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Summary

Summary

The accurate regulation of gene expression is essential for animal development.
The discovery of microRNAs (miRNAs) as post-transcriptional regulators added a
new layer of complexity to gene expression programs. miRNAs potentially target a
large fraction of the genome. However, identification of physiologically relevant
targets requires meticulous functional characterization of individual miRNAs. In the
work presented | describe efforts to elucidate the biological roles of miRNAs in the

development of Drosophila melanogaster.

| was involved in a global analysis of the expression patterns of miRNAs and their
predicted targets, which revealed that many miRNAs are not co-expressed with their
targets. This suggested that miRNAs might act by preventing the expression of
unwanted transcripts that are present only at very low levels in the miRNA

expressing cell.

In collaboration with Alexander Stark, we found more evidence for this hypothesis
when we investigated the miR-iab-4 locus and its role in Hox gene regulation.
Homeobox - containing (Hox) transcription factors are encoded by highly conserved
genes fundamentally required during animal development. We found that the miR-
iab-4 locus gives rise to two distinct miRNAs, one derived from the sense, and the
other from the antisense strand. These miRNAs are expressed in nonoverlapping
domains and are required to support the transcriptional repression conferred by Hox
genes among each other. Therefore, the transcriptional regulation is the primary, and
miRNA-mediated regulation the secondary level to reinforce the Hox protein

expression domains.

Furthermore, | investigated the role of the miR-309 cluster during early
embryogenesis by generating a deletion mutant of this cluster. The mir-309 cluster
contains six distinct miRNAs, which are induced during the onset of zygotic
transcription. Using microarray profiling, | identified a set of in vivo targets of the miR-

309 cluster and could show that these miRNAs are required for the timely



Summary

downregulation of maternally deposited transcripts during the maternal to zygotic
transition. Again, the miRNAs and their targets were expressed in a temporally
nonoverlapping manner. In this case, the miRNAs substantially contribute to
downregulation of the target’s transcript levels, thereby helping to shape the
nonoverlapping expression pattern. Intriguingly, a comparable role was described for

the unrelated miRNA miR-430 in zebrafish, suggesting convergent evolution.

Taken together, | was able to identify some of the complex regulatory relationships
between selected miRNAs and their targets in Drosophila. | found evidence that the
miRNAS’ roles in development can be subtle, but may serve to ensure robustness of
the developmental program, which is of significant importance from an evolutionary

point of view.



Zusammenfassung

Zusammenfassung

Die prazise Regulierung der Genexpression ist grundlegend in der Entwicklung
eines Organismus. Die Entdeckung von microRNAs (miRNAs) als post-
transkriptionelle Regulatoren erweiterte die Komplexitdt der Genexpression um eine
neue Dimension. miRNAs haben das Potential, einen groRen Teil des Genoms zu
regulieren. Aus diesem Grund bedarf es sorgfaltiger funktioneller Charakterisierung
von einzelnen miRNAs, um herauszufinden, welche dieser moglichen Zielgene
(“Targets”) tatsachlich physiologisch relevant sind. In der hier vorgelegten Arbeit
beschreibe ich Bemuhungen, die Bedeutung von miRNAs in der Entwicklung von

Drosophila Melanogaster aufzuklaren.

Ich war an einer globalen Analyse der Expressionsmuster von miRNAs und ihrer
vorhergesagten Targets beteiligt, die aufzeigte, dass viele miRNAs nicht mit ihren
Targets co-exprimiert werden. Dies deutete darauf hin, dass miRNAs die Expression
von unerwinschten Genen, die nur in sehr niedriger Menge in der Zelle vorhanden

sind, verhindern.

In Zusammenarbeit mit Alexander Stark fanden wir weitere Anhaltspunkte flir diese
Hypothese, als wir den miR-iab-4 Locus und seine Rolle in der Hox-Gen Regulierung
untersuchten. Die hochkonservierten Homoéobox (Hox)-Gene kodieren fur
Transkriptionsfaktoren, die fur die Entwicklung vielzelliger Organismen unentbehrlich
sind. Unsere Analyse ergab, dass vom miR-iab-4 Locus zwei verschiedene miRNAs
exprimiert werden, jeweils vom Plus- und vom Minusstrang. Diese miRNAs werden
unterschiedlich exprimiert, und unterstutzen so die transkriptionelle Regulierung der
Hoxgene untereinander. Folglich wird die korrekte Expression von Hoxproteinen
primar transkriptionell und sekundar zusatzlich durch die miRNAs des miR-iab-4

Locus reguliert.

Weiters charakterisierte ich die Rolle des miR-309 Clusters wahrend der friihen
Embryonalentwicklung, indem ich eine Mutante erzeugte, der dieser Cluster fehlte.
Das miR-309 Cluster kodiert flir sechs verschiedene miRNAs, deren Expression zu

Beginn der zygotischen Genexpression aktiviert wird. Durch Analyse von
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Zusammenfassung

Microarrayprofilen gelang es mir, eine Reihe von in vivo Targets des miR-309
clusters zu identifizieren. Ich konnte damit zeigen, dass diese miRNAs fir die
rechtzeitige Entfernung maternaler Transkripte notwendig sind. Auch diese miRNAs
sind nicht mit ihren Targets gemeinsam, sondern zeitlich versetzt exprimiert. In
diesem Fall tragen die miRNAs stark zur Reduktion der Transkriptmenge bei und
festigen somit das einander ausschlielende Expressionsmuster. Interessanterweise
wurde eine vergleichbare Rolle auch fiir eine andere miRNA, miR-430, in Zebrafish

beschrieben, was auf konvergente Evolution hindeutet.

Zusammengenommen ist es mir in dieser Arbeit gelungen, einige der zahlreichen
regulatorischen Funktionen von ausgewahlten miRNAs im Zusammenspiel mit ihren
physiologiosch relevanten Targets zu charakterisieren. Die Aufgaben von miRNAs in
der Entwicklung kdnnen subtil sein, aber sie kdnnen wesentlich dazu beitragen, ein
genetisch robustes Entwicklungsprogramm sicherzustellen. Unter einem
evolutionaren Gesichtspunkt betrachtet erweisen sich miRNAs daher als ein

ausgesprochen natzliches Werkzeug der Natur.
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Introduction

Introduction

1 miRNA Discovery, Biogenesis and Silencing
Mechanism
1.1 miRNA Discovery

Since the discovery of the founding members of the microRNA family, lin-4 and let-
7, both encoding ~22-nucleotide non-coding RNAs (Lee et al 1993, Reinhart et al
2000, Wightman et al 1993), hundreds of microRNAs (miRNAs) have been identified
in plants, animals and viruses by molecular cloning and bioinformatic approaches
(Berezikov et al 2006, Lagos-Quintana et al 2001, Lau et al 2001, Lee & Ambros
2001, Ruby et al 2006, Sandmann & Cohen 2007, Stark et al 2007). miRNAs were
found to downregulate gene expression by base pairing with the 3’'UTRs of target
messenger RNAs (mRNAs) (Lee et al 1993, Reinhart et al 2000, Slack et al 2000,
Wightman et al 1993). These discoveries indicated that this widespread class of non-
coding RNA molecules may constitute a new layer of regulatory control over gene

expression programs in many organisms.

1.2 miRNA Biogenesis

Most miRNA genes are transcribed by RNA polymerase Il (Pol Il) to generate a
stem-loop-containing ‘primary miRNA’ (pri-miRNA), which can range in size from
several hundred nucleotides (nt) to tens of kilobases (kb) (Cai et al 2004, Lee et al
2004a) (Figure 1). An exception to this rule are miRNAs lying within Alu repetitive
elements which have been reported to be transcribed by RNA polymerase Il
(Borchert et al 2006). Like mRNAs, Pol Il transcribed pri-miRNAs contain 5’ cap
structures, are polyadenylated and may be spliced (Bracht et al 2004, Cai et al
2004). The pri-miRNA is processed within the nucleus by a multi-protein complex
called the Microprocessor, which is composed of the RNAse Il enzyme Drosha and
the double-stranded RNA binding domain (dsRBD) protein

11
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miRNA gene - - - —

pri-miRNA
pre-miRNA
Exportin 5
\L Mucleus
Cytoplasm
Dicer
pre-miRNA i )
TREP/Logs

miRNA/mIRNA* duplex m

\L Dicer/TRBP/Ago

mature miENA o SR O H

bound to Argonaute
Argonaute

Figure 1. miRNA biogenesis. A miRNA gene is transcribed, generally by RNA polymerase I,
generating the primary miRNA (pri-miRNA). In the nucleus, the RNAse |l endonuclease Drosha and
the double-stranded RNA-binding domain (dsRBD) protein DGCR8/Pasha cleave the pri-miRNA to
produce a 2-nt 3’ overhang containing the ~70-nt precursor miRNA (pre-miRNA). Exportin-5
transports the pre-miRNA into the cytoplasm, where it is cleaved by another RNAse lIlI
endonuclease, Dicer, and its partner, the dsRBD protein TRBP/Loquacious, releasing the 2-nt 3’
overhang-containing ~21-nt miRNA:miRNA* duplex. The miRNA strand is loaded into an
Argonaute-containing RNA-induced silencing complex (RISC), whereas the miRNA* strand is
typically degraded.

DGCRS8/Pasha (Denli et al 2004, Gregory et al 2004, Han et al 2004, Landthaler et al
2004, Lee et al 2003). This complex cleaves the pri-miRNA stem, producing the
~70nt hairpin precursor miRNA (pre-miRNA, Figure 1). Some pre-miRNAs, so-called

mirtrons, derive directly from short hairpin introns and are produced by the splicing
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machinery instead of Drosha (Berezikov et al 2007, Okamura et al 2007, Ruby et al
2007a). The 2-nt 3’'overhang, characteristic of RNAse Ill mediated cleavage and also
present in invertebrate mirtrons (Ruby et al 2007a), is recognized by Exportin-5,
which binds the pre-miRNA and transports it into the cytoplasm via a Ran-GTP
dependent mechanism (Bohnsack et al 2004, Lund et al 2004, Yi et al 2003). The
final step in miRNA biogenesis is cleavage of the pre-miRNA into the mature ~22nt
mMiRNA:miRNA* duplex (Figure 1). This event is mediated by another RNAse llI
enzyme, Dicer, which interacts with the dsRBD proteins TRBP/Loquacious and, in
human cells, PACT (Chendrimada et al 2005, Forstemann et al 2005, Hutvagner et
al 2001, Jiang et al 2005, Ketting et al 2001, Lee et al 2006, Saito et al 2005).
Subsequently, TRBP/Loquacious recruits the Argonaute protein, and together with
Dicer they form a trimeric complex that initiates the assembly of the RNA-induced
silencing complex (RISC), a ribonucleoprotein (RNP) complex (Gregory et al 2005,
Maniataki & Mourelatos 2005, Tomari et al 2007). In Drosophila, miRNA/miRNA*
duplexes containing a central mismatch are loaded into an Ago1 containing RISC
(Tomari et al 2007), whereas those whose central region is base paired are loaded
into both, Ago1 and Ago2 containing RISCs (Forstemann et al 2007). Based on the
relative stability of the two ends of the duplex, the miRNA strand, with relatively
unstable base pairs at the 5’ end, remains incorporated in the RISC, whereas the
passenger strand, or miRNA* strand, is degraded (Leuschner & Martinez 2007,
Matranga et al 2005, Schwarz et al 2003).

1.3 Silencing Mechanism

Once incorporated within the RISC complex, the miRNA directs RISC to
downregulate expression of target mRNAs. Depending on the degree of
complementarity between the miRNA and the target sequence, messages are either
cleaved and degraded (perfect or near perfect complementarity) or their translation is
repressed (imprecise complementarity) (Hutvagner & Zamore 2002, Martinez &
Tuschl 2004). In the case of precise complementarity and target cleavage (‘slicing’),
the RISC must contain an Argonaute protein capable of endonucleolytic cleavage.
Ago2 is the sole enzyme conferring this activity in mammals and is the major enzyme

in flies (Liu et al 2004, Meister et al 2004, Okamura et al 2004). However, only a few
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endogenous animal miRNAs act in this ‘slicing’” mode (Yekta et al 2004). In
Drosophila, most miRNA/miRNA* duplexes have a central unpaired region, which is
rejected by Ago2 and is preferentially bound by Ago1, the Argonaute protein capable
of non-endonucleolytic repression of mRNAs containing partially complementary
miRNA binding sites in their 3’UTR (Forstemann et al 2007, Tomari et al 2007). Most
animal miRNAs base pair imprecisely with their targets and promote translational
repression, rather than cleavage and degradation. In this case, target mMRNAs are not
actively degraded but can be moderately destabilized due to deadenylation and
subsequent decapping (Giraldez et al 2006, Jackson & Standart 2007, Wu et al
2006).

The mechanism of translational repression by miRNAs remains unclear (Standart &
Jackson 2007). Indeed, the precise step at which miRNAs block translation is
controversial. Evidence has been presented that miRNAs inhibit translation initiation
(Humphreys et al 2005, Pillai et al 2005), but other studies suggest that they block
elongation (Maroney et al 2006, Nottrott et al 2006, Petersen et al 2006). Recent
studies using different cell-free translation systems strongly point towards inhibition
of translation initiation as the main miRNA-induced silencing mechanism (Mathonnet
et al 2007, Thermann & Hentze 2007, Wakiyama et al 2007, Wang et al 2006).
Moreover, Ago proteins contain a highly conserved motif which shows similarity to
the m’G-cap-binding domain of the translation initiation factor elF4E, and this motif is
required for translational repression (Kiriakidou et al 2007). It has been proposed that
the Argonaute protein competes with elF4E for cap binding, which is supported by
the observation that addition of excess elF4E can reverse miRNA-mediated
translational repression in a mammalian cell-free system (Mathonnet et al 2007). In
Drosophila embryo extracts, miR-2 induced silencing of a luciferase reporter led to
the formation of so-called pseudo-polysomes, dense messenger ribonucleoprotein
particles (MRNPs) that shift towards the sucrose gradient fractions, which contain
polyribosomes (polysomes) (Thermann & Hentze 2007). This also occured when
ribosome complex formation or translation elongation were blocked, indicating that
these complexes were indeed of non-polysomal nature. The occurrence of these
pseudo-polysomes might explain some of the discrepancies between the different

results reported. The observation of co-sedimentation of miRNA-regulated mRNAs
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with polyribosomes might have been misinterpreted as polysome association.
However, it is also conceivable that miRNAs act distinctly on different targets or at
different times. Inhibition of cap-dependent translation initiation seems to be the
earliest event inflicted by a miRNA upon its target, but the possibility of additional

miRNA-mediated inhibition during steps after initiation cannot be excluded.

The pseudo-polysomes described above are large protein-mRNA aggregates,
which might resemble processing bodies (P-bodies). P-bodies are cytoplasmic foci
that exclude ribosomal components and may therefore serve as sites in which
mRNAs can be stored without translation or be degraded. Indeed, Argonaute
proteins bound to miRNAs and their target mMRNAs accumulate in processing bodies
(Liu et al 2005a, Pillai et al 2005, Sen & Blau 2005). Several proteins found in P-
bodies (including GW182, the Dcp1/Dcp2 decapping complex and the RCK/p54
helicase) can bind to mammalian Argonaute proteins, and this interaction mediates
translational repression (Behm-Ansmant et al 2006, Chu & Rana 2006, Eulalio et al
2007b, Liu et al 20054, Liu et al 2005b, Rehwinkel et al 2005). These components of
the mRNA degradation machinery also induce accelerated degradation of miRNA
targets (Bagga et al 2005, Behm-Ansmant et al 2006, Giraldez et al 2006, Wu et al
2006). However, doubts remain over the importance of cytoplasmic relocation to P-
bodies in target repression. Disrupting P-bodies does not have an effect on the
degree of translational repression, but blocking the miRNA pathway prevents P-body
formation, indicating the P-body localization and even formation are a consequence
rather than the cause of repression (Chu & Rana 2006, Eulalio et al 2007a, Jackson
& Standart 2007). Moreover, miRNA-mediated repression and P-body localization
have been demonstrated to be reversible (Bhattacharyya et al 2006), indicating that
the P-bodies might merely serve as sites of temporary storage of translationally

repressed mRNAs.

Many human mRNAs that encode proteins whose levels are under tight control
have AU-rich elements (AREs) in their 3’UTRs. A specific miRNA, miR-16, is
required for the rapid turnover of mMRNAs containing such elements in their 3’UTRs,
to which miR-16 binds (Jing et al 2005). However, this does not seem to involve site-

specific endonucleolytic cleavage, since none of the decay intermediates expected
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from slicer activity have been observed. Presumably, miR-16 collaborates via RISC
binding with TPP, an ARE-binding protein required for ARE mRNA degradation.
Recently, a surprising new role for miRNAs and AU-rich elements has been reported
(Vasudevan & Steitz 2007, Vasudevan et al 2007). A miR-369-3-Ago2 complex was
found to target the ARE of the TNFa 3'UTR. In proliferating cells, this complex
confers translational repression, but upon cell cycle arrest, it recruits the RNA binding
protein FXR1 to the mRNA to upregulate translation. Other miRNAs were also shown
to possess upregulation activity upon cell cycle arrest, indicating that miRNAs can
enhance or repress translation, depending on the physiological conditions in the cell,

which lead to recruitment of different regulatory proteins to the targeted mRNA.

Although to date most attention has been paid to miRNA action in the cytoplasm,
one report shows that mature miR-29b contains a 6-nt motif at its 3’ terminus which
directs import of the mature miRNA into the nucleus (Hwang et al 2007), raising

intriguing possibilities for other modes of miRNA function.

2 Other small non-coding RNAs

In this introduction | will focus on animal miRNAs and their biological functions.
However, | want to mention the other kinds of small non-coding RNAs with distinct

properties.

2.1 Small interfering RNAs (siRNAs)

Small interfering RNAs (siRNAs) differ from miRNAs mainly in their origin: They
derive from endogenous or exogenous long double-stranded RNAs, and are
processed into siRNAs by Dicer. siRNAs usually act to induce cleavage of their
targets via RNA interference (RNAI), loaded preferentially onto an Ago2-containing
RISC (Tomari et al 2007). However, siRNAs can also act as miRNAs on targets with
imperfect complementarity and induce translational repression. Moreover, depending
on the number and position of the mismatches, RISC-mediated cleavage of
mismatched targets can also occur, albeit at a lower rate (Martinez & Tuschl 2004,
Meister & Tuschl 2004).
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2.2 Piwi-interacting RNAs (piRNAs)

The germline specific Piwi-interacting RNAs (piRNAs) associate with members of
the Piwi protein family, a subtype of Argonaute proteins, in mouse, zebrafish and
flies. (Aravin et al 2006, Girard et al 2006, Grivna et al 2006, Gunawardane et al
2007, Houwing et al 2007, Lau et al 2006, Saito et al 2006, Vagin et al 2006,
Watanabe et al 2006, Brennecke et al 2007). piRNAs are 26-31 nt in length, and they
are produced by a Dicer-independent mechanism (Houwing et al 2007, Vagin et al
2006), which presumably involves the Piwi proteins themselves (Brennecke et al
2007, Gunawardane et al 2007). Since mouse piRNAs accumulate at the onset of
male meiosis and sperm maturation arrests at different stages in Mili and Miwi, the
mouse Piwis, knockout mice (Carmell et al 2007, Deng & Lin 2002, Kuramochi-
Miyagawa et al 2004), mouse piRNAs are thought to play an essential role during
gametogenesis. The previously identified class of repeat-associated siRNAs (Aravin
et al 2003) is the major class of Drosophila piRNAs (Brennecke et al 2007,
Gunawardane et al 2007, Saito et al 2006, Vagin et al 2006). These are involved in
silencing transposons in the male and female germline. Discrete piRNA-generating
loci are composed of defective transposon copies, and an amplification cycle is
thought to boost piRNAs against actively transcribed transposons (Brennecke et al
2007, Gunawardane et al 2007).

2.3 Plant miRNAs

Plant miRNAs differ from animal miRNAs in their biogenesis and in their mode of
target regulation: Most plant miRNAs display perfect or near perfect complementarity
to their target mMRNAs, in both coding regions and 3'UTRs, and therefore induce
MRNA cleavage (Vaucheret 2006). However, the plant miRNA family miR-854 was
reported to act by translational repression via imperfect binding sites and to be
conserved in animals (Arteaga-Vazquez et al 2006). This observation is surprising
because miRNAs are thought to have evolved independently in the plant and animal
kingdoms (Chen & Rajewsky 2007). However, the recent discovery of miRNA

precursors and genes involved in miRNA biogenesis in the unicellular green algae

17



Introduction

Chlamydomonas reinhardtii suggests an older origin for miRNAs in multicellular
organisms, but none of the miRNAs identified display sequence similarity to known
plant or animal miRNAs (Molnar et al 2007, Zhao et al 2007a).

3 Target Identification

The first animal miRNA targets were identified by genetics in Caenorhabditis
elegans (C. elegans). The heterochronic miRNA lin-4 displays a mutant phenotype
that can be suppressed by a second mutation in its target mRNA /in-14 (Lee et al
1993, Wightman et al 1993). These genetic interactions combined with sequence
analysis led to the identification of complementary target sites in the 3'UTR regions
of lin-14 (Figure 2). However, this forward genetic approach will likely only help
identify targets whose individual loss is sufficient to suppress phenotypes caused by
loss of the miRNA. This may be useful in cases where the miRNA has one or a few
biologically important targets. It is unclear at present whether this sort of relationship

will be more the exception than the rule.
fin-14 3UTR lin-41 3'UTR — 100 nt

ey

Figure 2. miRNA-target basepairing. The miRNAs lin-4 and let-7 confer regulation to their targets
via imprecise base-pairing with the target’'s 3’UTRs. The miRNA seed region is highlighted in red.

5 ¥

Groundbreaking genetic studies of this kind allowed the criteria for functional
miRNA-target interactions to be deciphered by mutation of known miRNA target sites
and testing for function in miRNA misexpression-based assays (Brennecke et al
2005b, Doench et al 2003, Doench & Sharp 2004, Kiriakidou et al 2004, Kloosterman
et al 2004, Lewis et al 2003). In principle, miRNA target sites were categorized into
two classes: One class, called 5 dominant sites, base-pair precisely to the so-called

“seed” (Figure 2) of the miRNA, with or without 3’ pairing support. Target sites of the
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other class, called 3’ compensatory sites, have weak 5’ pairing but strong pairing with

the miRNAs’ 3’ region.

3.1 Computational Prediction of miRNA Targets

Aside from direct experimental tests for site function, further indication of the
importance of the seed region in miRNA target recognition has been inferred from
computational studies showing significant overrepresentation of conservation of
matches to miRNA seeds or, in some cases, avoidance of miRNA seed matches
(Brennecke et al 2005b, Farh et al 2005, Krek et al 2005, Lewis et al 2005, Lewis et
al 2003, Stark et al 2005, Xie et al 2005). Furthermore, an analysis of single
nucleotide polymorphism (SNP) genotype data showed that polymorphism density
was significantly lower in conserved target site regions that match the 5’ portion of
the miRNA (Chen & Rajewsky 2006). Largely based on these rules and on
conservation, miRNA targets have been predicted using different computational
approaches (Brennecke et al 2005b, Enright et al 2003, Grun et al 2005, Kertesz et
al 2007, Krek et al 2005, Lewis et al 2003, Rajewsky 2006, Ruby et al 2007b, Stark
et al 2003, Xie et al 2005). Roughly 30% of all animal genes are predicted to be
targeted by miRNAs. An algorithm which attempts to identify miRNA target sites
without relying on cross-species conservation or miRNA sequences (Miranda et al

2006) predicts even higher numbers of miRNA-regulated genes.

It is likely that ~85% of predicted conserved miRNA sites are functionally important
in an evolutionary sense, as inferred from a computational study on SNPs within
conserved miRNA sites (Chen & Rajewsky 2006). Their regulation by miRNAs must
therefore improve fithess of the organism in some way, unless the sequences are
coincidentally conserved for reasons unrelated to miRNAs. Therefore, whether these
presumptive targets are in fact physiologically relevant remains an open question,
and one that can only be addressed in vivo by examining miRNA mutants. Whether
the biological functions of these miRNA target sites have been selected for will prove
to be amenable to experimental analysis remains to be seen. Small differences in

fithess may be difficult to study in the laboratory.
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3.2 Target Validation

One obvious approach to validate miRNA target predictions is to misexpress a
given miRNA and assay for regulation of the putative target. Overexpression of
miRNAs in tissue culture followed by mRNA profiling demonstrates that the seed
region can indeed be sufficient for target down-regulation (Lim et al 2005). The
converse high throughput approach, bulk depletion of miRNAs followed by mRNA
profiling, demonstrates upregulation of many predicted target mMRNAs (Rehwinkel et
al 2006). Thus, a global picture of which target mRNAs react to miRNA expression
can be obtained. However, it is unclear what fraction of mMRNAs change levels upon
miRNA regulation; targets whose mRNA levels are not affected appear as false
negatives, whereas those affected indirectly through secondary effects are false
positives. On the protein level, miRNA-target interactions are not amenable to high
throughput approaches, and must be tested one by one in reporter assays. Yet, it
must be stressed that misexpression is an artificial situation and therefore while
useful to test whether regulation is possible, such experiments are not sufficient to

draw conclusions about miRNA-target relationships in vivo.

3.3 Biochemical Target Identification

To identify miRNA-target relationships in vivo, several approaches have been taken
to isolate microribonucleoprotein complexes (miRNPs) with their associated miRNAs
and mRNAs and to analyze their contents. One approach used highly specific
monoclonal antibodies against human Ago1 and Ago2 to co-immunoprecipitate the
bound mRNAs from human cells (Beitzinger et al 2007). These transcripts were then
identified by generation of a cDNA library and subsequent sequencing. About 60% of
the Ago-bound mRNAs were predicted to be miRNA targets by different algorithms.
Two other studies used tagged versions of Argonaute proteins (Easow et al 2007,
Karginov et al 2007). In one study, the mRNA content of Ago2 containing miRNPs
from cells transfected with miR-124a was compared to that from untransfected cells
(Karginov et al 2007). It is unclear how accurately the associated RNAs reflect the in
vivo target spectrum of miR-124a, since these cells do not normally express miR-

124a. In Drosophila, Ago1 containing miRNPs from miR-1 mutant embryos were
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immunoprecipitated and their mMRNA composition was compared to that obtained
from wild-type Ago1-miRNPs, identifying authentic in vivo miR-1 targets (Easow et al
2007). In both studies, a substantial number of miRNA targets containing seed
matches were recovered, which did not change significantly in mRNA levels, as
assessed by microarray profiling from total RNA. Therefore, it seems that a quite
large fraction of miRNA targets are not significantly destabilized at the mRNA level,
or that the magnitude of repression conferred by the miRNA is small. This will be the
case for miRNA-target relationships in which the miRNA is not absolutely required to
reduce the target expression to an inconsequential level, but to buffer it to optimal

levels, when required.

3.4 Target Types: Switching off vs Tuning Target Expression

Levels

A few years ago Bartel and Chen (2004) proposed the terms “switch target” and
“tuning target” to describe two classes of relationship between miRNA and targets
(Figure 3). These terms were coined to describe how the miRNA affects its target,
and should not be confused with how regulation of the target affects the cell or

organism.

A switch target is one for which the miRNA reduces target expression below a level
at which it has any meaningful activity in the cell, effectively switching it off. Targets
which are normally expressed at very low levels in the miRNA expressing cells would
likely qualify as switch targets because the function of the miRNA appears to be to
reduce their potential leaky expression to inconsequential levels. In such a case, the
miRNA does not appear to act as developmental switch. On the other hand,
important miRNA targets, including those of the heterochronic miRNAs lin-4 and let-
7, may act as developmental switches (Lee et al 1993, Wightman et al 1993).
Although these are also likely to be switch targets, it remains to be demonstrated that

the residual expression after miRNA-mediated repression is without function.
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Figure 3. Switch and tuning targets. Red, green, and grey indicate areas in which protein levels
are undesirably high, optimal, and inconsequential, respectively. (A) Switch targets are
downregulated to inconsequential levels. In the absence of the miRNA, these targets are expressed
at levels that may be harmless (switch target I) or at detrimental levels (switch target Il). The
consequences can be subtle or severe, depending on the type of target gene and its relative level of
misexpression. (B) miRNAs adjust the expression of tuning targets to optimal levels. In the absence
of the miRNA, the tuning target is expressed at a detrimental level. In contrast to switch targets,

tuning targets have a function in the miRNA-expressing cell, so reducing them further has a
negative effect.

The notion of a tuning target reflects the role of the miRNA in setting a defined level
of target expression, while being co-expressed with the miRNA. Tuning targets can
make use of miRNAs to smooth out fluctuations in their expression or, by altering
miRNA level, ensure that target levels are suitable for the prevailing conditions. The
critical distinction between the switch and tuning modes lies in whether the residual
level of target expression is required, i.e. has a specific function, in that cell, or if the

job of the miRNA is merely to reduce target expression to an inconsequential level.
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3.5 Context Dependence

Evidence is accumulating to suggest that miRNA-target regulation can be context
dependent. For example, miRNAs are capable of up- or downregulating their target
genes, depending on the composition of the protein complex recruited to the mRNA,
which seems to be different under distinct physiological conditions (Vasudevan et al
2007). Other, less dramatic, incidences of context dependence have been reported.
For example, (a) zebrafish miR-430 directly contributes to the repression of residual
maternal nanos1 in somatic cells (Mishima et al 2006). Though both miR-430 and
nanos1 are also present in primordial germ cells, nanos1 can overcome the
regulation conferred by the miRNA and is robustly expressed. The RNA-binding
protein Dead end (Dnd1) was very recently reported to be required for this resistance
(Kedde et al 2007). Dnd1 binds to uridine-rich regions in the vicinity of miRNA
binding sites in 3'UTRs, thereby preventing the association of the miRNA and its
target. This mechanism does not seem to be an oddity of zebrafish primordial germ
cells, since Dnd1 was also shown to protect LATS2 from miR-372 targeting in a
human teratoma-derived cell line (Kedde et al 2007). (b) In mammalian
hepatocarcinoma cells, stress-induced derepression of the miR-122 target CAT-1
depends on the presence of a binding site for the HuR protein in the 3’'UTR, which is
distinct from the miRNA sites (Bhattacharyya et al 2006). Derepression did not occur
if the HuR sites were removed in a reporter construct, implying context dependence.
(c) In C. elegans, a minimal Isy-6 target site has been reported to be functional when
embedded in the 3’'UTR of its endogenous target but not when embedded in a
heterologous 3’'UTR (Didiano & Hobert 2006). This was taken as evidence that target
site function may depend on the specific 3’UTR context. However, this conclusion is
weakened because the presence of a second site in the endogenous 3’'UTR that may

contribute to its regulation was not considered.
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4 miRNA Expression Patterns

Obviously miRNA target prediction programs do not take into account whether a
mMiRNA is ever expressed in the same cell as its predicted target, as would be
required to make regulation feasible. While this is less likely to be a concern for
conserved miRNA target sites, it is an issue for non-conserved sites since as little as
7-8 nt homology can in principle confer repression. Therefore, information about
miRNA and target mRNA expression patterns can help to assess the likelihood that a

predicted miRNA-target relationship is relevant in vivo.

Developmental miRNA profiles were generated by small RNA cloning and northern
blotting (Aravin et al 2003, Berezikov et al 2006, Chen et al 2005, Lagos-Quintana et
al 2001, Lau et al 2001, Lee & Ambros 2001, Ruby et al 2006, Ruby et al 2007b).
The great advantage of cloning and high-throughput sequencing is that new miRNAs
can be identified and quantitative information obtained about their expression at
different stages of embryonic development. miRNA microarrays (Baskerville & Bartel
2005, Miska et al 2004, Nelson et al 2004, Thomson et al 2004), quantitative reverse
transcriptase-PCR (qRT-PCR) methods and in situ data have provided further insight
into tissue-specific expression of pri- and mature miRNAs during development
(Aboobaker et al 2005, Ason et al 2006, Kloosterman et al 2006, Wienholds et al
2005). It should be noted that the expression pattern of the pri-miRNA does not
necessarily reflect that of the mature miRNA, since some mammalian miRNAs have
been shown to be regulated post-transcriptionally (Obernosterer et al 2006, Thomson
et al 2006). The available expression data still clearly demonstrates that many
miRNAs conserved in their sequences also display similar expression patterns
across species, which may reflect conservation of their functions. Prominent
examples are the muscle-specific miR-1 or the nervous system-specific miR-124,
which are stably tissue specific. mMiRNAs can also be expressed in highly dynamic

patterns, e.g. miR-279 or miR-9a in Drosophila (Stark et al 2005).
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5 Functions in Animal Development

5.1 Inferred from Bioinformatic Approaches

Transfection of the highly tissue-specific miRNAs miR-1 and miR-124 into Hela
cells shifts the cells’ mRNA expression profiles towards those of the respective
miRNA expressing tissues, affecting ~100-200 transcripts (Lim et al 2005). The
interesting insight that emerged from this study was that the transcripts targeted in a
heterologous cell type were those that would normally be expressed at a low level, if
at all, in the cell type in which the miRNA was expressed. For example, the mRNAs
targeted by the muscle specific miR-1 were normally low or absent in muscle. A
similar conclusion for several highly tissue-specific miRNAs was drawn in global
analyses of the relations of miRNA expression patterns to those of their conserved
targets (Farh et al 2005, Sood et al 2006, Stark et al 2005). One of these analyses is
presented in this thesis (Stark et al 2005).

The outcomes of these studies are essentially that (1) the average miRNA has
target sites in hundreds of genes, and only few predicted targets contain multiple
conserved binding sites for a single miRNA, indicating that stringent, switch-like,
regulation by a miRNA is likely to be exceptional; (2) most of the abundant mRNAs
are under selective pressure to circumvent regulation by coexpressed miRNAs
(“antitargets”); (3) genes involved in basic cellular processes have been selected for
short 3’UTR length in order to prevent appearance of unwanted miRNA sites,
whereas genes involved in developmental processes show statistical evidence of

enrichment for miRNA sites.

An additional observation made in Drosophila is that many miRNAs and their
targets are expressed in a mutually exclusive manner, either temporally or spatially
(Stark et al 2005) (Figure 4). In the latter case, targets are typically present in
domains adjacent to the miRNA expressing tissue. However, in human and mouse
tissues, many conserved targets are present in the tissue expressing the miRNA,
albeit at significantly lower levels than in most other tissues (Farh et al 2005, Sood et

al 2006). In Drosophila this possibility is not excluded, although by in situ
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hybridization the targets were not detectable in the miRNA expressing cell. This
apparent difference probably reflects differences in sensitivity of the methodology,

since selection for miRNA sites would not emerge if targets were not even present at

low levels.
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Figure 4. Mutually exclusive expression of miRNAs and their targets. (A) miRNAs and their
targets can be expressed in a temporally reciprocal manner: Target transcription may be turned off,
concurrent with the turning on of miRNA expression. miRNA expression may also actively contribute
to target repression, without an underlying change in target transcription. (B) In the case of spatial
reciprocity, the miRNA and its targets, e.g., miR-124 (green) and its target repo (red) in the
Drosophila central nervous system, are often expressed in adjacent domains (from Stark et al.
2005).

These studies, together, indicated that the average animal miRNA has ~200
conserved targets in the genome and that some miRNAs and their predicted targets
are expressed in a largely nonoverlapping manner. Therefore, it was suggested that
such miRNAs merely help maintain and define cell types by dampening expression
of unwelcome transcripts, which arise either from pre-existing mRNAs after
developmental transitions or simply from leaky transcription. As a cell changes fate in
time, transcription of a miRNA is turned on and the transcription of its targets is
turned off, producing apparently mutually exclusive patterns in space (Figure 4).

Thus, the transcriptional regulation is primary and miRNA regulation is a “second
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level” reinforcing the transition as the targets are on their way out (or already “gone”:
as in leaky transcripts). In that way, miRNAs would provide a failsafe mechanism and

thereby confer robustness and/or accuracy to underlying gene expression programs.

It is important to bear in mind that the trend of anti-correlation between miRNA and
target expression has been documented only for a few highly tissue-specific
miRNAs. Although this relationship is common enough to emerge from a global
computational study of miRNA and target expression patterns it does not follow that
all miRNA-target relationships will be of this type. Further in-depth analysis of
miRNAs and their targets as well as of mMiRNA mutants will be needed to reveal how
prevalent this mode of regulation is. Mutants lacking miRNAs for this class of
regulation would be expected to suffer from many subtle changes in target levels.
The accumulated consequences of many small misregulations might lead to
relatively mild and difficult-to-characterize defects, rather than obvious phenotypes in

such mutants.

5.2 Depletion of all miRNAs

An approach to examine the global role of miRNAs in development is to eliminate
the production of mature, functional miRNAs. Dicer mutants have proven quite
informative in the study of the miRNAs expressed earliest during development.
Moreover, the conditional inactivation of Dicer in specific mouse tissues has shed

some light on the functions of a few differentially expressed miRNAs.

Animals that are unable to produce mature miRNAs do not survive or reproduce
(Bernstein et al 2003, Forstemann et al 2005, Ketting et al 2001, Wienholds et al
2003). However, the degree to which development is impaired differs between
species. In C. elegans, dicer-1 (dcr-1) mutant animals display defects in germline
development and a burst vulva phenotype reminiscent of that seen in /et-7 mutants
(Ketting et al 2001, Knight & Bass 2001). RNAi of dcr-1 in dcr-1 mutant embryos,
which also eliminates maternal contribution, induces an embryonic lethal phenotype,
suggesting a requirement of miRNAs during C. elegans embryogenesis (Grishok et

al 2001). In Drosophila, depletion of Loquacious, the partner of Dicer-1, leads to
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female sterility (Forstemann et al 2005), and dicer-1 (dcr-1) mutant germline stem
cells display cell division defects (Hatfield et al 2005). Unfortunately, the full
phenotype of dcr-1 mutant flies has not been described, but dcr-1 mutant eyes are
reported to be small, with disorganized ommatidial arrays and missing
interommatidial bristles (Lee et al 2004b). However, ago1, dcr-1 double mutants,
unlike the single mutants, have been reported to exhibit strong segment polarity
defects and to lack Wingless protein expression (Meyer et al 2006), indicating that in

Drosophila, miRNAs might have a role in embryonic patterning.

A hint towards the requirement of miRNAs for the establishment of long-lasting
memory in Drosophila comes from analysis of the putative RNA helicase Armitage,
which is involved in RISC maturation (Tomari et al 2004). Armitage is colocalized at
synapses with CaMKII, a kinase required for memory (Ashraf et al 2006). Upon
neural stimulation by olfactory-avoidance learning, Armitage is degraded and CaMKI|
translation increases, leading to the establishment of a stable memory. The CaMKI/
3'UTR contains some miRNA binding sites and is required for this regulation.
Moreover, in armitage and dicer-2 mutants, CaMKIl expression is significantly higher.
However, Drosophila dicer-2 has been implicated in the biogenesis of siRNAs rather
than hairpin-derived miRNAs (Lee et al 2004b, Tomari et al 2007), indicating that it
might not be the canonical miRNA pathway which is involved in the establishment of

long-term memory.

Dicer mutant mice are depleted of Oct4 positive pluripotent stem cells and die at
embryonic day 7.5 (Bernstein et al 2003). Their development arrests during
gastrulation, before axis formation. In contrast, zebrafish mutant for dicer-1 display
relatively mild effects only. dicer-1 mutant embryos die by 2-3 weeks of age without
obvious defects, except for a general growth arrest (Wienholds et al 2003). Since
the dicer-1 mutant germline is fully functional, it can be transferred into a wild-type
embryo and give rise to maternal and zygotic dicer-1 mutants (Giraldez et al 2005).
These animals do not produce any mature miRNAs, and still axis formation and
patterning of the embryo were not severely perturbed. Abnormalities were seen in
morphogenetic processes during gastrulation, somitogenesis, and heart and brain

development, ultimately leading to late-embryonic lethality.
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In studies using conditional mouse Dicer alleles, embryonic stem cells were
impaired in their ability to proliferate (Murchison et al 2005) and those selected for
survival failed to differentiate (Kanellopoulou et al 2005). In contrast to the
observations made in zebrafish, dicer-dependent miRNA biogenesis in the mouse
oocyte is essential to support normal embryonic development (Murchison et al 2007,
Tang et al 2007). Other Dicer depleted mouse tissues were able differentiate and
pattern properly. Yet, the morphogenesis of hair follicles, the lung epithelium and
limbs was perturbed (Andl et al 2006, Harfe et al 2005, Harris et al 2006, Yi et al
2006), and apoptosis was induced. Specific deletion of Dicer in the mouse heart led
to cardiac failure due to a spectrum of developmental defects, but markers of initial
cardiac differentiation and patterning were expressed normally (Zhao et al 2007b),
consistent with the phenotype described in zebrafish (Giraldez et al 2005). Specific
deletion of Dicer in mouse postmitotic midbrain dopaminergic neurons (DNs) led to a
progressive loss of of midbrain DNs and subsequently to reduced locomotion (Kim et
al 2007). Moreover, specific deletion of Dicer in the mouse thymus early in T cell
development reduced the proliferation and survival of aff T cells, but the CD4/CD8
lineage choice was not affected (Cobb et al 2005). These studies suggest that some
miRNAs play important roles in these tissues, but leave open the question of what
aspect of their biology is being regulated. ldentifying which miRNAs act, and on
which targets, will be needed for a deeper understanding of their roles in these

developmental processes.

5.3 Specific miRNA Functions

The biological roles of most individual miRNAs are unknown. Considering the
abundance of this class of genes, one would anticipate the isolation of many miRNA
mutants in the numerous genetic screens done in Drosophila or C. elegans.
However, only a small number of miRNA mutants have been recovered by forward
genetics in classical mutagenesis screens in C. elegans (Chalfie et al 1981, Johnston
& Hobert 2003, Reinhart et al 2000) or gain-of-function screens by P-element driven
overexpression in Drosophila (Hipfner et al 2002, Teleman et al 2006, Xu et al 2003).

Why were all these miRNA genes missed?
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For chemical mutagenesis, one obvious reason might be the small size of miRNAs.
In most cases, the seven nucleotides that constitute the seed must be affected to
lead to a complete loss of miRNA function, making miRNAs difficult-to-hit targets.
However, this explanation does not hold true for screens based on transposon
insertion for loss- or gain-of-function. In screens of this sort miRNA genes may have
been overlooked in past since researchers usually searched for protein-coding
regions. Moreover, redundancy between miRNAs that share the same seed
sequence could mask loss of function phenotypes of single miRNAs (Abbott et al
2005). It might as well be that many miRNA mutants just show relatively subtle
defects, which might be difficult to identify in high-throughput genetic screens, or

which might be missed if the penetrance is low.

To address these issues, a large-scale mutagenesis project was undertaken to
identify mutants for almost all C. elegans miRNAs (Miska et al 2007). Relatively few
mMiRNA genes individually generated robust abnormal phenotypes. In some cases,
this could be attributed to overlapping functions; multiple mutants that remove related
miRNAs may reveal stronger defects than the single mutants. However, some
miRNA multiple mutants still produce few or not discernible defects. This group may
reflect those miRNAs that confer precision to developmental processes rather than

making developmental decisions.

Therefore, to study a specific miRNA’s role in development, reverse genetics is a
valuable tool to generate animals lacking single miRNAs, but it is risky because one
never knows what phenotype, if any, will result. So how should one decide which
miRNA(s) to remove? Besides considering obvious factors like strong conservation,
interesting expression patterns and avoidance of possible redundancy, it is tempting,
though risky, to speculate about a miRNA’s function based on the functions of

predicted targets and/or phenotypes obtained by misexpression of the miRNA.

30



Introduction

5.3.1 Misexpression and Overexpression Analyses

When a miRNA is misexpressed, it will have the potential to regulate many targets
that it might never encounter in its endogenous expression domain. As mentioned
above, many miRNA targets are highly expressed in domains spatially and/or
temporally distinct of those of their respective miRNAs (Farh et al 2005, Sood et al
2006, Stark et al 2005). Shutting down such targets by introduction of high miRNA
levels can be expected to lead to strong phenotypes. But since the miRNA and target
may not normally be significantly coexpressed, it is difficult to extrapolate from the
misexpression effect to the normal function of the miRNA in the organism. miRNA
misexpression can produce intriguing defects that have limited relevance to what
was learned from mutants lacking the miRNA (Karres et al 2007, Teleman et al 2006,
Varghese & Cohen 2007)

In Drosophila, two families of Notch target genes are clustered in two genomic
locations: the Enhancer of split complex and the Bearded complex. Most of these
genes contain conserved 6-7nt motifs in their 3’UTRs, which are complementary to
the seed sequences of a family of related miRNAs (Lai 2002, Stark et al 2003). Some
of these miRNAs, when misexpressed, can induce phenotypes reminiscent of those
seen in Notch pathway loss of function mutants (Lai et al 2005, Stark et al 2003).
Similarly, misexpression of miR-iab-5p downregulates endogenous Ubx protein
levels, potentially via 7 target sites, and therefore induces a homeotic phenotype
(Ronshaugen et al 2005). But it remains to be determined if mutants lacking these

miRNAs impact Notch signaling or Ubx function in vivo.

In cell culture, miRNA overexpression is a popular and sensible approach to find
candidate targets, when antisense-mediated depletion of the respective miRNA is
done in parallel and leads to the reciprocal effect, namely upregulation of these

putative targets.

