows that animal miRNAs play funda-
mental biological roles in cell growth and apoptosis (Brennecke et al. 2003), hematopoietic 
lineage differentiation (Chen et al. 2004), life-span regulation (Boehm and Slack 2005), pho-
toreceptor differentiation (Li and Carthew 2005), homeobox gene regulation (Yekta et al. 
2004, Hornstein et al. 2005), neuronal asymmetry (Johnston et al. 2004), insulin secretion 
(Poy et al. 2004), brain morphogenesis (Giraldez et al. 2005), muscle proliferation and differ-
entiation (Chen, Mandel et al. 2005, Kwon et al. 2005, Sokol and Ambros 2005), cardiogene-
sis (Zhao et al. 2005) and late embryonic de-velopment in vertebrates (Wienholds et al. 2005). 
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Several studies have identified subclasses of miRNAs directly implicated in the regulation of 
mammalian brain development and neuronal differentiation (Krichevsky et al. 2003, Miska et 
al. 2004, Sempere et al. 2004, Smirnova et al. 2005). Interestingly, many neural miRNAs ap-
pear to be temporally regulated in cortical cultures copurifying with polyribosomes, suggest-
ing that they may control localized translation of dendrite-specific mRNAs (Kim et al. 2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. MicroRNAs are post-transcriptional modulators of gene expression that either induce 
target mRNA cleavage (A) or translational inhibition (B). From Bartel 2004. Cell 116: 281-297. 
 
The number of regulatory mRNA targets of vertebrate miRNAs has been estimated by identi-
fying conserved complementarity to the miRNA seed sequences (nucleotide 2-7 of the 
miRNA), suggesting that ~30 % of the human genes may be miRNA targets (Lewis et al. 
2005). Computational predictions in Drosophila provide evidence that a given miRNA has on 
average ~100 mRNA target sites in the fly, while another recent study reported that vertebrate 
miRNAs target ~200 mRNAs each, further supporting the notion that miRNAs can regulate 
the expression of a large fraction of the protein-coding genes in multicellular eukaryotes 
(Brennecke et al. 2005, Krek et al. 2005). Most recent reports indicate that miRNAs may not 
function as developmental switches, but rather play a role in maintaining tissue identity by 
conferring accuracy to gene-expression programs (Giraldez et al. 2005, Lim et al. 2005, Stark 
et al. 2005, Farh et al. 2005, Wienholds et al. 2005; Figs 1 and 4).  
 
 
 
 
 
 
 
 
 
 
   

 
 

 
Fig. 4. Histological analysis of miRNA in situ expression in zebrafish pancreas at five days post-
fertilization using LNA probes for miR-217 and miR-7. From Wienholds et al. 2005. Science 309: 
310-311. 
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MicroRNAs in human disease 
The expanding inventory of human miRNAs along with their highly diverse expression pat-
terns and high number of potential target mRNAs suggest that miRNAs are involved in a wide 
variety of human diseases. One is spinal muscular atrophy (SMA), a paediatric neurodegen-
erative disease caused by reduced protein levels or loss-of-function mutations of the survival 
of motor neurons (SMN) gene (Paushkin et al. 2002). A mutation in the target site of miR-189 
in the human SLITRK1 gene was recently shown to be associated with Tourette’s syndrome 
(Abelson et al. 2005), while another recent study reported that the hepatitis C virus (HCV) 
RNA genome interacts with a host-cell microRNA, the liver-specific miR-122a, to facilitate 
its replication in the host (Jopling et al. 2005). Other diseases in which miRNAs or their proc-
essing machinery have been implicated, include fragile X mental retardation (FXMR) caused 
by absence of the fragile X mental retardation protein (FMRP) (Nelson et al. 2003, Jin et al. 
2004) and DiGeorge syndrome (Landthaler et al. 2004).  
 
 

 
 
 
Fig. 5. The human microRNAs miR15 and miR16 are located at chromosome 13q14, a region 
deleted in more than half of B cell chronic lymphocytic leukemias (B-CLL). From Calin et al. 
2002. PNAS 99: 15524-15529. 
 