An example is the pancreatic islet-specific miR-375. When overexpressed, it

inhibits glucose-induced insulin secretion. This can be mimicked by knock-down of its
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target myotrophin (Poy et al 2004). Importantly, depletion of miR-375 increases
myotrophin levels and enhances glucose-stimulated insulin secretion, indicating that
miR-375 is an inhibitor of glucose-stimulated insulin secretion. Using a similar
approach in cultured hippocampal neurons, miR-134 was found to regulate dendritic

spine size by inhibiting translation of Limk1 (Schratt et al 2006).

In hematopoietic stem cells, enforced expression of the B-cell specific miRNA miR-
181 stimulates their differentiation to B-lineage cells (Chen et al 2004), but it remains
to be determined if loss of miR-181 impedes differentiation. However, opposing
effects on antigen sensitivity in T cells have been reported upon overexpression and
depletion of miR-181 (Li et al 2007).

miR-1 and miR-133 are strongly upregulated upon differentiation of myoblasts into
myotubes, but not present in undifferentiated myoblasts (Boutz et al 2007). miR-1
misexpression can accelerate myoblast differentiation by targeting histone
deacetylase 4 (HDAC4), a repressor of muscle differentiation (Chen et al 2006).
Depletion of miR-1 impedes differentiation, as indicated by a decrease in myogenic
markers. Consistently, tissue-specific overexpression of miR-1 in the developing
mouse heart induces premature differentiation of myocytes (Zhao et al 2005). miR-1
and miR-133 form one genomic cluster and are co-expressed in the heart and
skeletal muscle. It has been reported that miR-133 can promote myoblast
proliferation by targeting serum response factor (SRF) (Chen et al 2006). However,
in a different experimental setup myoblast differentiation was not observed (Boutz et
al 2007). miR-133 was rather required during differentiation to downregulate nPTB
protein, a repressor of alternative splicing. This downregulation resulted in splicing of
a group of silenced exons in mature myotubes. From this data, it seems that miR-1
and miR-133 are required to define and maintain the properties of differentiated
muscle cells, in agreement with the conclusions drawn from misexpression of miR-1
in HeLa cells (Lim et al 2005).

In C. elegans, overexpression of miR-84, a member of the let-7 family, can rescue
the multivulva phenotype caused by lef-60/RAS gain of function alleles (Johnson et

al 2005). This is consistent with the observation that /et-7 mutants display a burst
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vulva phenotype (reinhart 2000, slack 2000), which can be suppressed by RNAi of
let-60/RAS. let-60/RAS contains several putative miR-84/let-7 binding sites, and can
be downregulated by these miRNAs. These results implicate let-7 as an important in
vivo regulator of let-60/RAS, but final conclusions about the relevance of miR-84

await mutant analysis.

5.3.2 Modes of miRNA Function: Roles of Individual miRNAs

How essential are the contributions of specific miRNAs to developmental
programs? Because many miRNAs are highly conserved, their functions will be
advantageous either for an individual’s life or to provide a selective advantage at the
population level. Clearly, as is the case for every class of regulatory molecules,
individual miRNAs will influence development to different degrees. Whether a
general mode of action is attributable to most miRNAs is still subject of discussion
(Bartel & Chen 2004, Hornstein & Shomron 2006, Stark et al 2005). Most likely, one
size won't fit all. Comparison of the insights gained from experimental analysis of
miRNAs and computational studies suggest that there may be several conceptually

distinct modes in which miRNAs act.

5.3.2.1 MiRNAs Acting as Developmental Switches

miRNAs required for developmental decision-making can be expected to cause
strong phenotypes when deleted. The first miRNAs identified, C. elegans’ lin-4 and
let-7, are of this kind. Indeed, it could hardly be otherwise, given that they were found
in forward genetic screens for mutant phenotypes during development (Chalfie et al
1981, Lee et al 1993, Reinhart et al 2000, Wightman et al 1993). Without /in-4, the
animal is unable to make the transition from the L1 to the L2 larval stage due to a
differentiation defect. This developmentally retarded phenotype is the result of a
failure to posttranscriptionally downregulate the heterochronic gene lin-14, which
harbors 7 lin-4 target sites in its 3’'UTR (Figure 2) (Lee et al 1993, Wightman et al
1993). In the adult worm, lin-4 mediated downregulation of /in-14 has been implicated

in life span regulation (Boehm & Slack 2005).
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Depletion of let-7, a highly conserved miRNA, also leads to a heterochronic defect,
precisely a failure of larval-to-adult transition (Reinhart et al 2000). Several genes are
direct targets of let-7 during this transition, the heterochronic genes lin-41, hbl-1 and
daf-12 and the forkhead transcription factor pha-4 (Abrahante et al 2003, Grosshans
et al 2005, Lin et al 2003, Slack et al 2000). let-7 therefore substantially regulates the

L4 to adult transition in C. elegans.

Moreover, the let-7 family miRNAs miR-48, miR-84 and miR-241 function in a
cooperative manner to control the L2-to-L3 transition, most probably by targeting hbl-
1 (Abbott et al 2005, Li et al 2005). Additionally, in adult worms miR-48 and miR-84
are coordinately required to bring the larval molting cycle to an end (Abbott et al
2005). These C. elegans miRNAs act as key regulators of developmental timing. This
regulatory relationship might also exist in other organisms, since the temporal
regulation of let-7 during development and the presence of a target site in lin-41

(Figure 2) are conserved (Pasquinelli et al 2000).

Loss of Isy-6 in C. elegans induces a cell fate switch: Instead of one ASE left
(ASEL) and one ASE right (ASER) neuron, two ASER neurons are specified
(Johnston 2003). The neuronal asymmetry is lost due to a failure to repress cog-1
expression specifically in ASEL via its Isy-6 miRNA target sites. die-1, present only in
ASEL, is required for Isy-6 expression (Chang et al 2004) (Figure 5). die-1 in turn is
downregulated in ASER by another miRNA, miR-273, which is expressed
predominantly in ASER, since it is activated there by the Isy-6 target cog-1 (Johnston
et al 2005). Therefore, the cell fate decision and stabilization of the gustatory ASE
neurons is controlled via a double-negative feedback loop in which two transcription

factors use miRNas to repress each other (Figure 5).
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Figure 5. miRNas acting in a double negative feedback loop control neuronal asymmetry in
C. elegans. In C. elegans, Isy-6, induced by the transcription factor die-1, determines adoption of
the ASEL fate by repressing cog-1 expression. In the ASER neuron, cog-1 positively regulates its
own expression and induces miR-273, which suppresses die-1 and, consequently, Isy-6.

MiR-181 expression is upregulated during terminal differentiation of myoblasts, and
its depletion impedes their differentiation, partly due to upregulation of one of its
targets, Hox-A11, an inhibitor of differentiation (Naguibneva et al 2006). However,
miR-181 overexpression is not sufficient to induce differentiation. In adult muscle,
miR-181 is expressed at very low levels, suggesting that it is involved in muscle
establishment, not maintenance. Whether or not this miRNA acts as a developmental

switch in vivo awaits analysis of a knockout mouse.

Mice lacking one of the two miR-1 genes, miR-1-2, were reported to have defects in
heart development and function (Zhao et al 2007b). Half of the mutants died during
embryonic development due to heart morphogenesis defects. Some survivors died at
2-3 months of age from heart defects, and some survived to adulthood with
apparently normal heart morphology, but physiological defects. A fraction of these
adults suffered sudden death, indicating that miR-1-2 might have important functions
not only in the developing, but also in the adult heart. 22 of the 45 mRNAs
upregulated in miR-1-2 mutant hearts contained miR-1 seed matches, suggesting
that miR-1-2 regulates a spectrum of targets in this tissue. Removing the second

miR-1 gene, miR-1-1, might result in a stronger and more penetrant phenotype,
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although the single mutant phenotype already provides robust evidence for the

requirement of miR-1 in cardiogenesis.

Nodal signaling, which is required for endoderm and mesoderm formation in
vertebrates, has been shown to be regulated by miRNAs in zebrafish and Xenopus
laevis (Choi et al 2007, Martello et al 2007), but the effects of depleting this
regulation differ significantly between the two organisms. In Xenopus, miR-15 and
miR-16, which have the same seed, were shown to repress the Nodal type Il
receptor Avcr2a (Martello et al 2007). Antisense-mediated depletion of miR-15 and
miR-16 in the Xenopus embryo led to strong expansion of the Spemann’s organizer,
which patterns the germ layers. Wnt/B-catenin signaling establishes the site of the
organizer. pre-miR-15 and pre-miR-16 processing was shown to be inhibited by
Whnt/B-catenin signaling, leading to asymmetric expression of the mature miRNAs,
being enriched on the ventral side of the embryo, where the organizer forms.
Subsequently, the miRNAs reinforce the complementary gradient of Nodal signaling
by repressing Avcr2a, thereby making dorsal cells more responsive to Nodal
signaling. This dorsal peak of Nodal signaling is required for the proper formation of
the organizer. miR-15 and mir-16 therefore have an essential role in limiting the size
of the Spemann’s organizer during early embryonic development in Xenopus.
Intriguingly, the miR-15 family / Nodal type Il receptor interaction appears to be
conserved from amphibians to humans, but not in teleosts as zebrafish, which might
explain the discrepancies between the severity of global miRNA depletion in

zebrafish and mice mentioned above.

5.3.2.2 Fine-Tuning of Developmental Programs: Conferring

Robustness

Some miRNAs are expected to regulate a large set of targets expressed at low
levels, thereby providing a second layer of regulation to reinforce and/or stabilize
underlying gene expression programs. miRNA mutants of this class may be expected
to have rather subtle phenotypes, and perhaps phenotypes that are difficult to study,

due to the heterogeneous nature of their targets.
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Surprisingly, most Drosophila larvae lacking the highly conserved, muscle specific
miRNA miR-1 develop apparently normal, functional muscles (Sokol & Ambros
2005). 20% of the mutant embryos do not hatch but no obvious defects were
observed (Brennecke et al 2005a), and the remaining 80% die with massively
disrupted muscles when the mutants begin the rapid phase of larval growth upon
feeding. However, if the mutant larvae are fed on sugar, conditions under which they
live but do not grow, muscle function is perfectly normal and the animals survive. It is
unclear which targets are misregulated in the miR-1 mutant and how the muscle
degeneration during growth is caused. This phenotype could reflect the requirement
for miR-1 activity in the larval muscles as they grow rapidly. Alternatively, this defect
might be the consequence of several subtle errors happening earlier during
development, when miR-1 might be required to confer robustness to the identity

and/or physiology of muscle cells.

The maijority of flies depleted of the conserved miRNA miR-8 are viable and fertile
(Karres et al 2007). However, a small fraction of mutants died during pupal or early
adult stages. Most of those and a substantial number of survivors had malformed,
but properly patterned, legs and wings. The surviving morphologically normal flies
displayed elevated apoptosis in the brain and a behavioral defect. Failure to
downregulate atrophin to an optimal, but not inconsequential, level by miR-8 was
shown to be responsible for the mutant phenotype, providing strong evidence for a

tuning target relationship, which might be conserved in mammals.

Similarly, miR-150 knockout mice were viable, fertile, and did not display any
morphological defects. However, the number of B1 cells, a specific B cell
subpopulation, was increased. Upon overexpression of miR-150, B1 cell formation
was reduced, and so were the levels of the transcription factor c-Myb, which is
required for B1 cell formation. The c-Myb 3'UTR could be regulated by miR-150 in a
reporter assay. Heterozygous c-Myb knockout mice display comparable reduction of
c-Myb protein levels as seen upon miR-150 overexpression, and B1 cell formation is
comparably reduced, indicating the miR-150 may be required to downregulate c-Myb
to a specific level at which it induces formation of a precise number of B1 cells.

Again, this hints towards a tuning target relationship between miR-150 and c-Myb.

37



Introduction

Zebrafish miR-214 is expressed during early somitogenesis and throughout
embryogenesis. Antisense oligonucleotide-mediated depletion of miR-214 leads to
an overall decrease in Hedgehog signaling in the presomitic mesodermal cells
immediately adjacent to the notochord and therefore reduced the number of slow
muscle cells (Flynt et al 2007). During normal development, these cells experience
high Hedgehog levels, whereas their more lateral neighbors are exposed to lower
amounts of Hedgehog. Su(fu), a negative regulator of Hedgehog signaling, is
upregulated in miR-214 depleted embryos, probably due to the lack of regulation by
miR-214. Su(fu) participates in Hedgehog signaling by retaining both the activator
and repressor forms of the Gli transcription factors in the cytoplasm, and miRNA-
mediated downregulation of Su(fu) is thought to maximize the response to different

levels of Hedgehog signaling.

As mentioned above, Nodal signaling is regulated by a miRNA in zebrafish. The
approach taken to tackle this topic was quite unconventional, in that the putative
miR-430 target sites in the 3’'UTRs of the Nodal ligand squint and the Nodal inhibitor
lefty2 were specifically blocked by antisense morpholino oligonucleotides, inhibiting
the miRNA from binding and therefore releasing the mRNAs from repression (Choi et
al 2007). The mRNA levels increased upon this treatment, and opposite phenotypes
characteristic of increased, or decreased, Nodal signaling were observed for either
the Nodal ligand, or the inhibitor. This analysis therefore elegantly demonstrated that
miR-430 is required to keep Nodal signaling in balance by simultaneously dampening

the Nodal ligand and inhibitors, classifying these miR-430 targets as tuning targets.

Antisense-mediated silencing of the abundant liver-specific miR-122 in the adult
mouse liver leads to significant upregulation of more than 100 mRNAs containing
miR-122 seed matches in their 3’'UTRs. Phenotypically these mice are healthy and
display no gross morphology changes, but their levels of total plasma cholesterol and
triglycerides are substantially reduced. MiR-122 therefore has a function in hepatic
lipid metabolism, and might be required to fine-tune this process (Esau et al 2006,
Krutzfeldt et al 2005).
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Mice lacking miR-208, which is expressed mainly in the heart, were viable and did
not display discernible heart defects (van Rooij et al 2007). However, when the
mutants were subjected to cardiac stress, they did not react with the stress-
dependent cardiomyocyte growth control animals showed in this situation. miR-208

therefore seems to be required for cardiac growth in response to stress.

Members of the highly abundant miR-430 family are expressed at the onset of
zygotic transcription in zebrafish embryos. Supplying maternal zygotic dicer mutant
embryos (see above) with these miRNAs by injecting miR-430 duplexes rescues the
brain morphogenesis defects seen in embryos lacking all miRNAs (Giraldez et al
2005). Moreover, the comparison of expression profiles of maternal zygotic dicer
embryos to those of embryos resupplied with miR-430 duplexes revealed that
several hundred transcripts, which are likely to be direct miR-430 targets, are
misregulated in absence of miR-430 (Giraldez et al 2006). About 40% of those are
maternally deposited mRNAs, suggesting that miR-430 is required to accelerate the
clearance of pre-existing maternal mRNAs in the embryo when zygotic transcription
starts (Figure 6). This study provides experimental evidence that a miRNA targets
hundreds of transcripts in vivo and serves to ensure fidelity or robustness of the
developmental program. In this thesis | present a similar function for the miR-309
cluster in Drosophila, which contributes to the clearance of maternal mMRNAs at the

onset of zygotic transcription.
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wildtype
maternal mRMNA miR-430
maternal genes mixed Zygotic genes

miR-430 absent

maternal mRMA

maternal genes mixed Zygotic genes

Figure 6. Fine-tuning embryonic development. In early zebrafish embryogenesis, miR-430
regulates the transition from maternal to zygotic mRNA transcription by targeting maternal mRNAs
for degradation. In the absence of miR-430, maternal mRNA expression overlaps with zygotic gene
expression.

miR-124 expression is highly CNS specific. The miRNA is not present in neural
progenitors, but robustly induced upon differentiation, indicating that it might have a
role in removing transcripts left behind from progenitor stages. In chick embryos, one
study reported that neither antisense-mediated inhibition nor misexpression of miR-
124 in the neural tube affected differentiation (Cao et al 2007). However, ectopic
miR-124 led to disruptions of the basal lamina which surrounds the neural tube, and
laminin y1 and integrin f1 were shown to be the miR-124 targets responsible for this
defect. Another chick study reported a mild stimulatory effect of miR-124 on neuronal
differentiation, and consistently mild reduction of neuronal differentiation upon
antisense-mediated mir-124 depletion (Visvanathan et al 2007). It is likely that
repression of the anti-neural factor SCP1 by miR-124 is at least partly responsible for
this effect. In neuroblastoma cell lines, miR-124 was also shown to induce neural
differentiation and to target PTBP1, which represses alternative splicing in non-
neuronal cells (Makeyev et al 2007). The targets identified in all of these studies are
highly expressed in neural progenitors and repressed upon neuronal differentiation,
consistent with the hypothesis that miRNAs and their targets are often expressed in a

reciprocal manner, in either time or space (Stark et al 2005) (Figure 4).
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In mouse embryos, miR-196, a miRNA gene located in all 4 mammalian HOX
clusters in several copies, cleaves its target HOXB8 (Yekta et al 2004). Expression of
Hoxb8 and Hoxa7, a putative translational target of miR-196 (Hornstein et al 2005),
is induced by retinoic acid in the vertebrate forelimb, but not in the hindlimb, where
miR-196 is expressed. Thus, miR-196 functions to suppress the occurrence of
unwanted transcripts in domains where these are already repressed transcriptionally,
supporting the primary, transcriptional level of regulation to prevent Hoxb8 and
Hoxa7 activation in the hindlimb. This provides another in vivo example of how
apparently spatially reciprocal expression domains of miRNAs and targets can reflect

an important regulatory relationship.

A similar relationship exists between miR-278 and its target, expanded, in adipose
tissue in Drosophila (Teleman et al 2006). Although miR-278 overexpression results
in overgrowth, the body size of mutant flies is normal. However, insulin levels are
elevated and the mutants are lean due to insulin insensitivity of the adipose tissue,
where miR-278 is predominantly expressed. A similar defect results in mice with
adipose-tissue specific knockout of insulin responsiveness. expanded mRNA and
protein levels are normally very low in adipose tissue but increase considerably in the
miR-278 mutant. Genetic analysis has shown that expanded overexpression causes
the lean phenotype. This miRNA-target relationship is therefore an unusual example
of spatial exclusion, since the miRNA contributes strongly to downregulation of the

target’s transcript levels, thereby helping to shape its expression domain.

5.3.2.3 Immune Response

miR-155 has been shown to be required for a functional immune response
(Rodriguez et al 2007, Thai et al 2007). Mice which lack the miR-155 gene were
viable and fertile, but with age, these animals developed structural changes of the
lung, similar to those seen in lung fibrosis, which often occurs in autoimmune
processes with lung involvement. Most remarkably, mir-155 mutants were
immunodeficient: When they were vaccinated against a pathogen, they failed to

develop protective immunity and hence died upon exposure to the pathogen. The
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mutant’'s T cells, B cells and dendritic cells did not exert their proper functions,
causing the immunodeficiency. It is unclear which targets are responsible for these
phenotypes, but a wide spectrum of possible mir-155 targets were upregulated in the

mutant.

5.3.2.4 Proliferation and Apoptosis

The Drosophila miRNA bantam was identified in a gain-of-function screen for
regulators of tissue growth (Hipfner et al 2002), where it induces overgrowth of wings
and eyes. bantam mutants are small and die as early pupae (Brennecke et al 2003).
To allow tissue growth in development, apoptosis needs to be overcome. The 3’UTR
of the proapoptotic gene hid contains 5 bantam target sites, and therefore, one part
of the ability of bantam to promote growth can be explained by this regulatory
relationship. But this is not sufficient to explain the mutant phenotype, since the rate
of proliferation is reduced without inducing apoptosis. The targets involved in the
generation of a positive growth regulatory output by bantam, eg. by inhibition of a
negative growth regulator, have not yet been identified. Recently, the Hippo signaling
pathway, which coordinately controls cell proliferation and apoptosis, has been

shown to regulate bantam expression (Nolo et al 2006, Thompson & Cohen 2006).

5.3.2.5 Feedback Loops

Several miRNAs are part of regulatory, positive or negative, feedback loops. in
those, their effects can be profound, when miRNA-mediated regulation is required for
a cell fate decision, as is the case for C. elegans Isy-6 and miR-273, which are
thought to act in a double-negative feedback loop to specify left-right asymmetry of
gustatory neurons (Chang et al 2004, Johnston & Hobert 2003) (Figure 5). In other
cases, the roles they play can be subtle, when the miRNA merely reinforces and

stabilizes decisions made by other factors.

In the Drosophila eye, miR-7 reinforces a developmental decision via a reciprocal
negative feedback loop (Li & Carthew 2005) (Figure 7). During photoreceptor

differentiation, a transient EGF signal leads to degradation of the protein Yan and, by
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releasing Yan-mediated repression of miR-7 transcription, to elevated expression of
miR-7. Subsequently, miR-7 represses Yan. Thereby a stable change in cell fate
from progenitor to photoreceptor is achieved, and the differentiated fate is maintained
by the presence of the miRNA. Consistently, the overall eye development of miR-7
mutant flies appears normal. Only when the system was sensitized by introduction of
a Yan allele, which does not respond normally to EGF receptor, developmental
defects were observed, demonstrating that the miRNA does not control the feedback
loop but reinforces an upstream decision. Furthermore, this is another example of
mutually exclusive expression of a miRNA and its target, since Yan is downregulated

when miR-7 expression is induced.

A B B
EGFR EGFR
—| AL
Yan —  miR-7
wildtype miR-7 mutant

progenitor: undifferentiated state  photoreceptor: differentiated state

Figure 7. miR-7 reinforces photoreceptor differentiation. (A) Yan represses miR-7 transcription
in the progenitor. (B, B’) During photoreceptor differentiation, epidermal growth factor receptor
(EGFR) signaling induces Yan degradation, which leads to the release of miR-7 repression. (B)
miR-7 then reinforces Yan downregulation. (B’) In the absence of miR-7, Yan is still repressed by
EGFR, and therefore photoreceptor differentiation occurs normally.

A similar negative feedback loop has been found to operate during granulocytic
differentiation (Fazi et al 2005): In undifferentiated myeloid precursors, the
transcription factor NFI-A keeps levels of miR-223 expression low. When ectopically
expressed, miR-223 enhances the differentiation of myeloid precursors into
granulocytes. Upon stimulation with retinoid acid, which induces differentiation,
C/EBPa replaces NFI-A and induces high levels of miR-223 transcription. miR-223 in
turn represses NFI-A translation via a binding site in its 3'UTR, thus ensuring its own

expression. Depletion of miR-223 followed by stimulation with retinoic acid leads to
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reduced expression of a granulocytic differentiation marker (Fazi et al 2005).
However, in a different study, cloning of the mir-223 primary transcript revealed a
highly conserved promoter with binding sites for the myeloid transcription factors
PU.1 and C/EBPa and not NFI-A (Fukao et al 2007). PU.1 and C/EBPa were
observed to be required for the myeloid expression of miR-223. In this study, the
element for C/EBPa and NFI-A competition was assigned to an intronic region,
implying that it might act as an intronic regulatory element. Whether one of the two

proposed mechanisms of regulation predominates awaits further investigation.

In mouse postmitotic midbrain dopaminergic neurons (DNs), miR-133b transcription
is regulated by the transcription factor Pitx3 (Kim et al 2007). At the same time, Pitx3
is targeted by miR-133b, forming a negative feedback loop. It was proposed that this
feedback circuit increases response time and stability in the context of the dynamic

changes in midbrain DN function.

In C. elegans, miR-61 is directly transcriptionally activated in secondary vulval
precursor cells by LIN-12/Notch (Yoo & Greenwald 2005). In turn, miR-61 represses
Vav-1, which then releases its repression of LIN-12/Notch, thereby inducing a
positive feedback loop, reinforcing LIN-12 activation and specification of secondary
vulval cell fate. In contrast to miR-7 in Drosophila, where the miRNA only reinforces a
decision made by other players, miR-61 may play a major role in cell fate

specification.

5.3.2.6 Thresholding

Flies lacking mir-9a, a conserved nervous system-specific miRNA gene, produce
extra sense organs (Li et al 2006). This defect is due to failure to repress the mir-9a
target senseless. Indeed, the miR-9a mutant phenotype is suppressed by the
removal of one copy of the senseless gene, which limits the extent to which
senseless can be overexpressed. An interesting aspect of this mutant is that the
absence of this regulation leads to a sporadic rather than a fully penetrant
phenotype, with up to 40% of animals being affected. Why is that so? During

selection of the sensory organ precursor (SOP) cell from cells of a proneural cluster,
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senseless expression is turned on by proneural proteins and feedbacks positively to
reinforce their expression. The resulting high level of proneural activity in the
presumptive SOP cell leads to repression of proneural genes in surrounding cells,
where mir-9a is expressed. There, the miRNA presumably makes sure that proneural
gene expression is not induced by keeping senseless expression turned off,
consistent with the model of mutual exclusion (Stark et al 2005). Interestingly, mir-9a
is broadly expressed in the neurectoderm during early proliferation. During this
phase, mir-9a might set a threshold which senseless expression has to overcome in
order to induce SOP fate, thereby selecting only the cell with the highest
transcriptional peak. In animals lacking miR-9a, senseless levels sporadically reach
the threshold, which leads to the adoption of SOP fate in an additional cell. Here, the
miRNA is not part of a feedback loop but limits the level at which a transcriptional

feedback system can be activated.

The situation is similar for miR-14 (Varghese & Cohen 2007). Most Drosophila
pupae lacking the ubiquitously expressed miR-14 die, but flies which eclose show
activation of the apoptotic effector caspase Drice and defects in fat metabolism, are
stress sensitive and live shorter (Xu et al 2003). Some of these phenotypes can be
attributed to elevated levels of the miR-14 target Ecdysone receptor (EcR), since
removal of on functional copy of the EcR gene in the miR-14 mutant background
was shown to restore life span and survival to almost normal levels (Varghese &
Cohen 2007). Ecdysone is a steroid hormone which induces the major
developmental transitions in insects. During the Drosophila larval-to-pupal transition
it acts via its receptor to induce EcR transcription, thereby producing a transcriptional
autoregulatory loop. In the same way, it mediates down-regulation of miR-14, thereby
relieving miR-14-mediated repression of EcR, inducing maximal EcR activity. Again,

the miRNA is not part of the regulatory loop, but involved in the extent of activation.

An attempt to investigate mir-9a’s and other miRNAs’ functions early in
development has been made by injection of complementary 2’ O-methyl
oligoribonucleotides into the fly embryo (Leaman et al 2005). However, the
phenotypes observed by this method differ significantly in penetrance and in nature

from those observed in the miRNA null mutants available. More specifically,
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antisense-mediated depletion of endogenous miR-1, miR-9a, miR-6 and several
miRNAs of the miR-310 family was reported to cause a variety of drastic embryonic
defects, but in the corresponding null mutants, the vast majority of embryos survive
and for some of these it is possible to make homozygous mutant strains that are
viable and fertile (Li et al 2006, this thesis, Sokol & Ambros 2005). It is unclear how

this discrepancy can be explained.

6 miRNAs in Human Disease

One of the human diseases in which miRNAs have been implicated is the
neuropsychiatric disorder Tourette’s syndrome (TS) (Abelson et al 2005). The 3'UTR
of SLITRK1 contains a miR-189 binding site, which is mutated in some TS patients.
This polymorphism replaces a GU base-pair with AU pairing, leading to stronger
regulation by the miRNA. In situ hybridization of SLITRK1 mRNA and miR-189
revealed co-expression in neuroanatomical circuits most commonly implicated in TS.
Obviously this mutation is only one out of many rare mutations leading to this
complex disease, but it demonstrates how a miRNA can be involved in the

establishment of a disease phenotype.

90% of patients suffering from DiGeorge syndrome lack one copy of the
chromosomal region 2211 (Lindsay 2001). Interestingly, the Drosha partner DGCRS8
maps to this region (Denli et al 2004, Gregory et al 2004, Han et al 2004, Landthaler
et al 2004, Shiohama et al 2003), but it remains to be determined if reduced miRNA

levels are an underlying cause of DiGeorge syndrome.

Expansion of the polyglutamine repeats in Ataxin-3 has been linked to
neurodegeneration. Depletion of dicer in human cells led to a significant
enhancement of Ataxin-3 induced toxicity (Bilen et al 2006). Which miRNAs are
involved in this human neurodegenerative disorder remains to be determined. In
Parkinson’s patient samples, expression of miR-133b was deficient in the midbrain,
and depletion of Dicer in midbrain dopaminergic neurons (DNs) resulted in reduced
locomotion, a phenotype reminiscent of Parkinson’s disease. Whether the lack of

miR-133b is indeed responsible for this phenotype remains to be determined.
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6.1 miRNAs in Cancer

miRNA expression levels are altered in primary human tumors (Calin et al 2004, Lu
et al 2005). Global miRNA expression was reported to be lower in cancer tissues
than in normal tissues in one study (Lu et al 2005), but another did not find this trend
(Volinia et al 2006). Since many miRNAs are expressed in differentiated cell types,
global miRNA levels might reflect the differentiation state of the tissue, and perhaps
might be attributable to a failure of Drosha-processing (Thomson et al 2006).
Intriguingly, significantly differing miRNA profiles could be assigned to various types
of tumors, suggesting that miRNA profiling has diagnostic and perhaps prognostic
potential (Calin & Croce 2006, Lu et al 2005). However, for the majority of miRNAs it

is unknown whether they actually play an active role in tumor formation.

6.1.1 miRNAs as tumor suppressors

Loss of miRNAs in cancer tissue could suggest a role as tumor suppressors. The
miR-15a and miR-16-1 genes are located in chromosome region 1314, which is
deleted in most cases of chronic lymphocytic leukemia (Calin et al 2002). These
miRNAs target B cell lymphoma 2 (Bcl2), an antiapoptotic gene, suggesting that loss
of miR-15a and miR-16-1 in B cells might lead to inhibition of apoptosis, giving rise to
malignancies (Cimmino et al 2005). However, causality has not been established,
and the correlation is not universal. The same miRNAs have been found to be

overexpressed in a type of pancreatic tumor (Volinia et al 2006).

Recently, it has been shown that activation of the c-Myc oncogenic transcription
factor led to repression of most miRNAs, including miR-15a, miR-16, miR-34a and
let-7 family members. Enforced expression of some repressed miRNAs even
reduced the tumorigenic potential of lymphoma cells (Chang et al 2007). Loss of let-7
mediated repression of the oncogene HmgaZ2, which is caused by a chromosomal
translocation of the HmgaZ2 locus, enhances oncogenic transformation (Lee & Dutta

2007, Mayr et al 2007), implying a role for let-7 as a tumor suppressor.
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The important tumor suppressor p53, which is mutated in nearly all cancers, has
been shown to directly regulate the transcription of miR-34 family miRNAs (Bommer
et al 2007, He et al 2007). Overexpression of miR-34 family members in four different
tumor cell lines led to downregulation of mMRNAs significantly enriched in miR-34
seed matches. Genes involved in the control of the cell cycle were strongly
overrepresented in this set, consistent with the anti-proliferative potential of p53,

indicating that this potential is partly mediated by miR-34 family miRNAs.

6.1.2 miRNAs as Oncogenes

miRNAs with oncogenic potential are expressed from the miR17-92 locus 13q31,
which is amplified in some tumors, eg. 10-fold in B-cell lymphoma samples (He et al
2005). Overexpression of this cluster in a mouse model of human B-cell lymphoma
accelerated c-Myc induced tumorigenesis, and the apoptosis normally seen in c-Myc
induced tumors was suppressed (He et al 2005). c-Myc has been reported to directly
transcriptionally activate the miR17-92 cluster and the pro-apoptotic E2F1, which is
in turn targeted by 2 miRNAs of the cluster (O'Donnell et al 2005). These miRNAs
would therefore support a shift from apoptosis toward proliferation, by
downregulating E2F1. Moreover, c-Myc induced activation of the miR17-92 cluster
leads to enhanced tumor angiogenesis in mouse colonocytes, probably via direct,

miRNA mediated downregulation of anti-angiogenic proteins (Dews et al 2006).

Primary human fibroblasts expressing the related miRNAs miR-372 and miR-373
were able to overcome oncogenic Ras mediated arrest, and therefore induced
tumorigenesis (Voorhoeve et al 2006). In part, this effect is mediated by targeting the
tumor suppressor LATS2. miR-372 and miR-373 were found to be expressed

specifically in testicular germ cell tumors.

Interestingly, both miRNA clusters are highly expressed in embryonic stem cells
(Suh et al 2004, Thomson et al 2004), which suggests that they contribute to
tumorigenesis by exerting their normal function at the wrong time and place in the
organism. Another miRNA with oncogenic potential is miR-155, which is

overexpressed in several kinds of B-cell lymphomas and can induce preleukaemic
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pre-B-cell proliferation in mice, when overexpressed specifically in B cells (Costinean
et al 2006).

miR-10b is highly and specifically expressed in metastatic breast cancer cells, but
not in primary breast tumors (Ma et al 2007). It leads to invasion and metastasis
when overexpressed in otherwise non-metastatic breast cancer cells in vitro and in
vivo. mir-10b represses HOXD10, which normally represses RHOC, a key player in
metastasis. Releasing this repression by strongly reducing HOXD10 levels seems to

be the main downstream event caused by high miR-10b levels in metastasis.

6.2 miRNAs and viruses

Viruses use miRNAs in their effort to control their host cell; reciprocally, host cells
use miRNAs to target essential viral functions. miRNAs have been found in nuclear
DNA viruses like the herpesvirus, but to date none have been found in RNA viruses
(Cullen 2006, Pfeffer et al 2005, Pfeffer et al 2004). Most RNA viruses are restricted
to the cytoplasm and are therefore not expected to encode miRNAs, since miRNA

transcripts need to be processed in the nucleus by Drosha.

The SV40 encoded miRNA miR-S1 helps keep the infected cell hidden from the
immune system. It is expressed late in the viral replication cycle, when it acts to
degrade early viral mMRNAs encoding T antigen, limiting exposure of the infected cell
to cytotoxic T lymphocytes (Sullivan et al 2005). A herpes virus miRNA, miR-UL112,
inhibits translation of cellular MICB, a ligand for a receptor on natural killer cells of
the immune system, again hiding the cell from the immune system (Stern-Ginossar
et al 2007). miR-K12-11, which is encoded by Kaposi’'s—sarcoma-associatetd herpes
virus, shares significant sequence homology with cellular mir-155 and therefore has
the potential to exploit pathways normally regulated by miR-155 in the cell (Gottwein
et al 2007). miR-LAT of herpes simplex virus-1 inhibits apoptosis of latently infected
neurons by targeting the pro-apoptotic TGF-f and one of its mediators, SMAD3
(Gupta et al 2006). The miRNA thereby keeps its host cell alive.
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Endogenous, cellular miRNAs that target viral RNAs have been reported as well. In
one scenario, the cell uses the miRNA to impede viral replication. miR-32 restricts
the replication of the retrovirus PFC-1 in cell culture (Lecellier et al 2005). In another
scenario, the virus takes advantage of an endogenous cellular miRNA. Replication of
Hepatitis C viral RNA is facilitated by binding of the liver-specific miRNA miR-122 to
the 5 noncoding region of the viral genome (Jopling et al 2005). Intriguingly,
interferon p was shown to downregulate miR-122 and simultaneously induce the
expression of many cellular miRNAs (Pedersen et al 2007). Eight of these have
target sites in the hepatitis C virus genomic RNA and can inhibit Hepatitis C virus
replication and infection. Therefore, modulation of the levels of cellular miRNAs
which can inhibit or activate viral replication contributes elegantly to the antiviral
effects of interferon p. A cluster of miRNAs enriched in resting CD4" T cells has been
found to potentially repress HIV-1 mRNAs and thereby contribute to HIV-1 latency in
these cells (Huang et al 2007). These miRNAs are therefore potential therapeutic
targets, their inhibition could activate latent HIV-1 reservoirs in order to expose them
to antiretroviral drugs. HIV-1 was also found to actively suppress the expression of
the miRNA cluster miR-17/92 in order to replicate efficiently, however, this did not
involve targeting of the viral genome itself, but of a cellular cofactor for HIV-1

replication (Triboulet et al 2007).
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Aims of the Thesis

When this work was initiated, very little was known about the biological roles of
miRNAs. Few mutants were available, and few in vivo miRNA targets were known. In
the mutants identified, misregulation of a small number of targets seemed to be
attributable to the mutant phenotypes (Lee et al 1993, Reinhart et al 2000, Wightman
et al 1993). This contrasted with the high number of computationally predicted
targets for individual miRNAs (Rajewsky 2006). However, whether these predicted
targets were in fact physiologically relevant was an open question. The aim of this
thesis was to contribute to the understanding of the biological roles of different

miRNAs in Drosophila.

| was involved in a global analysis of the expression patterns of miRNAs and their
predicted targets (Publication 1), which revealed that many miRNAs are not co-
expressed with their targets, indicating that miRNAs might act by preventing the
expression of unwanted transcripts that are present only at very low levels in the
miRNA expressing cell. This observation could explain the high number of conserved

miRNA targets in the genome.

In a collaboration with Alexander Stark, | analyzed the expression pattern and
possible biological function in Hox gene regulation of miR-iab-4AS, a miRNA derived
from the antisense strand of the known miRNA gene miR-iab-4. This study is

presented in Publication 2.

An unambiguous way to determine a miRNAs’ role in development is to analyze the
phenotypes of animals lacking the miRNA. Using a reverse genetic approach, |
investigated the role of the miR-309 cluster during early embryogenesis. | generated
a mutant deleting the miR-309 cluster using homologous recombination, which was a
new method at that time. Using microarray profiling of mutant versus control
embryos, | identified in vivo targets of miR-309 cluster miRNAs. | could show that the
miRNAs in this cluster are required for the timely downregulation of maternally

deposited transcripts during the maternal zygotic transition (Publication 3).
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Publication 1:

Animal MicroRNAs confer robustness to gene expression and have a
significant impact on 3'UTR evolution

Alexander Stark, Julius Brennecke, Natascha Bushati, Robert B. Russell and
Stephen M. Cohen (2005), Cell 123, 1133-46

To assess the biological roles of a miRNA, it is of significant importance to know
which gene(s) it regulates. In our study, miRNA target predictions were improved
based on a previous systematic experimental analysis of functional target site
architecture in Drosophila (Brennecke et al 2005b). Predictions were restricted to
such sites conserved between Drosophila melanogaster and Drosophila
pseudoobscura 3'UTRs in order to filter for functionally relevant sites. These
predictions yielded an average of 179 target sites per miRNA. | validated the
functionality of eight out of nine predicted target sites using a luciferase-based 3'UTR
reporter assay in S2 cells. miRNA-target pairs which had been experimentally tested
in other ways were also included in the analysis of the functionality of predicted
target sites, resulting in a total of 57 tested miRNA-target pairs. 88% (50/57) of these

were functional, demonstrating the high accuracy of the improved target predictions.

95% of the targeted 3’'UTRs contain only one conserved site for individual miRNAs,
indicating that strong regulation by a single miRNA via multiple binding sites is rare.
But almost 50% of the targeted 3’'UTRs contain target sites for two or more miRNAs
with differing seed sequences, suggesting potential cooperative regulation by
coexpressed miRNAs or complementary regulation by different miRNAs in different

cells or conditions.

We found that genes which were coexpressed with an individual miRNA were
significantly depleted of both conserved and non-conserved miRNA binding sites.
This implies that these genes were under evolutionary pressure to avoid miRNA-

mediated regulation. Indeed, they were annotated to be mainly involved in basic
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cellular processes. We confirmed this correlation using a collection of annotated in
situ gene expression patterns for Drosophila embryogenesis (Tomancak et al 2007):
The set of genes annotated as ubiquitously expressed significantly avoid miRNA

target sites.

Conversely, we found that many miRNAs and their targets were expressed in a
largely nonoverlapping manner, either temporally or spatially. In the latter case, the
genes containing the conserved target sites were typically expressed in domains

adjacent to the miRNA expressing cells.

What do these observations mean regarding the possible functions of miRNAs?
The target sites should be of advantage to the animal, otherwise they would not have
been conserved. We proposed that miRNAs can act by preventing the expression of
unwanted transcripts, either from preexisting mRNAs during developmental
transitions or simply from leaky transcription. Thereby, the miRNAs would reinforce
developmental decisions, acting as a second level of regulation after transcriptional
regulation. miRNAs acting in this way would ensure accuracy and confer robustness

to developmental programs.
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Publication 2:

A single Hox locus in Drosophila produces functional microRNAs from
opposite DNA strands

Alexander Stark', Natascha Bushati', Calvin Jan, Pouya Kheradpour, Emily
Hodges, Julius Brennecke, David P. Bartel, Stephen M. Cohen and Manolis Kellis
(2008), Genes Dev. 22, 8-13

Homeobox - containing (Hox) transcription factors are highly conserved proteins
fundamentally required during animal development. The spatial colinearity between
Hox gene expression along the anteroposterior axis of the embryo and the order of
genes along the chromosome is conserved (Duboule 1998, Pearson et al 2005). Hox
clusters also encode several noncoding RNAs, including the miRNA genes miR-10
and miR-iab4/miR-196. Strikingly, these miRNAs are located in analogous positions
in flies and vertebrates (Yekta et al 2004). Ectopic miR-iab-4 expression was shown
to directly repress the Hox transcription factor Ubx, proposing that miR-iab-4 is partly

required for the correct spatial expression of Ubx (Ronshaugen et al 2005).

We found evidence that the reverse complement of the miR-iab-4 hairpin also folds
into a precursor miRNA (pre-miRNA) hairpin. The mature product of this antisense
transcript, miR-iab-4 anti-sense (miR-iab-4AS), was detected by high-throughput
sequencing of small RNA libraries of Drosophila testes and ovaries. Using strand-
specific RT-PCR, | detected the primary transcripts of both miR-iab-4 and miR-iab-
4AS during all stages of Drosophila development. In situ hybridization revealed that
the two miRNA primary transcripts are expressed in nonoverlapping domains in the
Drosophila embryo. As reported previously (Bae et al 2002, Ronshaugen et al 2005),
miR-iab-4 was expressed highly in abdominal segments A5-A7. Within the segments,
cells containing the Hox gene abd-A exhibited higher, those expressing Ubx very low
miR-iab-4 levels. In contrast, miR-iab-4AS transcription was detected in abdominal
segments A8 and A9, where neither abd-A nor Ubx are expressed, but only Abd-B.
Abd-B transcriptionally represses the Hox genes abd-A, Ubx and Antp in these

segments (Pearson et al 2005).

' with equal contribution
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We found several highly conserved seed matches to miR-iab-4AS in the 3’'UTRs of
Ubx, abd-A and Antp. Overexpression of miR-iab-4AS conferred downregulation of
Luciferase reporters carrying the Ubx or abd-A 3’'UTRs, but not of reporters carrying
3'UTRs in which the seed matches were mutated, indicating that conserved sites
were indeed functional. Moreover, misexpression of miR-iab-4AS in the fly haltere
resulted in a strong haltere-to-wing transformation, which is the phenotype observed
upon depletion of Ubx in the haltere. Therefore, endogenous Ubx is highly
susceptible to regulation by miR-iab-4AS in vivo. An accompanying study reported
derepression of Ubx protein in embryos depleted of the mir-iab-4 locus (Bender

2008), demonstrating the in vivo significance of this regulatory relationship.

miR-iab-4AS therefore seems to support the transcriptional repression conferred by
Abd-B upon abd-A, Ubx and Antp. miR-iab-4, in turn, is coexpressed with abd-A, and
has target sites in Ubx and Antp, which are transcriptionally repressed by both Abd-B
and abd-A. Therefore, these miRNAs work together to reinforce the regulatory
relationships between Hox genes. Using high-throughput sequencing in Drosophila
and mouse, more putative antisense miRNAs were identified. Hence, the regulatory
and spatial relationships between sense/antisense miRNAs and their target spectra
may constitute a more common mechanism to establish and maintain expression
domains, in which miRNAs expressed from the same locus but on different strands

are expressed in a nonoverlapping manner.
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Publication 3:

Temporal reciprocity of microRNAs and their targets during the maternal to
zygotic transition in Drosophila

Natascha Bushati, Alexander Stark, Julius Brennecke and Stephen M. Cohen
(submitted)

During oogenesis, eggs are loaded with maternally provided transcripts that will be
translated to produce new proteins in the developing embryo. A certain fraction of
these transcripts needs to be degraded during the transition from purely maternal to
mixed maternal-zygotic gene expression (maternal to zygotic transition). In
Drosophila, two independent pathways act to ensure timely turnover of maternal
transcripts (Bashirullah et al 1999). One is driven by maternally encoded factors,
including SMAUG (Tadros et al 2007), whereas the other is activated at the onset of

zygotic transcription, about 2 hours after fertilization.

Using quantitative real-time PCR, | found that the expression of the miRNAs in the
Drosophila miR-309 cluster was strongly induced at the onset of zygotic transcription.
In situ hybridization of the miR-309 cluster primary transcript showed that it is
expressed ubiquitously at this stage, with the exception of the pole cells, which give
rise to the germline. The miR-309 cluster contains 8 miRNA genes, which encode 6
different miRNAs. Only two of these miRNAs have the same seed sequence,

therefore the cluster has the potential to regulate a broad spectrum of target genes.