Perturbed miRNA expression patterns have been reported in many human cancers. For exam-
ple, the human miRNA genes miR15a and miR16-1 are deleted or down-regulated in the ma-
jority of B-cell chronic lymphocytic leukemia (CLL) cases (Fig. 5), where a unique signature 
of 13 miRNA genes was recently shown to associate with prognosis and progression (Calin et 
al. 2002, Calin et al. 2005). The role of miRNAs in cancer is further supported by the fact that 
more than 50 % of the human miRNA genes are located in cancer-associated genomic regions 
or at fragile sites (Calin et al. 2004). Recently, systematic expression analysis of a diversity of 
human cancers revealed a general down-regulation of miRNAs in tumors compared to normal 
tissues (Lu et al. 2005). Interestingly, miRNA-based classification of poorly differentiated 
tumors was successful, whereas mRNA profiles were highly inaccurate when applied to the 
same samples. miRNAs have also been shown to be deregulated in lung cancer (Johnson et al. 
2005) and colon cancer (Michael et al. 2004), while the miR-17-92 cluster, which is amplified 
in human B-cell lymphomas and miR-155 which is upregulated in Burkitt’s lymphoma have 
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been reported as the first human miRNA oncogenes (Eis et al. 2005, He et al. 2005). Thus, 
human miRNAs would not only be highly useful as biomarkers for future cancer diagnostics, 
but are rapidly emerging as attractive targets for disease intervention by antisense oligonu-
cleotide technologies. 
 
LNA – a unique Danish invention with high potential in therapeutic miRNA silencing 
LNAs comprise a new class of bicyclic high-affinity RNA analogues in which the fu-ranose 
ring in the sugar–phosphate backbone is chemically locked in a RNA mimicking N-type (C3’-
endo) conformation by the introduction of a 2’-O,4’-C methylene bridge (Koshkin et al., 
1998). Several studies have demonstrated that LNA-modified oligonu-cleotides exhibit un-
precedented thermal stability when hybridized with their RNA target molecules (Koshkin et 
al., 1998, Braasch and Corey, 2001; Kurreck, 2002). Consequently, an increase in melting 
temperature (Tm) of + 2-10 °C per monomer against complementary RNA compared to un-
modified duplexes have been reported. Importantly, LNA incorpora-tion generally improves 
mismatch discrimination compared to unmodified reference oligonucleotides. It should be un-
derlined that LNA mediates high-affinity hybridization without compromising base pairing 
selectivity, and that the standard Watson-Crick base pairing rules are obeyed.  
 
Structural studies of different LNA-RNA and LNA-DNA heteroduplexes based on NMR 
spectroscopy and X-ray crystallography have shown that LNA is an RNA mimic, which fits 
seamlessly into an A-type Watson-Crick duplex geometry (Petersen et al. 2000, Petersen et al. 
2002, Nielsen et al. 2004) similar to that of dsRNA duplexes. Furthermore, in heteroduplexes 
between LNA oligonucleotides and their complementary DNA oligonucleotides, an overall 
shift from a B-type duplex towards an A-type duplex has been reported resulting in increased 
stability of the heteroduplexes. Another important observation is that LNA monomers are also 
able to twist the sugar conformation of flanking DNA nucleotides from an S-type (C2’-endo) 
towards an N-type sugar pucker in LNA-modified DNA oligonucleotides (Petersen et al., 
2002; Nielsen et al., 2004). 
 
The high thermal stability of short LNA oligonucleotides together with their improved mis-
match discrimination has facilitated the design of highly accurate single nucleotide polymor-
phism (SNP) genotyping assays using allele-specific LNA probes (Jacobsen et al., 2002a; 
Jacobsen et al., 2002b, Mouritzen et al., 2003). LNA substituted oligonucleotides have also 
been used to increase the sensitivity and specificity in gene expression profiling by spotted 
oligonucleotide microarrays (Tolstrup et al., 2003) and more recently, in efficient isolation of 
intact poly(A)+RNA from lysed cell and tissue extracts by LNA oligo(T) affinity capture 
(Jacobsen et al., 2004). In addition, LNA oligonucleotides are readily transfected into cells 
using standard techniques, they are sequence-specific and non-toxic, and show improved nu-
clease resistance, which make them highly useful for potent and selective antisense-based 
gene silencing (Wahlestedt et al., 2000; Braasch et al., 2002; Fluiter et al., 2003). Hence, 
LNA-modified probes are uniquely suited for mimicking miRNA structures, and for miRNA 
targeting in vitro or in vivo. 
 