Using homologous recombination, | generated a mutant in which the miR-309
cluster was deleted. Homozygous mutant embryos completed embryogenesis, but
~20% died at larval stages without discernible defects. The remaining mutants
survived and were viable and fertile. However, they showed a developmental delay
during larval stages. | was able to rescue these phenotypes by expression of a
transgene containing a genomic fragment spanning the miRNA cluster. | did not
observe the severe embryonic defects that were reported using anti-sense 2’-O-
methyl antisense oligonucleotides injections to deplete the miR-309 cluster miRNAs
miR-286 or mir-6 (Leaman et al 2005).
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When we compared expression of miR-309 cluster miRNAs to a high-resolution
temporal gene expression profile of early embryonic development (Pilot et al 2006),
we found that mRNAs with a temporal expression profile most similar to that of miR-
309 cluster miRNAs contained significantly fewer 7mers complementary to miR-309
cluster miRNAs in their 3’'UTRs. Conversely, maternal transcripts which were
strongly downregulated when miRNA expression is induced contained significantly
more 7mer sites in their 3’UTRs, suggesting that the miRNAs might contribute to this

downregulation.

To address this possibility, | compared mRNA expression profiles of control and
mutant embryos at 0-1h and 2-3h of embryonic development. During the first time
point, miR-309 cluster miRNAs are barely detectable, whereas they are strongly
induced during the 2-3h interval. For our analysis we took advantage of two different
sets of MRNAs classified as maternal transcripts. In one of the sets, maternal
MmRNAs were classified according to their degree of down-regulation during the
maternal to zygotic transition in fertilized embryos (Arbeitman et al 2002). The other
set classified mMRNAs as stable or unstable maternal transcripts based on expression

profiling RNA from unfertilized eggs (Tadros et al 2007).

Both, maternal mRNAs which are normally strongly downregulated in fertilized
embryos as well as transcripts classified as unstable in unfertilized eggs, were
significantly enriched among the genes upregulated >1.5 fold in mutant embryos at
2-3 hours, indicating that their downregulation is affected in the miR-309 cluster
mutants. Moreover, mMRNAs containing 7mers complementary to the seed of one or
more cluster miRNAs were enriched among the >1.5 fold upregulated genes at this
time point. Transcripts classified as unstable in fertilized or unfertilized embryos
which contained 7mer seed sites were even more enriched. Importantly, we did not
observe any significant enrichment or depletion in 0-1h embryos. To confirm that the
sites we had identified in the upregulated genes were indeed functional, | tested 32
3'UTRs of the affected genes in a luciferase based assay. 29 of the 32 reporters

were significantly downregulated upon miR-309 cluster expression. These results
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indicate that miR-309 cluster miRNAs contribute directly to the downregulation of

maternal transcripts during the maternal to zygotic transition.

We also examined 7mer seed matches complementary to individual miR-309
cluster miRNAs. Sites complementary to 4 of the 5 unique seeds were significantly
enriched among the upregulated transcripts at 2-3 hours, indicating that the cluster
miRNAs, with the possible exception of one, indeed act in concert to regulate a broad

spectrum of targets.

Since SMAUG is a key component of the maternal system for maternal mRNA
degradation (Tadros et al 2007), and the miR-309 cluster acts zygotically on its
targets, we were interested in the degree of overlap between the targets of these two
systems. We found that SMAUG targets were present in the set of miRNA regulated
genes to the same extent as unstable genes which were not targeted by SMAUG.
Therefore, the maternal and zygotic systems seem to regulate distinct, but

overlapping sets of maternal mRNAs.

Our results suggest that the zygotically expressed miR-309 cluster acts to promote
the turnover of many maternally deposited transcripts. Intriguingly, a comparable role
has been reported for the miRNA miR-430 in zebrafish (Giraldez et al 2006),
suggesting that the use of miRNAs to promote degradation of maternal mRNAs
during the maternal to zygotic is a conserved phenomenon. Since the miRNAs in
Drosophila and zebrafish are unrelated, this might be an example of convergent

evolution.
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Publication 4:
MicroRNA Functions (Review)

Natascha Bushati and Stephen M. Cohen (2007), Annu Rev Cell Dev Biol 23: 175-
205

In this review article, we discussed recent work, principally from animal models, that
reveals how miRNAs are generated and act to silence gene expression, how targets
of miRNAs can be identified, and how the biological functions of miRNAs can be
illuminated by knowledge of gene expression patterns, by mutant phenotypes of
miRNAs, and by overexpression of their targets. We focused especially on the
analysis of miRNA functions in vivo, which has begun to shed light on the types of
biological processes that miRNAs regulate. Moreover, we outlined the variety of
ways miRNAs can act in the context of other regulatory mechanisms. In summary, it
appears that their biological roles in development and disease as well as their modes

of action are diverse.
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This part was written by Dr. Stephen Cohen.

Publication 1:

Animal MicroRNAs confer robustness to gene expression and have a
significant impact on 3'UTR evolution

Alexander Stark, Julius Brennecke, Natascha Bushati, Robert B. Russell and
Stephen M. Cohen (2005), Cell 123, 1133-46

Natascha contributed important experiments to this paper.

Publication 2:

A single Hox locus in Drosophila produces functional microRNAs from
opposite DNA strands

Alexander Stark', Natascha Bushati', Calvin Jan, Pouya Kheradpour, Emily
Hodges, Julius Brennecke, David P. Bartel, Stephen M. Cohen and Manolis Kellis
(2008), Genes Dev 22, 8-13

This publication was based on a computational observation by Alex Stark. Natascha
carried out all of the experimental work involving Drosophila. She contributed to
analysis of the data, writing the paper and prepared figures. Other middle authors
contributed microRNA sequence data. We discussed experiments and their design.
Natascha and Alex share co-first author, reflecting that theirs are the major

contributions.

! with equal contribution
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Publication 3:

Temporal reciprocity of microRNAs and their targets during the maternal to
zygotic transition in Drosophila

Natascha Bushati, Alexander Stark, Julius Brennecke and Stephen M. Cohen
(submitted)

Natascha carried out all of the experimental work. Natascha and | designed
experiments and interpreted results. She wrote the first draft of the manuscript. Alex
Stark carried out the computational analysis needed for interpretation of some of the

results. Julius Brennecke made a small early contribution.

Publication 4:
MicroRNA Functions (Review)

Natascha Bushati and Stephen M. Cohen (2007), Annu Rev Cell Dev Biol 23: 175-
205

Natascha wrote the first draft of the review entirely independently and we discussed

revisions in depth.

Stephen M. Cohen
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SUMMARY

MicroRNAs are small noncoding RNAs that
serve as posttranscriptional regulators of
gene expression in higher eukaryotes. Their
widespread and important role in animals is
highlighted by recent estimates that 20%-
30% of all genes are microRNA targets.
Here, we report that a large set of genes in-
volved in basic cellular processes avoid
microRNA regulation due to short 3'UTRs
that are specifically depleted of microRNA
binding sites. For individual microRNAs,
we find that coexpressed genes avoid
microRNA sites, whereas target genes and
microRNAs are preferentially expressed in
neighboring tissues. This mutually exclu-
sive expression argues that microRNAs
confer accuracy to developmental gene-
expression programs, thus ensuring tissue
identity and supporting cell-lineage deci-
sions.

INTRODUCTION

Regulation of gene expression at the transcriptional level
plays a central role in defining cell fates and controlling organ
formation. But the importance of posttranscriptional gene
regulation is increasingly recognized. microRNAs (miRNAs)
confer a novel layer of posttranscriptional regulation, widely
used in plants and animals. miRNAs are small noncoding
RNAs that repress gene expression by recruiting effector
complexes (MIBRNPs) to miRNA complementary sites on
mRNAs (Bartel, 2004; Zamore and Haley, 2005). miRNP re-
cruitmentin plants requires extensive sequence complemen-
tarity and typically leads to target mRNA cleavage (e.g.,

Schwab et al., 2005). Animal miRNAs are only partially com-
plementary to their targets and repress their expression,
likely by blocking translation initiation and by recruiting
miRNPs to processing bodies where degradation might oc-
cur (Baggaetal., 2005; Lim et al., 2005; Liu et al., 2005; Pillai
et al., 2005; Rehwinkel et al., 2005; Sen and Blau, 2005).
miRNAs are estimated to comprise 1%-5% of animal
genes (Bartel, 2004; Bentwich et al., 2005; Berezikov et al.,
2005), making them one of the most abundant classes of reg-
ulators. Their importance is evidenced by evolutionary con-
servation and by the many biological processes in which they
are implicated, including developmental timing, cell prolifera-
tion, apoptosis, metabolism, cell differentiation, and morpho-
genesis (Alvarez-Garcia and Miska, 2005; Ambros, 2004).
Currentideas about animal miRNA functions have been influ-
enced by the handful of genetically identified miRNAs and
their targets. These miRNAs have been described as devel-
opmental switches, repressing a few target genes. Indeed,
some miBRNA mutant phenotypes can largely be explained
by increased expression of a single target (Ambros, 2004).
New insights are challenging the view of animal miRNAs
as switches for a few targets and suggest a more complex
picture. (1) Recent estimates indicate that an average miRNA
may regulate hundreds of genes (Brennecke et al., 2005;
Grln et al., 2005; Krek et al., 2005; Lewis et al., 2005; Xie
et al., 2005). (2) Most targets contain only single sites that
might not be sufficient to confer strong repression, making a
switch-like relationship unlikely. (3) Despite striking tissue-
specific expression patterns of miBNAs in zebrafish (Wien-
holds et al., 2005), a general role as developmental switches
in patterning or organogenesis has been excluded by analy-
sis of embryos lacking all miRNAs (Giraldez et al., 2005).
This suggests that miRNAs might not primarily be involved
in developmental decision-making. This view has gained
initial support from the finding that overexpressing miR-1
and miR-124 in Hela cells downregulated many mRNAs,
which are of low abundance in the tissues expressing these
miRNAs (Lim et al., 2005). miRNAs might thus help to main-
tain and define cell types by suppressing expression of un-
wanted transcripts. However, it remained unclear if the down-
regulated transcripts are representative of physiological
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targets and whether the insights gained can be generalized to
a new role for miRNAs in animal development.

Here, we address the role of miRNAs in developmental
gene expression programs, particularly their relationship to
the large number of conserved targets. We combined im-
proved mMiRNA target prediction with information on gene
function and expression in Drosophila. We present evidence
that many genes are under selective pressure to avoid
miRNA regulation. The existence of such “antitargets” had
been proposed on theoretical grounds (Bartel and Chen,
2004). We find that antitargets are involved in basic pro-
cesses common to all cells, whereas targets are mainly in-
volved in developmental processes. For individual miRNAs,
coexpressed genes avoid regulation, whereas predicted tar-
gets and miRNAs are preferentially expressed in adjacent
domains. When considered in the temporal and spatial con-
text of development, this relationship of miRNA, target, and
antitarget expression suggests that miRNAs confer accu-
racy to gene-expression programs. Our findings indicate
that miRNAs have had a profound impact on 3'UTR evolu-
tion, reflected in the observed patterns of site avoidance
and enrichment.

RESULTS

Target-Site Prediction with High Specificity

and Coverage

We predict miRNA targets based on a systematic experi-
mental analysis of the structural requirements for target site
function in vivo (Brennecke et al., 2005). Briefly, we identified
sites via complementarity to miRNA 5’ ends and evaluated
5" and 3’ pairing. We restricted the search to sites conserved
in an alignment of the orthologous D. melanogaster and
D. pseudoobscura 3'UTRs as these are more likely biologi-
cally relevant. This yielded 179 conserved target sites per av-
erage miRNA. We estimated the overall significance of these
predictions by analyzing whether target sites for real miRNAs
are better conserved than those for shuffled control miRNAs
(Lewis et al., 2003). While 34% of sites for real miRNAs iden-
tified in D. melanogaster were conserved, only 14% were
conserved for shuffled miRNAs, yielding a highly significant
p value and a signal-to-noise ratio of 2.4:1. This signal was
abolished when two nucleotides at the 5’ end of the miRNAs
were changed, indicating the validity of the approach and
control (Figure 1A). An average Drosophila miRNA thus tar-
gets over 100 sites above noise. Note that this does not
imply that the other sites are false, only that they cannot be
distinguished from noise. The false-positive rate can only
be assessed experimentally. We consider it likely that most
identified sites are functional because all comply with our
rules and are conserved.

We tested 9 of the top 25 predictions using a luciferase-
reporter assay in S2 cells and found eight to be significantly
regulated (p < 0.01; Figures 1B and 1C). Including the previ-
ously validated bantam target hid (Brennecke et al., 2003),
this suggests a 90% success rate for top predictions. Inter-
estingly, over half encode transcription factors, whose mis-
regulation could have severe consequences. To assess the
performance at different ranks and the improvement over
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our previous study (Stark et al., 2003), we evaluated the pre-
dictions with a large number of experimentally tested
miRNA-target pairs (Figure 1D). 88% (50/57) of the new pre-
dictions were functional, which is a substantial improvement
in specificity as the number of false positives was reduced by
65% (7 versus 20). This did not come at the cost of lower
sensitivity because we now predict 50% more functional
pairs (50/62 versus 34/62; see Figure S1 and Table S1 in
the Supplemental Data available with this article online for
comparison to other Drosophila target predictions). In sum-
mary, the experimental and statistical results show that our
method and the one by Grin et al. (2005) predict functional,
biologically relevant sites with high accuracy, which is critical
for the analysis below. Our predictions are available at www.
miRNA.embl.de.

Extensive Cooccurrence of Sites for Different miRNAs
Only 5% of all predicted targets contain more than one con-
served site for any single miRNA, indicating that stringent
regulation by one miRNA is rare. In contrast, we observed ex-
tensive cooccurrence of sites for different miRNAs in target
3'UTRs (Figure S2; Enright et al., 2003; Grun et al., 2005;
Krek et al., 2005). The 9487 binary interactions correspond
to 3125 different 3'UTRs. Almost 50% of target 3'UTRs
have sites for two or more 5" unique miRNAs and some
have sites for up to 12. In contrast, 5129 3'UTRs had no con-
served site, indicating that target sites are distributed highly
asymmetrically across different genes. A detailed analysis re-
vealed that genes with more miRNA sites have on average
longer 3'UTRs but also significantly more sites/kb of 3'UTR
sequence (Figure S2). Reciprocally, genes with few sites
have short 3’'UTRs and lower site densities. These two trends
are not seen together in random controls and indicate that
3'UTRs have been under selection to acquire or eliminate
miRNA target sites.

A striking example of site cooccurrence is the transcript
for the nervous system-specific transcription factor Nerfin-1
(Stivers et al., 2000), whose 3'UTR contains 15 target sites
for 10 different miRNAs (Figure S2D). Consistent with the
presence of multiple miRNA sites, a ubiquitously transcribed
nerfin-1 3'UTR reporter is repressed by miRNAs, as lack of
Dicer-1 in cells of various tissues showed strong reporter up-
regulation (Figure S2E). Intriguingly, expression of this re-
porter is normally detectable only in the nervous system (data
not shown). Thus, by virtue of the miRNA target sites it con-
tains, the nerfin-1 3'UTR appears to carry information about
the tissue in which nerfin-1 is expressed and required.

Presence and Absence of Target Sites Correlate

with Gene Function

To ask if the presence or absence of miRNA target sites cor-
relates with gene function we compared the 3125 predicted
targets with all genes lacking conserved sites. We deter-
mined if these sets contain more or fewer genes from any
given gene ontology (GO) or KEGG category than expected,
given the category’s frequency in the 3'UTR database (“gene
enrichment,” see Supplemental Data). Table 1 shows cate-
gories that are most significant in terms of containing more,
or fewer, target genes than expected (see Figure S3 for top
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Figure 1. Summary of Target Validation

(A) Signal to noise ratio (black bars) and statistical significance (—log p value; gray bars) for miRNA target predictions compared to shuffled controls. Signals
obtained for 5" nonredundant miRNAs (real) are lost for variants with 2 nt changes in the 5" end (mutant). Both measures are displayed for all predicted sites;
sites with good seed matches and strong (canonical) or weak (seed-only) 3’ pairing energy (>90% of sites are seed only); 3’ compensatory sites with weak
seed matches and strong 3’ pairing.

(B) Top 25 predictions ranked by UTR score (+ indicates functionality, see Supplemental Data). Percentile (Perc.) indicates the rank relative to the best UTR
scores for shuffled miRNAs.

(C) Experimental validation of top predictions using luciferase 3'UTR reporters. Normalized luciferase activity for nine predicted target 3'UTRs + coexpressed
miRNA. Error bars: standard deviation; asterisks: p < 0.01, n = 3; double-sided t test. Control 3'UTR reporters lacking predicted sites for the miRNA were not
repressed (white bars).

(D) Performance of our predictions based on all Drosophila miRNA target interactions tested (see Supplemental Data for details). Functional pairs are in
black, false positives in gray.

50). We refer to these as “target” and “antitarget” catego- 2005), whereas the top antitarget categories were exclu-
ries (after Bartel and Chen [2004]). Out of several thousand sively basic processes common to all cells.

GO and KEGG categories, the top target categories were To assess the basis for this highly asymmetric distribution
dominated by developmental processes (consistent with of target sites, we analyzed 3'UTR characteristics that might
previous studies, e.g., Enright et al., 2003; Grin et al., influence target-site occurrence (considering all genes in
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Table 1. miRNA Target and Antitarget Categories

Category Description

G0:0009887 Organogenesis

G0:0007399 Neurogenesis

GO0:0007165 Signal transduction

GO0:0030154 Cell differentiation

GO0:0009790 Embryonic development
G0:0045165 Cell fate commitment

G0:0045449 Regulation of transcription
G0:0002009 Morphogenesis of an epithelium
GO0:0007422 Peripheral nervous system development
GO0:0009795 Embryonic morphogenesis
G0:0007498 Mesoderm development

Category Description

G0:0030529 Ribonucleoprotein complex
G0:0005840 Ribosome

GO0:0006412 Protein biosynthesis

G0:0016070 RNA metabolism

G0:0016591 DNA-directed RNA polymerase Il, holoenzyme
G0:0006119 Oxidative phosphorylation
G0:0006281 DNA repair

G0:0000502 Proteasome complex (sensu Eukarya)
GO:0006259 DNA metabolism

G0:0008380 RNA splicing

# Genes p(over) in Targets p(under) in Antitargets
646 2.1E-34 7.3E-26
364 2.2E-23 5.4E-19
791 2.7E-19 2.5E-14
213 2.0E-11 5.4E-09
228 5.4E-11 1.4E-08
146 1.2E-10 3.8E-09
448 1.4E-09 2.8E-06
104 1.0E-08 3.0E-08
95 4.5E-08 3.9E-07
101 1.1E-07 5.2E-07
135 3.5E-07 2.0E-04
# Genes p(over) in Antitargets  p(under) in Targets
200 3.7E-06 1.3E-11
128 2.4E-05 1.1E-11
289 4.1E-03 3.8E-04
190 7.4E-03 7.7E-04
62 7.7E-03 5.6E-05
61 1.8E-02 2.3E-04
70 2.2E-02 4.7E-04
37 2.6E-02 4.1E-04
203 2.8E-02 3.9E-03
78 3.9E-02 1.4E-02

Best target and antitarget GO categories, whose genes are significantly over- or underrepresented among all 3125 predicted targets
(obviously redundant categories were removed). Similar results are obtained when asking for under- or overrepresentation among the
5129 antitargets lacking predicted target sites. p values indicate the probability that the over- or underrepresentation occurred randomly.
(Top) GO categories overrepresented among miRNA targets (target categories). (Bottom) GO categories underrepresented among
miRNA targets (antitarget categories). Multiple testing correction factors were determined by using shuffled gene-GO term assignments.
For the different statistics (left to right, top to bottom), the factors are 719957, 3879, 8.6, and 30.1, respectively.

each category, not only predicted targets and antitargets).
Figure 2 shows this analysis for two representative catego-
ries: the target category neurogenesis and the antitarget cat-
egory ribosome (comparable results were obtained for most
other target and antitarget categories, Figure S3). Given that
sites with as little as 7-8 nucleotides complementarity are
functional (Brennecke et al., 2005), longer 3'UTRs likely con-
tain more sites. Indeed, average 3'UTR length differs consid-
erably: genes-encoding ribosomal proteins have ~6-fold
shorter 3'UTRs than neurogenesis genes (Figure 2A). Selec-
tion against long 3'UTRs could be an effective means to limit
miRNA regulation. As 3'UTR lengths might differ for reasons
unrelated to miRNAs, we tested whether site densities dif-
fered in both categories. We observed a marked difference
in that ribosomal genes have 4.3x fewer sites per kb of
3'UTR than neurogenesis genes (Figure 2B), whereas both
categories showed comparable site densities for shuffled
miRNAs. This difference could reflect ribosomal genes hav-
ing fewer sites than expected or neurogenesis genes having

more given their 3'UTR lengths, so we tested whether ribo-
somal genes specifically avoid miRNA target sites compared
to random sequences (“site enrichment,” see Supplemental
Data). We found significantly fewer miRNA complementary
sites than sites for shuffled miRNAs; Figure 2C; p = 7 X
1077), indicating specific avoidance of miRNA regulation.
In contrast, 3'UTRs of neurogenesis genes are specifically
enriched for sites (p = 2 x 107°).

The degree of 3'UTR conservation also influences the
gene-enrichment analysis, as genes with more conserved
3'UTR sequence are more likely to be predicted as targets.
Although the overall degree of 3'UTR conservation is com-
parable (Figure 2D), we observed a striking difference in the
conservation of MiIRNA complementary sites only (“selective
conservation,” see Supplemental Data). Sites in 3'UTRs of
neurogenesis genes are much better conserved than ex-
pected given the overall 3UTR conservation (p < 107 '5°;
Figure 2E), whereas those in ribosomal genes are not (p =
0.6).
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Figure 2. Properties of Target and Antitarget 3 UTRs

Values are based on all genes in the GO categories ribosome (GO:0005840; R) and neurogenesis (GO:0007399; N).

(A) median 3'UTR length; (B) target-site density (predicted sites/kb 3'UTR sequence); (C) specific enrichment (up) or avoidance (down) of predicted sites
(CG: conserved genome analysis; —log p values; statistic corrects for 3'UTR length); (D) overall 3'UTR conservation counting nucleotides in conserved
blocks of > 6; (E) selective site conservation (—log p values); (F) specific enrichment (up) or avoidance (down) of sites in D. melanogaster 3'UTRs (SG: single
genome; —log p values). Values for neurogenesis are split: all miRNAs (black), top 10 neurogenesis-miRNAs (gray), top 10 antineurogenesis miRNAs (white).
(G) Underrepresentation (—log p values) of miRNA complementary 6mers in ribosomal 3'UTRs versus position in the miRNAs: all miRNAs (black), average

and standard deviation of 10 shuffled miRNAs per real miRNA (gray).

(H) median 3'UTR lengths of ribbosomal (black) and transcription factor genes (gray) for S. cerevisiae (Sce), A. thaliana (Ath), C. elegans (Cel), D. melanogaster
(Dme), and H. sapiens (Hsa). p values indicate the significance of length differences for each species (double-sided t test).

Selection for and against miRNA Target Sites
Akey finding is that genes in antitarget categories specifically
avoid miRNA sites. If mMiIRNAs had no influence on antitarget
3'UTRs, we would expect random site occurrence rather
than avoidance. Target site avoidance indicates that miRNA-
mediated regulation of genes in antitarget categories would
be detrimental and that it has been subject to selection during
evolution. On this basis, we expect avoidance of miRNA sites
in antitargets, whether conserved or not. This was confirmed
by examining 3'UTRs without requiring site conservation. We
found significantly fewer sites in 3'UTRs of ribosomal genes
than expected given their lengths (p = 3 x 10~%; Figure 2F).
To test for avoidance independent of our predictions, we per-
formed a 6mer “seed walk,” where we assessed the avoid-
ance of 6mers along the sequence of all miRNAs. This further
illustrated the specificity of target site avoidance: only 6mers
complementary to the 5’ region of real miRNAs—the crucial
element for target recognition—are avoided in ribosomal
3'UTRs (Figure 2G, “seed avoidance”; see Supplemental
Data).

Although neurogenesis genes are enriched in conserved
target sites, the single-genome analysis failed to detect a

Cell 123, 1133-1146, December 16, 2005 ©2005 Elsevier Inc.

similar trend. This could reflect opposing influences of differ-
ent miRNAs: while it is easy to imagine that ribosomal genes
avoid sites for all miIRNAS, neurogenesis genes might enrich
for sites for some MiRNAs but avoid sites for others. We
asked which individual miBNAs predominantly target neuro-
genesis genes and which do not (gene-enrichment statistics)
and then repeated the single-genome site-enrichment anal-
ysis for these sets of mMiRNAs separately. This confirmed that
neurogenesis genes enrich sites for neurogenesis miRNAs
(e.g., miR-9; Figure 2F) but reciprocally avoid sites for anti-
neurogenesis MiRNAs (e.g., miR-124).

Our results indicate that antitargets circumvent miRNA-
mediated regulation by limiting 3'UTR length and by selective
avoidance of target sites. In contrast, target genes have lon-
ger 3UTRs that are enriched in evolutionarily conserved
sites. The single-genome analysis reveals a more complex
picture where 3'UTRs of target categories are enriched in
sites for some miRNAs but depleted for others, consistent
with individual miRNAs regulating specific sets of functionally
related genes. Note that the preceding analyses are based on
all genes in each category, not only on the predicted targets
and antitargets, for which the trends would be even stronger.
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Figure 3. miR-1 and miR-124 Target/Antitarget Expression

(A) Ubiquitously expressed genes significantly avoid sites for many embryonic miRNAs; no miRNA shows a preference for these genes at any stage of em-
bryonic development.

(B) Avoidance and enrichment patterns for miR- 1 (top) and miR- 124 (bottom) for embryonic stages 11/12 and 13-16. The most significant tissues are color-
coded according to p values that combine gene- and site-enrichment statistics. Abbreviations: prim., primordium; dl. proth. phar., dorsal prothoracic pha-
ryngeal; compl., complexes.

(C and D) miRNA primary transcript in situ hybridization. Lateral views, anterior left, unless otherwise indicated.

(C)miR-1 expressed in the presumptive mesoderm at blastoderm stage (left); in visceral and somatic mesoderm at stage 10/11 (middle); in somatic, visceral,
and pharyngeal muscles at stage 17 (right, dorsal view).

(D) miR-124 expression is detected only in brain and ventral nerve cord. From left: stages 12, 13, 16 (ventral view).

(E) Common developmental origin of nervous system and epidermis and their miR-124 avoidance/enrichment patterns. Circle: miR-124 expression.

Mutually Exclusive Expression of miRNAs
and Their Targets

sets of genes expressed in specific tissues or organs avoid
regulation by individual miRNAs, by combining the gene-

The simplest explanation for significant site avoidance is that
antitargets are required in the miRNA-expressing cells and
miRNA-mediated repression would be detrimental. Consis-
tently, genes involved in basic cellular processes required in
all cells avoid sites for all miRNAs. As many miRNAs show
pronounced spatial and temporal expression patterns, we
investigated whether a similar avoidance pattern could be
found among genes that are developmentally coexpressed
with specific miRNAs. We used an extensive collection of an-
notated in situ gene expression patterns for Drosophila em-
bryogenesis (Tomancak et al., 2002). We tested whether
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and site-enrichment statistics introduced above.

As expected, 3'UTRs of genes classified as ubiquitously
expressed significantly avoid sites for many embryonically
expressed miRNAs (Figure 3A). This gene set overlaps
considerably with the antitarget categories above. In con-
trast, predicted targets for most miRNAs are preferentially
expressed at later stages when organogenesis takes
place. Hence, we investigated the tissue distribution of
predicted targets at embryonic stages 11/12 and 13-16
and asked if target site avoidance correlates with miRNA
expression.



The only tissue-specific gene sets that significantly avoid
miR-1 regulation are those for muscle (Figure 3B). Strikingly,
miR-1 is expressed exclusively in the presumptive meso-
derm in the early embryo and subsequently in developing
muscle (Figure 3C; Sokol and Ambros, 2005). Similarly,
miR-124 is expressed exclusively in the central nervous sys-
tem (CNS) and CNS genes most significantly avoid miR-124
sites (Figures 3B and 3D). Both findings are consistent with
the analysis of Lim et al. (2005), who showed that overex-
pression of human miR-1 or miR-124 in Hela cells led to
preferential downregulation of nonmuscle or nonbrain tran-
scripts, respectively. This indicates that these two miRNAs
are conserved not only in sequence and spatial expression
from flies to vertebrates but also in their tendency to avoid
coexpressed genes (Lim et al., 2005; Wienholds et al.,
2005; Zhao et al., 2005; Sokol and Ambros, 2005).

We also found tissue-specific gene sets that are signifi-
cantly enriched for miR-1 and miR-124 targets. Genes ex-
pressed in ectodermal derivatives, especially epidermal tis-
sues, enrich for miR-124 sites (Figure 3B). This is intriguing
in view of the common developmental origin of epidermal
and neural cells (Figure 3E). Neural progenitor cells are se-
lected from the neurectoderm in a stochastic process and
change their identity to neuronal. miR-124 is expressed ex-
clusively in neuronal cells as they begin to differentiate (Fig-
ures 5B-5E), and genes expressed in these cells avoid
miR-124 sites. By repressing epithelial genes in neurons,
miR-124 may help ensure that the cell-type transition occurs
with high fidelity and that neuronal identity is guaranteed. For
miR-1, the strongest enrichment signal was for genes ex-
pressed in garland cells, which develop from the mesoderm
(Figure 3B). miR-1 may limit expression of garland-cell genes
prior to separation of these cells from their mesodermal pro-
genitors.

Figure 4A shows significant patterns of tissue avoidance
and enrichment for miR-9a and miR-279. Genes expressed
in ectodermal tissues avoid miR-9a sites, whereas genes ex-
pressed in the CNS and the peripheral nervous system (PNS)
are highly enriched for them. Expression analysis showed
that miR-9a is ectoderm specific. Early in development, it is
expressed in the presumptive ectoderm and neurectoderm,
but not in the presumptive mesoderm (Figure 4B). At later
stages, it is expressed in a dynamic pattern in the ectoderm,
but not in neural progenitors, sensory system progenitors, or
the definitive nervous system, consistent with the target site
avoidance and enrichment patterns.

Likewise, epidermal genes selectively avoid miR-279 sites,
while genes expressed in PNS and CNS enrich for them
(Figure 4A). miR-279 is expressed in a complex dynamic pat-
tern during embryogenesis (Figure 4C). Strongest expres-
sion was seen in the head epidermis in regions adjacent to
where the sensory organ progenitors form. In addition, we
observed a complex expression pattern in trunk segments,
reminiscent of the PNS (Figure 4D). Double labeling with
the sensory cell marker couch potato (Bellen et al., 1992)
showed that miR-279-expressing cells are closely associ-
ated with PNS cells, with limited overlap at the edges (Figures
4E and 4F). Consistent with the enrichment signal, neuronal
cells in the PNS lack miR-279 expression, suggesting that

miR-279 limits the neuronal character of cells in PNS
and CNS to adjacent cell populations. miR-279 is also ex-
pressed in the gonad (Figure 4C), again in agreement with
site avoidance.

How Exclusive Is Mutual Exclusion? —Some Examples
Despite the overall mutual exclusion in the expression of
miRNAs and targets, a number of genes with predicted
target sites are annotated as being coexpressed with the
miRNA. To challenge our model, we analyzed several of
these cases in detail. For example, 16 genes with miR-124
binding sites are annotated as being expressed in the CNS.
In most cases, a close examination of the in situ data and/or
relevant literature showed that their expression is high in
nonneuronal tissues and low or not detectable in the CNS,
resolving the apparent conflict (e.g., thickveins, Amalgam,
and RhoBTB). From the remaining cases where absence
of expression in neurons was less clear, we analyzed lethal
of scute (/(1)sc), reversed polarity (repo), and Gliotactin (Gli)
(Figure 5). All three contain miR-124 sites that are conserved
in eight Drosophila genomes, and regulation of their respec-
tive 3'UTRs has been verified in cell culture experiments
(Robins et al., 2005; data not shown). /(7)sc encodes a tran-
scription factor that is highly expressed in delaminating neu-
roblasts (Martin-Bermudo et al., 1991) but whose expression
is lost upon onset of neuronal differentiation, when miR-124
expression is first detected. Double in situs showed that
I(1)sc and miR-124 are expressed in the same cell lineage
but predominantly at different developmental stages (tempo-
ral mutual exclusion; Figures 5B and 5C). Simultaneous ex-
pression is only detected during germ-band retraction, yet
never in the same cells as determined by confocal analysis
(Figure 5E).

repo encodes a transcription factor, whose expression in
the CNS is restricted to lateral glia (Xiong et al., 1994). Dou-
ble labeling showed that the neuron-specific miR-124 is ab-
sent in neighboring repo-positive glia (spatial mutual exclu-
sion; Figures 5H-5J).

Gliotactin encodes a transmembrane protein thatis broadly
expressed in most epidermal cells and becomes more re-
fined at later stages (Figures 5L.—5N). Gli is never seen in neu-
rons but is expressed in exit glia closely associated with the
ventral nerve cord (Auld et al., 1995), indicating spatial mutual
exclusion with the neuron-specific miR-124.

We performed a similar analysis for the muscle-specific
miR-1. The presence of two miR-1 sites in the muscle gene
Tropomyosin 1 (Tm1) seems in clear conflict with our model.
However, there are several isoforms of Tm7 (Hanke and
Storti, 1988; Figure 6A). The three isoforms expressed in
muscle lack miR-7 sites. The two highly conserved miR-1
sites are found in the 3'UTR of the “cytoplasmic” isoform
(cTm1) and confer regulation by miR-7 in a luciferase-
reporter assay (data not shown). cTm1 is involved in motility
of nonmuscle cells, and expression is detected in gut, epi-
dermis, and brain, but not in muscle (Figures 6B and 6C).
cTm1 differs considerably from the muscle isoforms, and
its misexpression might interfere with assembly of functional
muscle fibers. Strikingly, the existence of Tropomyosin iso-
forms with distinct functions is conserved in vertebrates
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Figure 4. miR-9a and miR-279 Target/Antitarget Expression

(A) Avoidance and enrichment patterns for miR-9a (left) and miR-279 (right) for stages 11/12 and 13-16.
(B and C) miRNA primary transcript in situ hybridization. Lateral views, anterior left, unless otherwise indicated.
(B) miR-9a expressed in ectoderm but not presumptive mesoderm at blastoderm (left, ventral view). At stage 12 expression is in ectodermal cells at segment

edges and in stomodeum, but not in CNS (middle; right, ventral view).

(C)miR-279 expression is first detected during germband elongation. Stage 11: expression in head epidermis and in segmentally repeated groups of cells in
the trunk (left). Stage 13: more complex pattern in the trunk (middle). Note strong expression outlining the edges of the head segments and the absence of
label centrally, where sense organ primordia form (arrow: maxillary segment). Stage 17: strong labeling in anterior spiracles (arrowhead), gonads (arrow), and

a complex signal in head segments (right; dorsal view).

(D) In situ hybridization for the PNS marker couch potato. From left: stage 11, 13 with strong labeling of head and trunk sense organs, and 16 (dorsal view).
(E and F) Confocal images of fluorescent in situ labeling for miR-279 (nuclear, green) and cpo (cytoplasmic, red). miR-279 expression generally flanks cpo
expressing PNS cells. Embryonic trunk region ([E], lateral view); head region ([F], ventral view).

and again, only the cytoplasmic isoform of Tropomyosin 3,
contains a predicted miR-1 site (Krek et al., 2005; Lewis
et al.,, 2005). This example indicates that miRNAs might
not only reduce noise arising from erroneous transcription
but also from imprecise splicing.

Another interesting example is the V-ATPase complex.
Some of its subunits are annotated as being expressed in

muscle but contain miR-17 sites conserved in flies, worms,
and vertebrates (Figure 6D; Krek et al., 2005; Lewis et al.,
2005). In contrast to the F-ATPase, which is important for
ATP synthesis in all cells (not targeted by miR-1), V-ATPase
generates a proton gradient across membranes and regu-
lates the pH of certain organelles. Reexamination of the ex-
pression patterns (e.g., Figure 6E) and the literature (Allan
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Figure 5. Proximity of miR-124/Target Expression

(A, F, and K) Evolutionarily conserved sequence blocks in 3'UTRs (black). Local sequence alignments highlight miR-124 complementary seed sequences
(red).

(B, C, and D) Double in situ hybridization for miR-124 (blue) and I(1)sc (brown); development progresses from (B) (stage 9; dorsal view) to (C) to (D) (stages 11,
14; ventral views).

(E) Confocal analysis of fluorescent double in situ (ventral nerve cord, stage 11) showing /(7)sc-positive neuroblasts (red) and miR-124-positive neurons

(
(G) In situ hybridization for repo (stage 13) labels all lateral glia cells.

(H and I) Double labeling for miR-124 (blue) and repo (brown); development progresses from (H) to (I) (stages 11, 13; ventral views).
(

L, M, and N) In situ hybridization verifies absence of Gli expression in neurons.
L) Stage 11; dorsal view; (M) stage 13; (N) stage 16, arrow: exit glia.

et al.,, 2005) indicates that V-ATPase is not expressed in Thus, the examples that were analyzed because they ap-
muscle but in tissues with high rates of membrane traffic parently conflicted with our model actually support it. They
(e.g., gut or malphigian tubules), so that miR-1 might prevent illustrate mutually exclusive expression of miRNAs with their
its potentially deleterious ectopic expression in muscle. targets, either temporally or spatially.
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Figure 6. miR-1 and Muscle Physiology

(A) Tropomyosin 1 transcript isoforms (CDS, black; UTRs, white); 3'UTR of the cytoplasmic isoform (cTm7) is enlarged with conserved sequence blocks in
black; miR-1 complementary seed sequences in red.

(B) In situ hybridization showing cTm1 expression in epidermis (left; stage 8), nervous system and gut (right; stage 14).

(C) In situ hybridization for muscle isoforms (mTm1) shows expression in muscles; stage 14 ventral view; (D) V-ATPase subunit genes in D. melanogaster, C.
elegans, and H. sapiens. Orange: those with predicted miR-1 target sites (this work; Lewis et al., 2005, Krek et al., 2005)

(B) In situ hybridization for Vha68-2 showing strong expression in gut, malphigian tubules, and CNS (left: dorsal view stage 13; right: ventral view stage 16;
arrow: ventral nerve cord).
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DISCUSSION

In this report, we provide evidence that animal miBNAs have
wide-ranging effects on diverse sets of genes: (1) many
genes have been subject to selection during evolution to en-
rich for or avoid miRNA binding sites by changes in 3'UTR
length and in site density. (2) Genes that avoid miRNA regu-
lation tend to be expressed ubiquitously and are involved in
basic cellular processes. In contrast, target genes show tis-
sue-specific expression with roles in developmental pro-
cesses. (3) Target site avoidance for individual miRNAs cor-
relates with miRNA expression, indicating that miRNA and
target expression are largely nonoverlapping during develop-
ment. (4) Targets of individual miRNAs tend to be expressed
in tissues spatially or temporally flanking the miRNA-expres-
sion domain. This mutually exclusive expression allows us to
propose a model in which miRNAs confer robustness to
gene-expression programs.

Site Number and Cooperativity

Ninety-five percent of genes with conserved target sites have
just one site for one miRNA. “Switch” targets (Bartel and
Chen, 2004) that are stringently regulated via multiple sites
for one miRNA are rare. Interestingly, most known targets
of genetically identified miRNAs contain multiple sites (Abra-
hante et al., 2003; Brennecke et al., 2003; Lee et al., 1993;
Linetal., 2003; Reinhart et al., 2000; Wightman et al., 1993).
We speculate that their genetic identification was in fact pos-
sible because of strong target derepression in the absence
of the miRNA. Stringent target regulation might reflect the
potential damage from misregulation (e.g., the proapoptotic
gene hid or the many transcription factors among our top
predictions). For genes with single sites, meaningful regula-
tion is likely restricted to situations when transcript levels
are low relative to miRNA levels. Our analysis of miRNA
and target expression suggests that this type of regulatory
relationship is common in vivo. However, we do not exclude
the possibility that expression of some genes is more subtly
modulated (tuning targets; Bartel and Chen, 2004). Weak
sites are also a prerequisite for combinatorial regulation by
several miBRNAs. We observed extensive cooccurrence of
sites for different miRNAs, which suggests cooperative reg-
ulation by coexpressed miRNAs or complementary regula-
tion by different miRNAs in different cells.

miRNAs and 3'UTR Evolution

The widespread impact of animal miRNAs on many target
genes results from the flexibility of target-site recognition,
where as little as a 7mer seed can confer regulation (Bren-
necke et al., 2005; Doench and Sharp, 2004). Indeed, levels
of many RNAs change when siRNAs or miRNAs are intro-
duced into animal cells (Jackson et al., 2003; Lim et al.,
2005). Functional sites will thus appear frequently during
evolution, and our data suggest that genes confronted with
miRNAs have been under selection to specifically avoid sites
or take advantage of the regulation. Avoidance is expected
for genes for which miRNA-mediated repression would be
detrimental and for genes expressed at high levels, which

could interfere by titrating miRNAs off their genuine targets
(Bartel and Chen, 2004).

We find that selection has acted both to limit 3’'UTR length
and to specifically eliminate miRNA complementary sites.
Reciprocally, 3'UTR length and site density increases with
the number of mIRNA binding sites. This suggests that
miRNAs have had a profound impact on 3'UTR evolution.
Remarkably, ~50% of conserved 8mer blocks in vertebrate
3'UTRs are complementary to known miRNAs (Xie et al.,
2005). This predicts that the differences in 3'UTR length
between target and antitarget categories observed in
Drosophila should also be present in other animals but ab-
sent in species lacking miRNAs (yeast) or in plants where
the requirements for miRNA pairing are higher, precluding
prevalent off-target effects (Schwab et al., 2005). Indeed,
genes coding for transcription factors have significantly lon-
ger 3'UTRs than ribosomal genes in nematodes, flies, and
humans, whereas they are of similar lengths in yeast and
Arabidopsis (Figure 2H).

Mutual Exclusion

A key outcome of this work is the perspective on miRNA
function that emerges from the relationships between
miRNAs and both their targets and antitargets. miRNAs and
their targets are expressed in a largely nonoverlapping man-
ner, whereas miRNAs and antitargets tend to be coex-
pressed. Most intriguing is the finding that miRNAs preferen-
tially target genes expressed in neighboring tissues (spatially
or temporally). We call this mutual exclusion to emphasize
that miRNAs prevent unwanted expression of target tran-
scripts, which should be absent in the miRNA-expressing
cell. The evolutionary conservation of target sites and the ob-
servation that targets often have similar function or expres-
sion profiles argues that certain genes are predisposed of
being misexpressed. Although not detectable by in situ hy-
bridization, these transcripts might thus be present at low
levels, allowing the miRNA to repress their expression to in-
consequential levels.

Our findings suggest that only the combined analysis of
targets and antitargets can reveal miRNA function, and
that inferring function solely from targets might be mislead-
ing. For example, although we predict miR-9 to target many
neurogenesis genes, it is likely not involved in neurogenesis.
In contrast, the patterns of target avoidance and the miRNA
expression suggest that miR-9 confers epidermal identity by
suppressing erroneously transcribed neural genes. We were
not able to visualize expression of miR-9b and c. Itis possible
that they are expressed in proliferating neuronal precursor
cells as in vertebrates (Wienholds et al., 2005), where they
might suppress premature differentiation, consistent with
the miR-9 target spectrum.

Our analysis is based on in situ expression data and indi-
cates that the transcription of miRNA and targets is generally
mutually exclusive. However, recent data show that animal
miRNAs can also destabilize target mRNAs (Bagga et al.,
2005; Lim et al., 2005), suggesting that miRNAs could shape
transcript patterns. If the degree of miRNA-mediated down-
regulation were strong, this could explain mutual exclusion
of miIRNA and targets. However, the weight of available
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evidence does not support this view: (1) the pattern of gene
expression defined by in situ hybridization generally reflects
the expression of enhancer traps that place lacZ under the
control of an endogenous promoter. For predicted miRNA
targets such as repo or Gli, the two patterns have been re-
ported to be indistinguishable (Auld et al., 1995; Xiong
et al., 1994; Figure 5). (2) We visualized the nascent tran-
scripts for the predicted targets repo, Gli, and /(7)sc using in-
tron probes or by confocal analysis and found them to be
comparable to the mature mRNA. (3) If target-expression
patterns were strongly influenced by miRNAs, ectopic ex-
pression should occur in the absence of miRNAs. However,
Sokol and Ambros (2005) did not detect ectopic expression
of predicted miR-1 targets in miR-1 mutant flies. Nor did Gir-
aldez et al. (2005) find evidence for altered expression of im-
portant developmental genes in zebrafish embryos lacking
all miRNAs. This is consistent with reports that the effects
of miIRNA expression on target mRNA levels are generally
<50% (Lim et al., 2005; Pillai et al., 2005). Bagga et al.
(2005) recently showed that the mRNA levels of the lin-4
and let-7 targets, lin-14, lin-28, and lin-41, were strongly
downregulated upon miRNA expression. However, target
mMRNA levels were also reduced in lin-4 and let-7 mutants,
albeit to a lesser extent, indicating independent transcrip-
tional downregulation. It may be that even these “switch-
like” miRNAs support, rather than dictate, target-gene re-
pression.

The mode of mutually exclusive expression is likely impor-
tant in developmental decisions where cells need to make
transitions from one state to another. Progenitor cells must
maintain their identity while being able to efficiently initiate a
new developmental program. This might come at the cost of
leaky transcription, and a miRNA expressed in the progenitor
population could help to prevent premature expression of
genes needed during differentiation (e.g., miR-9a in neurec-
toderm). Reciprocally, miRNAs expressed in the daughter
lineage provide a rapid and effective means to repress resid-
ual mRNAs while the transcriptional program of the cell is
changing (e.g., miR-124 in neurons). We observed comple-
mentary patterns between miRNAs in spatial expression and
identity of targets and antitargets, indicating reciprocal roles
for different miRNAs (e.g., miR-124 and miR-9).

Although we think that the model of mutual exclusion ap-
plies to many or all miRNAs, this might be obscured in some
cases. Some mMiRNAs have highly dynamic expression pat-
terns that do not coincide with tissues or organs. miRNAs
likely target different genes at different times or in different tis-
sues, but this temporal and spatial resolution is not reflected
in the lists of predicted targets. Some miRNAs come in fam-
ilies with identical or near-identical sequences and conse-
quently very similar target lists. As some are expressed from
different genetic loci in different tissues (A. Boutla, personal
communication), comparison of target prediction and spatial
expression cannot be resolved for individual family mem-
bers. In addition, complex organs often contain various cell
types that express different miRNAs (e.g., nerve cells versus
glia) so that reciprocal avoidance and enrichment signals for
the whole organ might cancel each other. Our model might
even apply to miRNAs that seem to be expressed ubiqui-
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tously, as those are likely not ubiquitous over time but could
support developmental transitions as systemic timers.

Finally, we derived this model for miRNAs that are con-
served and abundant during normal fly development. It is
possible that recently evolved species-specific miRNAs are
more involved in fine-tuning gene expression to adapt organ-
isms to different environments rather than supporting more
ancient developmental programs.

Perspective

We suggest that miRNAs confer precision and robustness
to developmental processes. This view is based on several
findings: (1) miRNAs regulate a large number of targets with
diverse molecular and physiological functions rather than few
key factors; (2) most targets contain only single sites for
individual miRNAs insufficient for stringent regulation; (3)
miRNAs and their targets are generally expressed in a mutu-
ally exclusive manner; (4) although miRNAs have recently
been reported to show striking tissue- and organ-specific ex-
pression in zebrafish embryos (Wienholds et al., 2005), agen-
eral role for miRNAs as developmental switches in patterning
or organogenesis was excluded by analyzing Dicer mutants
(Giraldez et al., 2005). This is consistent with our proposal
that miRNAs confer fidelity to developmental processes
and leads to the expectation that a considerable proportion
of mutants lacking single miRNAs might show only relatively
mild defects, e.g., increased developmental variability. Dur-
ing evolution, developmental robustness is, however, crucial,
and indeed numerous miRNAs are deeply conserved in in-
sects, nematodes, and vertebrates. The ease with which
novel MiIRNAs and miRNA target sites can be acquired or
lost, with the ensuing consequences in developmental varia-
tion makes miRNAs powerful tools during evolution.

EXPERIMENTAL PROCEDURES

Target Prediction

Orthologous pairs of unique D. melanogaster and D. pseudoobscura
3'UTRs were aligned as described (Brennecke et al., 2005). For each
cloned Drosophila miRNA (Aravin et al., 2003) we found all 8 to 4mers
complementary to the &’ end of the miRNA that were 100% conserved al-
lowing for positional alignment errors of +2 nt. For 8mers, we allowed one
ntloop in the miRNA or target and one mismatch, for 7mers one G:U mis-
match. For each match, we extracted the 3’ adjacent sequence for both
genomes, paired it to the miRNA 3’ end starting at nt 10 with RNAhybrid
(Rehmsmeier et al., 2004) and used the worse score. For 8mers with
a G:U mismatch or loop on the target side, we required 3’ pairing to be
>50% of the maximally possible pairing energy; 60% was required for
8mers with a mismatch or loop on the miRNA side, as well as for 7mers
with a G:U mismatch and for 6mers, 70% for 5mers, and 80% for
4mers; none was required for 8 and 7mers. We normalized the 5" and
3’ pairing energy calculated by RNAhybrid separately using Z scores
(Stark et al., 2003). Based on the statistical signal obtained from pure
seed matching for the individual seed types (Brennecke et al., 2005),
the 5’ scores for 8mers were weighted by 2.8x, 7mers by 2x, and
6mers and target-side loops by 1.2 x .5" and 3’ scores were added to
give the individual site score. The UTR score is the sum of all sites with
nonoverlapping seeds.

Shuffled miRNA Controls
We used 10 random (shuffled) miRNAs for each of the 39 cloned 5’ non-
redundant miRNAs. We shuffled the entire miRNA sequence and required



the random sequences to have an equal number of matches (£15%) in
the D. melanogaster 3'UTRs. Targets were predicted for shufflied miRNAs
as above.

Site Cooccurrence

We counted the number of predicted sites for all cloned miRNAs per
gene. For the random controls, we distributed an identical number of sites
as obtained in our analysis for each miRNA randomly across all genes by
a “drawing experiment with replacement” and counted number of times
each gene was chosen. Note that comparison to predictions for shuffled
miRNAs are uninformative (see Supplemental Data). For the drawing ex-
periment, we first assumed an identical a priori probability (i.e., database
frequency) of being a target for all genes and randomly drew genes (with
replacement) from our database. We then corrected (multiplied) the
a priori probability for each gene with its 3'UTR length, as the number
of short matches in a long sequence depends linearly on the sequence
length. For each distribution, we binned all genes according to the num-
ber of sites and calculated the median 3'UTR length and site density
(number of sites per kb 3'UTR sequence) within each bin.

Comparison of 3'UTR Lengths

3'UTRs and GO annotations were obtained from ENSEMBL (H. sapiens),
TAIR (www.Arabidopsis.org, A. thaliana), and Wormbase (C. elegans).
For S. cerevisiae, GO annotations were obtained from SGD (www.
yeastgenome.org), and 3'UTR length information for 2214 genes was
kindly provided by Lars Steinmetz. Median lengths for all genes in the re-
spective GO categories were calculated from the 3'UTR length average of
all splice forms per gene, and the significance of the group differences
was assessed with a two-tailed t test.

Functional Clustering

We obtained annotations from the Gene Ontology consortium, the KEGG
database, and the BDGP in situ expression database (second release
kindly provided by P. Tomancak and V. Hartenstein, personal communi-
cation). We added all parent categories to each gene’s annotation to al-
low functional comparison at every level of the hierarchy. We tested for
enrichment and avoidance of genes corresponding to all categories within
our predictions by three different, complementary measures (see Supple-
mental Data for details). Briefly, we tested (1) whether a category is over/
underrepresented among predicted targets, (2) whether 3'UTRs in a cat-
egory contain more sites than expected given their length and conserva-
tion, and (3) whether target sites are better conserved than average 3'UTR
sequences in a category. All measures are based on binomial p values
that assess the deviation from random where small p values close to
zero are significant.

UTR Assays

3'UTRs of predicted targets were cloned downstream of firefly luciferase
(reporter plasmids). miRNAs were expressed from plasmids containing
500 bp genomic DNA including the hairpin. Reporter and miRNA plas-
mids contained the tubulin promoter. S2 cells were transfected in six-
well plates with 0.1pg of the firefly luciferase reporter plasmid, 0.1 ug of
Renilla luciferase transfection control, and 1 pug of miRNA expression
plasmid or empty vector. Transfections were performed in triplicate.
Dual luciferase assays were performed 2.5 days after transfection ac-
cording to the manufacturer’s protocol (Promega).

miRNA In Situs

pri-miRNA transcript in situs were as described (Kosman et al., 2004) ex-
cept for the following: embryos were not treated with Xylene; probes were
labeled with DIG-11 UTP but not hydrolyzed; probes were detected with
AP-coupled anti-DIG Fab fragments (Roche #1093274; 1:2000; 2 hr RT)
and visualized with NBT/BCIP (Roche #1682326; 30-120 min). For dou-
ble in situs, the probes were hybridized together (labels—pri-miRNA, DIG;
mRNA, Fluorescein-12-UTP), pri-miRNA was detected as above and the
antibody removed with Glycine/HCI (0.1M; pH2.2). mMRNA was then de-
tected with AP-coupled anti-Fluorescein Fab fragments (1:2000; Roche
#1426346) and visualized with INT/BCIP (Roche #1681460). Fluorescent
double in situs were as follows: primary antibodies (anti-DIG POD [1:200;

Roche #1207733] and AP-coupled anti-Fluorescein) were incubated to-
gether (2 hr RT). miRNA was detected first with the tyramide signal ampli-
fication method (Molecular Probes #T-20939; 2 hr RT). If needed, a sec-
ond amplification round was performed using HRP coupled anti-oregon
green (1:400; Molecular Probes #A21253). Subsequent mRNA detection
was performed as above but using FastRed (Roche #3019560).

Supplemental Data

Supplemental Data include three figures, one table, and supplemental
text and can be found with this article online at http://www.cell.com/
cgi/content/full/123/6/1133/DC1/.
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Supplemental Results

Comparison of All Available Drosophila miRNA Target-Prediction Methods

Table S1 shows 133 Drosophila miRNA target pairs that have been experimentally tested by the Cohen
(84), Lai (20), Padgett (16), and Macdonald (7) labs, or a combination of these labs (6; Brennecke et
al., 2003; Brennecke et al., 2005; Burgler and Macdonald, 2005; Lai et al., 2005; Robins et al., 2005;
Stark et al., 2003). Of all tested pairs, 71 were functional, i.e. showed miRNA dependent regulation of
the reporter protein levels and 62 were not. The table further indicates which miRNA targets have been
predicted by all of the publicly available miRNA target predictions. To summarize the performance of
the methods, we calculated the number and percentage of functional and non-functional miRNA-target
pairs that were predicted (Fig. S1, Table S1).

From all genome-wide predictions, MovingTargets (Burgler and Macdonald, 2005) has the highest
specificity as it predicts the smallest number of non-functional targets (2%). It requires conservation in
two fly genomes and highly stringent criteria such as a minimum of 3 sites per gene. Note that the high
specificity comes at the cost of low sensitivity, as only 11% of all functional pairs are detected (see
below). This has been specifically anticipated by the authors that sought for high-likelyhood
predictions. Interestingly, the specific settings of PicTar (Grun et al., 2005) that require extensive site
conservation but have otherwise relaxed criteria, achieve about the same level of specificity (3%) with
a much higher sensitivity (48%).

To assess the accuracy or trustworthiness of the predictions, we calculated the percentage of
predictions that were functional for each method. Methods by three groups were in the 90% range: The
specific (94%), medium (91%) and sensitive (88%) settings of PicTar, MovingTargets (88%), and our
new predictions (88%, this work). The remainder of more recent methods (miRanda 2005 update based
on Enright et al. (2003); RNAhybrid (Rehmsmeier et al., 2004) and the method by Robins et al. (2005))
have accuracy values around 70%. This indicates that our understanding of miRNA target sites has
improved compared to the first predictions that were based on empirical rules derived from very few
examples (Stark et al. (2003), 55%; Enright et al. (2003), 39%; Rajewsky and Socci (2004), not
assessed because only 1 miRNA/target pair overlapped with the experimental set).

We assessed the sensitivity or coverage of the methods by calculating the percent of functional sites
that were predicted. Our new predictions correctly identified 81% of all functional sites, followed by
the sensitive settings of PicTar (69%) and miRanda 2005 (58%). Targets predicted by miRanda,
RNAhybrid and the method by Robins et al. (2005) have limited overlap with targets predicted by us or
tested experimentally (see below). Thus many of their predictions could not be assessed and the
sensitivity of these predictions might be an underestimate.

We also compared the global overlap of predictions for all different methods to our newest method
considering all miRNA-target gene pairs for all cloned 5’non-redundant Drosophila miRNAs (Aravin
et al., 2003). This shows that PicTar predictions are very similar to ours and have by far the highest
overlap. For other methods, a substantial fraction of the predictions does not overlap with ours.

Although we use all currently available miRNA target pairs that have been experimentally tested, we
are aware of the shortcomings of this comparison due to the incompleteness and bias in this set: The
specificity of a method can in principle only be estimated if predictions at different ranks are
systematically tested. As experimental tests are often biased towards the top-ranking predictions, it is
difficult to assess the performance at different ranks (note that we tested many of our predictions at
different ranks and even some miRNA/gene pairs that were not predicted). In addition, as most tested
predictions are from our lab (63%), we can assess the other method’s specificity only on those pairs
that overlap with our predictions and tests, i.e. comply with our site rules. One could argue that the
overlap of two or more prediction methods leads to better predictions, and we might thus overestimate
the accuracy of other methods by assessing their performance on this overlap. In contrast, we risk
underestimating the other methods’ sensitivity as predictions that are not overlapping with the tests
might be functional but cannot be considered. We also cannot assess sensitivity on an absolute level as
nearly all miRNA target pairs were tested because they were predicted (i.e. predictions and tests are not
independent). Finally, the poor overlap of predictions by methods other than PicTar and
MovingTargets with our own predictions could reflect that these three methods miss a substantial part
of valid targets with pairing characteristics not complying with our rules. However, it could also mean
that the other methods substantially overpredict non-functional sites. We think it is crucial that the
authors of the respective methods clarify on a large, representative set whether the non-overlapping



predictions are functional. If they were, we would be able to extend our understanding of site
requirements. If not, this knowledge would help to improve these methods immensely and would
reconcile the different attempts to target prediction, whose discrepancies have rightly been criticized
(Lai, 2004).

We generally found a tradeoff between sensitivity and specificity, where methods with high specificity
often have lower sensitivity, and feel that future methods have to work on improving this balance. Our
comparison using the tested miRNA target pairs and the global overlap indicates that our new
predictions and those by Grun et al. (2005) are very similar and seem to perform best. Notably, the
rules about target site structure underlying our method and the current methods by the Rajewsky lab
(Grun et al., 2005; Krek et al., 2005) are also very similar to those that were independently developed
for target prediction in vertebrates by the Burge and Bartel labs (Lewis et al., 2005; Lewis et al., 2003).

If we were to provide a final statement about which predictions to consider, we would like to
recommend our predictions and those by Grun et al. (2005). For the specific purpose of having a high
confidence set that potentially misses valid targets, we recommend the specific PicTar predictions
(94% accuracy and 48% coverage). Note however, that these are restricted to evolutionary ancient
targets conserved across many fly species. In addition, the authors showed that requiring conservation
across many species is currently hampered by methodological shortcomings, e.g. errors in genomic
alignments or in the mapping of orthologs, which lead to lower sensitivity. If high sensitivity is wanted
while guaranteeing good specificity, we recommend our predictions (88% accuracy and 81%
coverage). This is especially important when working on a specific miRNA and/or phenotype and all
putative target genes need to be considered. High sensitivity is also crucial for the purpose of extracting
information about the complete target complement, as done in this work. Especially our finding that the
signal for target site avoidance and enrichment is apparent in a single genome analysis without
requiring any conservation argues that for this type of analysis the coverage is more important than a
modest improvement in specificity.



Figure S1. Comparison of miRNA Target-Prediction Methods in Drosophila
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(A) Performance of the different published methods on 133 experimentally tested miRNA target pairs
(see Table S1). As most methods did not consider 3°UTRs that were not confirmed by ESTs, we
excluded these pairs (gray shade in Table S1). Shown are the absolute numbers of tested miRNA target
pairs that are predicted, where black bars indicate the prediction of functional pairs (true positives;
‘Tested pos’ shows the total number of functional pairs) and red bars the prediction of non-functional
pairs (false positives). The miR-278 predictions of miRanda 2005 were not available. As most non-
functional tests were for this miRNA and excluding it would have artificially penalized miRanda 2005,
we decided to use the miRanda 2003 predictions for miR-278.

(B) Total overlap of predicted genes for all 5’non-redundant cloned Drosophila miRNAs (Aravin et al.,
2003). Considered were the miRNAs bantam, miR-1, -11, -12, -124, -14, -184, -210, -263b, -275, -
276a, -277, -279, -281, -285, -2a, -3, -304, -305, -306, -307, -308, -311, -314, -315, -316, -317, -31a, -
34, -4,-5, -7, -8, -92a, -9a, -iab-4-3p, -iab-4-5p (MiR-278 and -303 were not considered as predictions
were not available from miRanda 2005 or PicTar, respectively). Note that the absolute number of
predictions might differ from those in the respective papers because of the restriction to these miRNAs.
Rajewsky and Socci (2004) for example predict 39 pairs, of which 21 are not considered as the
respective miRNAs are not cloned (e.g. miR-P323/vas) or were not chosen as family representative
(e.g. miR-6/tll, which is in fact recovered by us and PicTar).
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Table S1. Comparison of miRNA Target-Prediction Methods in Drosophila
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133 miRNA target pairs in Drosophila that have been experimentally tested in transgenic flies (W,
wing-disc assay as in Brennecke et al., (2003) or in cell-culture (C) by the indicated labs (Brennecke et
al., 2003; Brennecke et al., 2005; Burgler and Macdonald, 2005; Lai et al., 2005; Robins et al., 2005;
Stark et al., 2003). Functionality of the miRNA target pairs and whether individual methods predict
them is indicated (1: functional/predicted; 0: non-functional/not-predicted; n: not considered; *: 3’UTR
not in database but site identified when included). Gray shade indicates 3’UTRs that were not
annotated and not considered by many methods. Boxed values: Sum and percentage of predicted
functional and non-functional pairs for each method and the success-rate (%functional of all predicted
and tested). Note that all values in this box disregard the gray shaded and the not considered cases.



Extensive Cooccurrence of Sites for Different miRNAs

Only 5% of all predicted targets contain more than one conserved site for any single miRNA,
indicating that stringent target regulation by one miRNA is rare (not shown). In contrast, we observed
extensive co-occurrence of sites for different miRNAs in target 3'UTRs (Fig. S2; Enright et al., 2003;
Grun et al., 2005; Krek et al., 2005). The 9487 binary interactions correspond to 3125 3’UTRs so that
almost 50% of all targets have sites for 2 or more 5’unique miRNAs and some have sites for as many
as 12. To assess the significance of site co-occurrence, we compared our results to a random model, in
which an identical number of sites is distributed randomly across all genes or randomly across the
available 3’UTR sequence by a ‘drawing experiment with replacement’ (see Methods). We first
defined the a priori probability of being a miRNA target for all genes to be identical, arguing that any
difference between genes (e.g. in 3’UTR length) might be biologically meaningful. Figure S2A shows
that the real site co-occurrence is several orders of magnitude above the level reached by this control,
indicating that many genes have more sites than expected. We then corrected the probability above
with the genes’ 3’UTR lengths, to assess to what extend 3’UTR length differences can explain co-
occurrence. This indeed indicates that 3’UTR length differences considerably influence co-occurrence
(Fig. S2B). However, for 3 and more sites per gene, the real distribution is significantly above the
length-corrected control. This indicates that significantly more genes than expected given the 3’UTR
length differences have 3 ore more sites.

This is further emphasized by analyzing 3’UTR lengths and site densities (i.e. the number of sites per
kb 3°’UTR) for all genes with a given number of sites. Figure S2B and C show that co-occurrence for
predicted sites of real miRNAs arises from differences in 3’UTR length and site density: genes with
more miRNA sites have on average both, longer 3°UTRs and more sites per kb 3’UTR sequence. In
contrast, site co-occurrence for the length corrected control and for shuffled miRNAs comes solely
from length differences, while the site densities remain constant (note that — in contrast to the relative
contribution of 3’UTR length and site density — the absolute level of site co-occurrence of predictions
for shuffled miRNA itself is not informative due to the intrinsically lower number of sites). This shows
that many genes have several sites due to increased 3’UTR length and an increased site density. In
contrast, genes with few sites have short 3’UTRs and lower site densities. The fact that both measures
show identical trends and that the increase in site density is absent in both controls suggests that
3’UTRs have been specifically selected for or against miRNA regulation and argues that miRNAs have
a profound impact on 3’UTR evolution.
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(A) Co-occurrence of predicted miRNA target sites. Plot of the number of genes (log) versus the
number of sites per gene, considering one representative per miRNA family for all cloned Drosophila
miRNAs (black). To control for the level of random site co-occurrence, we distributed an identical
number of sites randomly across all genes by a drawing experiment, which treats all genes equally
(i.e. irrespective of 3’UTR lengths; blue) or corrects for 3’UTR length differences (red). Sites
complementary to real miRNAs are highly asymmetrically distributed and site co-occurrence is much
higher than expected. 3’UTR length differences account for some of the observed co-occurrence but
for 3 and more sites per gene, the real curve is significantly above the corrected control. Note that
controls based on predictions for shuffled miRNAs are uninformative as — depending on the overall
signal-to-noise ratio — fewer sites are predicted overall. Fewer sites distributed across an identical
number of genes leads trivially to fewer sites per gene and thus to apparently lower co-occurrence
values.

(B) Site co-occurrence and 3’UTR lengths. Median 3’UTR lengths for all genes with a given number
of predicted sites for real miRNAs (black), shuffled miRNAs (green) and with a given number of
randomly assigned sites in the length corrected control (red, see A). 3’UTR lengths in all cases
increase with the number of sites per gene, but the distribution for sites of real miRNAs is
significantly below that for the controls. Given the higher degree of site co-occurrence for real
miRNAs (A), this indicates that co-occurrence cannot be solely based on 3°UTR length differences.
(C) Site co-occurrence and site density. Plot of the average site density (# sites per kb 3’'UTR
sequence) for all genes with a given number of sites (specifics as in B). Site density increases with the
number of sites per gene for real miRNAs (black), whereas it is constant for both controls (red, green).
This indicates that co-occurrence observed for controls (A) is solely based on 3’UTR length
differences but that targets for real miRNA acquire sites by both increases in 3°UTR length (see B)
and site density.

(D) Predicted target sites in the nerfin-1 3’UTR in Drosophila melanogaster, Anopheles gambiae and
Caenorhabditis elegans (egl-46). Black bars: blocks of sequence conserved between D. melanogaster
and D. pseudoobscura or C. elegans, C. remanei and C. briggsae, respectively. Positions of predicted
target sites for miRNAs are shown (K box: miR-2, -6, -11, -13, 308; Brd box: miR-4, -79; (Lai et al.,
2005)). Black boxes indicate sites that are conserved in D. melanogaster, D. pseudoobscura, D.
yakuba, D. simulans, D. ananassae and D. virilis, sites that are conserved in all but the most distant D.
virilis are gray. Sites for bantam- and miR-279-related miRNAs were also found in the nematode
ortholog egl-46 (blue and red).



(E) Part of a wing imaginal disc containing a clone of cells mutant for the dicerl gene (Lee et al.,
2004). Mutant cells were labeled by the absence of B-galactosidase (i.e. absence of red) and showed
elevated expression of a Tubulin-EGFP reporter transgene containing the nerfin-1 3’UTR (green).
Error bars: standard deviation for 10 random controls.



Figure S3. Properties of Target and Antitarget 3’UTRs
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Dissection of 3’UTR parameters that correlate with target and anti-target classification as in Figure 2.
Shown are values for all genes in the best 50 target and anti-target categories, where obviously
redundant GO categories were manually removed. (A) 3’UTR length; (B) target site density; (C)
overall 3’UTR conservation considering only conserved nucleotides in blocks of at least 6; (D)
selective site conservation (-log p values); (E) specific enrichment of conserved sites (CG: conserved
genome analysis; -log p values; statistic intrinsically corrects for 3°UTR length); (F) specific avoidance
of conserved sites, specifics as in (E); (G) GO categories shown in (A-F): (top) anti-target categories
(left in A-F); (bottom) target categories (right in A-F). Note that the anti-target categories are sorted
right to left, so that the best are adjacent to the best target categories.



Detecting Clusters of Functionally Related Target Genes

In light of the recent finding that an average miRNA has > 100 target genes, it seems likely that a given
miRNAs regulates groups of genes that are related by a common function or expression pattern rather
than a completely arbitrary collection of unrelated genes. Indeed, others and we previously presented
evidence that a miRNA controls several genes involved in Notch signaling or many enzymes of a
metabolic pathway (Lai et al., 2005; Stark et al., 2003). The set of genes regulated by a particular
miRNA might thus contain global common features that are not obvious when considering a single
gene. Thus, augmenting the lists of miRNA targets with additional information from other sources
(e.g. functional annotations, or expression data), might suggest meaningful associations between them,
and reveal more about the biological function of a miRNA then any individual predicted or validated
target. For example, as miRNAs are negative regulators of gene expression, it is likely that they
regulate genes whose expression would be detrimental for a given cell or tissue. In contrast, they
probably avoid genes that are generally required in all cells or specifically required in a miRNA
expressing tissue. We thus anticipated patterns of gene presence or absence from the target lists that
would correlate with the expression patterns of certain tissues and in turn predict if the miRNA is
expressed and/or has an important function in a particular tissue.

We searched our target predictions systematically for over- or under-representation of genes related by
a common function or expression pattern (i.e. genes from one category) by three different, though
complementary measures. The following paragraphs introduce these measures for category over-
representation or enrichment (category under-representation or avoidance works identically, though in
an inverted sense). First, we test whether a functional category is over-represented among the predicted
target genes, i.e. whether the targets contain more genes of a certain category than is expected given the
category’s frequency in the 3’UTR database. Second, we assess if the UTRs of a certain category are
enriched for certain miRNA binding sites, i.e. whether the UTRs contain more sites than expected
given their length and conservation. Third we test if miRNA sites in the genes of a certain category are
better conserved than average UTR sequences in that category.

1. Gene Enrichment

If genes that belong to a functional category are predominantly regulated, the genes of that category
should be enriched among our predictions. Without specific enrichment each category should appear at
the frequency with which it is represented in the 3’UTR database. We assess the significance of
enrichment by calculating the probability (p value) that the enrichment is observed at random as the
sum of binomial p values for all gene counts that are greater or equal to the observed count. This
simple statistical model corresponds to randomly drawing terms associated with the genes from our
3’UTR database. For example, if we observe 15 neurogenesis genes among the 100 predicted targets,
the significance (p value) is the likelihood of randomly drawing 100 genes from the database
(containing 3.6% neurogenesis genes) and getting 15 or more such genes.

b Genes(All) [ GeneS(All) J Genes(Category) _ (1 _ p)Genes(AIIyGenes(Category)
Genes(Category) GGHES(Category)
n ry,D
with p= Senes(Category, Database)

Genes(All,Database)

This statistic corrects for different database category frequencies by, for example, requiring more genes
to be found for larger categories for the same significance level. It however assigns an equal a priori
probability to all genes regardless of differences in UTR-lengths or conservation. Although genes with
long and conserved UTRs are obviously more likely to be predicted as miRNA targets by our method
(and others), we think it is important not to correct for this: Validated targets often have long and
conserved UTRs and we show in this work that UTR length correlates with the number of sites for
different miRNAs, which suggests that correcting for these features would be counterproductive.
Instead, we first treat all genes equally and then investigate the basis for the presence or absence of
target sites, i.e. the effects of UTR length and specific site enrichment.

2. Site Enrichment
We next test whether the 3’UTRs in a functional category are specifically enriched for miRNA target
sites over what is expected, given the UTR length and degree of conservation. For this, we create



randomly shuffled miRNA sequences and adjusted their site count on the complete D. melanogaster
UTR database (i.e. on a single genome) to be equal to the site count of the real miRNA. This allows us
to assess differences in conservation between real and shuffled miRNAs (see below), but also
differences in the number of sites for real and shuffled miRNAs in each gene category. For example, if
1/2 of all target sites for a given miRNA are found in the 3°UTRs of neurogenesis genes, whereas this
ratio is only 1/10 for shuffled miRNAs, we conclude that neurogenesis genes are enriched for target
sites of that specific miRNA. We calculated the fraction of the total number of target sites for shuffled
miRNAs that are in each of the categories. This basically assesses the differences between the
categories in conserved UTR sequence that is sampled by our prediction method, i.e. longer and more
conserved categories contain more shuffled site matches. Indeed, the number of sites for shuffled
miRNAs correlates linearly with the length of conserved UTR sequence (data not shown). We assess
the significance of site enrichment for real miRNAs by calculating the binomial probability (p value)
that the observed level of enrichment is random, where the ratios for the random shuffles (R) define the
background probability for each category:

b Sites(All) [ SlteS(A”) J Sites(Category) (1 _ p)sites(AII)—Sites(Category)
Sites(Category) Sites(Category)
R Si r
with p= _ Sites(Category)

R _Sites(All)

Another interpretation of this statistic is that it assesses the fraction of the (conserved) UTR sequence
that corresponds to binding sites for a given miRNA. This statistic corrects for differences in UTR
lengths and conservation and other possible dependencies of the prediction method, as it measures the
differences in distribution between the functional categories for real and shuffled miRNAs using the
same method and database. Also, as the statistics is independent of the overall number of sites and only
scores the relative site distribution between the categories, it is applicable for both single genome and
conserved genome analysis.

3. Seed Enrichment

We assess whether 3’UTRs in certain functional categories contain more or fewer 6mers
complementary to miRNAs than expected given their lengths. For this, we calculated the frequency of
all possible 6mers in all 3’UTRs. We then compare the frequency of individual 6mers or certain groups
of 6mers (e.g. the 6mers complementary to the 5’ends of all miRNAs) to the corresponding frequencies
obtained for 3’UTRs of a specific functional category. We assess the significance of seed enrichment
by calculating the binomial probability (p value) that the observed occurance of specific seeds is
random, where the frequency in all 3’UTRs define the background probability:

All _ Seeds(Category)
p_ [ AII_SeedS(CatEQOI’Y) j Spec_ Seeds(Category) _ (1 _ p)AII_Seeds(Categornypec_Seeds(Category)
spec._seadwcategory) \OPEC _ Seeds(Category)
Specific _ Seeds(All _Categories
with p= P = ( = g )

All _Seeds(All _Categories)

4. Selective Conservation

We also assess the conservation of miRNA binding sites, by measuring whether a UTR site that is
complementary to a miRNA is better conserved than a randomly chosen UTR site, complementary to a
shuffled miRNA (similar to Lewis et al., 2003). For this, we compare the fraction of miRNA-
complementary sites that are conserved with the same fraction for shuffled miRNAs. We assess the
significance of selective conservation by calculating the binomial probability (p value) that the
observed number of conserved sites for real miRNAs can occur randomly, given the overall UTR
conservation, where the conservation of sites for randomly shuffled miRNAs (R) defines the
background probability (p) for each category:



_ e SiteS(Dmel) Sites(Cons) Sites(Dmel )-Sites(Cons)
P= Sites(C -(I-p)
Sites(Cons) Ites( OnS)
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In this statistic, the conservation ratio for sites of shuffled miRNAs is an approximation of the overall
UTR conservation (p=%average UTR conservation; especially as the average for several shuffled
miRNAs is used). The comparison then assesses the fraction of conserved UTR sequence that is a
miRNA binding site. Note that the average UTR conservation is the denominator in the above ratio and
that its value is < 1, where 1 corresponds to a 100% conserved UTR. Conserved sites in overall less-
well conserved UTRs are therefore regarded as more significant than those in highly conserved UTRs.

This signal is based solely on the sites that are present in D. melanogaster and the extent to which they
are conserved in D. pseudoobscura. The statistic does not take the overall number of possible sites in a
UTR or in all UTRs of a functional category into account. This means that genes without sites do not
weaken or dilute the signal and so do not influence the statistics. For the analysis of functional
categories, this means that even in large categories, the signal can be derived from only very few genes
or sites. For this reason we consider it questionable whether a good conservation signal for a small
subset of genes can be used to extrapolate to the entire functional class. For example, if a functional
class contains 1000 genes, of which 20 are matched by a specific miRNA in a single genome and (in
the best case scenario) all 20 are conserved in additional genome(s), one can only draw conclusions
about the relevance of the 20 genes but not extrapolate to all 1000: the 20 might be a very specific
subset of the overall class and might be regulated by a miRNA whereas the majority of genes might
not. Indeed, in our analysis, the highest signal for selective conservation was often associated with the
entire set of genes rather than a specific functional class, but the conclusion that the given miRNA thus
regulates all genes is obviously wrong. To assess regulation of an entire set of functionally related
genes, we suggest to measure the significant overrepresentation of miRNA-target sites given all
putative sites (i.e. the entire length of all UTRs) in that set or the overrepresentation of target genes
given all genes in the UTR database.

p Value-Based Statistics to Assess Category Enrichment, Site Enrichment, or Selective
Conservation

We chose to use p values to assess the significance of our observations as we think they reflect
statistical significance (non-randomness) more accurately than enrichment factors or signal-to-noise
ratios. These have been used before to detect functional clusters of targets (John et al., 2004) or target
predictions and signals within certain functional categories (Lewis et al., 2005; Lewis et al., 2003).
These factors describe the improvement over random quite intuitively (e.g. “S-fold enrichment”), but
do not score non-randomness accurately, because they do not take the number of instances into
account. The difference is illustrated by a dice experiment: the probability of throwing a six once is 1/6
and the enrichment factor of throwing only sixes (i.e. 100%) is thus 1/(1/6) = 6. The enrichment factor
6 is independent of whether the number of trials is one or ten, although the likelihood is vastly different
with random chances of p=1/6=0.17 for throwing a six once or p=1.6x10 for throwing a six ten times
in a row. In fact, throwing a six 3 out of 10 times, which has about the same probability than throwing
a six once, has an enrichment factor of only 1.8. Consequently the enrichment factor correlates poorly
with the true non-randomness (i.e. statistical significance) of the observations. It always overestimates
the significance of smaller numbers and underestimates that of larger ones. If both cases are ranked
within one list, insignificant predictions based on small numbers can outperform significant predictions
based on larger numbers. Studies that use these ratios thus often have to introduce additional filters to
remove small numbers.
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MicroRNAs (miRNAs) are ~22-nucleotide RNAs that are
processed from characteristic precursor hairpins and pair
to sites in messages of protein-coding genes to direct
post-transcriptional repression. Here, we report that the
miRNA iab-4 locus in the Drosophila Hox cluster is
transcribed convergently from both DNA strands, giving
rise to two distinct functional miRNAs. Both sense and
antisense miRNA products target neighboring Hox genes
via highly conserved sites, leading to homeotic transfor-
mations when ectopically expressed. We also report
sense/antisense miRNAs in mouse and find antisense
transcripts close to many miRNAs in both flies and
mammals, suggesting that additional sense/antisense
pairs exist.
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Hox genes are highly conserved homeobox-containing
transcription factors crucial for development in animals
(Lewis 1978; for reviews, see McGinnis and Krumlauf
1992; Pearson et al. 2005). Genetic analyses have identi-
fied them as determinants of segmental identity that
specify morphological diversity along the anteroposte-
rior body axis. A striking conserved feature of Hox com-
plexes is the spatial colinearity between Hox gene tran-
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scription in the embryo and the order of the genes along
the chromosome (Duboule 1998). Hox clusters also give
rise to a variety of noncoding transcripts, including mi-
croRNAs (miRNAs) mir-10 and mir-iab-4/mir-196,
which derive from analogous positions in Hox clusters in
flies and vertebrates (Yekta et al. 2004). miRNAs are ~2.2-
nucleotide (nt) RNAs that regulate gene expression post-
transcriptionally (Bartel 2004). They are transcribed as
longer precursors and processed from characteristic pre-
miRNA hairpins. In particular, Hox miRNAs have been
shown to regulate Hox protein-coding genes by mRNA
cleavage and inhibition of translation, thereby contrib-
uting to the extensive regulatory connections within
Hox clusters (Mansfield et al. 2004; Yekta et al. 2004;
Hornstein et al. 2005; Ronshaugen et al. 2005). Several
Hox transcripts overlap on opposite strands, providing
evidence of extensive antisense transcription, including
antisense transcripts for mir-iab-4 in flies (Bae et al.
2002) and its mammalian equivalent mir-196 (Mainguy
et al. 2007). However, the function of these transcripts
has been elusive. Here we show that the iab4 locus in
Drosophila produces miRNAs from opposite DNA
strands that can regulate neighboring Hox genes via
highly conserved sites. We provide evidence that such
sense/antisense miRNA pairs are likely employed in
other contexts and a wide range of species.

Results and Discussion

Our examination of the antisense transcript that over-
laps Drosophila mir-iab-4 revealed that the reverse
complement of the mir-iab-4 hairpin folds into a hairpin
reminiscent of miRNA precursors (Fig. 1A). Moreover,
17 sequencing reads from small RNA libraries of Dro-
sophila testes and ovaries mapped uniquely to one arm
of the iab-4 antisense hairpin (Fig. 1B). All reads were
aligned at their 5’ end, suggesting that the mir-iab-4 an-
tisense hairpin is processed into a single mature miRNA
in vivo, which we refer to as miR-iab-4AS. For compari-
son, we found six reads consistent with the known miR-
iab-4-5p (or miR-iab-4 for short) and one read for its star
sequence (miR-iab-4-3p). Interestingly, the relative abun-
dance of mature miRNAs and star sequences for mir-iab-
4AS (17:0) and mir-iab-4 (6:1) reflects the thermody-
namic asymmetry of the predicted miRNA/miRNA* du-
plexes (Khvorova et al. 2003; Schwarz et al. 2003).
Because they derived from complementary near palin-
dromes, miR-iab-4 and miR-iab-4AS had high sequence
similarity, only differing in four positions at the 3’ region
(Fig. 1B). However, they differed in their 5’ ends, which
largely determine miRNA target spectra (Brennecke et
al. 2005; Lewis et al. 2005): miR-iab-4AS was shifted by
2 nt, suggesting targeting properties distinct from those
of miR-iab-4 and other known Drosophila miRNAs.
We confirmed robust transcription of mir-iab-4 sense
and antisense precursors by in situ hybridization to Dro-
sophila embryos (Fig. 1C). Both transcripts were detected
in abdominal segments in the posterior part of the em-
bryo, but intriguingly in nonoverlapping domains. As de-
scribed previously (Bae et al. 2002; Ronshaugen et al.
2005), mir-iab-4 sense was expressed highly in abdomi-
nal segments A5-A7, showing modulation in levels
within the segments: abdominal-A (abd-A)-expressing
cells (Fig. 1D; Karch et al. 1990; Macias et al. 1990) ap-
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peared to have more mir-iab-4, whereas Ultrabithorax
(Ubx)-positive cells appeared to have little or none (Fig.
1D; Ronshaugen et al. 2005). In contrast, mir-iab-4AS
transcription was detected in the segments A8 and A9,
where Abdominal-B (Abd-B) is known to be expressed
(Fig. 1C; Yoder and Carroll 2006). Primary transcripts for
mir-iab-4 and mir-iab-4AS were also detected by strand-
specific RT-PCR in larvae, pupae, and male and female
adult flies (Supplemental Fig. S1), suggesting that both
miRNAs are expressed throughout fly development.

To assess the possible biological roles of the two iab-4
miRNAs, we examined fly genes for potential target sites
by searching for conserved matches to the seed region of
the miRNAs (Lewis et al. 2005). We found highly con-
served target sites for miR-iab-4AS in the 3’ untranslated
regions (UTRs) of several Hox genes that are proximal to
the iab-4 locus and are expressed in the neighboring
more anterior embryonic segments: abd-A, Ubx, and
Antennapedia (Antp) have four, five, and two seed sites,
respectively, most of which are conserved across 12 Dro-
sophila species that diverged 40 million years ago (Fig.
2A; Supplemental Fig. S2; Drosophila 12 Genomes Con-
sortium 2007; Stark et al. 2007a). More than two highly
conserved sites for one miRNA is exceptional for fly 3’
UTRs, placing these messages among the most confi-
dently predicted miRNA targets and suggesting that they
might be particularly responsive to the presence of the
miRNA. The strong predicted targeting of proximal Hox
genes was reminiscent of previously characterized miR-
iab-4 targeting of Ubx in flies and miR-196 targeting of
HoxBS8 in vertebrates (Mansfield et al. 2004; Yekta et al.
2004; Hornstein et al. 2005; Ronshaugen et al. 2005).

To test whether miR-iab4AS is functional and can di-
rectly target abd-A and Ubx, we constructed Luciferase
reporters carrying the corresponding wild-type 3" UTRs
and control 3" UTRs in which each seed site was dis-
rupted by point substitutions. mir-iab-4AS potently re-
pressed reporter activity for abd-A and Ubx (Fig. 2B).
This repression was specific to the miR-iab-4AS seed
sites, as expression of the control reporters with mutated
sites was not affected. We also tested whether mir-iab-
4AS reduced expression of a Luciferase reporter with the
Abd-B 3' UTR, which has no seed sites. As expected,
mir-iab-4AS expression did not affect reporter activity,
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Figure 1. Drosophila iab-4 contains sense and antisense
miRNAs. (A) mir-iab-4 sense and antisense sequences can
adopt fold-back stem-loop structures characteristic for
miRNA precursors (structure predictions by Mfold [Zuker
2003]; mature miRNAs shaded in blue [miR-iab-4] and red
[miR-iab-4AS]). (B) Solexa sequencing reads that uniquely
align to the mir-iab-4 hairpin sequence (top) or its reverse
complement (bottom; numbers on the right indicate the
cloning frequency for each sequence). The mature miRNAs
have very similar sequences that are shifted by 2 nt and are
different in only four additional positions. (C) Expression of
primary transcripts for mir-iab-4 (blue) and mir-iab-4AS
(red) in nonoverlapping abdominal segments determined by
in situ hybridization (lateral [left panel] and dorsal [right
panel] view of embryonic stage 11, anterior is to the left).
(D) Lateral views of stage 10/11 embryos in which Ubx and
abd-A proteins are visualized (anterior is to the left, and
dorsal is upwards).
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consistent with a model where miRNAs do not target
genes that are coexpressed at high levels (Farh et al. 2005;
Stark et al. 2005). In addition to demonstrating specific
repression dependent on the predicted target sites, these
assays confirmed the processing of the mir-iab-4AS hair-
pin into a functional mature miRNA.

If miR-iab-4AS were able to potently down-regulate

A abd-A T N 2065 nts
x x ——&
Ubx 2396 nts
I8
Antp L 5035 nts

EmiR-iab-4 site mmiR-iab-4AS site

B mw.t utr +iab-44as OMut UTR + iab-445
< BW.t UTR + fet-7  [IMut UTR + Jet-7

— s —

Fold repression

abd-A Ubx Abd-B

Figure 2. miR-iab-4AS targets neighboring Hox genes. (A) miR-iab-
4AS has five 3’ UTR seed sites (red) in Ubx, four in abd-A, and two
in Antp of which three, four, and one are conserved across 12 Dro-
sophila species, respectively (Supplemental Fig. S2). miR-iab-4 has
one 3’ UTR seed site (blue) in Ubx and two in Antp, while abd-A has
no such sites. (B) miR-iab-4AS mediates repression of luciferase re-
porters through complementary seed sites in 3’ UTRs from abd-A
and Ubx, but not Abd-B (Antp was not tested). Luciferase activity
in S2 cells cotransfected with plasmid expressing the indicated
miRNA with either wild-type luciferase reporters or mutant report-
ers bearing a single point mutation in the seed. Bars represent geo-
metric means from 16 replicates, normalized to the transfection
control and noncognate miRNA control (let-7; see Materials and
Methods). Error bars represent the fourth largest and smallest values
from 16 replicates ([*] P < 0.0001, Wilcoxon rank-sum test).
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Ubx in the fly, its misexpression should result in a Ubx
loss-of-function phenotype, a line of reasoning that has
often been used to study the functions and regulatory
relationships of Hox genes. Ubx is expressed throughout
the haltere imaginal disc, where it represses wing-spe-
cific genes and specifies haltere identity (Weatherbee et
al. 1998). When we expressed mir-iab-4AS in the haltere
imaginal disc under bx-Gal4 control, a clear homeotic
transformation of halteres to wings was observed (Fig. 3).
The halteres developed sense organs characteristic of the
wing margin and their size increased severalfold, fea-
tures typical of transformation to wing (Weatherbee et
al. 1998). Consistent with the increased number of miR-
iab4 AS target sites, the transformation was stronger than
that reported for expression of iab-4 (Ronshaugen et al.
2005), for which we confirmed changes in morphology
but did not find wing-like growth (Fig. 3D).

We conclude that both strands of the iab-4 locus are
expressed in nonoverlapping embryonic domains and
that each transcript produces a functional miRNA in
vivo. In particular, the novel mir-iab-4AS is able to
strongly down-regulate neighboring Hox genes. Interest-
ingly, vertebrate mir-196, which lies at an analogous po-
sition in the vertebrate Hox clusters, is transcribed in the
same direction as mir-iab-4AS and most other Hox
genes, and targets homologs of both abd-A and Ubx
(Mansfield et al. 2004; Yekta et al. 2004; Hornstein et al.
2005). With its shared transcriptional orientation and ho-
mologous targets, mir-iab-4AS appears to be the func-
tional equivalent of mir-196.