Therapeutic intervention of disease-related microRNAs using LNA  
The small size of miRNA genes makes it difficult to create loss-of-function mutants for func-
tional analysis. Another potential problem is that many miRNA genes are present in several 
copies per genome occurring in different loci, which makes it even more difficult to obtain 
mutant phenotypes. An alternative approach to creating miRNA gene knock-outs has been 
reported by Hutvagner et al., (2004) and Leaman et al., (2005), in which 2’-O-methyl an-
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tisense oligonucleotides were used as potent and irreversible inhibitors of siRNA and miRNA 
function in vitro and in vivo in Drosophila and C. elegans, thereby inducing a loss-of-function 
phenotype. This method was recently applied to mouse studies, by conjugating 2’-O-methyl 
antisense oligonucleotides complementary to four different miRNAs with cholesterol (so 
called antago-mirs) for silencing miRNAs in vivo (Krützfedt et al., 2005).  
 
Recent studies have reported that LNA-modified oligonucleotides can also mediate specific 
inhibition of miRNA function (Chan et al., 2005; Lecellier et al., 2005; Ørom et al., 2006). 
Using the well-characterized interaction between the Drosophila melanogaster bantam 
miRNA and its target gene hid as a model, Ørum et al., (2006) have described the efficacy 
and specificity of the LNA-based silencing method. LNA antimirs can readily inhibit exoge-
nously intro-duced miRNAs with high specificity, and furthermore inhibit endogenous ban-
tam in Drosophila melanogaster cells, leading to up-regulation of its cognate target protein 
hid. The method showed stoichiometric and reliable inhibition of the targeted miRNA and 
would thus be applicable to functional analysis of miRNAs and validation of putative target 
genes (Ørom et al., 2006). Since LNA antisense oligonucleotides have features that result in 
very high hybridization affinity towards complementary single stranded RNA without com-
promising specificity (Koshkin, 1998; Wahlestedt et al., 2000; Braasch and Corey, 2001) and 
furthermore, show improved antisense efficacy and higher Tm toward complementary RNA 
compared to 2’-O methyl oligonucleotides of the same sequence (Kurreck et al., 2002), LNAs 
can be used as effector molecules in highly potent and selective antisense-based gene therapy 
of disease-related microRNAs. Santaris Pharma is a world-leading expert in LNA antisense-
based drugs, to which the company holds worldwide exclusive therapeutic rights. Besides an 
oligonucleotide drug for Chronic Lymphocytic Leukaemia in clinical phase I/IIa, Santaris has 
two other drugs against cancer under preclinical investigations. 
 
References 
Abelson, J.F., Kwan, K.Y., O'Roak, B.J., Baek, D.Y., Stillman, A.A., Morgan, T.M., Mathews, C.A., 
Pauls, D.L., Rasin, M.R., Gunel, M., Davis, N.R., Ercan-Sencicek, A.G., Guez, D.H., Spertus, J.A., 
Leckman, J.F., Dure, L.S. 4th, Kurlan, R, Singer, H.S., Gilbert, D.L., Farhi, A., Louvi, A., Lifton, 
R.P., Sestan, N., State, M.W. 2005. Sequence variants in SLITRK1 are associated with Tourette's syn-
drome. Science 310: 317-20. 
 
Aboobaker, A.A., Tomancak, P., Patel, N., Rubin, G.M., Lai, E.C. 2005. Drosophila microRNAs ex-
hibit diverse spatial expression patterns during embryonic development. 
Proc Natl Acad Sci U S A. 102:18017-22. 
 
Altuvia, Y., Landgraf, P., Lithwick, G., Elefant, N., Pfeffer, S., Aravin, A., Brownstein, M.J., Tuschl, 
T., Margalit, H. 2005. Clustering and conservation patterns of human microRNAs. Nucleic Acids Res. 
33: 2697-706.   
 
Barad, O., Meiri, E., Avniel, A., Aharonov, A., Barzilai, A., Bentwich, I., Einav, U., Gi-lad, S., Hur-
ban, P., Karov, Y., Lobenhofer, E.K., Sharon,E., Shiboleth, Y.M., Shtutman, M., Bentwich, Z., and 
Einat, P. 2004. MicroRNA expression detected microarrays: System establishment profiling in human 
tissues. Genome Research 14: 2486-2494. 
 
Bartel, D.P. 2004. MicroRNAs: Genomics, biogenesis, mechanism and function. Cell 116: 281-297. 
 