The expression patterns and regulatory connections
between Hox genes and the two iab-4 miRNAs show an
intriguing pattern in which the miRNAs appear to rein-
force Hox gene-mediated transcriptional regulation (Fig.
4A). In particular, miR-iab-4AS would reinforce the pos-
terior expression boundary of abd-A, Ubx, and Antp,

A

Bx>mir-iab-4AS wil1

Bx>mir-iab-4

supporting their transcriptional repression by Abd-B.
mir-iab-4 appears to support abd-A- and Abd-B-medi-
ated repression of Ubx, reinforcing the abd-A/Ubx ex-
pression domains and the posterior boundary of Ubx ex-
pression. Furthermore, both iab-4 miRNAs have con-
served target sites in Antp, which is also repressed by
Abd-B, abd-A, and Ubx. The iab-4 miRNAs thus appear
to support the established regulatory hierarchy among
Hox transcription factors, which exhibits “posterior
prevalence,” in that more posterior Hox genes repress
more anterior ones and are dominant in specifying seg-
ment identity (for reviews, see McGinnis and Krumlauf
1992; Pearson et al. 2005). Interestingly, Abd-B and mir-
iab-4AS are expressed in the same segments, and the
majority of cis-regulatory elements controlling Abd-B
expression are located 3’ of Abd-B (Boulet et al. 1991).
This places them near the inferred transcription start of
mir-iab-4AS, where they potentially direct the coexpres-
sion of these genes. Similarly, abd-A and mir-iab-4 may
be coregulated as both are transcribed divergently, po-
tentially under the control of shared upstream elements.

Our data demonstrate the transcription and processing
of sense and antisense mir-iab-4 into functional
miRNAs with highly conserved functional target sites in
neighboring Hox genes. In an accompanying study
(Bender 2008), genetic and molecular analyses in mir-
iab-4 mutant Drosophila revealed that the proposed
regulation of Ubx by both sense and antisense miRNAs
occurs under physiological conditions and, in particular,
the regulation by miR-iab-4AS is required for normal de-
velopment. These lines of evidence establish miR-iab-
4AS as a novel Hox gene, being expressed from within
the Hox cluster and regulating Hox genes during devel-
opment.

The genomic arrangement of two miRNAs that are
expressed from the same locus but on different strands

Bx>mir-iab-4AS

Figure 3. Misexpression of miR-iab-4AS transforms halteres to wings. (A,B) Overview of an adult wild-type Drosophila (B) and an adult
expressing mir-iab-4AS using bx-Gal4 (A). The halteres, balancing organs of the third thoracic segment, are indicated by arrows. (C) Wild-type
haltere. (D) Expression of mir-iab-4 using bx-Gal4 induces a mild haltere-to-wing transformation. Sensory bristles characteristic of wild-type
wing margins (shown in B’) are indicated by an arrow. (E) Expression of mir-iab-4AS using bx-Gal4 induces a strong haltere-to-wing transfor-
mation, displaying the triple row of sensory bristles (inset) normally seen in wild-type wings (shown in B’). Note that C-E are at the same

magnification.
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Figure 4. Regulation of gene expression by antisense miRNAs. (A)
miRNA-mediated control in the Drosophila Hox cluster. Schematic
representation of the Drosophila Hox cluster (Antennapedia and
Bithorax complex) with miRNA target interactions (check marks
represent experimentally validated targets). miR-iab-4 (blue) and
miR-iab-4AS (red) target anterior neighboring Hox genes and miR-10
(black) targets posterior Sex-combs-reduced (Scr) (Brennecke et al.
2005). abd-A and mir-iab-4 and Abd-B and mir-iab-4AS might be
coregulated from shared control elements (cis). Note that mir-iab-
4AS is expressed in the same direction as most other Hox genes and
its mammalian equivalent, mir-196. (B) General model for defining
different expression domains with pairs of antisense miRNAs
(black). Different transcription factor(s) activate the transcription of
miRNAs and genes in each of the two domains separately (green
lines). Both miRNAs might inhibit each other by transcriptional
interference or post-transcriptionally (vertical red lines), leading to
essentially nonoverlapping expression and activity of both miRNAs.
Further, both miRNAs likely target distinct sets of genes (diagonal
red lines), potentially re-enforcing the difference between the two
expression domains.

might provide a simple and efficient means to create
nonoverlapping miRNA expression domains (Fig. 4B).
Such sense/antisense miRNAs could restrict each oth-
er’s transcription, either by direct transcriptional inter-
ference, as shown for overlapping convergently tran-
scribed genes (Shearwin et al. 2005; Hongay et al. 2006),
or post-transcriptionally, possibly via RNA-RNA du-
plexes formed by the complementary transcripts. Sense/
antisense miRNAs would usually differ at their 5’ ends
and thereby target distinct sets of genes, which might
help define and establish sharp boundaries between ex-
pression domains. Coupled with feedback loops or co-
regulation of miRNAs and genes in cis or trans, this
arrangement could provide a powerful regulatory switch.
The iab-4 miRNAs might be a special case of tight regu-
latory integration in which miRNAs and proximal genes
appear coregulated transcriptionally in cis and repress
each other both transcriptionally and post-transcription-
ally.

It is perhaps surprising that no antisense miRNA had
been found previously, even though, for example, the
intriguing expression pattern of the iab-4 transcripts had
been reported nearly two decades ago (Cumberledge et al.
1990; Bae et al. 2002), and iab-4 lies in one of the most
extensively studied regions of the Drosophila genome.
The frequent occurrence of antisense transcripts (Yelin
et al. 2003; Katayama et al. 2005) suggests that more
antisense miRNAs might exist. Indeed, up to 13% of
known Drosophila, 20% of mouse, and 31% of human

Functional sense/antisense microRNAs

miRNAs are located in introns of host genes transcribed
on the opposite strand or are within 50 nt of antisense
ESTs or cDNAs (Supplemental Table S1). These include
an antisense transcript overlapping human mir-196 (see
also Mainguy et al. 2007). However, because of the con-
tribution of noncanonical base pairs, particularly G:U
pairs that become less favorable A:C in the antisense
strand, many miRNA antisense transcripts will not fold
into hairpin structures suitable for miRNA biogenesis,
which explains the propensity of miRNA gene predic-
tions to identify the correct strand (Lim et al. 2003).
Nonetheless, in a recent prediction effort, 22 sequences
reverse-complementary to known Drosophila miRNAs
showed scores seemingly compatible with miRNA pro-
cessing (Stark et al. 2007b). Deep sequencing of small
RNA libraries from Drosophila confirmed the processing
of small RNAs from four of these high-scoring antisense
candidates (Ruby et al. 2007), and the ovary/testes librar-
ies used here showed antisense reads for an additional
Drosophila miRNA (mir-312) (see Supplemental Tables
S2, S3). In addition, using high-throughput sequencing of
small RNA libraries from mice, we found sequencing
reads that uniquely matched the mouse genome in loci
antisense to 10 annotated mouse miRNAs. Eight of the
inferred antisense miRNAs were supported by multiple
independent reads, and two of them had reads from both
the mature miRNA and the star sequence (Supplemental
Table S2). These results suggest that sense/antisense
miRNAs could be more generally employed in diverse
contexts and in species as divergent as flies and mam-
mals.

Materials and methods

Plasmids

3" UTRs were amplified from Drosophila melanogaster genomic DNA
and cloned in pCR2.1 for site-directed mutagenesis. The following
primer pairs were used to amplify the indicated 3" UTR: abd-A (tc
tagaGCGGTCAGCAAAGTCAACTC; gtcgacATGGATGGGTTCTCGT
TGCAG), Ubx |(tctagaATCCTTAGATCCTTAGATCCTTAG; ctcgag
ATGGTTTGAATTTCCACTGA), and Abd-B (tctagaGCCACCACCT
GAACCTTAG,; aactcgagCGGAGTAATGCGAAGTAATTG). Quick-
Change multisite-directed mutagenesis was used to mutate all miR-iab-
4AS seed sites from ATACGT to ATAGGT, per the manufacturer’s di-
rections (Stratagene). Wild-type and mutated 3° UTRs were subcloned
into pCJ40 between Sacl and Notl sites to make Renilla luciferase re-
porters. Plasmid pCJ71 contains the abd-A wild-type 3’ UTR, pCJ72 con-
tains the Ubx wild-type 3" UTR, pCJ74 contains the Abd-B wild-type 3’
UTR, pCJ75 contains the abd-A mutated 3’ UTR, and pCJ76 contains the
Ubx mutated 3" UTR fused to Renilla luciferase. The control let-7 ex-
pression vector was obtained by amplifying let-7 from genomic DNA
with primers 474 base pairs (bp) upstream of and 310 bp downstream
from the let-7 hairpin and cloning it into pMT-puro. To express miR-
iab-4 and miR-iab-4AS, a 430-bp genomic fragment containing the miR-
iab-4 hairpin was cloned, in either direction, downstream from the tu-
bulin promoter as described in Stark et al. (2005). For the UAS-miR-iab-4
and UAS-miR-iab-4AS constructs, the same 430-bp genomic fragment
containing the miR-iab-4 hairpin was cloned downstream from pUAST-
DSred2 (Stark et al. 2003) in either direction.

Reporter assays

For the luciferase assays, 2 ng of p2129 (firefly luciferase), 4 ng of Renilla
reporter, 48 ng of miRNA expression plasmid, and 48 ng of p2032 (GFP)
were cotransfected with 0.3 pL Fugene HD per well of a 96-well plate.
Twenty-four hours after transfection, expression of Renilla luciferase
was induced by addition of 500 pM CuSO, to the culture media. Twenty-
four hours after induction, reporter activity was measured with the Dual-
Glo luciferase kit (Promega), per the manufacturer’s instructions on a
Tecan Safire II plate reader.
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The ratio of Renilla:firefly luciferase activity was measured for each
well. To calculate fold repression, the ratio of Renilla:firefly for reporters
cotransfected with let-7 was set to 1. The Wilcoxon rank-sum test was
used to assess the significance of changes in fold repression of wild-type
reporters compared with mutant reporters. Geometric means from 16
transfections representing four replicates of four independent transfec-
tions are shown. Error bars represent the fourth highest and lowest values
of each set.

Drosophila strains

UAS-miR-iab-4 and UAS-miR-iab-4AS flies were generated by injection
of the corresponding plasmids into w’??® embryos. bxMS19%°.GAL4 flies
were obtained from the Bloomington Stock Center.

In situ hybridization and protein stainings

Double in situ hybridization for the miRNA primary transcripts was
performed as described in Stark et al. (2005). Probes were generated using
PCR on genomic DNA with primers TCAGAGCATGCAGAGACAT
AAAG, TTGTAGATTGAAATCGGACACG for iab-4 sense and ATTT
TACTGGGTGTCTGGGAAAG, TAGAAACTGAGACGGAGAAGCAG
for iab-4 antisense. Protein stainings were performed as described in Patel
(1994). Antibodies used were mouse anti-Ubx (1:30), mouse anti-abd-A
(1:5), and HRP-conjugated goat anti-mouse (Dianova, 1:3000).

RT-PCRs

Total RNA was isolated using Trizol (Invitrogen), treated with RQI
DNase (Promega), and used for strand-specific cDNA synthesis with Su-
perScript III (Invitrogen). Primers for cDNA synthesis were CATATAA
CAAAGTGCTACGTG (iab-4 sense) and CTTTATCTGCATTTG
GATCCG (iab-4 antisense). Both primers were used for subsequent am-
plification.

Small library sequencing

Drosophila small RNAs were cloned from adult ovaries and testes as
described previously (Brennecke et al. 2007) and sequenced using Solexa
sequencing. A total of 657,251 sequencing reads uniquely matched
known Drosophila miRNAs (Rfam release 9.2), and the 69 miRNAs with
unique matches had 1011 matches on average (Stark et al. 2007b). Two
miRNAs had unique matches to the antisense hairpin (Supplemental
Tables S2, S3). Mouse small RNAs were cloned from wild-type and c-kit
mutant ovaries (Supplemental Table S4; G. Hannon, pers. comm.) and
from Comma-Dbgeo cells, a murine mammary epithelial cell line (Ibarra
et al. 2007), and were sequenced using Solexa sequencing. A total of
4,217,883 reads uniquely matched known mouse miRNAs (Rfam release
9.2), and the 286 miRNAs with unique reads showed 256 reads on aver-
age. Sequencing reads matching to the plus and minus strand of known
mouse miRNAs with antisense reads are listed in Supplemental Ta-

ble S3.

Multiple sequence alignments and target site prediction

The multiple sequence alignments for the indicated Hox 3" UTRs were
obtained from the University of California at Santa Cruz (UCSC) genome
browser (Kent et al. 2002) and were slightly manually adjusted. We pre-
dicted target sites according to Lewis et al. (2005) by searching for 3’ UTR
seed sites (reverse-complementary to miRNA positions 2-8 or matching
to “A” + reverse complement of miRNA positions 2-7).

Antisense transcripts near known miRNAs

To assess the fraction of Drosophila, human, and mouse miRNAs that
are also putatively transcribed on both strands and might give rise to
antisense miRNAs, we determined the number of miRNAs that are near
known transcripts on the opposite strand. We obtained the coordinates of
all introns of protein-coding genes and all mapped ESTs or cDNAs for the
three species from the UCSC genome browser (Kent et al. 2002). We
intersected them with the miRNA coordinates from Rfam (release 9.2;
Griffiths-Jones et al. 2006), requiring miRNAs and transcripts to be on
opposite strands and at a distance of at most 50 nt. For each miRNA, we
recorded the number of antisense transcripts and their identifiers. Note
that some of the transcripts might have been mapped to more than one
place in the genome, such that the intersection represents an upper es-
timate based on the currently known transcripts.
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Figure S1

pri-miR-iab-4 sense
embryos larvae pupae females males

+RT -RT +RT -RT +RT -RT +RT -RT +RT -RT

pri-miR-iab-4 AS
embryos larvae pupae females males
+ RT -RT + RT -RT + RT -RT + RT -RT + RT -RT

Figure S1: miR-iab-4 sense and anti-sense are expressed throughout fly development. Shown are
strand-specific RT-PCR products (neg. control without RT) for the miR-iab-4 sense and anti-sense
primary transcripts for different stages of fly development.
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Dana - ---AAGCAACCGAAAAUACGUAAUU Dana GCCCUUCACAAGAUGUAUACGUAAC Dana CGUAGCAACAGA- - -UAUACGUARAA-
Dpse ----AAGCAACCGAAAAUACGUAARA- Dpse AACCCACACAAGAUGUAUACGUAAU Dpse CUUAGUAACAGA- - -UAUACGU; -
Dper - ---AAGCAACCGAAAAUACGUAAA- Dper AACCCACACAAGAUGUAUACGUAAU Dper CUUAGUAACAGA- - -UAUACGUAAA-
Dwil AAUGCAAAAAACAGAAAUACGUAAAU Dwil UACCUUCACAAGAUGUAUACGUAUC Dwil UGUAGCAACAGAAGAUAUACGU. G
Dmoj - ---AAGCAACCGAAAAUACGUAAAG Dmoj - -CCUUCACAAGAUGUAUACGUARAU DmoJ CGUAGCAACGGA- - -UAUACGUAAA-
Dvir ----AACCAACCGAAAAUACGUAAAG Dvir --CCUUCACAUGAUGURUACGUAAC Dvir CGUAGCAACGGA- --UAUACGU! -
Dgri ----AAGCAACCGAAAAUACGUAAAA Dgri --CCUUCACAAGAUGUAUACGUAAU Dgri CGUAGCAACGGA- - -UAUACGU! -
* *k K ek ek ke ok ok ok ok ok ok * %k kk k kkkkkkdkkkkokk + kkk kkkpkk % o gk gk ok ok ok

| I_.

N
Antp 1 2 3 4 2035 nts

U
2 k5 3 SyacegaC 4 “apacouna’
GCCAUAUGGAAGUC, GCCAUAUGGAAGUCAUAUGCATy GCCAUAUGGAAGUCAUAUGCAUY]
Dmel UGAAAUGCAUUAUPAUACGA Dmel ---UUAAUGUAUGUGUACGUAAC Dmel UCAACUCAAUCCAGAUACGUAA
Dsim UGAAAUGCAUUAUJAUACGA Dsim ---UUAAUGUAUGUGUACGUAAC Dsim UCAACUCAAUCCAGAUACGUAA
Dsec UGAAAUGCAUUAUUAUACGA Dsec ---UUAAUGUAUGUGUACGUA. Dsec UCAACUCAAUCCAGAUACGUA.
Dyak UAAAAUGCAUUAUUAUACGAG Dyak ---UUAAUGUAUGUGUACGUA Dyak UCAACUCAAUCCAGAUACGUAA
Dere UAAAAUGCAUUAUDAUACGAG Dere ---UUAAUGUAUGUGUACGUA Dere UCAACUCAAUCCAGAUACGUAA
Dana UGAAGUGAAUUAUUAUUCGAR X Dana ---UAAAAAUAUUUGAGAUUAARA X Dana UCAACUCAAUCCAGAUACGUAA
Dpse AUUAGAGGAUGAUAAAGAGAG X Dpse ---UGAAUGUA- -UGUACGUAAC Dpse UCCACUCAAUCCAGAUACGUAA
Dper AUUAGAGGAUGAUAAAGAGAS X Dper ---UGAAUGUA--UGUACGUAAC Dper UCCACUCAAUCCAGAUACGUAA
Dwil UAAAAAACAAAAAUUUACACA X Dwil ---UGAAUGUA- -UGUACGUAAC Dwil U---CUCAAUCCAGAUACGUAAC
Dmoj UAUAAAAACGAAARACUAACA X Dmoj UUGUGAAUGUA- -UGUACGUAAC Dmoj UCAACUCAAUCCAGRUACGUAAC
Dvir UAUAAAAAAAAGARAAGUAAARA X Dvir ---UGAAUGCA--UGUACGUAAC Dvir AUAACACAAUCCAGAUACGUAAC
Dgri UAUAAUAAAUAAAAAAGAAAR X Dgri ---AAAAUAUA--UGUACGUAAC Dgri GUAACUCAAUCCAGAUACGUAAC
PRI *wx B

Figure S2. miR-iab-4AS target sites the Hox genes abd-A, Ubx, and Antp

miR-iab-4AS has 4 seed sites (nts 2-8 or A+2-7; Lewis et al., 2005; red) in abd-A, 5 in Ubx, and 2 in Antp of which
4,3, and 1 are fully conserved across 12 Drosophila species (Drosophila melanogaster, simulans, sechellia,
yakuba, erecta, ananassae, pseudoobscura, persimilis, willistoni, mojavensis, virilis, grimshawi), respectively. 1
site in the 3'UTR of Ubx shows extended complementarity such that it also constitutes a seed site for miR-
iab-4 (blue). Antp has 2 sites for miR-iab-4 that are distinct from the miR-iab-4AS sites, while abd-A has no
such sites. * denotes fully conserved sequence positions, and x denotes species where the site is not
conserved.
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Table S1: Anti-sense transcripts near known miRNAs
Drosophila miRNAs
miRNA #transcripts Transcript IDs

FlyBase Noncoding Genes

dme-mir-281-1 1 CR33594

dme-mir-281-2 1 CR33596

ESTs

dme-mir-277 2 EC255080,C0344262

dme-mir-2a-1 1 C0341270

dme-mir-284 1 CK135092

dme-mir-33 1 BI631776

dme-mir-2a-2 6 C0341270,EC253459,EC253459,C0341270,C0341

270,C0341270

Introns
dme-mir-289, dme-mir-31b, dme-mir-274
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Table S1: Anti-sense transcripts near known miRNAs (continued)
Human miRNAs
miRNA #transcripts

Transcript IDs

RefSeq Genes

hsa-mir-662 2 NM_001025190,NM_001025190

hsa-mir-328 4 NM_024712,NM_024712,NM_024712,NM_024712

hsa-mir-367 4 NM_015454,NM_016648,NM_015454,NM_016648

hsa-mir-191 1 NM_199074

UCSC Genes

hsa-mir-662 2 uc002cjz,uc002cjz

hsa-mir-328 12 uc002esa,uc002esb,uc002esc,uc002esa,uc002esb,uc002
esc,uc002esa,uc002esb,uc002esc,uc002esa,uc002esb,uc
002esc

hsa-mir-367 8 uc003iay,uc003iaz,uc003iba,uc003ibb,uc003iay,uc003iaz
,uc003iba,uc003ibb

hsa-mir-99b 1 uc002pxg

hsa-let-7e 1 uc002pxg

hsa-mir-636 2 uc002jsz,uc002jta

hsa-mir-125a 1 uc002pxg

hsa-mir-191 1 uc003cvn

ESTs

hsa-mir-639 11 DA578654,DB036923,BE163339,BX337999,BE173861,A
W601441,AW601462,AW602622,AW602643,BE076002,B
G978956

hsa-mir-26a-1 1 BG013974

hsa-mir-659 2 N64538,N64538

hsa-mir-632 4 CR982540,BF739929,BF986402,BG005263

hsa-mir-545 1 CF121922

hsa-mir-142 11 AA736584,A1214324,AA480329,A1803986,BM987623,AW
075941,BM994627,AA749202,AW075748,AA804593,AA8
04593

hsa-mir-1-2 2 AI220268,A1265999

hsa-mir-614 8 BG546987,AA494355,BE001688,BE001688,BE001688,BE
001688,BE815242,BE825683

hsa-mir-34c 1 CB243753

hsa-mir-423 1 AWO001018

hsa-mir-324 2 DB118628,AA428344

hsa-mir-609 5 BF946814,BF946811,BF946814,BF946814,BF946814

hsa-mir-143 3 AW750687,AW750687,BF328624

hsa-mir-612 13 BF371267,BF359112,BQ373809,BQ332593,BQ332596,B
F808842,BF359123,BQ373809,BF877468,BG990102,AW
939381,BQ327427,BF894409

hsa-mir-124a- 1 BU738550

hsa-mir-570 1 BE162667

hsa-mir-631 10 CV569139,CN361157,BX644907,DA065297,BF827870,C
R978078,BF922074,BF827870,BM709090,AA359490

hsa-mir-770 3 AI970289_dupl,AI636778_dupl,Al963928_dupl

hsa-mir-299 2 AW895894,AW895880
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hsa-let-7i
hsa-mir-503

hsa-mir-339

hsa-mir-219-Z
hsa-mir-125b-

hsa-mir-499

hsa-mir-517a
hsa-mir-141
hsa-mir-223

hsa-mir-371
hsa-mir-24-2
hsa-mir-193a
hsa-mir-429
hsa-mir-568

hsa-mir-565
hsa-mir-522
hsa-mir-24-1

hsa-mir-516-Z

hsa-mir-624
hsa-mir-224
hsa-mir-328

hsa-mir-7-1
hsa-mir-663
hsa-mir-643
hsa-mir-320
hsa-let-7a-1
hsa-mir-214

hsa-mir-363
hsa-let-7b

hsa-mir-296
hsa-mir-590
hsa-mir-21

hsa-mir-186
hsa-mir-622
hsa-mir-495
hsa-mir-144
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CR992282
R79973,H01302,R79973,R79973,R79973,H01302,R7997
3,R79973,R79973,R79973

DB317795

DA115674

BG000222
BE297149,BE297149,BE297149,BE297149,BE297149,BE
297149,BE297149,BE297149,BE297149,BE297149,BE29
7149,BE297149,BE297149

BF994458

AI695443,AA863389,AA863395,A1969882
BQ012126,BQ010657,AW192334,AA845292,BQ011993

DB508823,DB443882

BF061990

AI770050
AI312008,A1312008,AI312008,A1312008,A1312008
CB054179,CA425784,A1383978,A1024792,CK902677,AA
489694,AW024848,A1912487,AA115749,BM668044,AA1
15749,BM668044,AA115749,BM668044,BM668044,AA11
5749,AA115749,AA115749

DC404319

BI0O57935,BI057935

CB852241

BE466189,BF223893

H66135

BF367311
BM792516,BE868797,BI092635,B1260928,BQ706797,CA
488307,CD243179,BM853445,BM789033,BX390378,BI0
92635,BX390378,BM792516,BQ706797,BE868797,BM85
3445,CA488307,CD243179,B1260928,BM789033

AW367387

BM893562

BF356097

AI041315

BF372275
AI961147,A1202700,BG055203,BQ012655,A1039268,CF
529290,BQ447950,A1658740,A1242334,AW296598,AI12
6848

AA353588
BX361219,BX349705,BU732454,A1382133,DB328200,A
W028822

BE044227

AW812109,AW812109
BX399365,AA837010,BE932516,CA414094
AA258173,BQ271697,AW968323

BM542991

AA613245,AW593422,BE467211

BX644926
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hsa-mir-205 60 BX454368,BU607326,BU687118,BU686798,BM976602,B
F088470,BF088470,DB313515,AU158081,AU158081,R48
249,R73789,BG989285,AA627916,AI969511,AW275818,
AW275825,AW662302,BU732467,CN478782,DB313077,
W68529,H25944,A1800001,BM980083,BU676846,CB048
050,AW628474,R73789,AA631033,A1375939_dup1,CB40
9600,BQ378988,R48249,AA642987,BF088470,A1611676
,R48249,R73789,BE717915,R48249,AW117862,CB40960
0,R48249,R73789,BE717919,BE717969,BE837877,BE71
7939,BE645803,R48249,BE717915,AW381579,AW38094
9,AA730105,R73789,R48249,BE717915,A1220853,AW11

7862

hsa-mir-125a 1 DB078945

hsa-mir-29b-1 1 BF447465

hsa-mir-641 1 BF805572

hsa-let-7d 8 AI360684,BF511039,BF511477,T85314,BE932147,BE70
9888,BU736404,AA806216

hsa-mir-194-Z 3 AI392832,AW294586,DB331974

hsa-mir-377 5 BF376962,BF376962,BF376962,BF376962,BF376962

hsa-mir-23b 3 BG004545,BG004545,BG004545

hsa-mir-555 1 BF842814

hsa-mir-655 2 BG000132,BG000132

hsa-mir-365-Z 1 AA682513

hsa-mir-29a 2 AI261722,BF000417

hsa-mir-564 10 CF126629,BQ082498,BQ082492,BQ896914,BQ082492,B
Q082498,AL532442,AL532442,AL532442,AL532442

hsa-mir-675 83 AL571290,AL569789,BF997501,AL514065,AL571212,W7
2208,BQ366088,AW946259,AA864221,BF590747,AL571
290,A1738732,BG000974,BG012341,BQ367462,AL57129
0,AA928657,R93762,BM678988_dup1,AI146817,A12473
86,BF985264,BX453708,AL564130,BG012341,AW19676
1,AW196780,BG009089,BG013206,BG000974,BG01173
8,BF985264,BG000974,BF985264,BF770659,BG012341,
BX453708,BG000974,BX453708,BF770659,B1044667,BQ
367462,BG011738,BF770659,BG012341,AA928657,R93
762,BG013206,BG009089,B1044667,AA928657,BQ3674
62,BG000974,R93762,W72208,AA864221,AL564130,BG
012347,AA928657,BQ366088,BQ367462,BG011738,BQ3
67462,BF770659,B1044667,BQ367462,A1377593,BQ367
462,A1377593,AL564130,R93762,BQ367462,W72208,BG
012347,BQ367462,B1044667,BQ367462,W72208,AA864
221,R93762,AL569789,BQ367462,BG012347

hsa-mir-33b 1 DB361007

hsa-mir-103-Z 5 AA477191,BE768941,BE768943,BE768941,BE768943

hsa-mir-130a 1 DA811291

hsa-mir-196b 2 BQ923616,BM549446

hsa-mir-647 7 AL708944,BF857645,DB066850,B1006021,BF857645,DB
066850,DB066850

hsa-mir-27a 4 AW797020,AW797020,AW797020,AW797020

hsa-mir-611 4 AA602796,BQ130146,DV461029,AW104310

hsa-mir-190 1 DB288334

hsa-mir-421 1 H63707

hsa-mir-101-1 1 BU786820

hsa-mir-221 1 AW842797

hsa-mir-192 2 AI672369,BG982441
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hsa-mir-367

hsa-mir-567
hsa-mir-122a
hsa-mir-30c-2

hsa-mir-133a-
hsa-mir-372
hsa-mir-630

hsa-mir-635

hsa-mir-198

hsa-mir-202
hsa-mir-106b
hsa-mir-508
hsa-mir-98
hsa-mir-130b
hsa-mir-155
hsa-mir-373

hsa-mir-516-Z
hsa-mir-548a-
hsa-mir-505
hsa-mir-9-2

hsa-mir-135a-
hsa-mir-636

hsa-mir-637

hsa-mir-621
hsa-mir-25

hsa-mir-411
hsa-mir-29c

hsa-mir-451
hsa-mir-145
hsa-mir-133a-

hsa-mir-548d-
hsa-mir-301
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BG499366,BQ217140,H43466,BM796975,AA451825,BF7
90426,BG431297,BG898445,BM853135,BU854431,BX48
8044,CB146063,CB162796,CN346204,DT218636,W4983
9,W39691,CB135486,BQ920803,AA160180,AA372829,B
F701214,CN419691,BU787911,BE748087,AV714955,BE7
48087,W39691

AA054551

R91986,R91986,R91986
BQ022726,A1087792,A1474776,W93081,AW168091,BF4
39917,BF439062,A1768381,BF594736
AA211717,DB330925,AA211717,AA211717
DB443882,AW833903
BX454918,CB854863,BX412844,CF891283,BX412844,B
X454918,CB854863,CF891283,BX454918,BX454918

AA210899,BQ705942,BQ705942,BQ705942,BQ705942,B
Q705942,BQ705942,AA210899
AW364521,AW936518,AW936507,AA614015,BX395666,
AA897679,BF733997,BF367500,AW364521,BM684744,B
X395666

AW340536

AA078024,AA078024

AW665118

BM956031

DV080646
BG058661,BG058739,AI863758,AI1863758,A1863758
AI825624,A1656634,BE466114,A1825746,BE672151,BEO
46897

BQ025835

AW851470

BF956603,BF956603,BF956603
BM676994,DC425874,DB315227,BX412634,BM683678,B
X412634,BX412634,BX412634

BM918632
AI890310,BX434220,BU608163,CA306910,AW316782,C
B241746,CA420551,CA423953,AL581513,B1012130,BIO0
84978,BU168060,BU628861,CA420567,CD367228,BX45
3763,B1010983,BU624553,BX434220,BX434220,CB2417
46,A1890310,BX434220,DB205468
AI203861,AW974502,AA768246,AW974502,AW974502

BF923438
BE077684,BQ377098,BQ377098,BE077684,BE077684,B
E077684

AW895894,AW895880
AA832487,AA732327,AA814450,AA290626,A1949631,BF
431339,A1796930,A1277016,AI1139038,BF446797,BF196
476,AW015122,AW055230,A1927692,BU686674,BQ0097
86,BU607478,CA312488,CA312468,A1800208,A1582596,
Al634533,BF592005,R48833,A1628443,A1935532,A1435
146,BQ018823,BE043082,BE045365,DB302666,AW0585
64,T59406,T59406,R48833,T59406,R48833,R48833,R48
833,T59406,T59406,R48833,R48833

H90496,BX644926,H90496,H90496
AlI825923,A1678858,BF995019,A1659796
BF508318,BF446240,AA063595,N80784,A1819052,DB32
7850,BX647033,AA063595

BQ889295,BQ889295

Cv414363
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hsa-mir-671

hsa-mir-650
hsa-mir-616

hsa-mir-30d
hsa-mir-15a

hsa-mir-29b-z

hsa-mir-126

hsa-mir-191

mRNAs
hsa-mir-302c
hsa-mir-302b
hsa-mir-675
hsa-mir-631
hsa-mir-150
hsa-mir-647
hsa-mir-636
hsa-mir-661
hsa-mir-335
hsa-mir-328

hsa-mir-589
hsa-mir-367

hsa-mir-99b
hsa-mir-302a
hsa-let-7e
hsa-mir-126
hsa-mir-499
hsa-mir-302d
hsa-mir-125a
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BQ576140,BF570037,BQ007968,BQ574801,CA945217,C
K904076,DB323915,DB323780,BF115617,BX330457,AW
664880,BG054996,BQ017347,BE855754,BM680658,BU6
30312,DB323018,A1978627,AA534198,CA431554,CA450
521,BU632964,CB857275,AW195142,BI966035,AW1664
98,AW166513,BF594067,BU077063,BE206147,AW61291
3,BE207563,AI1819341,AA209319,BM145320,AI139595,A
1365580,AW958254,CB856472,CA416896,AW958254 Al
620649,AA583627,CF529167,AW005402,BM148417,AA2
09319,A1022352,AA583619,AW166054,AA209319,AA209
319,R51978,A1475193,R51978,A1569467,A1540081,R51
978,AA209319,BM144231,BM145320,A1191668,BM1496
32,R51978,R51978,R51978,R51978,AA209319,A109088
6,AA583627,AA534198,AA678590,BE242046,T46979,R5
1978,T46979,R51978,BU733453,BE242217,AA524450,A
A508608,R51978,T46979,R51978,B1524753,T46979,AW
451651,R51978,DB334087,AW082159,F09189,DB36415
2,BQ447944,CF529982,R51978,AA209319,T46979,AA37
8790

BU585017
BF839560,BF839556,BF839550,BF839561,BF839551,BF
839555,BF839557,BF839558,BF839549,BF839554,BF83
9560

AA137041
AA748510,BM272203,CK825000,BQ185483,AW976277,A
A867999,A1086232,AA748510,AW976277

AA766259
BX380871,BX397999,BX397999,BX380871,BX397999,B
X380439,BX340281,BX397999,BX397999,BX380439,BX
381730,BX381730,BX380040,BX381730,BX380871,BX3
81730,BX380782,BX459190,BX380439,BX380871,BX36
0778,BX381730,BX397999,BX360778
BQ439253,BU594868,BQ645068,BQ652614,BQ646652,B
Q647682,DB059215,BQ439253

AKO000089

AKO000089

BC010054,BC004532

AK128372,AK026216

AK130324

AK128082

AF015188,AF015189,AF015190

AL834492

AKO055108
AK023886,AK056923,BC015524,BC034410,DQ891332,D
Q894515,AK023886,AK056923,BC015524,BC034410,DQ
891332,DQ894515

AY927477
AKO000089,AF068284,AK000274,AK225900,AL049996,BC
066945,BC107709,BX647100

AK125996

AKO000089

AK125996

BC114447

AK098707

AKO000089

AK125996
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Spliced ESTs
hsa-mir-371
hsa-mir-130b
hsa-mir-639

hsa-mir-155
hsa-mir-632
hsa-mir-365-Z
hsa-mir-423
hsa-mir-324
hsa-mir-565
hsa-mir-564
hsa-mir-124a-
hsa-mir-675

hsa-mir-196b
hsa-mir-24-1
hsa-mir-637

hsa-mir-636

hsa-mir-611
hsa-mir-25

hsa-mir-328

hsa-mir-367

hsa-mir-372
hsa-mir-133a-
hsa-mir-15a
hsa-mir-126

hsa-mir-141
hsa-mir-205

hsa-mir-191
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DB443882

DV080646
DA578654,DB036923,BE163339,BX337999,BE173861,A
W601441,AW601462,AW602622,AW602643,BE076002,B
G978956

BG058739

BF739929,BF986402,BG005263

AA682513

AWO001018

AA428344

DC404319

AL532442,AL532442,AL532442,AL532442

BU738550
AL571290,AL571212,AL571290,AL571290,AL564130,AL5
64130,AL564130

BQ923616,BM549446

CB852241
AI203861,AW974502,AA768246,AW974502,AW974502

AI890310,BX434220,BU608163,CA306910,AW316782,C
B241746,CA420551,CA423953,AL581513,B1012130,BIO0
84978,BU168060,BU628861,CA420567,CD367228,BX45
3763,B1010983,BU624553,BX434220,BX434220,CB2417
46,A1890310,BX434220,DB205468
AA602796,BQ130146,DV461029,AW104310
BE077684,BQ377098,BQ377098,BE077684,BE077684,B
E077684
BM792516,BE868797,BI092635,B1260928,BQ706797,CA
488307,CD243179,BM853445,BM789033,BX390378,BI0
92635,BX390378,BM792516,BQ706797,BE868797,BM85
3445,CA488307,CD243179,B1260928,BM789033

BG499366,BQ217140,H43466,BM796975,AA451825,BF7
90426,BG431297,BG898445,BM853135,BU854431,BX48
8044,CB146063,CB162796,CN346204,DT218636,W4983
9,W39691,CB135486,BQ920803,AA160180,AA372829,B
F701214,CN419691,BU787911,BE748087,AV714955,BE7
48087,W39691

DB443882

AA211717,DB330925,AA211717,AA211717
BM272203,AW976277,AW976277
BX380871,BX397999,BX397999,BX380871,BX397999,B
X380439,BX340281,BX397999,BX397999,BX380439,BX
381730,BX381730,BX380040,BX381730,BX380871,BX3
81730,BX380782,BX459190,BX380439,BX380871,BX38
1730,BX397999
AI695443,AA863389,AA863395,A1969882
BG989285,AA627916,A1969511,AW275818,AW275825,A
W662302,BU732467,CN478782,DB313077,W68529,H25
944,A1800001,BM980083,BU676846,CB048050

BU594868,BQ645068,BQ652614,BQ646652,BQ647682

Intronic miRNAs (anti-sense)
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hsa-mir-662, hsa-mir-302c, hsa-mir-199a-1, hsa-mir-302b, hsa-mir-181a-2, hsa-mir-1-
2, hsa-mir-324, hsa-mir-194-1, hsa-mir-16-2, hsa-mir-599, hsa-mir-486, hsa-mir-570,
hsa-mir-631, hsa-mir-610, hsa-mir-328, hsa-mir-181b-2, hsa-mir-367, hsa-mir-133a-
1, hsa-mir-215, hsa-mir-548d-2, hsa-mir-15b, hsa-mir-302a, hsa-mir-214, hsa-mir-
199a-2, hsa-mir-199b, hsa-mir-302d, hsa-mir-549, hsa-mir-191
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Table S1: Anti-sense transcripts near known miRNAs (continued)
Mouse miRNAs
miRNA #transcripts Transcript IDs

RefSeq Genes

mmu-mir-136 3 NM_184109,NM_184109,NM_184109

mmu-mir-127 2 NM_184109,NM_184109

mmu-mir-433 2 NM_184109,NM_184109

mmu-mir-434 2 NM_184109,NM_184109

mmu-mir-367 2 NM_138593,NM_138593

mmu-mir-762 3 NM_009746,NM_009746,NM_009746

mmu-mir-328 4 NM_172760,NM_172760,NM_172760,NM_172760

mmu-mir-135a-1 2 NM_001039586,NM_174846

mmu-mir-431 2 NM_184109,NM_184109

ESTs

mmu-mir-760 1 BY724041

mmu-mir-219-2 1 BQ174353

mmu-mir-684-1 13 DV073242,BQ174174,AW537749,BE630457,CF578937,A
U019690,AW912686_dupl,BF138984,BF138984,EH1065
32_dupl,EH106867_dupl,BB368041,BE630457

mmu-mir-320 2 AI317636,AU067584

mmu-let-7a-1 2 CA895946,CA895946

mmu-let-7b 6 BX634634,BE990520,BE691213,BP758973,A1481799,A1
551238

mmu-mir-410 9 BQ175773,C0039417,C0039417,C0039417,C0039417,
C0039417,BQ175773,C0039417,CF586444

mmu-mir-703 69 AW475773,BM569675,BQ829508,AA408019,AW549861,
BG061776,BM222193,AW323039,BM202365,CK619245,
BM208748,BM209549,BM244993,BQ942052,BQ829508,
AW549861,AW323039,BM569675,AA408019,AW475773,
BG061776,BM222193,A1037476,BM202365,BM200056,B
M235396,B1557490,BQ829508,A1037476,CK619245,AW
549861,A1037476,BM202365,AW323039,BM569675,BQ8
29508,BM200056,BM209549,BM235396,BM244993,BM2
08748,BQ942052,A1894192,BM241195,BQ829508,BM20
3696,BM293715,BM293715,BM200056,BM235396,BM20
2365,BM209549,BM244993,BM569675,AW323039,BM22
2193,A1037476,BQ942052,CK619245,AA408019,A18941
92,AW475773,BG061776,BM203696,BM208748,BM2411
95,BQ829508,BM293715,AW323039

mmu-mir-719 3 BF319694,BF319694,BF319694

mmu-let-7¢c-2 1 CX730031

mmu-mir-692-1 1 EH109725_dup1l

mmu-mir-762 48 CB590046,BF123867,CB057904,AA219888,B1794412 ,AA

015463,CF583785,BP761456,CB522109,BG247738,BY01
1013,CB574482,C0806265,CA321672,BQ712754,BQ945
556,CB193807,CA464583,BE336140,BX516469,CB0574
30,BY311097,BY323578,C1174327,C1184526,BU935799,
BY335256,BU936524,CF550740,C0800690,CO0798695,B
Q930905,CK792708,BE553370,CB182304,AV445615,BQ
928058,BB651583,CA977612,BF123867,AA015463,DV6
51350,BY022716,BF123867,AA015463,AA929912,BF123
867,AA929912
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mmu-mir-124a-1
mmu-mir-133a-2
mmu-mir-484
mmu-mir-370
mmu-mir-127
mmu-mir-299
mmu-mir-195
mmu-mir-107
mmu-mir-205
mmu-mir-715

mmu-mir-130b
mmu-mir-324
mmu-mir-675

mmu-mir-367

mmu-mir-682

mmu-mir-153
mmu-mir-101a
mmu-mir-296
mmu-mir-700
mmu-mir-129-2
mmu-mir-704
mmu-mir-29b-2
mmu-mir-411

mmu-mir-671

mmu-mir-23b
mmu-mir-804
mmu-mir-142
mmu-mir-328

mmu-mir-135a-1
mmu-let-7d
mmu-mir-677
mmu-mir-713
mmu-mir-29c¢
mmu-mir-21

mmu-mir-339

H R ERENNNWR R

w
[e)]
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12
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EL608186

CR517796

BI688308,BB628323,B1688308

BG870188,BG870188

AW060983,BF461489

CF578713,BI319615

BB469543

DT918023

BX636072
CN677041,CA540888,CA542066,CN675294,AV459680,B
1441300,B1789633,CF899888,CD551120,CD553916,CD5
49707,B1441208,CD565318,CD553951,CA546775,CF902
843,CA546648,AV488839,AV458300,CA949213,BI65917
1,B1690957,B1659626,AV468375,AA538360,B1100293,A
A538360,CA949213,B1100293,BG146738,W42347,AV45
9680,W42347,AV459680,AV459680,AV458300

BF318156,A1550467

CK619771
BG228779,CR757130,CR757163,CR757130,CR757163,B
G228779,BG228779,CR757130,CR758026,CR756565,CR
757086,CR758028
AA408246,C0795279,BU610513,BG802296,BF160578,C
A857540,BM946683,BU525549,CF534412,C0814744,CV
561292,DV657845
EH111758,BB646391,BF018818,BF018908,BQ033113_d
upl

BU921583

BX638239,BF318343

BE990102

AA028433

CR519766

BM519373,BM519462,BM519384,BM519373
AA184398,A1591965
CF578713,CF578713,CF578713,CF578713,CF578713

BG067525,BP766107,AW060945,BF020189,BP764469,C
86598,BP763209,AW744648,CD741762,A1551231,A1551
231,AW413604,A1551231,BF320330,BE993040,BM1977
93,BF458705,BE690893,A1551231,BF455885,C86598,B
X638041,AW046089

AI848465,AW124037

BY707319,BY707319,BX521364
BE136127,AW909330,BE136127
BY766110,CB950291,BF159242,BE569617,BF123539,BG
865727,B1691021,BF159242,BG865727,BF123539,BG86
5727,BE569617,BF159242,B1691021,BY766110,CB9502
91,AA266420,A1466854,BG865727,BG865727,BG86572
7,BG865727,BG865727
CB948426,BQ256452,BF780995,BF452753,BY105899

BF662590,BQ031149,A1591449
CK725393,BE859594,BG794909,EL605651

BY019942
AA184398,A1591965,C0042247,BF465648,AW456678,B
E944441,EH094197,AW494050
BP774280,EH103036,EH105192,DT931951,DT931951

BX629854
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mmu-mir-692-2

mmu-mir-689-1

mmu-mir-138-2

mmu-mir-685

mmu-mir-137
mmu-mir-678

mmu-mir-763
mmu-mir-214

mmu-mir-705
mmu-mir-702
mmu-mir-431

mmu-mir-181b-2

mmu-mir-686

mRNAs
mmu-mir-29c¢
mmu-mir-207

mmu-mir-29b-2

mmu-mir-671
mmu-mir-715
mmu-mir-762

mmu-mir-685

mmu-mir-804
mmu-mir-328

97

N

w
N-bNNw
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BG090122,A1876713,A1120525,C77615,BQ265350,BP77
1591,BM570058,AW212806,AW208734,C76709,EG5635
06,AU042028,BQ264923,C81314,C85950,AU041056,BM
198032,AU018935,A1042821,C85307,AW259615,AW742
780,AA066642,AU021287,BG090001,BF319101_dup1,B
M199052,BF148348,C80431,BF148348,BF148348,A1503
783,AA066642,BP769370,AA066642,A1837703,AA06664
2,AA066642,BM199579,BM210661,AA086583,A1386321,
AA086583,AW212806,CF583084,AA086583,AA086583,A
A066642,A1839982,AA086583,BP769370,BM116361,AA0
86583,AA086583,BF148625,BM196958,BF146594,AA54
2429,AA561457,BM199549,BM199547,BQ264923,BM19
8032,BM198037,AA760480,BM199059,BM199182,BF319
100,BP774123,BM199052,BG146514,AA542429,AA5424
29,BM202444,AA542429,AA760480,AA561457,AA54242
9,AI837703,BM199579,BM210661,CD741947,AA086583,
AA561457,A1386321,AA086583,EH109725,AA086583,B
Q128462,AA086583,AA542429,A1839982,AA086583,BM
116361,AA086583,BP774123,AA086583

AW211456,AW211456,AW211456,AW211456,AW211456

AI854067
AA176001,AA177668,BE335968,BE335968,AA176001,A
A177668,AA176001,AA177668,BE335968
AlI852436,EL607439,BX638046
AI504737,A1851123,A1845257,BE954206,CD774044,AW
321042,AW541993,BM114883,BE993523,A1852462,CA8
89352,CA882196,BM227453,CA881388,BM021608,BM22
6267,C87892,CF582154,EH094417,EH101496,EH10223
5,EH106884,AA152773,AA152782,AA152773,AA152773,
EH094419,AA152773,AA152773,AA152782

CF578614
BX631348,A1414009,CA774438,A1414009,BQ418332,Al
414009,CA947318

BX636473,AW046224,CF585469

AI647501,A1647501

AA048217,BQ127396
BI319432,CJ065621,C)065471,BI1319432
AW539968,A1848457,AW543310,AW557943,AW541849,
BE200146,BM203159,AU045989,BF722037,AW492012,B
Q126981,BQ268530,BE952271,BG228853,BG093897,AU
021597,AW539968,AU021597,AW541849,AU021597,AU
021597,AU045989,AU021597,AU045989,AU021597,BE9
52271,BE952271,BE952271,BE952271,BE952271,BG09
3897,BG093897

AK081202

AK139286

AK081202

AK158019

BC116307,BC131795
Y11905,BC058530,AK131935,BC005673,AK049064,Y11
905
BC128280,BC128469,BC128470,BC128280,BC128469,B
C128470

AK007228
AK037067,AK157875,BC018516,BC026617,BC058752,A
K037067,AK157875,BC018516,BC026617,BC058752
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mmu-mir-135a-1 5 AK052709,BC025935,BC036136,BC033063,AK049425

mmu-mir-484 1 AK035704
mmu-mir-181b-2 AK082091

[y

spliced ESTs

mmu-mir-704 4 BM519373,BM519462,BM519384,BM519373

mmu-mir-320 2 Al317636,AU067584

mmu-mir-410 9 BQ175773,C0039417,C0039417,C0039417,C0039417,
C0039417,BQ175773,C0039417,CF586444

mmu-mir-719 3 BF319694,BF319694,BF319694

mmu-let-7c-2 1 CX730031

mmu-mir-762 46 CB590046,BF123867,CB057904,AA219888,B1794412 ,AA
015463,CF583785,BP761456,CB522109,BG247738,BY01
1013,CB574482,C0806265,CA321672,BQ712754,BQ945
556,CB193807,CA464583,BE336140,BX516469,CB0574
30,BY311097,BY323578,C)174327,CJ184526,BU935799,
BY335256,BU936524,CF550740,C0800690,C0798695,B
Q930905,CK792708,BE553370,CB182304,AV445615,BQ
928058,BB651583,CA977612,BF123867,AA015463,BF12
3867,AA015463,AA929912,BF123867,AA929912

mmu-mir-804 3 BY707319,BY707319,BX521364

mmu-mir-328 23 BY766110,CB950291,BF159242,BE569617,BF123539,BG

865727,B1691021,BF159242,BG865727,BF123539,BG86
5727,BE569617,BF159242,B1691021,BY766110,CB9502
91,AA266420,A1466854,BG865727,BG865727,BG86572
7,BG865727,BG865727

mmu-mir-484 3 BI688308,BB628323,BI688308

mmu-mir-677 4 CK725393,BE859594,BG794909,EL605651

mmu-mir-713 1 BY019942

mmu-mir-195 1 BB469543

mmu-mir-367 12 AA408246,C0795279,BU610513,BG802296,BF160578,C
A857540,BM946683,BU525549,CF534412,C0814744,CV
561292,DV657845

mmu-mir-675 5 CR757130,CR757163,CR757130,CR757163,CR757130

mmu-mir-678 7 CD774044,CA881388,EH094417,EH101496,EH102235,E
H106884,EH094419

mmu-mir-137 3 AI852436,EL607439,BX638046

mmu-mir-700 1 AA028433

mmu-mir-702 2 AI647501,A1647501

mmu-mir-686 26 AW539968,A1848457,AW543310,AW557943,AW541849,

BE200146,BM203159,AU045989,BF722037,AW492012,B
Q126981,BQ268530,BE952271,BG228853,BG093897,A
W539968,AW541849,AU045989,AU045989,BE952271,B
E952271,BE952271,BE952271,BE952271,BG093897,BG
093897

Intronic miRNAs (anti-sense)

mmu-mir-684-1, mmu-mir-199a-1, mmu-mir-133a-1, mmu-mir-486, mmu-mir-703, mmu-
mir-1-2, mmu-mir-181a-2, mmu-mir-297-2, mmu-mir-215, mmu-mir-804, mmu-mir-328,
mmu-mir-199a-2, mmu-mir-484, mmu-mir-194-1, mmu-mir-324, mmu-mir-199b, mmu-mir-
689-2, mmu-mir-214, mmu-mir-695, mmu-mir-181b-2

Table S1: Anti-sense transcripts near known miRNAs. Shown are known miRNAs from human,
mouse, and Drosophila (col. 1), the number of anti-sense transcripts near these miRNAs
(within 50nts) and their sequence identifiers. The transcripts are separated into genes, ESTSs,

and spliced ESTs as indicated. The table also contains a list of known miRNAs that are located
in introns of host genes, which are transcribed in the opposite direction.