Bentwich, I., Avniel, A., Karov, Y., Aharonov, R., Gilad, S., Barad, O., Barzilai, A., Einat, P., Einav, 
U., Meiri, E., Sharon, E., Spector, Y. and Bentwich, Z. 2005. Identification of hundreds of conserved 
and nonconserved human microRNAs. Nat. Genet. 37: 766–770. 



 
 
 
 

 8

 
Berezikov, E., Guryev, V., van de Belt, J., Wienholds, E., Plasterk, R.H.A. and Cuppen, E. 2005. Phy-
logenetic shadowing and computational identification of human microRNA genes. Cell 120: 21-24  
 
Boehm, M., Slack, F. 2005. A developmental timing microRNA and its target regulate life span in C. 
elegans. Science. 310:1954-7. 
 
Braasch, D.A. and Corey, D.R. 2001. Locked nucleic acid (LNA): fine-tuning the recognition of DNA 
and RNA. Chemistry and Biology, 8, 1-7. 
 
Brennecke, J., Hipfner, D.R., Stark, A., Russel, R.B. and Cohen S. 2003. bantam encodes a develop-
mentally regulated microRNA that controls cell proliferation and regulates the proapoptotic gene hid 
in Drosophila. Cell 113: 25-36. 
 
Brennecke, J., Stark, A., Russel, R.B. and Cohen S 2005. Principles of MicroRNA–target recognition. 
PLoS Biology 3: e85 
 
Calin, G. A., Sevignani, C., Dumitru, C.D., Hyslop, T., Noch, E., Yendamuri, S., Shimizu, M., Rattan, 
S., Bullrich, F., Negrini, M. and Croce, C.M. 2004. Human microRNA genes are frequently located at 
fragile sites and genomic regions involved in cancers. Proc. Natl. Acad. Sci.U.S.A. 101: 2999-3004. 
 
Calin, G.A., Dumitru, C.D., Shimizu, M., Bichi, R., Zupo, S., Noch, E., Aldler, H., Rattan, S., 
Keating, M., Rai, K., Rassenti, L., Kipps, T., Negrini, M., Bullrich, F. and Croce, C.M. 2002. Frequent 
deletions and down-regulation of microRNA genes miR15 and miR16 at 13q14 in chronic lympho-
cytic leukemia. Proc. Natl. Acad. Sci. USA 99: 15524– 15529. 
 
Calin, G.A., Ferracin, M., Cimmino, A., Di Leva, G., Shimizu, M., Wojcik, S.E., Iorio, M.V., Visone, 
R., Sever, N.I., Fabbri, M., Iuliano, R., Palumbo, T., Pichiorri, F., Roldo, C., Garzon, R., Sevignani, 
C., Rassenti, L., Alder, H., Volinia, S., Liu, C.G., Kipps, T.J., Negrini, M., Croce, C.M. 2005. A Mi-
croRNA signature associated with prognosis and progression in chronic lymphocytic leukemia. N. 
Engl. J. Med. 353:1793-801 
 
Chan, J.A., Krichevsky, A.M., Kosik, K.S. 2005. MicroRNA-21 is an antiapoptotic factor in human 
glioblastoma cells. Cancer Res. 65:6029-33. 
 
Chen, C.Z., Li, L., Lodish, H.F. and Bartel, D.P. 2004. MicroRNAs modulate hematopoietic lineage 
differentiation. Science 303: 83–86. 
 
Chen, X. 2004. A MicroRNA as a translational repressor of APETALA2 in Arabidopsis flower devel-
opment. Science 203: 2022-2025;  
 
Chen, J.F., Mandel, E.M., Thomson, J.M., Wu, Q., Callis, T.E., Hammond, S.M., Conlon, F.L., Wang, 
D.Z. 2005. The role of microRNA-1 and microRNA-133 in skeletal muscle proliferation and differen-
tiation. Nat Genet. Dec 25, advance online publication.  
 
Eis, P.S., Tam, W., Sun, L., Chadburn, A., Li, Z., Gomez, M.F., Lund, E., Dahlberg, J.E. 2005.   Ac-
cumulation of miR-155 and BIC RNA in human B cell lymphomas. Proc Natl Acad Sci U S A. 102: 
3627-32. 
 
Farh, K.K., Grimson, A., Jan, C., Lewis, B.P., Johnston, W.K., Lim, L.P., Burge, C.B., Bartel, D.P. 
2005. The widespread impact of mammalian MicroRNAs on mRNA repression and evolution. Sci-
ence. 310:1817-21.  
 