Page 15



Stark et al., Supplementary Data

Table S2: Solexa reads matching sense/anti-sense miRNA pairs

Drosophila sense/anti-sense miRNAs

dme-mir-iab-4 chr3R 12681997 12682064 +

TCGTAAACGTATACTGAATGTATCCTGAGTGTATCCTATCCGGTATACCTTCAGTATACGTAACACGA
COCCa COCOCOEEEEEEa 00 (e (0Ceeeee)))«)))e)))))))NIIIIIIIY=2))))
[ N N N R N N N N N A RN A T

TTACGTATACTGAAGGTATACCGG 1 1
TTACGTATACTGAAGGTATACCG 2 1
TTACGTATACTGAAGGTATACC 4 1
TTACGTATACTGAAGGTATAC 2 1
TTACGTATACTGAAGGTAT 8 1
CGGTATACCTTCAGTATACG 1 1

B e

B
B

ACGTATACTGAATGTATCCTG 1 1
ACGTATACTGAATGTATCCTGA 5 1

dme-mir-312 chr2R 16471561 16471626 -

GATTTGGTTCGTCACAAGGGCAATTCTGCATTTTTTAACTAGTATTGCACTTGAGACGGCCTGATT
COCC- 0O 00O 0O COOCCaC0Cae(Caeee))«))))))))))))e))))N))))))
e e COOC OO COOCa (e e (0Caeee)))e))e)))))))))e)))) ) )ee)) e

e+t
e+t
e+t
e+t
e+t
e+t
+++
+++
+++
++
++
++

+

B
B
B
B
B
B

TATTGCACTTGAGACGGCCTGATT 4 1

+++++++t+++t+++++++ TATTGCACTTGAGACGGCCTGAT 94 1
+++++++++++t++++++ TATTGCACTTGAGACGGCCTGA 3027 1
R R S TATTGCACTTGAGACGGCCTG 1165 1
R o it TATTGCACTTGAGACGGCCT 225 1

B i o R TATTGCACTTGAGACGGCC 34 1
R TATTGCACTTGAGACGGC 27 1
+++++++++++++++++++ ATTGCACTTGAGACGGCCTGAT 6 1

S e
 ERma e
R
S e
 ERma e

S e

ATTGCACTTGAGACGGCCTGA 18 1
ATTGCACTTGAGACGGCCTG 3 1
TTGCACTTGAGACGGCCTGAT 1 1
TTGCACTTGAGACGGCCTGA 4 1
TTGCACTTGAGACGGCCTG 1 1
TGCACTTGAGACGGCCTGA 2 1
ATTGCCCTTGTGACGAACCAAAT 2 1
TGGTTCGTCACAAGGGCAATTCT 151 1
TGGTTCGTCACAAGGGCAATTC 66 1
TGGTTCGTCACAAGGGCAATT 90 1
TGGTTCGTCACAAGGGCAAT 44 1
TGGTTCGTCACAAGGGCAA 17 1
TGGTTCGTCACAAGGGCA 6 1

Mouse sense/anti-sense miRNAs

mmu-mir-486 chr8 24608100 24608227 -

TGGCTTGTTCCCCGTTGTCTCCCACCCTGACGCATCCTGTACTGAGCTGCCCCGAGCTGAGCACAGTGAAGGACCTCGGGGCAGCTCAGTACAGGACCCCTCAGGGAGGGCGAGATCAGAGCTGGCTG

SO (L
-

[ N e N O N A R R N A A A RS

COCOCOCOCOEECeeee)))ee

©++))))))))))))))))))))) -

Fhb bbb bbb

Fhbt bbb
bbb
Fhbt bbb
bbb
bbb
Fhbt bbb

mmu-mir-338 chrll 119830855 119830952 -

R e
bR
b
bRt
ettt
b

Co e COCa OO0 o e COCOEEEEEEEEEEEeEeEeEEeeeCees))«))«=23333333)1)1)))))))))))=+))))))))))))e)e))))-)))) -

1))))))e)))e))eee)))))eee)) e

CAACGCTGCACAGGCCGTCCTCCCCAACAATATCCTGGTGCTGAGTGGGTGCACAGTGACTCCAGCATCAGTGATTTTGTTGAAGAGGGCAGCTGCCA

L A O A A N N A S
[ O O N N N N N N N N A O A A NS

B
B

mmu-mir-1-2 chrl8 10785479 10785550 -

fleeeee)«)2)))2))))))))))))e))))))))))))e)) ) e e
1))<)))))<)))<)))<))))))))))))-))))))) -

B
B
B
B
B

B

(-42.20)

(-40.50)
TCAACARAATCACTGATGCTGGAGT 11 1
TTCAACAAAATCACTGATGCTGGAG 1 1
TCCAGCATCAGTGATTTTGTTGA 10 1
TCCAGCATCAGTGATTTTGTTG 15 1
TCCAGCATCAGTGATTTTGTT 25 1
TCCAGCATCAGTGATTTTGT 12 1
TCCAGCATCAGTGATTTTG 1 1
CATCAGTGATTTTGTTG 1 1
TCAGCACCAGGATATTGTTGGGG 1 1
AACAATATCCTGGTGCTGAGT 11 1
CCAACAATATCCTGGTGCTGA 2 1

(-75.70)
(-80.10)
TCCTGTACTGAGCTGCCC 2 2
TCCTGTACTGAGCTGCCCC 1 2
TCCTGTACTGAGCTGCCCCG 11 2
TCCTGTACTGAGCTGCCCCGA 66 2
TCCTGTACTGAGCTGCCCCGAG 152 2
TCCTGTACTGAGCTGCCCCGAGE 1 1
CGGGGCAGCTCAGTACAGGA 1 2
CGGGGCAGCTCAGTACAGGA 1 2
CGGGGCAGCTCAGTACAGGAT 46 1
CGGGGCAGCTCAGTACAGGATG 56 1
TCCTGTACTGAGCTGCCCCGAGE 3 1
TCCTGTACTGAGCTGCCCCGAG 152 2
TCCTGTACTGAGCTGCCCCGA 66 2
TCCTGTACTGAGCTGCCCCG 11 2
TCCTGTACTGAGCTGCCCC 1 2
TCCTGTACTGAGCTGCCC 2 2

TCAGAGCACATACTTCTTTATGTACCCATATGAACATTCAGTGCTATGGAATGTAAAGAAGTATGTATTTTG

SCCCCC-COOCEEEEEeeeeeeee 0o ((eeeve))=2)))))22)))))))))))))))-)))))

COCOCOCOOOOO0Cee e COCOCCaea(( 1)+2))))))-+2))))))))))))))
B
B
B

(-25.30)

(-22.70)
TGGAATGTAAAGAAGTATGTAT 45 2
TGGAATGTAAAGAAGTATGTA 2 2
TGGAATGTAAAGAAGTATGT 1 2
TGGGTACATAAAGAAGTATGTGC 5 1
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mmu-mir-34b chr9 50855792 50855875 -

GTGCTCGGTTTGTAGGCAGTGTAATTAGCTGATTGTAGTGCGGTGCTGACAATCACTAACTCCACTGCCATCAARACAAGGCAC
©2))):)))))))))))e-2)))))))eeee))))ee))))) (=34.10)

L O O A O N A N A S
[ N N N N N A A

B

B
B
B
B
B e
B R S
B
B
B
B
B

mmu-mir-182 chré 30115928 30116002 -

“2)):))))))))))))) -

B
B
B
B
B
B
B e
B
B
B
B
B e e

1))))))e-))))e)))e)))) (=34.50)

ATGGCAGTGGAGTTAGTGATTGT 1 1
TGGCAGTGGAGTTAGTGATTGT 5 1
ATCACTAACTCCACTGCCATCAA 2 1
ATCACTAACTCCACTGCCATCA 51 1
AATCACTAACTCCACTGCCATCA 17 1
TCACTAACTCCACTGCCATC 1 1
ATCACTAACTCCACTGCCATC 24 1
AATCACTAACTCCACTGCCATC 259 1
ATCACTAACTCCACTGCCAT 1 1
AATCACTAACTCCACTGCCAT 22 1
ATCACTAACTCCACTGCCA 2 1
AATCACTAACTCCACTGCCA 28 1
CAATCACTAACTCCACTGCCA 1 1
CAATCACTAACTCCACTGCC 1 1
GGCAGTGTAATTAGCTGATTGTA 1 1
TAGGCAGTGTAATTAGCTGATTGTA 2 1
GTAATTAGCTGATTGT 1 1
GTGTAATTAGCTGATTGT 3 1
AGTGTAATTAGCTGATTGT 6 1
AGGCAGTGTAATTAGCTGATTGT 638 1
TAGGCAGTGTAATTAGCTGATTGT 26 1
AGTGTAATTAGCTGATTG 4 1
AGGCAGTGTAATTAGCTGATTG 23 1
TAGGCAGTGTAATTAGCTGATTG 117 1
TAGGCAGTGTAATTAGCTGATT 14 1
TAGGCAGTGTAATTAGCTGAT 1 1
TAGGCAGTGTAATTAGCT 4 2

ACCATTTTTGGCAATGGTAGAACTCACACCGGTAAGGTAATGGGACCCGGTGGTTCTAGACTTGCCAACTATGGT

L N A A A
[ N e N N O A A A A Y

c0+2))))))))))))-2))))))))-)))))
ceee)))))))))))) e )))))))-e)))))

B

B
B
B
B

B
B e
B
B
B
B
B e e
B

B
B
B
B R

mmu-mir-203 chrl2 112578688 112578763 +

(-29.14)
(-31.64)
GTTGGCAAGTCTAGAACCACCG 2 1
GTAAGGTAATGGGACCCG 43 1
TTTGGCAATGGTAGAACTCACACCGGT 8 1
TTTGGCAATGGTAGAACTCACACCGG 95 1
AATGGTAGAACTCACACCG 40 1
GGCAATGGTAGAACTCACACCG 4 1
TGGCAATGGTAGAACTCACACCG 5 1
TTGGCAATGGTAGAACTCACACCG 48 1
TTTGGCAATGGTAGAACTCACACCG 11377 1
TTTTGGCAATGGTAGAACTCACACCG 27 1
TGGCAATGGTAGAACTCACACC 3 1
TTTGGCAATGGTAGAACTCACACC 1358 1
TTGGCAATGGTAGAACTCACAC 11 1
TTTGGCAATGGTAGAACTCACAC 2295 1
TTGGCAATGGTAGAACTCACA 4 1
TTTGGCAATGGTAGAACTCACA 1734 1
TTGGCAATGGTAGAACTCAC 1 1
TTTGGCAATGGTAGAACTCAC 1024 1
TTTGGCAATGGTAGAACTCA 250 1
TTTGGCAATGGTAGAACTC 113 1
TTTGGCAATGGTAGAACT 20 1
TTTGGCAATGGTAGAAC 4 2

GCCTGGTCCAGTGGTTCTTGACAGTTCAACAGTTCTGTAGCACAATTGTGARATGTTTAGGACCACTAGACCCGGC
COC OO COOCEEEEE- O 0O Ceee))«)))))))))=)))N))IIIIIIII)I)-))) (=35.60)
COCCOCOCOOEEOCe (e (O 000 Ceee))))e))))))=)))=e))=)))))))))))-))) (=32.40)

mmu-mir-194-1 chrl 187014107 187014173 +

B
B
B RS
B
B e
B
B
B
B R
B
B
B
B e

ATCGGGTGTAACAGCAACTCCATGTGGACTGTGCTCGGATTCCAGTGGAGCTGCTGTTACTTCTGAT

COCOCC-COOCEEEEE- e (e Ceeee)))«2))))))))))=)))IIIIII-)I))))
1)) ) e (-28.90)

N N N A A A

B
B

TTGAACTGTCAAGAACCACTGG 1 1
TTGAACTGTCAAGAACCACT 1 1
TGTGAAATGTTTAGGACCACTAG 29 1
GTGAAATGTTTAGGAC 1 3
GTGAAATGTTTAGGACCA 1 1
GTGAAATGTTTAGGACCAC 1 1
GTGAAATGTTTAGGACCACT 16 1
GTGAAATGTTTAGGACCACTA 3 1
GTGAAATGTTTAGGACCACTAG 223 1
GTGAAATGTTTAGGACCACTAGA 11 1
TGAAATGTTTAGGACCA 1 3
TGAAATGTTTAGGACCACTA 7 1
TGAAATGTTTAGGACCACTAG 130 1
TGAAATGTTTAGGACCACTAGA 17 1
GAAATGTTTAGGACCACTAG 1 1

(-34.10)

CACATGGAGTTGCTGTTACAC 3 1
TGTAACAGCAACTCCATGTGGA 104 2
TGTAACAGCAACTCCATGTGGAC 1 1
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mmu-mir-27b chrl3 63309934 63310006 +

AGGTGCAGAGCTTAGCTGATTGGTGAACAGTGATTGGTTTCCGCTTTGTTCACAGTGGCTAAGTTCTGCACCT

COCOCOCOEEEEEOOCCee e e
COCOCOCOCa 00000 Caeanns COeeeec.

B
B
B
B
B
B
B e

mmu-mir-126 chr2 26413366 26413438 +

S00(e2)))+2))))))))+2))))))))))))))))))
cee(eees)eeee)))))))e42))))))4)))))))))

B
B e
B
B
B R e
B Y
B
B

B
B
B
B

B

B
B
B e
B
B
B
B
B RR RS
B
B
B RS
B R
B AR RE RS
B

(-40.20)
(-31.30)
TTCACCAATCAGCTAAGCTCTGC 1 1
CAGAGCTTAGCTGATTGGTGAACA 19 1
AGAGCTTAGCTGATTGGT 5 1
AGAGCTTAGCTGATTGGTGA 8 1
AGAGCTTAGCTGATTGGTGAA 65 1
AGAGCTTAGCTGATTGGTGAAC 87 1
AGAGCTTAGCTGATTGGTGAACA 274 1
AGAGCTTAGCTGATTGGTGAACAG 19 1
AGAGCTTAGCTGATTGGTGAACAGT 1 1
GTTCACAGTGGCTAAGTT 2 2
GTTCACAGTGGCTAAGTTCT 64 1
GTTCACAGTGGCTAAGTTCTG 135 1
GTTCACAGTGGCTAAGTTCTGC 188 1
TTCACAGTGGCTAAG 2 20
TTCACAGTGGCTAAGT 4 3
TTCACAGTGGCTAAGTT 109 3
TTCACAGTGGCTAAGTTC 1294 2
TTCACAGTGGCTAAGTTCT 3140 1
TTCACAGTGGCTAAGTTCTG 12686 1
TTCACAGTGGCTAAGTTCTGC 32597 1
TTCACAGTGGCTAAGTTCTGCA 617 1
TTCACAGTGGCTAAGTTCTGCAC 25 1
TCACAGTGGCTAAGTTC 1 4
TCACAGTGGCTAAGTTCTG 54 1
TCACAGTGGCTAAGTTCTGC 16 1
TCACAGTGGCTAAGTTCTGCA 2 1
CACAGTGGCTAAGTTCTG 5 1
CACAGTGGCTAAGTTCTGC 4 1
CACAGTGGCTAAGTTCTGCA 1 1
ACAGTGGCTAAGTTC 2 13
ACAGTGGCTAAGTTCT 7 4
ACAGTGGCTAAGTTCTG 25 3
ACAGTGGCTAAGTTCTGC 51 2
CAGTGGCTAAGTTCTGC 3 2
AGTGGCTAAGTTCTG 3 9
AGTGGCTAAGTTCTGCA 9 2

TGACAGCACATTATTACTTTTGGTACGCGCTGTGACACTTCAAACTCGTACCGTGAGTAATAATGCGCGGTCA

B O N A N A A A e N N N N S
R A N N N A A A NS

B
B
B
B
B
B

B
B
B

©)))+2)2)))))))))))))))))))) D)) .
©))))))<))))))-+2))))))))))))) ).

Fh bbb
B R
B
B
B
B RS
B
B e
B
B
B
B
B
B
B
B
B
B
B
B Y
B
B AT

(-32.30)
(-34.40)
CGCGTACCAAAAGTAATAATGT 1 1
CATTATTACTTTTGGTAC 3 1
CATTATTACTTTTGGTACG 41 1
CATTATTACTTTTGGTACGC 781 1
CATTATTACTTTTGGTACGCG 786 1
CATTATTACTTTTGGTACGCGC 44 1
CATTATTACTTTTGGTACGCGCT 5 1
CATTATTACTTTTGGTACGCGCTGTGA 1 1

CATTATTACTTTTGGTACGCGCTGTGACA 1 1

ATTATTACTTTTGGTACGCGC 1 1
TTATTACTTTTGGTACGC 2 1
TATTACTTTTGGTACGCG 1 1
CTCGTACCGTGAGTA 1 1
CTCGTACCGTGAGTAAT 1 1
CTCGTACCGTGAGTAATAATG 4 1
CTCGTACCGTGAGTAATAATGC 26 1
CTCGTACCGTGAGTAATAATGCG 11 1
TCGTACCGTGAGTAATAA 1 1
TCGTACCGTGAGTAATAAT 25 1
TCGTACCGTGAGTAATAATG 101 1
TCGTACCGTGAGTAATAATGC 658 1
TCGTACCGTGAGTAATAATGCG 1165 1
TCGTACCGTGAGTAATAATGCGC 2 1
CGTACCGTGAGTAATAAT 3 1
CGTACCGTGAGTAATAATG 28 1
CGTACCGTGAGTAATAATGC 240 1
CGTACCGTGAGTAATAATGCG 561 1
CGTACCGTGAGTAATAATGCGC 3 1
GTACCGTGAGTAATAATGC 1 1
TACCGTGAGTAATAATGCG 1 1
ACCGTGAGTAATAATGC 1 1
CCGTGAGTAATAATGC 1 1
CCGTGAGTAATAATGCG 2 1
GTGAGTAATAATGCG 1 1
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mmu-let-7b chrl5 85535085 85535169 +
GCAGGGTGAGGTAGTAGGTTGTGTGGTTTCAGGGCAGTGATGTTGCCCCTCCGAAGATAACTATACAACCTACTGCCTTCCCTGA

R N A N A N N Y A N A A A 1)))))eeee))ee=2)))))))))))))NIINIIINIDD)) . (-49.00)
O O A A A A A A e A N A N A A A ) (Ceee))e)))eee)))))))))))))-))))) . (=37.50)

R TGAGGTAGTAGGTTG 6 10
B TGAGGTAGTAGGTTGT 53 8
B TGAGGTAGTAGGTTGTG 14 1

B
B

B
B
B
B
B e

TGAGGTAGTAGGTTGTGT 94 1
TGAGGTAGTAGGTTGTGTG 1041 1
TGAGGTAGTAGGTTGTGTGG 1351 1
TGAGGTAGTAGGTTGTGTGGT 34985 1
TGAGGTAGTAGGTTGTGTGGTT 136624 1
TGAGGTAGTAGGTTGTGTGGTTT 33456 1
TGAGGTAGTAGGTTGTGTGGTTTC 299 1
TGAGGTAGTAGGTTGTGTGGTTTCA 26 1
TGAGGTAGTAGGTTGTGTGGTTTCAG 5 1
TGAGGTAGTAGGTTGTGTGGTTTCAGGG 1 1
TGAGGTAGTAGGTTGTGTGGTTTCAGGGCA 7 1

B e e
B
B
B
B
B
B
B e e
B R
B
B
B
B
B
B
B R
B AR RE RS

GAGGTAGTAGGTTGTGTGGT 104 1
GAGGTAGTAGGTTGTGTGGTT 139 1
GAGGTAGTAGGTTGTGTGGTTT 11 1
AGGTAGTAGGTTGTGTGGT 6 1
AGGTAGTAGGTTGTGTGGTT 44 1
AGGTAGTAGGTTGTGTGGTTT 3 1
GGTAGTAGGTTGTGTGGTT 4 1
GGTAGTAGGTTGTGTGGTTT 1 1
GTAGTAGGTTGTGTGGT 1 1
GTAGTAGGTTGTGTGGTT 22 1
GTAGTAGGTTGTGTGGTTT 1 1
TAGTAGGTTGTGTGGT 22 1
TAGTAGGTTGTGTGGTT 5 1
TAGTAGGTTGTGTGGTTT 4 1
AGTAGGTTGTGTGGTT 2 1
AGTAGGTTGTGTGGTTT 20 1
GTAGGTTGTGTGGTT 2 3
TAGGTTGTGTGGTTTCAGGGCAGTGA 1 1

TCAGGGCAGTGATGTTGCCCCTCCGAAGAT 1 1
AGATAACTATACAACCTACTGCCTTC 1 1

B o o CTATACAACCTACTGCCTTC 15 1

B RS CTATACAACCTACTGCCTTCC 43 1

B R CTATACAACCTACTGCCTTCCC 1 1
GTAGGTTGTATAGTTA 7 3
AGTAGGTTGTATAGTTA 4 1
AGTAGGTTGTATAGTT 41 3
CAGTAGGTTGTATAGTT 1 1
AGTAGGTTGTATAGT 1 9

(mmu-mir-374 chrxX 99775779 99775873 - NO uniquely matching anti-sense reads)
GAAGAAATCCTACTCGGGTGGATATAATACAACCTGCTAAGTGTTCTAGCACTTAGCAGGTTGTATTATCATTGTCCGAGGTTATGGCTCTCGTC
e e e OO G CCCCCCCCCCCCCCCCCCCC 2230000 ) ) +2)))) ) ) e eee ))-a))ene (=46.30)
e (e CCCCCCCCOCCCCCCCCCCC 2222000000000 ) ) e e ) )))) ) ) =) <)) ) e (=42.60)
- ATAATACAACCTGCTAAGTG 1 2

- TAATACAACCTGCTAAGTG 1 2
- ATACAACCTGCTAAGTG 1 5

++++++++++++ TTAGCAGGTTGTATTATCATT 1 1
+++++++++++ CTTAGCAGGTTGTATTATCATT 114 1
++++++++++++ ACTTAGCAGGTTGTATTATCATT 1 1
TTCTAGCACTTAGCAGGTTGTATTATCATT 1 1
CTTAGCAGGTTGTATTATCAT 5 1

B

B
B
B
B R
B
B
B
B
B
B
B e

B
B

ACTTAGCAGGTTGTATTATCAT 3 1
CTTAGCAGGTTGTATTA 3 3
CTTAGCAGGTTGTATTA 3 3
TAATACAACCTGCTAAGTGT 1 1
ATAATACAACCTGCTAAGTGT 1 1
ATATAATACAACCTGCTAAGTGT 91 1
ATACAACCTGCTAAGTG 1 5
TAATACAACCTGCTAAGTG 1 2
ATAATACAACCTGCTAAGTG 1 2
TATAATACAACCTGCTAAGTG 3 1
ATATAATACAACCTGCTAAGTG 316 1
TATAATACAACCTGCTAAGT 4 1
ATATAATACAACCTGCTAAGT 603 1
ATATAATACAACCTGCTAAG 28 1

B i ATATAATACAACCTGCTAA 5 1
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Table S3: Solexa reads matching sense/anti-sense miRNA pairs

Drosophila miRNAs

Read Sequence #cloned/sequenced #matches to genome miRNA matches miRNA anti-sense matches
TTACGTATACTGAAGGTAT 8 1 dme-mir-iab-4
TGCACTTGAGACGGCCTGA 2 1 dme-mir-312
TTACGTATACTGAAGGTATACCG 2 1 dme-mir-iab-4
TATTGCACTTGAGACGGCCTGA 3027 1 dme-mir-312
TTGCACTTGAGACGGCCTGA 4 1 dme-mir-312
TTGCACTTGAGACGGCCTGAT 1 1 dme-mir-312
ACGTATACTGAATGTATCCTG 1 1 dme-mir-iab-4
ATTGCCCTTGTGACGAACCAAAT 2 1 dme-mir-312
TATTGCACTTGAGACG 1 1 dme-mir-312
TATTGCACTTGAGACGGCCTGATT 4 1 dme-mir-312
TGGTTCGTCACAAGGGCAATTCT 151 1 dme-mir-312
TTACGTATACTGAAGGTATAC 2 1 dme-mir-iab-4
TTGCACTTGAGACGGCCTG 1 1 dme-mir-312
CGGTATACCTTCAGTATACG 1 1 dme-mir-iab-4
TATTGCACTTGAGACGGCC 34 1 dme-mir-312

TGGTTCGTCACAAGGGC 1 1 dme-mir-312
TGGTTCGTCACAAGGGCAA 17 1 dme-mir-312
TTACGTATACTGAAGGTATACC 4 1 dme-mir-iab-4
TGGTTCGTCACAAGGGCA 6 1 dme-mir-312
TATTGCACTTGAGACGGCCTGAT 94 1 dme-mir-312

TATTGCACTTGAGACGGC 27 1 dme-mir-312
ACGTATACTGAATGTATCCTGA 5 1 dme-mir-iab-4
TTACGTATACTGAAGGTATACCGG 1 1 dme-mir-iab-4
TGGTTCGTCACAAGGGCAATT 90 1 dme-mir-312
TATTGCACTTGAGACGGCCT 225 1 dme-mir-312

CACTTGAGACGGCCTGA 1 1 dme-mir-312
TGGTTCGTCACAAGGGCAATTC 66 1 dme-mir-312
TATTGCACTTGAGACGGCCTG 1165 1 dme-mir-312
ATTGCACTTGAGACGGCCTG 3 1 dme-mir-312
ATTGCACTTGAGACGGCCTGAT 6 1 dme-mir-312

TGCACTTGAGACGGCCT 2 1 dme-mir-312
TGGTTCGTCACAAGGGCAAT 44 1 dme-mir-312
ATTGCACTTGAGACGGCCTGA 18 1 dme-mir-312
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Table S3: Solexa reads matching sense/anti-sense miRNA pairs

Mouse miRNAs

Read Sequence #cloned/sequenced #matches to genome miRNA matches miRNA anti-sense matches
GTAGGTTGTATGGTT 4 5 mmu-let-7¢c-2
ACAGTGGCTAAGTTCT 7 4 mmu-mir-27b
CAATCACTAACTCCACTGCC 1 1 mmu-mir-34b
GCACCATTTGAAATCAGTGTT 39 2 mmu-mir-29b-2
ACTTAGCAGGTTGTATTATCATT 1 1 mmu-mir-374
GTAGTAGGTTGTATAGTT 21 2 mmu-let-7a-1
AGTAGGTTGTATAGTTA 4 1 mmu-let-7b
AGTAGGTTGTATAGTTT 1 2 mmu-let-7a-1
CGTACCGTGAGTAATAATGCG 561 1 mmu-mir-126
AGTAGGTTGTATGGTT 8 3 mmu-let-7¢c-2
TGGAATGTAAAGAAGTATGTAT 45 2 mmu-mir-1-2
TCGTACCGTGAGTAATAAT 25 1 mmu-mir-126
CAGAGCTTAGCTGATTGGTGAACA 19 1 mmu-mir-27b
TGAGGTAGTAGGTTGTATGGTT 198548 2 mmu-let-7¢c-2
AGGTAGTAGGTTGTGTGGTT 44 1 mmu-let-7b
TAGCACCATTTGAAATC 6 3 mmu-mir-29b-2
CACCATTTGAAATCAGTG 4 3 mmu-mir-29b-2
GTAGTAGGTTGTGTGGT 1 1 mmu-let-7b
CGCGTACCAAAAGTAATAATGT 1 1 mmu-mir-126
CTCGTACCGTGAGTAATAATGC 26 1 mmu-mir-126
TGAGGTAGTAGGTTGTGTG 1041 1 mmu-let-7b
GGCAATGGTAGAACTCACACCG 4 1 mmu-mir-182
GCTGGTTTCACATGGTGGCTTAGA 2 1 mmu-mir-29b-2
TGAGGTAGTAGGTTGTATGG 1404 2 mmu-let-7¢c-2
AGAGCTTAGCTGATTGGTGAACA 274 1 mmu-mir-27b
TATACAATCTACTGTCTTTC 2 2 mmu-let-7a-1;mmu-let-7c-2
TTTTGGCAATGGTAGAACTCACACCG 27 1 mmu-mir-182
GTGAAATGTTTAGGACCACTA 3 1 mmu-mir-203
TTTGGCAATGGTAGAACTCA 250 1 mmu-mir-182
CTATACAATCTACTGTCTTT 218 2 mmu-let-7a-1;mmu-let-7c-2
TGGCAGTGGAGTTAGTGATTGT 5 1 mmu-mir-34b
CACCATTTGAAATCAGTGTT 13 2 mmu-mir-29b-2
TCGTACCGTGAGTAATAATG 101 1 mmu-mir-126
CTCGTACCGTGAGTA 1 1 mmu-mir-126
AGTAGGTTGTATGGTTT 2 2 mmu-let-7¢c-2
TCCTGTACTGAGCTGCCCCG 11 2 mmu-mir-486 mmu-mir-486
TAGCACCATTTGAAAT 6 6 mmu-mir-29b-2
CGGGGCAGCTCAGTACAGGAT 46 1 mmu-mir-486
ATTTGAAATCAGTGTTT 1 4 mmu-mir-29b-2
CTCGTACCGTGAGTAAT 1 1 mmu-mir-126
ACAGTGGCTAAGTTCTG 25 3 mmu-mir-27b
TGAGGTAGTAGGTTGTATAGTTIT 54 1 mmu-let-7a-1
AGGCAGTGTAATTAGCTGATTG 23 1 mmu-mir-34b
TGTGAAATGTTTAGGACCACTAG 29 1 mmu-mir-203
GGTAGTAGGTTGTATAGT 5 2 mmu-let-7a-1
GTAATTAGCTGATTGT 1 1 mmu-mir-34b
GTGAAATGTTTAGGACCACTAGA 11 1 mmu-mir-203
ACACGGACACCGCAGGG 6 1 mmu-let-7b
TTTGGCAATGGTAGAACTCACACC 1358 1 mmu-mir-182
TGAAATGTTTAGGACCACTA 7 1 mmu-mir-203
AATCACTAACTCCACTGCCAT 22 1 mmu-mir-34b
TTCACAGTGGCTAAGTTC 1294 2 mmu-mir-27b
TTTGGCAATGGTAGAACTCAC 1024 1 mmu-mir-182
ATGAGGTAGTAGGTTGTATAGTT 53 1 mmu-let-7a-1
TTGGCAATGGTAGAACTCAC 1 1 mmu-mir-182
ACCATTTGAAATCAGTGTT 24 2 mmu-mir-29b-2
TGAGGTAGTAGGTTGTATGGT 30009 2 mmu-let-7¢c-2
CGTACCGTGAGTAATAATGCGC 3 1 mmu-mir-126
GTAGTAGGTTGTGTGGTT 22 1 mmu-let-7b
GAGGTAGTAGGTTGTATGGT 65 2 mmu-let-7¢-2
TTTGGCAATGGTAGAAC 4 2 mmu-mir-182
AGTAGGTTGTGTGGTTT 20 1 mmu-let-7b
ATATAATACAACCTGCTAAGTGT 91 1 mmu-mir-374
TCAGCACCAGGATATTGTTGGGG 1 1 mmu-mir-338
TTAGGGTCACACCCACCACTGGG 1 1 mmu-let-7a-1
TGAGGTAGTAGGTTGTGTGGT 34985 1 mmu-let-7b
GAGGTAGTAGGTTGTGTGGT 104 1 mmu-let-7b
CAGTGGCTAAGTTCTGC 3 2 mmu-mir-27b
CTATACAATCTACTGTCTTTCCT 8 2 mmu-let-7a-1;mmu-let-7c-2
CTAGCACCATTTGAAATCAGTGT 335 2 mmu-mir-29b-2
CATCAGTGATTTTGTTG 1 1 mmu-mir-338
AGAGCTTAGCTGATTGGTGAAC 87 1 mmu-mir-27b
TGGAATGTAAAGAAGTATGT 1 2 mmu-mir-1-2
GGTAGTAGGTTGTATAGTTT 2 2 mmu-let-7a-1
ACAGTGGCTAAGTTC 2 13 mmu-mir-27b
TGAGGTAGTAGGTTGTGTGGTTTCAGGG 1 1 mmu-let-7b
GTAAGGTAATGGGACCCG 43 1 mmu-mir-182
TTCACAAAGCCCATACACTTT 35 1 mmu-mir-350
CATTATTACTTTTGGTACGC 781 1 mmu-mir-126
TCACAGTGGCTAAGTTCTGCA 2 1 mmu-mir-27b
TAGTAGGTTGTATAG 1 4 mmu-let-7a-1
TCCAGCATCAGTGATTTTGTTG 15 1 mmu-mir-338
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CCATTTGAAATCAGTGTT
TTGAACTGTCAAGAACCACT
ATCTAGCACCATTTGAAATCAGTGTT
CACAGTGGCTAAGTTCTGCA
CTAGCACCATTTGAAATCAGTGTT
TAGCACCATTTGAAATCAGTGTTTTA
CACATGGAGTTGCTGTTACAC
AATGGTAGAACTCACACCG
TGAAATGTTTAGGACCA
AGTAGGTTGTATAGT
TAGCACCATTTGAAATCAGTGTT
CCGTGAGTAATAATGC
GGTAGTAGGTTGTATGGTTT
TAGCACCATTTGAAATCAGTGT
ATCACTAACTCCACTGCCATCA
GCACCATTTGAAATCAGTGT
GGCAGTGTAATTAGCTGATTGTA
TTCACAAAGCCCATACACTTTCAC
TCCAGCATCAGTGATTTTG
TGAGGTAGTAGGTTGTATGGTTTTGGG
AAAGTGCATGCGCTTTGGG
TGAGGTAGTAGGTTG
GGTAGTAGGTTGTATAGTT
CTATACAACCTACTGCCTTC
TAGTAGGTTGTATAGTTT
TAATACAACCTGCTAAGTG
AAAGTGCATGCGCTTTGGGA
GAGGTAGTAGGTTGTATGGTT
TTCACAGTGGCTAAGTT
AACACGGACACCGCAGGG
TTAGGGTCACACCCACCACTGGGAGATAA
GCTGGTTTCACATGGTGGCTTAGATTT
TCAACAAAATCACTGATGCTGGAGT
TGTAACAGCAACTCCATGTGGA
TATAATACAACCTGCTAAGT
ACCATTTGAAATCAGTG
CTGGTTTCACATGGTGGCTTAG
CGTACCGTGAGTAATAAT
AGAGCTTAGCTGATTGGTGAA
TAGTAGGTTGTATAGTT
CATTATTACTTTTGGTACGCGCTGTGA
TGAGGTAGTAGGTTGTATAGTTTTAGG
GGTAGTAGGTTGTGTGGTTT
TGGCAATGGTAGAACTCACACCG
GTAGGTTGTATAGTTA

AGTTCCAGGACAGCCAGGGCTATACAGAGA

TAGTAGGTTGTATGGTTT
CTAGCACCATTTGAAATCAGT
TGAGGTAGTAGGTTGTATGGTTTTGG
TTCACCAATCAGCTAAGCTCTGC
TGGGTACATAAAGAAGTATGTGC
AGGTAGTAGGTTGTATGGTT
TTCACAAAGCCCATACA
CAATCACTAACTCCACTGCCA
ACAGTGGCTAAGTTCTGC
TAGGTTGTGTGGTTTCAGGGCAGTGA
TTATTACTTTTGGTACGC
TAGGCAGTGTAATTAGCTGATTG
CTTAGCAGGTTGTATTATCATT
TTTGGCAATGGTAGAACTCACACCG
TAGTAGGTTGTATGG
CACAGTGGCTAAGTTCTGC
AGATAACTATACAACCTACTGCCTTC
CATTATTACTTTTGGTACGCGCTGTGACA
CTGGTTTCACATGGTGGCTTAGA
ATACAACCTGCTAAGTG
CCATTTGAAATCAGTGT
GGTAGTAGGTTGTGTGGTT
TCGTACCGTGAGTAATAATGC
TCACAGTGGCTAAGTTCTG
CATTATTACTTTTGGTACGCGCT
CGTACCGTGAGTAATAATGC
TCTCTGTATAGCCCTGGCTGTC
GTGAAATGTTTAGGACCAC
TAGTAGGTTGTGTGGTTT
CAGTAGGTTGTATAGTT
TCGTACCGTGAGTAATAATGCGC
AGTGTAATTAGCTGATTGT
TCCTGTACTGAGCTGCCCC
TTTGGCAATGGTAGAACTC
TTGGCAATGGTAGAACTCACAC
CTATACAATCTACTGTCTTTCC
TAGTAGGTTGTGTGGTT
TAGTAGGTTGTATGGT
GAGGTAGTAGGTTGTATGGTTT
TCCTGTACTGAGCTGCCCCGAGC
TCCTGTACTGAGCTGCCCCGAGG
GTAGTAGGTTGTATGGTT
TCACTAACTCCACTGCCATC
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mmu-mir-29b-2
mmu-mir-27b

mmu-mir-29b-2

mmu-mir-29b-2

mmu-mir-182
mmu-mir-203
mmu-let-7a-1
mmu-mir-29b-2
mmu-mir-126
mmu-let-7c-2
mmu-mir-29b-2
mmu-mir-34b
mmu-mir-29b-2
mmu-mir-34b
mmu-mir-350
mmu-mir-338
mmu-let-7c-2
mmu-mir-350
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mmu-mir-203

mmu-mir-194-1

mmu-let-7b

mmu-let-7a-1;mmu-let-7c-2; mmu-let-7b

mmu-let-7a-1
mmu-let-7b
mmu-let-7a-1
mmu-mir-374
mmu-mir-350
mmu-let-7c-2
mmu-mir-27b
mmu-let-7b
mmu-let-7a-1
mmu-mir-29b-2

mmu-mir-194-1
mmu-mir-374

mmu-mir-29b-2

mmu-mir-29b-2
mmu-mir-126
mmu-mir-27b
mmu-let-7a-1
mmu-mir-126
mmu-let-7a-1

mmu-let-7b

mmu-mir-182

mmu-mir-706

mmu-let-7c-2
mmu-mir-29b-2

mmu-let-7c-2

mmu-let-7c-2
mmu-mir-350
mmu-mir-34b
mmu-mir-27b
mmu-let-7b
mmu-mir-126
mmu-mir-34b
mmu-mir-374
mmu-mir-182
mmu-let-7c-2
mmu-mir-27b
mmu-let-7b
mmu-mir-126
mmu-mir-29b-2
mmu-mir-374
mmu-mir-29b-2
mmu-let-7b
mmu-mir-126
mmu-mir-27b
mmu-mir-126
mmu-mir-126

mmu-mir-203
mmu-let-7b

mmu-mir-126
mmu-mir-34b
mmu-mir-486
mmu-mir-182
mmu-mir-182

mmu-let-7a-1;mmu-let-7c-2

mmu-let-7b
mmu-let-7c-2
mmu-let-7c-2
mmu-mir-486

mmu-let-7c-2
mmu-mir-34b

mmu-mir-374

mmu-mir-338

mmu-let-7b

mmu-mir-27b
mmu-mir-1-2

mmu-mir-374

mmu-mir-706

mmu-let-7b

mmu-mir-486

mmu-mir-486



CATTATTACTTTTGGTACGCGC
TGAAATGTTTAGGACCACTAGA
TGAGGTAGTAGGTTGTATA
TGAGGTAGTAGGTTGTATG
TGGTTTCACATGGTGGCTTAGA
TTGGCAATGGTAGAACTCACACCG
CATTTGAAATCAGTGT
GTACCGTGAGTAATAATGC
CTAGCACCATTTGAAATCAGTG
CTAGCACCATTTGAAATCAG
GTTCACAGTGGCTAAGTTCT
TTTGGCAATGGTAGAACTCACACCGGT
AGGTAGTAGGTTGTATGGT
GGTAGTAGGTTGTATA
TAGCACCATTTGAAATCAGT
TGAGGTAGTAGGTTGTGTGG
TATTACTTTTGGTACGCG
AGTAGGTTGTATAGTT
ATGAGGTAGTAGGTTGTATAGT
TGAGGTAGTAGGTTGTATAGTT
TAGTAGGTTGTGTGGT
CATTATTACTTTTGGTACG
TGAGGTAGTAGGTTGT
ATCTATCTATCTATCTATC
CATTTGAAATCAGTGTT
AATCACTAACTCCACTGCCA
CGGGGCAGCTCAGTACAGGATG
AGTAGATTGTATAGTT
ATCACTAACTCCACTGCCATCAA
TACCGTGAGTAATAATGCG
AAACCAGCTTCCAGAAG
AGGTAGTAGGTTGTATGGTTT
AGTGTAATTAGCTGATTG
TGGAATGTAAAGAAGTATGTA
GAGGTAGTAGGTTGTGTGGTTT
GTGTAATTAGCTGATTGT
CGGGGCAGCTCAGTACAGGA
AGCACCATTTGAAATCAGTGT
TAGCACCATTTGAAATCAG
TTCACAAAGCCCATACACTTTC
AGGTAGTAGGTTGTGTGGT
GGTGAGGTAGTAGGTTGTAT
GAGGTAGTAGGTTGTATGGTTTT
TCCTGTACTGAGCTGCCCCGA
TAATACAACCTGCTAAGTGT
TGAGGTAGTAGGTTGTATAGT
GAGGTAGTAGGTTGTATAGT
TTTGAAATCAGTGTT
TTCACAAAGCCCATACACTT
GAACACGGACACCGCAGGG
CTGGTTTCACATGGTGGCTTAGATTTT
TTGGGCTCTGCCCCGCTCTGCGGTAA
ATTTGAAATCAGTGTT
TAGGCAGTGTAATTAGCTGATT
ATATAATACAACCTGCTAAGT
GTGAGGTAGTAGGTTGTATGGTT
GGTAGTAGGTTGTATGGT
CATTATTACTTTTGGTACGCG
ATGGCAGTGGAGTTAGTGATTGT
TTTGGCAATGGTAGAACTCACA
GTAGGTTGTGTGGTT
ACCATTTGAAATCAGTGT
TGGCAATGGTAGAACTCACACC
CTCGTACCGTGAGTAATAATGCG
TTCACAGTGGCTAAG
AGGTAGTAGGTTGTGTGGTTT
AGTGGCTAAGTTCTG
GTAGTAGGTTGTATGGTTT
AGTAGGTTGTGTGGTT
AGAGCTTAGCTGATTGGTGAACAG
TGAGGTAGTAGGTTGTGTGGTT
CACCATTTGAAATCAGTGT
ATAGATAGATAGATAGATA
TAGGCAGTGTAATTAGCTGAT
TGAGGTAGTAGGTTGTAT
TCGTACCGTGAGTAATAA
GTTCACAGTGGCTAAGTTCTGC
GTGAAATGTTTAGGACCACT
CCGTGAGTAATAATGCG
AGAGCTTAGCTGATTGGTGA
TCCTGTACTGAGCTGCCC
AACAATATCCTGGTGCTGAGT
CTGGTTTCACATGGTGGCTTAGAT
TTTGGCAATGGTAGAACTCACACCGG
GAGGTAGTAGGTTGTATGG
CTATACAACCTACTGCCTTCCC
TGAGGTAGTAGGTTGTA
TGAGGTAGTAGGTTGTG
TGGTTTCACATGGTGGCTTAGAT
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TAGCACCATTTGAAATCAGTGTTTT 68 1 mmu-mir-29b-2
ATATAATACAACCTGCTAAG 28 1 mmu-mir-374
CATCTTTGCCGGTGACAGCA 7 1 mmu-mir-126
GTTCACAGTGGCTAAGTTCTG 135 1 mmu-mir-27b
TTGAACTGTCAAGAACCACTGG 1 1 mmu-mir-203
GTTGGCAAGTCTAGAACCACCG 2 1 mmu-mir-182
TTCACAAAGCCCATACACTTTCA 188 1 mmu-mir-350
TGAGGTAGTAGGTTGTATAGTTTTAGGG 1 1 mmu-let-7a-1
TCGTACCGTGAGTAATAATGCG 1165 1 mmu-mir-126
TCCAGCATCAGTGATTTTGT 12 1 mmu-mir-338
CGTACCGTGAGTAATAATG 28 1 mmu-mir-126
AGTGGCTAAGTTCTGCA 9 2 mmu-mir-27b
ATTTGAAATCAGTGT 1 29 mmu-mir-29b-2
TGAGGTAGTAGGTTGTATGGTTTT 1395 1 mmu-let-7¢c-2
AATCACTAACTCCACTGCCATC 259 1 mmu-mir-34b
GAGGTAGTAGGTTGTATGGTTTTGG 2 1 mmu-let-7¢c-2
ATCTATCTATCTATC 246025 mmu-mir-350
TAGGCAGTGTAATTAGCT 4 2 mmu-mir-34b
ACTTAGCAGGTTGTATTATCAT 3 1 mmu-mir-374
GTAGTAGGTTGTGTGGTTT 1 1 mmu-let-7b
TGAGGTAGTAGGTTGTGTGGTTTCA 26 1 mmu-let-7b
GTGAGTTCCAGGACAGCCAGGGCTATACA 1 19153 mmu-mir-706
TTCACAGTGGCTAAGTTCTGC 32597 1 mmu-mir-27b
TAGCACCATTTGAAATCA 15 2 mmu-mir-29b-2
TGAGGTAGTAGGTTGTATAGTTT 2680 2 mmu-let-7a-1
TCACAGTGGCTAAGTTCTGC 16 1 mmu-mir-27b
TTCACAGTGGCTAAGTTCTGCAC 25 1 mmu-mir-27b
CACAGTGGCTAAGTTCTG 5 1 mmu-mir-27b
AAAGTGCATGCGCTTTGGGACA 49 1 mmu-mir-350
GTGAAATGTTTAGGACCACTAG 223 1 mmu-mir-203
ATCTTTGCCGGTGACAGCA 4 1 mmu-mir-126
TTCACAGTGGCTAAGTTCTG 12686 1 mmu-mir-27b
TTTGGCAATGGTAGAACT 20 1 mmu-mir-182
CTAGCACCATTTGAAATCA 1 2 mmu-mir-29b-2
CCATTTGAAATCAGTGTTT 4 1 mmu-mir-29b-2
GGTAGTAGGTTGTATGGTT 10 2 mmu-let-7¢c-2
TGAGGTAGTAGGTTGTATAGTTTTA 1 1 mmu-let-7a-1
ATCACTAACTCCACTGCCATC 24 1 mmu-mir-34b
TTTGGCAATGGTAGAACTCACAC 2295 1 mmu-mir-182
AGTAGGTTGTATGGT 1 6 mmu-let-7¢c-2
TTCTAGCACTTAGCAGGTTGTATTATCATT 1 1 mmu-mir-374
TCAGGGCAGTGATGTTGCCCCTCCGAAGAT 1 1 mmu-let-7b
TGAGGTAGTAGGTTGTGTGGTTTCAGGGCA 7 1 mmu-let-7b
CTTAGCAGGTTGTATTATCAT 5 1 mmu-mir-374
GTGAAATGTTTAGGAC 1 3 mmu-mir-203
TCCTGTACTGAGCTGCCCCGAG 152 2 mmu-mir-486 mmu-mir-486
TGAGGTAGTAGGTTGTATGGTTTTGGGCT 1 1 mmu-let-7¢c-2
CTGGTTTCACATGGTGGCTTAGATT 7 1 mmu-mir-29b-2
TTAGCAGGTTGTATTATCATT 1 1 mmu-mir-374
TGAGGTAGTAGGTTGTATGGTTT 27795 2 mmu-let-7¢c-2
CCAACAATATCCTGGTGCTGA 2 1 mmu-mir-338
TCACAGTGGCTAAGTTC 1 4 mmu-mir-27b
ATCACTAACTCCACTGCCAT 1 1 mmu-mir-34b
AGAGCTTAGCTGATTGGT 5 1 mmu-mir-27b
ACTATACAATCTACTGTCTTTC 4 2 mmu-let-7a-1;mmu-let-7c-2
CTGGTTTCACATGGTGGCTTAGATTT 6 1 mmu-mir-29b-2
GAGGTAGTAGGTTGTATAGTT 103 2 mmu-let-7a-1
TAGTAGGTTGTATGGTT 24 3 mmu-let-7¢c-2
AGGCAGTGTAATTAGCTGATTGT 638 1 mmu-mir-34b
ATATAATACAACCTGCTAAGTG 316 1 mmu-mir-374
TGAGGTAGTAGGTTGTGTGGTTTCAG 5 1 mmu-let-7b
TGAGGTAGTAGGTTGTATAG 1312 2 mmu-let-7a-1
TGAAATGTTTAGGACCACTAG 130 1 mmu-mir-203
TGAGGTAGTAGGTTGTGT 94 1 mmu-let-7b
GAAATGTTTAGGACCACTAG 1 1 mmu-mir-203
AATCACTAACTCCACTGCCATCA 17 1 mmu-mir-34b
TTCAACAAAATCACTGATGCTGGAG 1 1 mmu-mir-338
CTTAGCAGGTTGTATTA 3 3 mmu-mir-374 mmu-mir-374
TAGGCAGTGTAATTAGCTGATTGTA 2 1 mmu-mir-34b
TAGCACCATTTGAAATCAGTGTTT 844 1 mmu-mir-29b-2
TCCAGCATCAGTGATTTTGTT 25 1 mmu-mir-338
TGAGGTAGTAGGTTGTATGGTTTTG 4 1 mmu-let-7¢c-2
CTGACTTCGGCCCCCATGTCAGCAGATGC 1 143 mmu-mir-680-1;mmu-mir-680-2
TCTTTGCCGGTGACAGCA 6 1 mmu-mir-126
TTAGGGTCACACCCACCACTGGGAGAT 6 1 mmu-let-7a-1
CTATACAATCTACTGTCTTTC 241 2 mmu-let-7a-1;mmu-let-7c-2
ATATAATACAACCTGCTAA 5 1 mmu-mir-374
ATAATACAACCTGCTAAGTGT 1 1 mmu-mir-374
TCCAGCATCAGTGATTTTGTTGA 10 1 mmu-mir-338
AGGTAGTAGGTTGTATAGTT 20 2 mmu-let-7a-1
TTCACAGTGGCTAAGTTCT 3140 1 mmu-mir-27b
TGTAACAGCAACTCCATGTGGAC 1 1 mmu-mir-194-1
TATAATACAACCTGCTAAGTG 3 1 mmu-mir-374
TGAGGTAGTAGGTTGTGTGGTTT 33456 1 mmu-let-7b
ATTATTACTTTTGGTACGCGC 1 1 mmu-mir-126
TGAGGTAGTAGGTTGTATAGTTTTAGGGT 9 1 mmu-let-7a-1
CTCGTACCGTGAGTAATAATG 4 1 mmu-mir-126
ATAATACAACCTGCTAAGTG 1 2 mmu-mir-374 mmu-mir-374
ACCGTGAGTAATAATGC 1 1 mmu-mir-126

Page 24



TAGCACCATTTGAAATCAGTG
CATTTGAAATCAGTG
GTGAAATGTTTAGGACCA
TTGGCAATGGTAGAACTCACA
TAGTAGGTTGTATAGTTTTAGGG
TTCACAGTGGCTAAGT
AGCACCATTTGAAATCAGTGTT
CGGTCAGCAGCCCAGCGCCA
TTCACAGTGGCTAAGTTCTGCA
TAGTAGGTTGTATAGT
CATTATTACTTTTGGTAC
ATCACTAACTCCACTGCCA
AGAGCTTAGCTGATTGGTGAACAGT
GAGGTAGTAGGTTGTGTGGTT
AAAGTGCATGCGCTTTGGGAC
TTAGGGTCACACCCACCACTGGGA
GTAGTAGGTTGTATGGT
CTATACAACCTACTGCCTTCC
GTGAGTAATAATGCG
GTTCACAGTGGCTAAGTT
TAGGCAGTGTAATTAGCTGATTGT
TTGGGCTCTGCCCCGCTCTGCGGT
AGGTAGTAGGTTGTATAGT
TGAGGTAGTAGGTTGTGTGGTTTC
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Table S4: Solexa reads from wt and c-kit mutant ovaries matching mouse miRNAs

Read Sequence
TAGTAGTTTGTACAGT

CCCCCGCCGGGCGTCGGGACCGGGGTCCGG
ACCAATATTATTGTGCTGC
ATTCAACGCTGTCGGTGAGTTT

AAAAGC
AATACTGCCTGGTAATGATGA
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Read Sequence

AGTTGTGTGTGCATGTTCAT
TATGGCTTTTCATTCCTATG

ACATCCTACACTCTCAGC
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Read Sequence
TCGAGGAGCTCACAGT

AACATTCAACGCTGTCGGTGAGTTT
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TGTCTGGTAATGCCGT
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Read Sequence
TCCCTGAGACCCTAACT

AAGGAGCTCACAGTCTATTGAGT
TGAGGTAGTAGTTTGTGCTGTTGGTCGG

#cloned

VY - U VT PN I T T i IS
358 NeR BRey

oW
2=

238

@
g

W
Yhwrw

w
Bumrvwa ey
2

®
%

NN W

Sossmaumwws ey

&

N
worwEar NS e e e
&

N
NS
N
&

TV ITUITINITINY IV

SEOR"0R

ey o
rurENRoORD

264



Stark et al., Supplementary Data

o
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CTGGTTTCATATGGTGGTTTAGATTT 2 | AATACTGTCTGGTAATGCCG 2 |TCCTGACTCCAGGTCCTGTGTG 3 | TCAGTGCACTACAGAACTTTG 551 | GCAGCAGCAATTCATGTTTTGG

\CAGCAGGCACAGA 1 AACCCGTAGATCCGATCTTGT 1 | GCACACGCAGGGCAACTCGATTGCTGT 2 GTGTTGCAGCCG 4 | AAGTAATCCAGGATAGGC
CTCGGGGATCATCATGTCAC 1 |CAGTGCACTACAGAA( 1 |ac GCTGTCGGT 1 | TGCCATATCAACTCCTCTCTTCCCAAAAC 1 |CTATACAATCTACTGTCTTTCCT
CAGTGCACTACAGA/ 4 | CTGTGAGGTGACTCTTGGT 1 | TGCACTGAGATGGGAGTGGTGTAA 1 | CTAGCACCATTTGAAATCAGTGT 206 |AGGTAGGAGGTTGTATAGT
ACAAGTC/ 1 |TTTGGTCCCCTTCAACCAGCT 6 | GAAGTTGTTCGTGGTG 1 G 14 ACA(
CAACGGAATCCCAAAAGCAGC 108 | CATCAGTGATTTTGTTG 1 CA 4 |aacccaTacaTcc 4 |TAATACTGCCTGGTAAT
TACTCAGTAAGGCATTGT 1 |ATCGGGAATGTCGTGTC 1 TAGACTGAGGC 6 | CTACAGTATAGATGAT 5 | TGAGGTAGTAGTTTGTG

CAGTGGCAAGCTTTA 314 |TGCTGTGCGTGCGGAATCGACATCAAG 1 ACAGTACTGTGA 1 CTGATTGGTGAAC 2 |CTACATTGTCTGCTGGGTTT
\CTACAGAACTTTGTC 1 AGCCGCTGAAATAGA 20 | AATCACATTGCCAGGGATTACCAC 1 |c C/ GG 1 |CAGTGCAATA
TATGTAACATC CTAA 1 \TC TCCCTGGGTGAAAATGCTATT 1 \CATTCAACGCTGTCGGTGA( 13 AAGTG AGTGCAGGTAG 36 | AAAACATGAAGCGCT(
\CAAATCACAGTCTGCC/ 1 |CAGTTCAGCAGGAA 1 |CAAGAGGGC! G 1 CCTTCAACCAGC 1 |acteeac GGCACTTGTAGC
TGGAATGTAAAGAAGTATGT 1 AAGCTTGTGTCTATAGGTA 1 \GTATTACATGG cTC 1 | TACGTAGTATA 1 |TCTACAGTGCACGTG
GCTGTCGGTGA( 1 |ACCAAGATAAATTCACTCTAGTGCTT 1 GCAAGATGCTGGCATAG 2 |t GTAGTTTGTG( 358 |TAAC
ATAGCTTATCAGACTGAT 2 o GTTCGT G 49 | TAAGGTGCATCTAGTGCAGATA 316 |c \CC TG 32 ATATGATGCCT
GTG CTA 1 |GAGGGTTGGGTGGAGGCTCTCC 2 |aaccceTAG CTTG 54 | GCACTGAGATGGGAGTGGTG 404 | CCCACTCAGTCGTG!
TCCCCCAGGTGTGATTCTGATTTGTTT 6 CAGTCGGATGTTTAC 1 CCATTCAC 2 |cc GTGGGTACTTGCTGCT 2
TA AATGAT 1 GTG TGCAG 6 |caG TGGTAGG 2 |eGT G \TAG 7 |GaaTGTTGCTCGG
TA AAT/ 3 | CAAGTAATCCAGGATAG 7 AGCGGGAACAG 3 | TACAGTAGTCTGCACATTGGTT 1267 |A ATTGTACAGGGCTATGAAAG
ATACTGCATCAGGAACTGACTGGA 1 AATACTGTCTGGTAATGCCGTC 2 |mac GGTAAAGATGG 2615 | TGAGGTAC GTGTGGTTTCAGGG 1 GCATC/
CGTAAAT/ 17 | TGAGGTAGTAGTTTGTG! 12 |A GGAACCTAGGTGTGA 112 | CAGTAGT TTGGTT 597 | TGTAAACATCCTACACTCTCAGCTG
CTATATGATG 2 TGCTTGATCT/ 7 GT( 1 GTAGTAGTTTGTGCTGTTG 43 ACAAAGCC C
CGCATCCCCTAGGGCATTGGTGTAA 7 |ACACTGTCTGGTAAAGATGG 2 |CTGTGCGTGTGACAGC 2 CACC: GTT 2 C GGATGGGA
TGTAGGGATGGAAGC A 5 | TGGAGAGAAAGGCA 6 G 781 | ATACTGCATCAGGAACTGACTGG 2 |CTGAGGTAGTAGTTTGTACAGT
GTCATACCCCATCTTGGAGATAA 2 TAAACATCCTTGACTG( 6 GTT/ 59 A 4 GGTTG
AAGAGGTATAGCG 4 "CCCTTTGTCATCCTATGCCTGA 7 | TGCTATGCCAACATATTGCCATC 33 |c \CAGGGCCTGCAGAGAGGT 48 | TCGTGTCTTGTGTTGCAGCCGGAG
TAGTAGACCGTATAGCGTACGC 1 CAG( ATG 90 | CCAGTGTTTAGACTAC 1 |ccraTeea CTTT 1 CACAGAAA
AACATTCAACG GGTGAGTTTGGGA 1 |CATCTTACCGGACAGTGCTGGAT 2 |TcaGgTGCACTACAGA 2 |TCTGGCTCCGTGTCTTCACTC 39 | TAGTAGGTTGT
[ G 8 CCAGCA A 15 \GTACTGTGATAGCTGA 4 \TCCC 3 GAAATC
GG 1 |GTGTAG GC 2 |TGTCTTGCAGGCCGTC 4 GTTC! 1592 | TAACAGTCTACAGCCATGGTCG
TCCGTC CTTT/ 2 AGCTTATCAGACTGATGTTGACTGT 8 GTTGGTGTACTGTGTGTGA 1 TTATCACAGTGCTGATG 10 | CCGTCTCAG AGC
CCGTCCTGAGGTTGTTGAGCTGT 38 CACAGTGGCTAAGTTCC! 309 |ACCATCTGAAATCGGTT 1 |TGTGTGTGTACATGT/ 1 |ATATACAAGGGCAAGCTCTC
AAGAGGTAGTAGGTTGC/ 3 |ACAGTCTACAGCCATGGTCG 1 |ACTGGCCTACAAAGTCC 1 AATCTAT 157 | TAGATC CTTGCTATCCCTGTG
GAGGTAGTAGATTGTA 6 GCAGTGCCAG! 1 | AGCAGCACAGAAATATTG! 1 |ATAGTTGTGTGTGGATG T 59 GCA
CAGCACATCATGG 8 | CTAGCACCATTTGAAATCAGTGTT 24 \CCATTTGAAATCAGTGTTTTA 4 | CCCAGTGTTCAGACTACCTGTTCAGGA 1 | TACAGTACTGTGATAACTGA
AAAACATGAAGCGCTGCAACAC 3 GCC GGTCAAGAGGCGCCTGG! 3 3 AGAAGGCC
GGATTA 1 | TAACAGTCTCCAGTCACGGCC 7 GAGGTAGTAGATTGTAT/ 388 GTGTCTATAGGTAT 20 CAG
AAGCTCGGTCTGAGGCCCCTCAGT 2 GAGGTAGGA 12 |CAGTG ACCCTATGGTAGGT 2 |TCCCTGAGGAGCCCTTTGAGCCTG 465 | AACCCGTAGATCCGATC
GTCGGATC C 21 | CTGACCTATGAATTGACA( 57 T TCCCTGGGT 1 51
CATTGATCTTGGTGTCCTCAAATTGA 1 CAATATTGGCTGTGCTGCTCCA 1 |TCCCTGAGGAGCCCTTTGAGC 801 |CGCATCCCCTAGGGCATTGGTGT 439 CGATTTCTCCTGGTGTTCAGA
AAGCTGCCAGTTG, C 52 | CAGCATTGTAC ATGA 47 |1GGA \GGCAGTTCCTGAT 3 |cm 2 |AGGTTGCCCTTGGTGAATTCGCTTTATTGA

CAGTGTTTAGA( 3 AATGTTTAG( A 1 \CATTACTAAGTTGCAT 2 \GTGCTTACAGTGCAG 22 | TTAATGCTAATTGTGAT:
GCACTGAGATGGGAGTGGTGTA 97 | AACCCGTAGATCCGATCTTGT 315 |CTGGGAGAGGGTTGTTTACTC 1 GGTT( 1 CTGGTCCACTAACCC
CGGCGTCATGCAGGAGTTGAT 4 CAGTCAGATGTTTGCTGC 13 |ec GAGCCTCGGTTGGCCCCGGATAG 1 |teAG 5 CTG! CTTTC

GCTT( CTGCCT 1 |CACGCAGGGCAACTCGATTGCTG 1 CTCCGTGTCTTCAC 3 |AGGCAAGATGCTGGCATAGCTGT 10 | GCAGTCCACGGGCATATACACTT
ATTGC G 1 |GTATGTGCCTTTGGACTACATCGT 1 | CTATGCATATACTTC 1 GTG 21723 |A/

TTCAAGTAATCCAGGATAGGCT 31185 AACCATCA( cC 16 ACAGTGCTG, 1 |CTCGGTTGGCCCCGGATAGCCGGGTCCCCG 4 AATTCA( G
\TGG/ 116 | TATTGCACATTA G 13 GTTGAGAGGGCGAA 30 |TAsAG \CAGTGCAGAT/ 9
CAGGTA 134 \GA 1 |CAACAGCAGTCGATGGGCTGT CATAAAGTAGAA/ 6 |AATGGCGCCACTAGGGTTGTG
GAATGGCGCCACTAGGGTTGT 1 |GGTAGTAGGTTG! 4 GTAGG 12 |TAG 3 |ccGTGAGT
CAGCAATTCATGTTTTGGA 4 |GTTCTTCAGTGGCAAGCTTTA 2 |TATTGCACTTGTCCCGGCCTGTT 63 |AGGGTAG, 1 GC
TTTGCAGTATGTTCCTGAATAC 1 GA GGAGGTTGTATAGTTGA 16 | GGTAGTAGGTTGTATGG 1 |AAGAGGTAGTAGGTTGCATAGTT 22 | CATTCAACGCTGTCGGTGAGT

G C 18 | GACCTTAGTCATG 1 |CCCAGTGTTCAGACTACC 14 G GGTTTA 3 |AcceTeGe
TAATACTGCCTGGTAATG 10 | CAGCAGCAATTCATGTTTTGG 355 | TAGCACCATTTGAAATCAGTGT 13176 | TAAGTGCCTGCATGTATATGCG 527 | ATCACTAACTCCACTGCCATCA
TACAGTATAGATGATGTACTA 2 |TAATCTCAGCTGGCAACTGTG 1|7 \TCCTACACTCAGCTGTCATAC 1 AGGTAGTAGGTTGTATGGTTTAG 20 | TAATACTGCCTGGTAATGATGACG

ATG 16 | ATTGGGAACATTTTC 1 |CTAGCACCATCTGAAA 4 |1eTARACATCCCCGA 24 | GCACCATTTGAAA
GTCTGG 10 | TGTAAACATCCTCGACTGGAAGCT 362 |C 1 |caaccTc ATG 2 | CTATGCCAACATATTGCCAT
GGCAGTGTAATTAGCTGATTG 1 |GCTGGTGTTGTGAAT 2 |TCCCTGAGGAGCCCTTTGAGCCTGGAG 2 |CTTTCAGTCGGAT 4 GATTTCTTTTG
AGCTGGCTGTT 4 |cTAGGTAT 1|7 AACCCTTG 20 | TTGGACTGTGAGGTGACTCTTGG 1 CATCTTCC/
TTTTCCCAGGAATCCCTT 5  |AACATTCATTGCTGTCGGTGGGTTGA 6 AACGGAATC 5 CAAAGCCCATACAC 33 | CACATAGTGACGCAGGCAGTGCGACC
CTGAG 23 |TGTAAACA C 1208 TGAG( GAGC 1 |CTCCCACATGCAG! 3 |TceaGGAGCTC
TAATACTGCCTGGTAATGATGAC 2602 | CCTCCCACACCCAAGG A 20 | TCCCTGTCCTCCAGGAS 2 CTTCAGTC 4 |Tccacea

GAG G 3 ACAGTAGT( GTTAG 18 TGTTGTGAATCAGGCCG 2005 | TCAGCTCCTATATGATGCC 1 |TTTGGTCCCCTTCAACCAGCTGTA
TCCTTGGAACCTAGGTGTGA GAGATGGGAGTGGTGT 2 |AGceac C 4 GTCCCTGGGTG! 5 |mac AAAG
GTATGTGC! ACATC 1 |AcaGcaGGCAC GG 1 |ACTGGACTTGGAGTCAGAAG 19 | CTCCCAACCCTTGTACCAG 1 | CAACGGAATCCCAAAAGCAGCTGT

CTTACAGTGCA( 1 |aaGcTGG AGGGCGA 3 | CAGCACGTAAATATTG! 1 \CTT 13 |AGTAGTC GG
TGACCGATTTCT TGTTC 1 |CGGGGTCCGGTGCGGAGAGCCGTTCGTCTT 2 | TCTGAAATC( 65 | AATGGCGCCACTAGGG CA 1 GTA( CTGGGGGATA

\GTGCTTAT/ GTAG 6 | TGAGGTAGTAGGTTGTATGGTTTTGGG 1 |AAAAGCTGGGTTGAGAGGGCGAAAAA 8 |TGATATG ATATTAGGTTGTT 1 |AACCCGTAGATCCGATCTTGTG 5068

CAGGCTCAGTCCCCTCCCGATAA 1 |TGAGGTAGTAGG 3 \TGTGCCTTTGGACT/ 1 |c G 1 |GGTAGTAGGTTGT/

CTT( CTAAG/ GGAT 1 |AGCTCGACTCATGGTTTG 1 |ATTCCTAGAAATTGTTCACAAT 1 |CTAATACTGCCGGGTAATGATG 22 GG ATTCCTATG
TACAGTACTGTGATAGCTGA 5 \TTGCACTTGTCTCGGT 54 GGCAGTGTCTTAGCTGGTTG 227 |TTGAGGTAGTAGGTTGTATAG 5 | CcCACTGCCCCAGGTGCTGETG
ATAGCTTATCAG/ GTTG 130 | TGAGGAGCCCTTTGAGCCT 1 \GCACCATTTGAAATCGGTTAT 13 |AAC CTTACAAT( 3 AGTAAGGCATTGTT(

TC 1 TCC 4 |taceacc AGT 2 |TACTGCCTGGTAATGATGA 3 |CTATACAACCTACTG
AAACATGAAGCGCTGCAACAC 85 | AAGGAGCCTCGGTTGGCCCCGGATAGCCGG 6 | TCAGCCCATCCCACTCAGTCGTGCCC 1 |TeccteaG 3 | GGTGCAGTGCTGCATCTCTGGT

AATCCAG 44 GACTCAT AAC 1 |1acTAGe 5  |AATCGTACAGGGTCAT T 3 CCG
AATCATTCACGGACAACACTT 2 CAGGGGCAGCTGTG 1 GTGT( G 1 AATCCCAAAAGCAGCTGT 9 |ATACTGCATCAGGAACTGACTG
GTAGAACCGACC 1 GAGTG cc 9 | TAATACAACCT( 1 GTCCTGAGGTTC 3 AATACTGT( CCGT

GTTGTG! G 1 | TATGTAACATGGTC 4 | TCGAGGAGCTCACAGTCTAGT 250 \GTGCATGCGC 5 | GAGGTAGTAG
TGCTGACCCCTAGTCCAGTG 2 CAGTGG 41 | AGACTGATGTTG/ 3 |ACAGTAGTCTG! 2 |TGTAAACATCCTACACT G
GCTGGTGTTGTGAATCAGGC 3 | ATACATACACGCACAC A 2 |AACACGGACACCG! 1 |CTAACACTGTCTGGTAAAG 1 CTCTA GTGTTGTGGGAC

AAATCTATGCAAAACTG 15 | AATGGCGCCACTAGGGTTGTGC 43 955 \TTGTACAG 7 |caaGTaaTc
TAATACTGCCTGGTAATGATG 3241 |ATCATGA CTCCTCGGTG 14 AGGGTCACACCCACCACTGGGAGATAA 28 | TAGGTTATCCGTGTTGCCTTC 28 | TACCCTGTAGATCCGAATTTG
AATGCTAATTGTGATAGGG 7 AGGGATTCTGATGTTGGTCACA 8 GCGGA( 1 AAACATGGTGCA( 1
ACCATCGACCGTTGATTGTA 2 GGl TTCCTATGTGA 2 |rccc 102 | TGGCAGTGTATTGTTAGCTGGT 37 | CCCTGAGACCCTTTAAC
G \TGGTGG 1 GTAG GAAT T 2 |TCCATCTTCCAGTGCAGTGTT 3 |AcacGaG) G 1 GCAGGTAGTGTGTAG
AAGCAGTGCAATGATGAAAGGGCAT 1 |AGGTGCAGTGCTGCATCTCTGG 7 |TcccTeacac G 39 \TTTC CAGA 59 | AATCACATTGCCAGGGATTA
TCCCTGAGACCCTAACTTGTG 1 |AATCACATTGCCAG! 5 | TCCCTGAGACCCTAACTTGTGAT 33 AGTGCATGACA 3 GGCAGCATTGGA
TAATGCCC! cC 2 AAGTAATCCAGGATAGG 2778 CCTGG ATG 9 |cTaacacTc TAAAGATGGC 5 |cTGTTGCCACTAACCTCAACCTT
GTCT( GAGTTCG 2 C) 2 | TGTAAACATCCTCGACTGGAAGCTGT 2 ACTGCCCCAGGTGCTGCTG 2 GG/ ATCGT
ATATACATACACA( ACAC 6 | TCAGTTATCACAGTGCTGATGC 173 | AATGCACCCGGGCAA 2 \CAT( TG 1 |CCCCCAGGTGTGATTCTGATTTG
GATTCTGATG CAC 4 CAGG/ AG CAAAAAGTAT 17 | CGCATCCCCTAGGGCATT 6 \GTGCAATGTTA/
AAATCACTGATGCTGGAGT 11 CA( G 10 | CCGTCCTGA TTGA 1 GCCG CGGTTGGCCCCG 3 AGCTTATCAGACT
TGTAACAGCAACT GG/ 4 | TGAGGGGCAGAGAGCGAGACTTTT 4 | AACATGAAGCGCTGCAA 1 \GCT( 9 | TGTAAACATCCTACACTCAGCT 1
\CCACAGGGTAGAACCACGG/ 224 GAA A 1 C) AAATATTGGCAT 1 |AATGGCGCCACTA( 200 GTGCATGTGCAT
GTCTTAGCT( 2 |AGAGGTAGTA( CATA 27 GTG 1 GGTGCG CCGTTCGTCTTGGGAA 1 |AACATTCGCGGTGCACTTCTTTT
GGTGCAGTGCTGCATCTCTGGTCAGTTGGG 7 CATTGCTGTCGGTGGGTTG 3 ACATTCATTGCTGTCGGTGGGTTT 453 CA( 1 TGGTTTCACATGGTGG

CATAAAGTAGAAAG! 6 | CAGTCGGATGTTTACAGC 1 |AATCACATTGCCAGGGA 4 AGTC GTTTACAG 17 | CTGTGCAAATCCATGC
TGTAAACATCCTTGACTGGAAGCTGT 7 ATTGGCTGTGCTGCT 2 TGCG G 17 | CGTACCGTGAGTAATAAT 1 |CCGGTGCGGAGAGCCGTTCGTCTTGGG
CTATACGAC GC 1 | TAACACTGTCTGGTAAAGATGGC 3961 | CGGTTATCATGGTACCGATGCTG 1 |CTATACGGCCT C 26 GTCTCTCT

GGCTCAGTTCAGCAGGAACAG 1 |TAATACTGCC ATGACCTATGATTTGA( 1 ATGGGAGTGGTGTA 7 TCGCTGG
CACATAATGGTTTGTGG 3 | GTAAGTGCCTGCATGTATATGC 16 ATGCCTTGAGTGTAGGACCGT 246 | AATACTGTCTG GCC 1 |1acTAGe
TCCCTGAGGAGCCCTTTGAGCCTGG 10 \CA 12 | GCAATGTTA GG 1 AG 2 |a GCCCACTACC
CAAGGAGCTCACAGTCTATTG 1 | TAAGTTGCATGTTGTCACGGCCTCAAT 1 |ACTGATTTC GT 27 | ACCCTGTAGAACCGAATTTGTGT 11 | TTGAGGTAGTAGGTTGTATGG

ACATTCAT GTCGG 1 ATCCCACTCA( 52 | TCCCCCAGGTGTG: 8 CACTC AACG 132 |cacac GC

ATT TACGCGCTGTGA 1 CGCTGCAACACC 5 | TAGCAGCACATCATGGTTTACATACTACAG 3 |ca ACTC 1 CC ccT
CAAC ARAA 572 | GTAATCCAGG) 4 |TGAGGTAGTAGGTT 1 |ATCCCTGAGTGTATGTGGTGAACCTGAA 1 AATCTATGCAAAACTG
TATGTATGTGTGCATGTGCATGT 1 |TAACACTG 14 | AATGTTGCT 1 |aaccTG \GAA( 45 | AATCCAGGATAGGCT
ATAGTAGACCGTATAGCGT/ 7 TGCTGTTCGTG 1 |ACAGTAGTCTGCACATTGGTTA 88 | GAGGTAGTAG \TAG 4 \GGCTCCTTCCTGTG!
AAGAGGTATAGCGCATGGGAAGA 2 ACTC CTGTGTGT 1 |AATCACTAACCACACAGCCAG 10 | CGGGACCGGGGTCCGGTGCGGAGAGCCGT 2 |TAaGGCTC GTG
AAGC GAAGAACTY 1250 |AAGTGCTTATAGT( AG 12 |c CC CCCTT 4 CCTAT CTTTG 3 CAGTCGGATGTTTGCAGCT

GCAGATGTG 2 CCGGTGCGGAGAGCCGTTCGTCTT 1 |ACCCGTAGATCCGATC 6 |GGTAGTAGGTTG 1 |TGTGCAAATCCATGCAAA
CAATCATGTGTAGTGCCAATAT 2 TACA CTT 2 |AcTcaGec CACTCAGTCGTGCCC 3 |catcTTC GTTGG 26 | ACAAATTCGTATCTAGGGGAAT
GCTC CTTCACTCCC 59 \GGCTCAGTCCCCT 8 |cTGTAGAT 2 AGCTTATCAGACTGATGTTG 18978 | AGCTGCCAGTTGAAGAAC
CAAAGTG CAGGT 529 | TGATCTAGCCA 1 |AAGTGCTGACAGTGCAGA 1 |AGCTACATCTGGCTACTGGGTCT 35 G CATGTTTTGGA(
CATT/ 1 CCAGGACAGCCAGGGCTATACAGAGA 1 |AATCACATTGCCAGGGATTAC 5 | TCAGTGCATCACAGAACTTTGT 56 C/ GTATCTAGGGGA
GGCAGTG 1 |TAGTAGGTTGTATGGTTT 2 A GG GG 40 GCCTGTGTCTTAGG 8 |TAGTAGA \TAG
CTAGCACCATTT CA 9 ATGCACCTGGGCAAGGGTTCA 8 | CGGTGCTGGTGGAGCAGTGAGCACGCCAT 1 | TACAGTATAGATGATG 19 |ATCTCGCTGGGG
GCGTGTGACAGCGGCTGAT 2 |ec ACTGATGTTG! 68 |TGTAGTG 2 GAGGTAGTAGGTTGTATGGTTTTGG 1 GCTCG GGTCCCCGCGTCGTC
GCCTGCAGAGA( 8 | CTATACGGCCTCCTAGCTTTC 8 GG Ct 1 |TTCACCAATCAGCTAAGCTCTGC

ATCTAG \GC( GT 7 GATT/ 3 |AGGGGTGCTATCTGTGATTGAGG 16 | TAGCTTATCAGACTGATGTTGA 46488 | TGTAAACATCCCCGACTGGAAG
AACATAGAGGAAAT CG 4 el G TGAGTTGGACA 1 GT( A 8  |ATTGGGGATG 3 |cTaTAC CTGT
ACTGCAGTGAGGGC/ 7 |AAGTGCTTACAGTGCAG! 1 |AACATTCATTGCTGTCGGTGGGTTGAAC 2 |AATACTGCCGGGTAA 2 CTC
TTGCCCTTGGTGAAT 1 |AGAGGTATAGCGCATG! 3 ACAGTGCACGTGT 47 GAGGTAGTAGGTTGTATGGTTTAGAGTTA 1 |AGGAGCTTACAATCTAGCTGGG
CAGTGCAATAGTATTGTCAAAG 289 GGAT 7618 | ATCATGATGGGCTY T 1 |TccaTcTTeca AGT 1 |ATTGGGGATGCTTTGCATTC
TA GCATTC 1 | TAAGGTGCATCTAGTGCAGATAG 573 TAGTAGG 8 |TGTCTTGCAGGCCGTCATGC 4 | ‘GCATCCAGC
ACGTA G 2 | GGTGCAGTGCTGCATC 17 | TGAAACATACACGGGAAACCTCTT 4 | asaccGTTAC \CTGAGTTT 25 | GCTCCTGACTCCAGGTCCTGTGT
CCCTGAGACCCTAACTTGTGAGG 3 TCTGCCCGAGTGCC 4 CATCATGG 2534 | CCTCTGGGCCCTTCCTCCAG 2 ‘GCACATTGGTTA
TCACAGTGAACCGGTC 10 | TCCCTTAGGGTTAGAGTGCACTGAAG 1 |AACCCGTAGATCCGATC 22 CGGTCTGGGCTTGC 62 GGGTTAGGCTCTTGGGAGC

ACAAA 1 ACCCGTAGAACCG: 193 GCAAAACTGA 8  |ATACTGTCTGGTAATGCCGT 2 | TATACATACACACACCTACAC

S TGCAT TAGTTGTGT 1 |AACAAATCACAGTCT 3 |AGTACTGTGATAGCTGA 1 1 ATCTCAGCTGGCAACTGT
AATCGTACAGGGTCATCCACTT 17 GGGGAACCCTTCCATGAGGA 1 |AGCGCCGAAGGAGCCTCGGTTGGCCCCGGA 69 |c CTGT 1 AGCAGCAATTCATGTTTTGGA
CGCATCCCCTAGGGCATTGGT 9 |AaTcacATTGCCAG 5 | TGAGGGGCAGAGAGCGAGACT 2 |TAATACTGTCTGGTAATGCCGT 3023 | CTTATAGTGCAGGTAG
GCAGTCCACGGGCATATACACT 30 | CAATCACTAACTC 1 AG GTTGGGATCC 2 |AGCAGCACATCATG 1 ACGGAATCCCAAAAGC

ACGAAACAAACATGGTGCACTT 1 |CAGTGCAATGATGAAAGGGCA 7 |cTGCCGGGTAATG! 2 CCC TAC 2 CAGTGGCAAG!
CATTGT( 1 | TAATACTGCCTGGT 101 | AACCCGTAGATCCGATCTTGTGG 1 |AAGGTGCAGGCCATACTGTGCTGCCTCA 1 |TTTCAGTCGGATGTTTGCAGC
GTGCCTTTGGACTACATCGT 1 CAATC GGTGCCT 1 GTTTCCTACTTT/ 792 | CTCGAGGA( CAG 1 | CAAAACATGAAGCGCTGCAAC
TAATGCCCCTAAAAATCCT 13 | GGTGCAGTGCTGCATCT 1 | TAGTGCTGGTGATGCTCAGCGCCGCGGAGG 2 |cTeAaccTACCTGC 1 CTA

CA( ATCGGTT 231 GACCCTTTAACCTGTGA 3 |TTCAAGTAAT GA 1 CTGGT/ TGAC 2 |TATGTATGTGTGCATGTGCAT

GCTGACCCCTAGTCCAGTGCT 31 CAGTCAGATGTTTGC 1 A 15 GAGAACTGAATTCCATAGGCT 1 CGGATGTTTACA
ATCACATTGCCAGGGATTTCC 1071 GTTGCCTTGT 5  |AATCCTTGCTATCTGGGTGCTTAGTGC 79 TAAACATCCTACACTCTCAGCT 1 TGTTAAAAGGGC

TG 9 |ACAGTGGCTAA 1 GGAGCTTACAATCTAGC 799 CTG 1 A \CAGGGCTATCA
GTAG 2 GAACTGAATTCCATGGG 5 GTCCTCACG 2 |ATGTATGTGTGCAT 2 |TACAGTAGTCTGCACATTG
GTAGTGTTTCCTACTTTATG 72 | TCTCCCAACCCTTGTACCAGTG 153 | TGAAACATACACGGGAAACCTCT 19 | GTACAGTACTGTGATAGCTGAAG 1 |CCAGTGTTCAGACT!