 
 
 
 

 9

Fluiter, K., ten Asbroek, A.L.M., de Wissel, M.B., Jakobs, M.E., Wissenbach, M., Olsson, H., Olsen, 
O., Oerum, H. and Baas, F. 2003. In vivo tumor growth inhibition and biodistribution studies of 
locked nucleic acid (LNA) antisense oligonucleotides. Nucleic Acids Research, 31, 953-962. 
 
Giraldez, A.J., Cinalli, R.M., Glasner, M.E., Enright, A.J.,Thomson, J.M., Baskerville, S., Hammond, 
S.M., Bartel, D.P.and Schier, A.F. 2005. MicroRNAs regulate brain morphogenesis in zebrafish. Sci-
ence 308: 833–838. 
 
Griffiths-Jones, S. 2004. The microRNA Registry. Nucleic Acids Res. 32: D109–D111. 
Griffiths-Jones, S., Grocock, R.J., van Dongen, S., Bateman, A., Enright, A.J. 2006. miRBase: mi-
croRNA sequences, targets and gene nomenclature. Nucleic Acids Res. 34: D140-4 
 
He, L., Thomson, J.M., Hemann, M.T., Hernando-Monge, E., Mu, D., Goodson, S., Pow-ers, S., Cor-
don-Cardo, C., Lowe, S.W., Hannon, G.J. and Hammond, S.M. 2005. A mi-croRNA polycistron as a 
potential human oncogene. Nature 435: 828– 833. 
 
Hornstein, E., Mansfield, J.H., Yekta, S., Hu, J.K., Harfe, B.D., McManus, M.T., Basker-ville. S., 
Bartel, D.P., Tabin, C.J. 2005. The microRNA miR-196 acts upstream of Hoxb8 and Shh in limb de-
velopment. Nature 438: 671-4. 
 
Hutvagner, G., McLachlan, J., Pasquinelli, A.E., Balint, E., Tuschl, T. and Zamore, P.D. 2001. A cel-
lular function for the RNA-interference enzyme Dicer in the maturation of the let-7 small temporal 
RNA. Science 293: 834–838. 
 
Hutvágner, G., Simard, M.J., Mello, C.C. and Zamore, P.D. 2004. Sequence-specific inhibition of 
small RNA function. PLoS Biology 2: 1-11. 
 
Jacobsen, N., Fenger, M., Bentzen, J., Rasmussen, S.L., Jakobsen, M.H., J. Fenstholt, J. and Skouv, J. 
2002a. Genotyping of the apolipoprotein B R3500Q mutation using im-mobilized locked nucleic acid 
capture probes. Clinical Chemistry, 48(4), 657-60. 
 
Jacobsen, N., Bentzen, J. Meldgaard, M., Jakobsen, M.H., Fenger, M., Kauppinen, S. and  Skouv, J. 
2002b. LNA-enhanced detection of single nucleotide polymorphisms in the apoli-poprotein E. Nucleic 
Acids Research, 30, e100. 
 
Jacobsen, N., Nielsen, P.S., Jeffares, D.C., Eriksen, J., Ohlsson, H., Arctander, P. and Kauppinen, S. 
2004. Direct isolation of poly(A)+ RNA from 4 M guanidine thiocyanate-lysed cell extracts using 
locked nucleic acid-oligo(T) capture. Nucleic Acids Research, 32, e64.Jin, P., Alisch, R.S., Warren, 
S.T. 2004. RNA and microRNAs in fragile X mental retardation. Nat Cell Biol. 6: 1048-53. 
 
Johnson, S.M., Grosshans, H., Shingara, J., Byrom, M., Jarvis, R., Cheng, A., Labourier, E., Reinert, 
K.L., Brown, D. and Slack, F.J. 2005. RAS is regulated by the let-7 mi-croRNA family. Cell 120: 
635–647. 
 
Johnston, R.J.and Hobert, O. 2003. A microRNA controlling left/right neuronal asymmetry in Caenor-
habditis elegans. Nature 426: 845–849. 
 
Jopling, C.L., Yi, M., Lancaster, A.M., Lemon, S.M., Sarnow, P. 2005. Modulation of hepatitis C vi-
rus RNA abundance by a liver-specific MicroRNA. Science 309:1577-81. 
 
Kampa, D., Cheng, I.J., Kapranov, P., Yamanaka, M., Brubaker, S. , Cawley S., Drenkow, J., Piccol-
boni, A., Bekiranov, S., Helt, G., Tammana, H., and Gingeras, T.R. (2004): Novel RNAs identified 
from an in-depth analysis of the transcriptome of human chromosomes 21 and 22. Genome Research 
331:14:331–342. 



 
 
 
 

 10

 
Ketting, R.F., Fischer, S.E., Bernstein, E., Sijen, T., Hannon, G.J. and Plasterk, R.H. 2001. Dicer func-
tions in RNA interference and in synthesis of small RNA involved in developmental timing in C. ele-
gans. Genes Dev. 15: 2654–2659. 
 
Kim, J., Krichevsky, A., Grad, Y., Hayes, G.D., Kosik, K.S., Church, G.M., Ruvkun, G. 2004. Identi-
fication of many microRNAs that copurify with polyribosomes in mammalian neurons. Proc. Natl. 
Acad. Sci. U S A. 101: 360-5. 
 
Koshkin, A.A., Singh, S.K., Nielsen, P., Rajwanshi, V.K., Kumar, R., Meldgaard, M., Ol-sen, C.E. 
and Wengel, J. (1998). LNA (Locked Nucleic Acids): Synthesis of the adenine, cytosine, guanine, 5-
methylcytosine, thymine and uracil bicyclonucleoside monomers, oligomerisation, and unprecedented 
nucleic acid recognition. Tetrahedron, 54, 3607-3630. 
 
Krek, A., Grun, D., Poy, M.N., Wolf, R., Rosenberg, L., Epstein, E.J., MacMenamin, P., da Piedade, 
I., Gunsalus, K.C., Stoffel, M. and Rajewsky, N. 2005. Combinatorial mi-croRNA target predictions. 
Nat. Genet. 37: 495–500. 
 
Krichevsky, A.M., King, K.S., Donahue, C.P., Khrapko, K. and Kosik, K.S. 2003. A microRNA array 
reveals extensive regulation of microRNAs during brain development. RNA 9: 1274-1281. 
 
Krützfeldt, J., Rajewsky, N., Braich, R., Rajeev, K.G., Tuschl, T., Manoharan, M. and Stoffel, M. 
2005. Silencing of microRNAs in vivo with 'antagomirs'. Nature 438: 685-9. 
 
Kurreck, J., Wyszko, E., Gillen, C. and Erdmann, V.A. 2002. Design of antisense oli-gonucleotides 
stabilized by locked nucleic acids. Nucleic Acids Research, 30, 1911-1918. 
 
Kwon, C., Han, Z., Olson, E.N., Srivastava, D. 2005. MicroRNA1 influences cardiac differentiation in 
Drosophila and regulates Notch signaling. Proc Natl Acad Sci U S A. 102: 18986-91.   
 
Lagos-Quintana, M., Rauhut, R., Lendeckel, W. and Tuschl, T. 2001. Identification of novel genes 
coding for small expressed RNAs. Science 294: 853–858. 
 
Lander, E.S., Linton, L.M., Birren, B. et al (2001) Initial sequencing and analysis of the human ge-
nome. Nature 409:860–921 
 
Landthaler, M., Yalcin, A. and Tuschl, T. 2004. The human DiGeorge syndrome critical region gene 8 
and its D. melanogaster homolog are required for miRNA biogenesis. Curr. Biol. 14: 2162–2167. 
 
Leaman, D., Chen, P,Y., Fak, J., Yalcin, A., Pearce, M., Unnerstall, U., Marks, D.S., Sander, C., 
Tuschl, T., Gaul, U. 2005. Antisense-mediated depletion reveals essential and specific functions of 
microRNAs in Drosophila development. Cell 121: 1097-108. 
 
Lee, R.C. and Ambros, V. 2001. An extensive class of small RNAs in Caenorhabditis elegans. Science 
294: 862–864. 
 
Lee, R.C., Feinbaum, R.L. and Ambros, V. 1993. The C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to lin-14. Cell 75: 843-854. 
 
Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., Lee, J., Provost, P., Radmark, O., Kim, S. and 
Kim, V.N. 2003. The nuclear RNase III Drosha initiates microRNA process-ing. Nature 425: 415–
419. 
 



 
 
 
 

 11

Lewis, B.P., Burge, C.B., Bartel, D.P. 2005. Conserved seed pairing, often flanked by adenosines, in-
dicates that thousands of human genes are microRNA targets. Cell 120: 15-20. 
 
Li, X. and Carthew, R.W. 2005. A microRNA mediates EGF receptor signaling and promotes photo-
receptor differentiation in the drosophila eye. Cell 123: 1267-77. 
 
Lim, L.P., Lau, N.C., Garrett-Engele, P., Grimson, A., Schelter, J.M., Castle, J., Bartel, D.P., Linsley, 
P.S., and Johnson, J.M. 2005. Microarray analysis shows that some microRNAs downregulate large 
numbers of target mRNAs. Nature 433: 769-773. 
 
Liu, C-G., Calin, G.A., Meloon, B., Gamliel, N., Sevignani, G., Ferracin, M., Dumitru, C.M., Shimizu, 
M., Zupo, S., Dono, M., Alder, H., Bullrich, F., Negrini, M. and Croce, C.M. 2004. An oligonucleo-
tide microchip for genome-wide microRNA profiling in human and mouse tissues. Proc. Natl. Acad. 
Sci, U.S.A 101:9740-9744,  
 
Lu. J., Getz, G., Miska, E.A., Alvarez-Saavedra, E.A., Lamb, J., Peck, D., Sweet-Cordero, A., Ebert, 
B.L., Mak, R.H., Ferrando, A.A., Downing, J.R., Jacks, T., Horvitz, H.R.,and Golub, T.R. 2005. Mi-
croRNA expression profiles classify human cancers. Nature 435: 834–838. 
 
Michael, M.Z., SM, O.C., van Holst Pellekaan, N.G., Young, G.P. and James, R.J. 2003. Reduced ac-
cumulation of specific microRNAs in colorectal neoplasia. Mol. Cancer Res. 1: 882– 891. 
 
Mouritzen, P., Nielsen, A.T., Pfundheller, H.M., Choleva, Y., Kongsbak, L., Moller, S. 2003. Single 
nucleotide polymorphism genotyping using locked nucleic acid (LNA). Ex-pert Review of Molecular 
Diagnostics,3, 27-38. 
 
Nelson, P., Kiriakidou, M., Sharma, A., Maniataki, E.and Mourelatos, Z. 2003. The microRNA world: 
small is mighty. TIBS 28: 534-540. 
 
Nielsen, K.E., Rasmussen, J., Kumar, R., Wengel, J., Jacobsen, J.P., and Petersen, M. 2004. NMR 
studies of fully modified locked nucleic acid (LNA) hybrids: Solution struc-ture of an LNA:RNA hy-
brid and characterization of an LNA:DNA hybrid. Bioconjugate Chemistry, 15, 449-457. 
 
Paushkin, S., Gubitz, A.K., Massenet, S. and Dreyfuss, G. 2002. The SMN complex, an assem-
blyosome of ribonucleoproteins.Curr.Opin.Cell Biol. 14: 305-312. 
 
Petersen, M., Bondensgaard, K., Wengel, J., and Jacobsen, J.P. 2002. Locked nucleic acid (LNA) rec-
ognition of RNA: NMR solution structures of LNA:RNA hybrids. Journal of American Chemical So-
ciety, 124, 5974-5982. 
 
Petersen, M., Nielsen, C.B, Nielsen, K.E, Jensen, G.A, Bondensgaard, K, Singh, S.K, Ra-jwanshi, 
V.K, Koshkin, A.A, Dahl, B.M, Wengel, J. and Jacobsen, J.P. 2000. The con-formations of locked 
nucleic acids (LNA). Journal of Molecular Recognition, 13,  44–53. 
 
Poy, M.N., Eliasson, L., Krutzfeldt, J., Kuwajima, S., Ma, X., Macdonald, P.E., Pfeffer, S., Tuschl, T., 
Rajewsky, N., Rorsman, P. and Stoffel, M. (2004) A pancreatic islet-specific microRNA regulates in-
sulin secretion. Nature 432: 226–230. 
 
Reinhart, B.J., Slack, F.J., Basson, M., Bettinger, J.C., Pasquinelli, T., Rougvie, A.E., Hor-vitz, H.R., 
and Ruvkun, G. 2000. The 21 nucleotide let-7 RNA regulates developmental timing in Caenorhabditis 
elegans. Nature 403: 901–906. 
 
Reinhart, B.J., Weinstein, E.G., Rhoades, M.W., Bartel, B., and Bartel, D.P. 2002. MicroRNAs in 
plants. Genes Dev. 16: 1616–1626.  



 
 
 
 

 12

 
Rodriguez, A., Griffiths-Jones, S., Ashurst, J.L., Bradley, A. Related 2004. Identification of mammal-
ian microRNA host genes and transcription units. Genome Res. 10A: 1902-10.  
 
Sachidanandam, R., Weissman, D., Schmidt, S.C. et al. 2001. A map of human genome sequence 
variation containing 1.42 million single nucleotide polymorphisms. Nature 409:928–933 
 
Seitz, H., Royo, H., Bortolin, M.L., Lin, S.P., Ferguson-Smith, A.C., Cavaille, J. 2004. A large im-
printed microRNA gene cluster at the mouse Dlk1-Gtl2 domain. Genome Res. 9: 1741-8.  
 
Smirnova, L., Grafe, A., Seiler, A., Schumacher, S., Nitsch, R. and Wulczyn, F.G. 2005. Regulation of 
miRNA expression during neural cell specification. Eur J Neurosci. 21: 1469-77. 
 
Sokol, N.S., Ambros, V. 2005. Mesodermally expressed Drosophila microRNA-1 is regulated by 
Twist and is required in muscles during larval growth. Genes Dev. 19: 2343-54.  
 
Sorlie T., Tibshirani R., Parker J., Hastie T., Marron J.S., Nobel A., Deng S., Johnsen H., Pesich R., 
Geisler S. et al. (2003). Repeated observation of breast tumor subtypes in independent gene expression 
data sets. Proc. Natl. Acad. Sci. U. S. A 100: 8418-8423. 
 
Stark, A., Brennecke, J., Bushati, N., Russell, R.B., Cohen, S.M. 2005. Animal MicroRNAs confer 
robustness to gene expression and have a significant impact on 3'UTR evolu-tion. Cell 123: 1133-46.. 
 
Tolstrup, N., Nielsen, P.S., Kolberg, J., Frankel, A.M., Vissing, H. and Kauppinen, S. 2003. Oli-
goDesign: optimal design of LNA (locked nucleic acid) oligonucleotide capture probes for gene ex-
pression profiling. Nucleic Acids Research, 31, 3758-3762. 
 
Venter, J.C., Adams, M.D., Myers, E.W. et al. 2001. The sequence of the human genome. Science 
291:1304–1351 
 
Wahlestedt, C., Salmi, P., Good, L., Kela, J., Johnsson, T., Hokfelt, T., Broberger, C., Por-reca, F., 
Lai, J., Ren, K., Ossipov, M., Koshkin, A., Jacobsen, N., Skouv, J., Oerum, H., Jakobsen, M.H. and 
Wengel, J. 2000. Potent and nontoxic antisense oligonucleotides con-taining locked nucleic acids. 
Proceedings of the National Academy of Sciences USA. 97, 5633-5638. 
 
Wienholds, E., Kloosterman, W.P., Miska, E., Alvarez-Saavedra, E., Berezikov, E., de Bruijn, E., 
Horvitz, H.R., Kauppinen, S. and Plasterk, R.H.A. 2005. MicroRNA expression in zebrafish embry-
onic development. Science 309: 310-311. 
 
Wong, G, K-S, Passey, D.A. and Yu, J. 2001. Most of the human genome is transcribed. 2001. Ge-
nome Research 11: 1975-1977. 
 
Xie, X., Lu, J., Kulbokas, E.J., Golub, T.R., Mootha, V., Lindblad-Toh, K., Lander, E.S. and Kellis, 
M. 2005. Systematic discovery of regulatory motifs in human promoters and 30 UTRs by comparison 
of several mammals. Nature 434: 338–345. 
 
Yekta, S., Shih, I-s and Bartel, D. 2004. microRNA-Directed Cleavage of HOXB8 mRNA. Science 
304: 594-596. 
 
Zhao, Y., Samal, E. and Srivastava, D. 2005. Serum response factor regulates a muscle-specific mi-
croRNA that targets Hand2 during cardiogenesis. Nature 436: 214–220. 
 
Ørom, U.A., Kauppinen, S. and Lund, A. (2006). LNA-modified oligonucleotides mediate specific 
inhibition of microRNA function. Gene, in press. 


	The Role of microRNAs in Development and Disease and 
	the Potential for Therapeutic Intervention