TT 2 | GCTTATAGTGCAGGT/ 4 GT( CAGGGCAGTGA 1 |GCTCGACTCATGG 1 |TGAGCGCCTCGGCGACAGAGCCG
AGAGATGCCATTCTATGTAG 1 A AC 2 | CATAAAGTAGAAAGCACT 9 |TTTCAGTCGGATGTTTG 1 |TCGAGGAGCTCAC A
CATCTGAAATCGG GGTCA/ CGCCTGGGAA 8 |TccaaTTCTCAGG 1 GTCCGAG! 1 GCAGGCCGTC/ G
CTGTGCGTGTGAC/ CT 44 | ATCCCACTCAGTCGTGCCC 70 | AACATTCATTGCTGTCGGTGGGTTGAA 1 GTGTAG 19 G

CAGACTGATGTTGACTGTTGAA 3 1 |ace AATT/ 6 |ATGTATGTGTGCATGAACATGTG 1 |CTTAGCAGGTTGTATTATCATT
GTAGATCCGATCTTGTG 1 |TTTGGCAATGGTAGAACTCACACCG 17 GTGCAAATCCATGCAAAACTY 4261 AGT 1 A TTGGGA
TAGGTAGTTTCATGTTGTTGGGC 1 | GCAAAGCACAGGGCCTGCAGAGA 8 |cacaeacacacacaeac 2 | AGCTACATCTGGCTACTGGGTCTC 18 | TAGTAGACCGTATAGCGTACG
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Stark et al., Supplementary Data

TGCCATCAGAAGACTGAAGGAACTGAAAGA 1 | CAGTAGTCTGCACATTGGTTA 135 | AAACAAACATGGTGCACTTCTT 16 | AGCATTGTACAGGGCTATGA 3 | CATTGCACTTGTCTCGGTCTG 2
CTAGCACCATCTGAAATCGG 242 | AATATAACACAGATGGCCTGT 10 | TGAGGTAGTAGATTGTA 1 ‘GCCAGTTGAAGAACTGT 7 | CGGTGCTGGTGGAGCAGTGAGCACG 3
C/ CAGGAACAG 1 CC A 29 | TGAGGTAGTAGATTGTATAGTTGTGGGGTA 1 8 | CAAATTCGTATCTAGGGGAAT 41
AATAATACATG( 1T 1 el \GTCGGGAAAAGCTGGGTTGAGAG 1 GAGA 2 | AATGACACGATCACTCCCGTTGAGTGGG 1 |GCTGGGGTGGAA 2
CCTGGTAAT( 3 |TAGTAGG 1 |Tecc CCTGTG 607 | TAGCAGCGGGAACAGTACTGCAG 197 | TGTACTGCCCTGCTGATGGAT 2
TGCGGGGCTAGGGCTAACAGC 5 AAGTGCCTGCATG C 159 | ATGGTTGAS \GAACATGC 1 TTCT 1 |AGATAACTATACAACCTACTG C 1
CTTTGTCCCTGGGTGAAAATGC 1 |AAGGGATTCTGATGTTGGTCACACT 211 | CCTGCCGCGCCCCCCGGGE 1 | TAAGGTGCATCTAGTGCAGATAGTGA 2 ACGGAATCCCAAAAGCAGCTG 4
ATTATTA TACGCGCTGTGACA 1 |CCGAAGGAGCCTC GCC 1 |cTGGTTT GGTGG 12 | TCCATCTTCCAGTGCAGTG 4 GATATGTTTGATATATTAGG 78
CATTGCAC G 1 AAG CAG 3 TGATAG! 2 |ATACAACCTGCTAAGTG 1 |AAGTGCCTGCATGTATATGC 1
CATTTGA/ GT 5  |ATGAAGCACTGTAGCTCAGGA 1 |AAGGAGCCTCGGTTGGCCCCGGATAGCC 2 | GTAAGTGCCTGCATGTATATC 2 |ceTAG GT 2
GCAGTGTCTTAGCTGGTTGTTG 8 |ataGe GT 1 CATT GG 7 AAAGTGCTTACAGTGCAGGTAGTG 1 |ATACTGCCGGGTAATGATGGA 10
TATGTAACATGGTCCACT! 1 | TGGCCATGCACCCGTGTCTCGGTGC 1 |TCCCTGTCCTCCAGGA 3 ‘CCCTTTGTCATCCTATGC 88 \TTGCACTTGTCCCGGCCTGTTGA 1
ACGCTGTCG 2 AGG GTT 1 \GACT/ 1 TACTGCC GATGGAT 2 |TCGTACCGTGAGTAATAATGC 656
TACAGTAGTCTGCACATTGGTTAG 1 AGGTAGTAGATTGTATAGTTG 26 | TGAGGTAGTAGATTG 104 |AGGGGTGCTATCTGTGATTGAGGG 17 G \GCT¢ 5
AACT( ARAGTC 1 |CTCGGGGATC \CGA 237 CTATCTGGGTGCTTAGTG 1 |TGGCTC CTTCACTCC 1 | GCGCCGAAGGAGCCTCGGTTGGCCCCGG 1
GTAGTGTTTCCTACTTTATGGATG 2 ATTCAG 42 | AATAATACATG 3 GGCTCGCGTGA 117 G GATTG 1
ATGTTTGC 21 | CTACACTGCCGGCCTCTGGG 2 TGCCATAT 3 |AACATTCAACGCTGTCGGTGA 366 |TCCGTCTCAGTTAC 42
ATCACATTGCCAGGGATTTCCAAC 3 ACAGT 7 |vetG ATTGATAACTGAAAG 16 | AACACACCCAGCTAACC 1 | TAACACTGTCTGGTAACGATGT 3654
GG GCT 5 | TGTGCAAATCCATGCAAAACTGATT 6 | CGTACCGTGAGTAATAATGC 235 \GTGCTGACAGTG 1 \GGTAGTTTC
TGTGCGTGTGACAGCGGCTGA 1 GAGGTAGTAGAT AG 188 ACTG TAACGATGT 1 |CTAGACTGAGGCTCCTTGAGGA 15 | GAGGTAGTAGGTTGCAT/
ATCGTACAGGGTCATCCA 1 GAGGTAGTAGGTTGTATGGT 3 |TGCAAAT AAAACTGA 1 GCATGTGCAT 1 |aTGA
TGCCTGTCTACACTTGCTGT 10 |GTAC 1 G 3 |Tact AAATC TATGTGGGACGG

AATTCCATAGGC 2 |ATCACATTGCCAGGGATTACCA 2852 | GTTGAAAAGGTGCAGGCCATACTGTGCTG 1 GACC/ 1 |TCCATCTTCCAGTGCAGTGTTGG

ATCCAGGATAG 507 |TAGTAGGTTGTGTGG 1 CT¢ TAAAGATGG( 3 | GTAAGTCTGGGTCTTCCACATGGGCA 1 |e GAA
TATGGCACTGGTAGAATTCACTG 1 CA( CG 1 | AATCATTCACGGA CTTT 4 \GTGCTGACAGTG 71 | AGGTTGCCCATGGTGTGTTCATTTTATTTA
CTATACAATCTATTGI 7 | GTCCGGTGCGGAGAGCCGTTCGTCTTGGGA 5 | TAAGGCACGCGGTGAATGC 1 CACTGTGGG GCTG 44 | TCAAGTAATCCAGGATAGG!

ACCGTGGCTTTCG 58 |AGT GCATAGTT 8 |GTATGTGH GGACTACATCG 10 | TGTCACTCGGCTCGGCCCACTAC 1 |AGAGGTAGTAGG \TA 568

GTGTTG GGA 3 | CCGTCTCAGTTACTTTATAGCCA 1 |creTecTa GAX 3 |TGAGCGCCTCGGCG) 1 CAGCGGGAACAGTACTGCAGTG
TCGTACCGTGAGTAATAATGCGC 2 |TGACCGATTTCTCCTGGTGTTC 3 GGCCCCGGATAGCCGGGTCCCCGTCCG 1 GGAGGTTGTATA( 2 GGTTG TGT
CTGTAACCATGTTGTAGTG 1 |ACTGCAGTGCCAGCA( 1 |TGTGACAGATTG AA 7 AGATGGGAGTGGTGTAA 5 |TcccTeaca GA 397

\GCAGCGGGAACAGTACTGCAGTGAGT 1 |TATGCAAGGGCAAGC 2 AACATCCCCGACTGGAAGC 1 |ATACTGCCGGGTAATGA 1 |CGCCGAAGGAGCCTCGGTTGGCCCCGGATA
CAGTGTCTTAG! TTGT 1 |GGGGGTCCCCGGTGCTCGGATCT 1 | GCAGTCCACGGGCATATACAC P \CATCCTCGACTGG 57 ACTTC GATG 1
TAATACTGCCGGGTAATGAT 10 | TTGTCTCCAGAGCATTC 1 |ccerecTeace 1 CTCCCAACCCTTGTACCAG 3 |AGGAGCTTACAATCTA 1
TGAGCGCCTCGGCGACAGA 2 |TACCCTGTAGAACCGAAT 1 |TGCTATGC 1 GAAAT 4 |TGGGTCTTTGCGGGCAAGATG 1
\CAGTGAAC 5  |TccTGTACTGAGCTGCCCC 1 |AGGTAGTAGATTGTATAGTTGTGGGGTAGT 1 |TeccTeaG 418 | CACATCTGCACATGCTC 1
CCTAT 7 CA( 1 |AACATTCATTGCTG 48 AGCTTACAATCTAGCTGGGG 2 |aaTTCA GGTT 1
ATCACATTGCCAGGGATTACCACG 11 \CATCCCCGACTGGAAGC 1 1 |TGCCGGGTAAT 1 |CAGTCCACGGGCATATACACT 3
GCCCTTCCGT 22 | GTGCTTATAGT GT/ 1 CTCATATCCATTCAGGA 1 \TGCAAGGGCAAGCTCTCTTC 24 TGCTTATAGT 22
A GTTC 74 |cTcTAcAACC ACTTGCA 1 |CATCTTCCAGTGCAGTGTTGGAT 1 | AAGTAATTCAGGATAG! 2 |caGGTAG 2
TCCCCCAGGTGTGATTCTGA! 4 |aTcacacasac 4 | CTATACAATCTACTGTCTTTC 17 \CTTGTCCCGG! CCCCCAGGTGTGATTCTGATTTGTTT 1

CCTTTCTGTGTAGG AGATCAGAAGGTGACTGTGGCT 3 | GCTGTTCGTGCAGGTAGT 2 AGTTATCACAGTGCTGATGCT 25 \GGTTGTGTG 4

TGCCTGTCTACACTTGCTGTC 412 \CATTGCCA( 22 | AACAAACATGG CTTCTT 4 |crTaT T 2 |ATGTATGTGTGCATGTGCATGTG 1

TGTACAACCTT( CAGTCGGATGTTTACAG 118 CCCACACCCAAGGCTTGC 47 | ATACCCTGTAGAACCGAATTTGTG 1 TCGGGGATCATCATGT 31
1 \GAGTTGTCATG 2 |Aca AGGTTCTTGGGAGC 7 GCTTATAGTGCAGGT 370 CCCTTACCCCAAAA 1

GCAGCACGTAAATATTGGCGT TAGTAGGTT 2 |AATGGCGCCACTAGGGT 1 |ACCAATATTATTGTGCTGCTT 1 GAGGTTGGTGTACTGTGTGTGA 1505
ACCCTGTAG) AATTTGTC 50 CTCAGTTCAGCAGGAACAG 1 CC CACTAC 1 |AGAATCTCCAGGGGTAC 1 GTAGTG A 880
CCCCCAGGTGTGATTCTGATTTGTT 4 | TGAGGTAGTAGA 1 |TCCCTGTCCTCCAGGAGCT 5 AAGTTGCCCATGTTATTTTTCGCTT 1 |GTAGTGTTTCCTACTITATGGA 661
GAGGTAGTA( TG 1 ATTCATTGCTGTCGGTGGGT 1 |c GAC) 50 | GCTCAGTTCAGCAGGAAC 1 |AGcTAcA
CAGCA( TGGTTTGTA 43 | TAGGTTA GTTGCCTT 5  |AATGACACGATCACTCCCGTTGA 17 CAGCACA ACA 3 GGT/
GCTGACCCS GTG 7 AGTG GG 95 CCAGGTGCTGCT 30 |AGGGGTGCTATCTGTGATTGAGGGA 48 | TACCCTGTAGAACCGAATTTGTGT
TCCTGTACTGAGCTGCCCCGAGC 1 |TCCTGTACTGAGCTGCCCCGAGG 1 TCCCT 19 |CTAG! CC GATC 1

CTA 123 \GCAGCACATCATG! 1735 |GTAGTAGG 2 \TAAAGCAATGAGACTG 17 | TTGCATAGTCACAAAAGTGATC
CAGCATTGTACAGGGCTATGAA 1 | TGTAAACATCCTTGACTGGAAGCTG 4 CAGCACGTAAATATT( 10 | TAAGTGCCTGCATGTATATG 24 |TTGGTCCCCTTC)

CCACT( 1 GGTA 42 | CCCAGTGTTCAGACT/ 161 ‘GCAGTATGTTCCTGAATACA T CTGGGTGCTTAGT 28
TGTCACTCGGCTCGGCCCACT 1 TGA 2 GCAGAGAGGTA 7 |TGAnaTGTTT \CCACT/ 9 | TAGCAGCACGTAAATATTGGCG 3440
ATTCAAGTAATCCAGGATAGGC 4 | acTaTATATCAAGCAT 1 |CATGCAGTCCACGGGCAT 4 AACCTGTG 2 |TceTGTCTTGTG 1
CAAAGT CAC 1 CA GTCCCCTCCCGATAAA CATCTTACCG 18 | TCCCTGAGACCCTAAC 6 |TGAGGTAGTAGGTTGTATA 41
TGAGGTAGTAGGTTC 112 | TGCCTGGTAATGATC 1 GTG 144 | AGGCAGTGTAGTTAGCTGATTGC 75 |c \TTCAGH 1
TAAGTGCCTGCATGTATATGCGT 72 | TGTGACTGGTTGACCAGAGG 12 ACCGATTTCTC T 1 |TGGTTTCA TGG( 2 |AGCGCCGAAGGAGCCTCGGTTGGCCCCGG 1

\GCTCCCATCT 7 |GcecTaac G 1 | TAATGCCCCTAAAAATCCTTATT 109 | TTGGTCCCCTTCAACCAGCTGT 131 |7 4

GAAATCA( 2 |AGTTGTGTGTGCATGTTCATGTC 6 | CTGCCTGGTAATGATGAC 1 |caaccTcaTe GGTC( 8  |ACCTGGCATACAATGTAGATTT 1
CATCTTACTGGGC! G 11 | GTACCGTGAGTA GC 1 | TAGCTTATCAGACTGATG 70 | CTAGCACCATTTGAAATCAGTG 28 |TACA TGG( 5
TACAGTACTGTGATAGCTGA/ 3 |TGTGACTGGTTGACCAGAG 4 |aaGGaGcTeac ATTG 11 | CTAGCACCATTTG 2 |cTGeeac CT¢ 1
TCGGATCCGTCTGAGCTTGGCT 21 |caG 1 CA CCAGGGATTACCA 116 7 \TC ATCTGGGTGCTTA 1
CCTATGCAT T 90 | TGACCCCTAGTCCAGTGCTTGTGG 1 |GTGGTCCTCTCTGTGCTA 3 | CGTCTCAGTTACTTTATAGCC 1 |cTatacaa CTTC 6
ATCTTACTGGGCAGCATTGGAT 1 |6Tw TG 1 |cacatTeecaG cA 1 |TGAATGGCGCCACTAGGGTTGTG 2 |AACAAATCACAGTCTGCCATAT 5
ACCATTTGAAATCGGTT 1 |TCCGAGCCTGGGTCTCCCTC 4 | CGGTTGGCCCCGGATAGCCGGGTCCCCG 2 GGTAG \TGTTGTTGGGATT 2 |arc GG/ 1
ACAGGTGAGGTTCTTGGGAGCC 6 |cTG \GCTACTG 12 |ATAGTTGTGTGTGGATGTGTG 1 |ecceTa AT GG 1 |GTATGTGCCTTTGGACTACATCGTGAACG 3
ACAGTAGT( CATTGGTT 6823 | TATGTCACTCGGCTCGGCCCACTACCC 1 |GCAGCATTG GCTAT 2 \GTGCAATGATGAAAGGGCAT 125 GTAGAACTCA( 4
TCGGATCCGTCTG GC 4 |a CCAGGAATC( 1 CCACTCAGTCGTGCCC 15 | GGTAGTAGGTTGTAT/ 1 GCTATGC TATT 9
GTGGGGTAGTGATTTTACCCTGTTTAGGAG 2 |caG A T 5 |cATCTTCCAGTG! GTTC 2 CAC AAAT 89 | GCCCCTGGGCCTATCCTAGA 12
AATGACACGATCACTCCCGTTG 25 | TGAGGTAGTAGGTTGTGTGG 517 | GGGGGTCCCCGGTGCTCGGATCTCGAGGGT 1 GTG 1 |TATTACTTTTGG G 1

GTCTGGT/ 2 |ACTCTACAACCTTAGGACTTGC 7 |aTTGa CATT( 15 | AATGACACGATCACTCCCGTTGAGTGGGC 1 |caTTGTACAGGG A 2
CAGGCCATACTGT! 2 |TAAACATCCTCGACTGGAAG 1 CTG! 1 |TATGGCACTGGTAGA/ 2 | CAGTGCAATGTTAAAAGGGCAT 8552
[& \GGAGCCTCGGTTGGCCCCGGAT 2 TGGGTTGAGAGGGCGA 129 | GGTCCGGTGCGGAGAGCCGTTCGTCTTGGG 1 GTTGTATAG 9 | GTAATCCAGGATAGGC
AACCCGTAGATCCGAACTTGTG 2 |TAAGGCACGCGGTGAATGCCA 4 TGTTCCTAAT/ 6 CCCAGGTGC 5 | CATAAAGTAGAAAGCACTACT

TTCTCCTTTTG 13 \CTGGCCTACA/ 6 AGCAGCACAGAAATATTGGCATGGGG 1 | TGAGAGATGCCATTCTATGTAGA 3 |Ac GCTGG

ATGAGGTAGTAGGTTGTATAGT 5 |AGTTGTGTGTGCA 3 GTT( AAG 1 \CACACCTGTTCA/ 1 |caccaGea TGGTTTGTAC 1
TTGCGATGTGTTCCTAAT/ 2 GTGTGCATGTGCATGTG 12 | AACAGTCTACAGCCATGGTCG 5 |AGTTGTGTGTGCATGTTCATGT 17 | TGAGGTAGTAGGTTGTATAG 9311

G 2 |GcaGCACATAA 1 CA 55 AACTG GG 1 |cecaaTc cT 1
T CTAAAGGTACAGTACTGTGATAA 2 ‘GTCAGTTTGTCAAATACCCCAA 10 | TTAATGCTAATTGTGATAGGGGT 24 AAGTGCCTGC/ 2 |AGGAGCCTCGGTTGGCCCCGGATAGCCGGG
CTAGGTATGGTCCCA( CAGATCAA 2 |ATCACAAGTCAGGTT 22 GAT 4 | TGTAAACATCCTTGACTC 9 |caaceaaaTcce CAGCTGTTG

CCTTGCATGGTGGA( 1 \TTGCCAGG 2 |ATCACATTGCCAGGGATTACCAC 683 | CCCTGTAGAACCGAATTTGTG 2 |cAGTTCAGCAG

CCTGGTAATG 2 \TT/ 41 A \CGATGTTC TCCCTGAGACC 1 |TGAGGTAG
CACGCGGGAACCGAGTCCAC 1 CAGGTTCTTGGGAC 22 | TGTAAACATCCTACACTCTCAGCT 1331 | TAGGTAGTTTCCTGTTGTT 4 | TGGCAGTGTATTGTTAGCTGGTT
AAGTGCCTGCATGTAT/ 10 | TGTAAACATCCTACACTCA 18 | TGTAAACATC AGCACATAATG 1 |cal GT
TGAA \TC T 1 |AATCACTAACTCCACTGCCA 23 GG/ 2 |TGAAGCTCAGAGGGCTCTGAT 1 |AAACATTCGCGGTGCACTTCT
AATCGTACAGGGTCATCC 10 |TAAC 1 ATTC 1 |TrcccTTTaTea 5 |Gceacce G AGT
TAACH TCACGGCCAC 1 |CGGGGCAGCTCAGTA A 18 | TGAAACATACACGGGAAACCTCTTTT 10 | GAATGTTGCTCGGTG 2 \TCCTT \GGTGTGAATGC 6
ATTCA 1 |TTCAAGGCTATCACCATCCCCCTTCAG 1 AT 1 | TAACACTGTCTGGTAAAGATGGCCC 18 GAGATGAAGCACTGTAGCTC 4
TTCAAGTAATCCAGGATAGGC 13035 | GAGCTTACAATCTAGCTGG 1 | TAATACTGCCGGGTAATG 6 |AGGTTCTGTGATACACTCCGACT 2 |ATGTAAACATCCTACACTCAGC
CA( 3 |ACAGTCTACAGCCATGGTCGC 3 |TCAAGTAATCCAGG! 77 |cTGAAGCTCAG) 1 CGATTTCT TGTTCAGA
AACATTCATTGCTGTCGGTGGGTT 359 | TGAGGTAGTAGA 3051 |TGTAAAC/ ACTGGAAG( 436 | AACCCGTAGATCCGATCTTGTGGT 1 | AAAACATGAAGCGCTGCAAC

G 1 |ATCACTAACTCCACTGCCATCAA 2 CTGGTGTTGTGAATCAGGCCGTT 2 C ATATAG 5699 CACAGGGTAGA
TACCGTGAGTAAT 1 |TGTAAACATC 2 \TCAGAATCTCCAG 26 GCTTATAGTGCAGGTAGTGTGT 4 |TTATGTGTGTGTACATGTACA
TGAGGTA( 2 |CGGTGCGGA 1 | GGGAGCCAGGAAGTATTGATGTT 3 ACCCT/ 1 AGTG TTAAAAG
GCAGCGCCGAAGGAGCCTCGGTTGGCCCCG 1 | CTCACACAGAAATCGCACCCGTC 1 | TCAAGTAATCCAGGAT 23 | ATATTGCACATTACTAAGTTGC 5 G GGA

CTA 1 |AGGGGTGCTATCTG 6 G CTATGGTAG 61 |cC T CTTGCT 2 \GTGCTGTTCGTGCAGGTA 6

CATAAAGTAGAAAGCACTA 1 |caAGTAATCCAG 11 GTGTTT/ TGTT 99 | ACATCCTCGACTG 1 | GCACCATCTGAAATCGGT
CCTTC 1 G GTGCAGGTAGT 1023 | TTCACAGTGGCTAAGTTCCGCC 1 | GTCCCGGCC 2 |t GTGTTCAG

TCCTATGCATATACTT 1 TG 1 |cTGAGATG 1 |ACAGCAGGCACAG, ER CGATTGT

TCCCTGAGGAGCC 14 AGGGTAGAACCACGGAC 342 112 | CAAAGTGCTAACAGTGCAGGTAG 13 | TCTACAGTGCACGTGTCTCCAGT 2
GATAT/ 1 |caccatcrea GTTA 2 |AAGTGCCTGCATGTATATGCG 1 CAAATCTATC 6 |cTGGA GTC)

ATAGCTTATCAG/ G 5 G CAACTTTGCAT 3 CTTA( G 1 | TGGAATGTAAAGAAGTATGTA 2 |TaTTGG CT(

\CAGTGCTGATGCTGTCCATT 1 |ATACCCTGTAGATCCGAATTTG 1 | TATGCAAGGG! T 1 |ATGCAGTCCACGGGCATATACA 5 | GTGTAATTAGCTGAT
AATCACATTGCC/ CC/ 32 |catcTaG \TA 1 |TGGCAGTGTCTTAGCTGGTTGTTGTGAGT 2 |c AGCTC AG 1 \CATTGCCAGGG:

\TTTG! 3 ‘GCACATTGGTTA 1 \GCA( AG 15 | TGACCCCTAGTCCAGTGCTTGTGGTGGCTA 1 |TTCACAAAGCCCATACACTTTC

TGAGCGCCTCGGCGACAGAGC 3 ATG! 54 | TGTAAACATCCTTGACTGGAA 15 | CAGGTG GA 4 |TTCAaGTAATCCAG

GGTGAGGTAGT/ 1 |CTAATACTGCCGG 1 AGTTAGC C 1 CGGTCTGAGGCCCCTCAGT 3 AGTG CTTTATGGAT
GTGCTTGAT 55 C CGGAGTCTGT 3 \GTGCTGTTCGTGCAG! 1 |cGGCGTCATG 1 | GCTATGCCAACATATTGCC 1
CAGTGCAATGTT/ 341 | CATCTGAAAT 1 GCTGTGCAAATCCATGCAAAACTG 2 GCTAA 1 \TTTATGGCGCACATTACACGGTCGA 2
CACTGAGATGGGAGTGGTGTA 2 GAGGTAGTAG/ 10 \CTGCTGAGCTAGCACTT 3 CCACGTGCGGT 1 |cTGAGGAGCC 1
TCAGTTTGTC/ 2 AAGCTGGGTTGAGAGGGCGA ACATTGC( 1 |CAACTAGACTGTGA( AG 1 3
TATACAAGGG( 5 GTTCTTCAG 1 | TATTGGGAACATTTTGCATGCA 18 | CATCCCTTGCATGGTGGAGGGT 2 | GGGCGTCGGGACCGGGGTCCGGTG 1
TCCTGTACTGAGCTGCCCCGA 52 | TGTGCAAATCCATGCAAAACT 385 AGTGTTTAGACTACCT 3 |caaccTc ATGG 3 GA 1
TAGH GCCTTCGCTT 1 | TAATACAACCTGCTAAGTGT 1 | GCAGCACGTAAAT 6 |TTGTGCTTGATCTAACC 1 |TCAAAGTGCTTACAGTGCAGGTA 8
CTATGTG 2 AATACTGTCTGGTAATC 6  |ATAGCTTATCAGACTGATGTTGAC 22 | TGAGGTTGGTGTACTGTGTGTGAGTAT 3 \GCT¢ 3
CAAAGTGCTGTTCGTGCAGGTAGTG 4 |GTTGTGTGTGCATGTTCAT 1 | AATATAACACAGATGGCC 1 AGTTATCACAGTGCTGAT 5 | GCCTGTCTACACTTGCTGTGCA 29
GGTTGAGAGG! 2 |TGAGGTAGTAGGTTGT/ 3054 | TGTAAACATCCTCGACTGGAA 117 | TAACACTGT( AAAGATGGCC 145 | TCAAAGTGCTTACAGT 7
AACATTCATTGTTGTCGGT 89 | AACATTCATTGCTGTCGGTGGGTTTGA 4 AT CAAA 1 \C: CTTG 13 \GCAGCACAGAAATATTGGCAT 40
GGGTTGGG 1 TAGACTC 2 |TGTGTGCATGTGCATGT 1 | GAACGGCTACTTCACAACACCAGGGC 1 GCAGTATGTTCCTGAATAC 11
TGTATGCCCTAACCGCTCAGT 1 |GAGGTAGTAGGTTGTATA 3 TGTCTTGTGTTG 13 | CCATCTG/ GTT 2 CTATCTGTGATTGAGGGACAT 6
\GTGCATGACAG/ 1 |CCACAGGGTAGAACCACGG 2 |TCCGTCTCAGTTACTTTATAGCCA 3 | CAACCCTAGGAGGGGGTGCCATTC 5 |TCGGTCGATCGGTCGGTCGGT 1
ATAGTTGTGTGTGGATGTGTGTATTT 5 | TAGTAGATTGTATAGT 1 |TGTTGTGAATCAGGC 1 CAGTGTT 1 CAGCAGCAATTC/ 2
CAGTGCACGTGTCTCC/ 1 ACAGCACGACACTGCCTTCA 1 GG CTATGTGAT 2 ATCAGACTG/ 8  |AATCcATGCAAAA 1
\GTGTAGTTA( 1 |AGCACGTAAATATTGGC 1 | TAAGGTGCATCTAGTGCAG 57 | GAAAAGCTGGGTTGAGAGGGCGAAA 2 | TAACAGTCTACAGCCATGGTC 89
TGAGCGCCTCGGCGACAGAGCC 3 AT AAAACTGAT 2 G GATGG 1 ‘GGTGTTGTGAATCAGGC 228 |CA GGTTC 1
AAAGCCCATACACTT 4 |caacaacTcccagTeTGe 5 GCCTGTC 4 |a TGGGTTGAGAGGGCGAAAAAG 1 |Ac GTTGA( 1
AAGGGATTCTGATGTTGGT 1 e ACTGAG 1 |caGeae \GGAGCCTCGGTTGGCCCCGG 21 | AACAGTCTACAGCCATGGTC 1 |AGGTGCAGTGCTGCATCTCTGGTC 1
CCTTTGTCATCCTATGC 1357 |A AGAT 2 |AAGTGCTGACAG 1 | TAACAGTCTCCAGTCACGGCCA 3 GGG 1
GAGCCTCGGTTGGCCCCGGATAGCCGGGT 8 |ACCGGGGTCCGGTGCGGAGAGCCG 5 | TGTAAACATCCTTC 10 AG CTAGCT 1 |AGCAGCACACTGTGGTTTGTAC 2
GTAGTAGGTTGCATAGT 2 |CTGGTTTCACATG 2 |ACAGTCTCCAGTCACGGCCA 1 TCATGTGTCT 1 |AGGT TTTGTGCT 1
TTGTGAATCAGGCCG 2 AA( TCC 1 \CAGTGCACGTC 1 | TGTAAACATCCTACACTCAGC 1296 |CCCATAAAGTAGAAAG! 6
CATCTTACTGGGCAGCATTG 1 AACCTG 1 |AACATTCATTGCTGTCGGTGGG 21 |TGTA/ 6 GCAGGTTTGCATCCA 6
AGTGAGGGCACTTGTAG 2 |ACAGTAGTCTGCAC 16 | TCCGGTTCTCAGGGCTCCACCT TCCCTGTCCTCCAGGAGCTCACGTAT 3 C G 1
ACCCTGTAGATCCGAATTTGT 11 \CA TGCTGGGTTTCA 7 \GCAGCAC/ A 211 AG 10 CT/ 1
\GGTTGCACTAC 1 |AGGTTGTCCGTGTT( CT( 1 |CCCTGAGACCCTTTAACCTGT TGCGGGGCTAGGGCTAA 1 |TATGTATGTGTGCATGTGCATG 1
ACC 2 TAATGTACTTCACCTGGTCCACTA 1 CAAGAGC/ GAAAAATG 11 1 GG/ 1
AGTTCAGC) CAG 1 | TAGCAGCACGTAAATATTGG 26 GTAGATCC( 1 | TAATACTGCCGGGTAATGAT 192 | ATTCAAGTAATCCAGGATAGG 1
GTCTGGTAACGATGTT 2 |TAAAGTGCTTATAGTGCAGGTAG 7188 | TAATGCCCCTAAAAATCCTT 28 | CAACTAGACTGTGAGCTTCTA 2 | CAGTGCAATGGTATTGTCAA 2
GTAATTCAGGATAGGT 2 A GTCTGAGGCCCCTCAG 3 AGCAGCGGGA/ 1 | TAAGGTGCATCTAGTGCAGAT 466 | TGTAAACATCCT/ 107
ATTTGAA 10 CTCGCTGG C 1 CT¢ GTGACAGCGGCTGA 9 |AGAGGTAGTAGGTTG 58 CCAGTGTTTAGACTACCTGTTCAGGAC 1
TATTG 264 | CTCCTGACTCCAGGTCCTGTG 18 AACATCCTACACTCA 1 \CCACCGACCGTTGACTGTACC 2 |CAGTTATCACAGTGC 25
TTATAAAGCAATGAGACTGAT 4 TGCAAATCCATGCAAAAC 111 | GAAGGAGCCTCGGTTGGCCCCGGATAGCCG 2 |TccTATGCATATACTTCTT 1 |CAATGTTTCCACA 5
AGAGGTAGTAGGTTG 2 |ATATAATACAACCTGCTAAGT 32 \CATGGTGCA 15 | GTTCCGTTTAG 14 CCCCGGATAGCCGGGTCCC 2
GTGAGGTAGTAGGTTGTATGGTT 1 A 1 CTCATATCCATTCAGGAGTGT 1 ccCTT 2 |AAGTAATCCAGH 21
GTGTAGGACCK 25 | TAGGTTATC GCCT 2 |cTATACGACCTGCTGCCTTTCT 20 | CCACAGGGTAGAACCACGGAC 17 | GCCCCTGGGCCTATCCTAGAAC 2
TACCCTGTAGATCC 50 GCAGTCCACGGGCATATACA 1 | TGAGGTAGTAGTTTGTACAGT 121 |TTGGTCCCH 2 TGCTAC 5
GCTTCTTTACAGTGTTGCCTTG 4 | GAAAAAAAAAAACAGGTCAAGAGGCGC 2 |TCTCTGGGCCTGTGTCTTAGGT 2 | CTAGCACCATCTGAAATCGGT 16 | ACATAACATACACACACACGTAT 1
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GGTAGTAGGTTGTATGG 2 | CTGCAGTGAGGGCACTTGTAGC 1 |ATCTGAAATCGGTTA 2 |TTTGTTCGTTCGGCTCGCGTG 7 | cATTATTACTTTTGGTACGCG 767
TCACA ATCGCACCCGTC 3 |TACAGTAGTCTGCACATTGGT 275 GGAAAT/ 2 AAAT AG 1 |AGGTTACCCGAGCAACTTTGCATCT 1
AG( AGG 503 GTG GACAAGCTGAGTTGGACAC 2 |TAAGGTGCATCTAGTGCAGATAGT 75 |A \CTCATGGTTTGAACCA 1
CGGTTATCATGGTACCGATGCTGTAGCT 2 GATGATGGA 10 \CTGCCTGG GA 2 CA( TAATG 1|7 GGA 1
AACCACACTG 2 GGTAAAGAT 1 | TGTAAACATCCTACACTCTCAGCTGT 45 TAGTAGATTGTATAGT 1 | CAGTGCAATAGTATTGTCAAAGCATC 14
AGTCTGCACA 1 |GTGCaATGTT: 1 |crea GTA( 2 \CCCTGTAGATCC( 4 ATGGTAGA/ 2
ACA 1 | GCAGTCCACGGGCAT 9 [ca 1 | TATACATACACGCACACATAAGA 2 |ACAAGTCAGGTTCTTGGGACCTA 17
AGAGGTATAGCG! 2 |TGAAGAGAGGTTATCCTTTGTGTGT 7 | CAGTGCAATAGTATTGTCAA 29 AAGTAATTCAG 342 | ACCATTTGAAATCAGTY 9
\GAACCACGGACA 173 | AcAGTAGTCTGCA( 678 |TTTC 3 | CCTGGCTGGACAGAGTTGTCATGTGTCT 1 |GTAATTCAGGATAGG 3
TGAGGTAGGAGGTTGTATAG 593 \GCACAGGGCCTGCAGAGAGGT 55 | CAAAGTGCTTACAGTG 4674 GTCAGATG 2 |CTGTTGCCACTAACCTCAAC 1
AAGCCCTTACCCCAAAAAGCAT 6 CA 3 |TGGCTACTGGGCCCTGAACTAGGGGTCTGG 1 |CTGACCTATGAAT AG 6 |ccacact CCTGGTCAG 1
T CCTATGTGA 736 | CTCGTACCGTGAGTAATAATGCG 11 CAGTGTTGC 23 | TGGAGAGAAA( 1 \CCTTGGCTCTAGACTGCTTACTG 2
\GCA( ATATTGGCGTA 1| GTAAATATTGGC 16 | TGTAAACATCCTC 474 | GACCGATTTCTCCTGGTGTTCAGA 2 | GCACGTAAATATTGGCG 3
AAGTGCTTATAGTGCAGGTA 1 ACTG \GGAACTGACTG 6 GTGACAGATTGATAACTGAA 1 |CAGTTTTCCCAGH 46 \GCAGGCACAGACAGGCA 2
TGACCTATGAATTG 8 GGGTCTCTGTTTC 2 |c ATTTGCTGCTCTA 11 | TGGCAGTGTCTTA 4 S TGCTTATAGTGC/ 570
CAGCACAGAAATATTGGC 3 | CCACTGCCCCAGGTGCTGCT 3 |Te CAAA 1 |TGTARACATCCC 2 |TTCACAGTGGCT/ 2
CAGTCCCCTCC 1 GTAGTAGGTTGTGTGGTTT 1 |CAGTCCACGGGCATATACACTT 11 TGCT 3 1
CTCAGTCCCCTCCCGAT 1 CTA 1 |TAT GACTACATCGT 130 | TAAAGTGCTTATAGTGCAGGTAGT 1190 \GATGTCCTGCAGCCGTCA 1
GGAG 2 | CTAGACTGAGGCTCCTTGAG 10 GCAAG 1 |cAGTGCATCACAS GT 1 | CAACAAGTCCCAGTCTGCC: 1
AGGGATTCTGATGTTGGTCA 20 CAGTGTTCAGACTACCTGT 1 | TATACAAGGG 69 | CAAAGTGCTAACAGTGCAGGT 4 | GAGGTAGGAGGTTGTATAGTTG 1
GCTTATCAGACTGATGTTGAC 46 | GTAGTAGGTT 1 |AATCATACACGGTTGACCTATT 37 | AAACCGTTACCATTACTGAGTTTA 4 CCCAGGAATCC 2
\GTGCTGA( 2 TGTACAGGCC 5 TTCAC 10 CTTTCAGTCGGATGTTTACAGC 2 |AACATTCAACCTGTCGGTGA 12
ATCAGACTGATGTTGA 26 |CTCCTGACTC CTGTGTG 2 CTCTAGACTGCTTACT 11 |ACACTGGTGCTCTGT( 3 |TGAGGTAGTAGGTTGTGTGGTT 11073
TAAGGTGCATCTAGTGCA 1 TGCTGACAGTGCAGATAG 14 | CAGGCCATACTC C 1 TGG 34 CCT/ ATACTTC 2
TGAGGTAG GT 1 |caccaTTTG) T 10 | ATGACACGATCACTCCCGTTGAGT 1 |AAGAGGTATAGCGCATGGGAA 4 |aTcacaTtGecacaaa 615
AGGGTTGGGTGGAGG 1 46 \CGCTGTC TIT 8 GT/ 6 CAAAGTGCTTACAGTGCAGG 8
\TCCTTGCTATCTGGGTGCTTAG 2 CGTCCTGAGGTTGTTGAGC 30 CCGA 1 CAGGATAGGTT 3 |TAGGCAGTGTAATTAGCTGAT 1
AGCAGCATTGTACAGGGCTATCAAA 62 | TGAGGTAGTA 121 |TCGTACCGTG 1 |TCCCTGTCCTCCAGGAGCTCA 8 |AcaaGTC: 15
AAAGTGCTTAC 29 | GAAAGGTGCCATACTATGTATA 1 1 |16TAG) AR 1 |GAAGTTGTTCGTGGTGGATTCG 1
AGCTGGTGTTGTGAATCAGGCCGA 184 |AGcTGG ATCAGGCCGT 667 | CTGCAGTGAGGGCACTTGTAG 1 |CTGTGCAAATCCATGCAAAACTGA 1| CTACACTC 2
‘CCTCATATCCATT 1 |GGTCAAGAGGCGCCTGGGAAC 50 CCTTC GT 42 | TGTGTGCATGTGCATGTGTGT 1 | TGTAGGGATGGAAGCCATGA 3
G 32 |TaaT CT/ C 150 | GTGAAATGTTTAGGACCACT 13 | CCGTGAGTAATAATGCG 2 |c CTAAGATGGGG 2
AGAGCTTAGCTGATTGGTG) 2 |TCAAGCAGCATTGTACAGGGCTATGA 1 CTTT ACT? 6 \CTACCTGTTCAGGACTC 1 |ea GGTT 4
A C 154 |a ACAGGG! 151 | AATCACTAACC \GCCAGGT 25 | CCTGCTGGGGTGGAACCTGG 1 TCTG 1
T GATGTGTGT 29 | CTAATACTGCCGGGTAATGATGGA 18 | TACAGTAGTCTGCACATTG! 9 | CCCTGAGGAGCCCTTTGAGC 2 |AACCCGTAGATCCGATC 1
AATACTGTCTGGTAAT 4 TTGGGCAGCTGGTGA 1 |TCCTGACTCCAGGTCCTGTGTGT 3| CTAGCTGTATG 7 CTG( 3
CTGA TTGACAGCCAGTACTCT 1 GAGAG( AR 2 |TAATACTC 65 | AATGCCCCTAAAAATCCTTA 1 | CAGCCCATCCCACTCAGTCGTGCCC 1
TAAGT AG 18 | TCCTGTACTGAG 2 | TGTGCAAATCCATGCAAAACTGAC 1 | TGTGCAAATCCATGCAAAACTGAT 63 AAG ACAGTGCAGGTAGTGA 3
1 1 |CTTTCAGTCAGATGTTT 4 CTTCAGTGGC/ 95 GT CTG 1
AACAATATCCTGGTGCTGAGT 11 |ACTGCCCTAAGTGCTCCTTCT 2 |caaccT TATGGGTCTG 4 AATGTTGCTCGGTG! 1 |GTACTGTGATAG! 1
GG 11 CA 42 | TAAGGCACGCGGTGAATGCC 1 |CAGTGCAATA GT( 7 G CGTC 2
TAAACATCCTACACTC! 1 |CTGTGGGCCACCTAGTCA( 1 TGCAAATCCATGCA/ 4075 GCAGTGTCTTAGCTGGTTGTT 875 |AGGTGCAGTGCTGCATCTCTG 3
GTTTCACATGGTGGCTTAGAT 7 | ecTGACCCCTAGT 9 | TGTCACTCGGCTCGGCCCACTACCC 15 | AGAGGTAGTAGGTTG! 4925 TCATAC 1
GCAGTGT GG 2 CAGGCCATACTGTG 3 \TTGCCAGGGATTACC 2 |GGTAGTAGTTTG G 1 ACATTCATTGCTGTCGGTGGGTTTG 6
TGCGGGGCTAGGGCTAACAG 13 | GCTTATAGTGC 1 |TGA GTAC! 2 \TAAAGTAGAAAGCACTA( GGCTGGCTC TC 1
T GGGTGCTTAGTG 13 ATG 1 |CGTGTATTTGACAAGCTGAGTTGGAC 2 |cTccTeacTcca CTG 1 TG CTAACCATGTGC 16
TGG 16 | CTAACACTGTCTGG ATG 10 |AAAAT GGA 1 |CAGGTCGTCTTGCAGGGCTTC 1 |AACATTCAACGCTGTCGG 1
GTGCTTATAGTGCAGGTAGT 1 CATCATGGTTTACATACTAC 5 |TGTGCAAA CAAAACTGAT 14 | ACAACTGGCCTGAGGAGC 1 CTT AAG T 8
1 |CTGTGCGTGTGACAGCGGCTG 64 | TTAATGCTAATTGTGATAS 12 | TTAATGCTAATTGTGATAGG 9 | TGATATGTTTGATATATTAGG 14
GTC CTG 59 \CCGTCCCACATACA 1 GAAC 3 |CCGTCCCCGCTCGGCGGGGTCCCCGLGTCG 1 GA TGGTGTTCAG 1
TAATACTGCCGGGTAATGATGGA 4379 | cTGGACTTGGAGTC 1 |CTCGGTGCTGGTGGAGCAGTGAGCACG 1 \CATTCAACGCTGTCGGTG 220 | TAATACTGCCGGGTAATGAT 1144
CGG CTCTAGACTGCTTAC 2 CAGGGGC/ 1 |TAGTTGTGTGTGCATGTTCATGTCT 2 ATACTGCCTGG AT 1
AATGACACGATCACTCCCGTTGAGTGGGCA 1 GT CTG 160 G GTA 17 | TGAGGTAGTAGGTTGT( 9 AAC GTG 1
GAGGGGG 2 | TGTAAACATCCCCGACTGGAAGC 295 | CTATACGGCCTCCTAGCTT 1 | TGGTTTCACATGGTGGCTTAGAT 1 | TAGTAGACCGTATAGCGTAC 5
GAA/ TTTT 27 CAGCACAT/ 4 |aTam CCTGCTA/ 1 |CAGTAGTCTGCACATTGGTT/ 2 \CTGTGCGTGTGACAGCGGCT 1
GGATTCCTGGAAATACTG 7 |TcTeaca ATCGCACCCGTC 65 TGGTGTTGTGAATCAGGCCG 12 |A GC CATCCAGCTGT 2 |TcceTe C 16
CGGTG! 7 |aatGGeaecac 24 CCTTTTG 3 |TCTCCCAACCCTTGTACCAGTGC 54 ATACTGCCG 5
TATACATACACGCACACATAAG 2 AAGTTCTG 2 | TACAGTACTGTGATAACTGAAG 13 CT¢ 1 |TTGGTCCCCTTCAACCAGCTG 20
T AAT 1 ACTTGGAGTCAGAAGG 1 | TGAGATGAAGCACTGTAGCTCA 145 | ATAGTTGTGTGTGGATGTGTGTATT 15 CAGGTAG 2
CAAAGCCCATACACTTTCA 43 |GCTACTTCA 1 AGGCTGAGGTCCCTTA 1 |TGTGACTGGTTGA( 23 GCTCGTGTCTGTC 9
ATCATACACGGTTC 1 GAGGTAGTAGGTTGTATAGTTTTAGGG 1 |GGTCAAGAGGCGCCTGGGAACT 42 |asacc GAGTTTAGT 40 | TGTARA 1
CTATACAGT 2 |ATCACATTGCCAGG! 712 CCA T 34 | TACGTAGATTGGTACCTATCATC 1
TAAACATCCTTGACTGGAAG! 2 CTGAAGCCAGATGCCGTTCCTGAGAAG A TGTTTGCTGH 2 |acTG CTG 1 | TCGTACCGTGAGTAATAATGCG 1068
CGTATGTGCCTTTGGACTA( 5 |TccaGeaT 12 GGCAGTGTCTTAGCTGGTTGT 2253 | TACCCTGTAGAACCGAAT 348 15
CAGCGTGATCGCCTGCTC 1 |TCAAAGTGCTTACAGTGCAGGT 76 |cC GA TACCCTGTAGATCCGAATTTGTGTA 1 | TGTAAACATCCCCGACTGGAAGCT 78
TACAGTACTGTGATAACTG 1 | TAGCAGCAC 2 | CGTACCGTGAGTAATAAT 28 | TATGGCACTGGTAGAATT( 7 GTA( 1
C T 7 |AGGGCTTCTGTCGTGAGTG 1 |AAGAGGTATAGCGCATGGGAAGAT 2 GT TCATGCA 20 |ccaGT GTGCTGCTGAA 2
ACGGAATCCCAAAAGCAGCTGT 1 |AGCAGCAT 21 CC) 60 TTTC 1 |TTATCAGACTGATGTTG 3
AGATGAAGCACTGTAG 3 |TGAGGT TTGTATGGTTTA 96 GTG 2 |TGAGGTAGTAGGTTGTATGGTTTT 233 TG 1
AATCATTAT T 2 |TACTGCCTGGTAATC 2 |AcTGeat 9 |TTo 13 GTCG 59
ACAGTAGT( G 7 GTG TGCAGGTAGTG 2 |ACCTGGCATACAATGTAGATTTCTGT 3 |ATGAGGTAGTAGATTGTATAG 1 |ATACTGCATCAGGAACTGACTGGAT 1
TATGTAACACG! TAA 53 \CTGTCTGGT/ 10 | AATCACTZ GCCAT 157 |creTCTGE GTT ACAT GGG 132
\GGCTCAGTCCCCTCCCGATA 19 | ATCACATTGCC 356 | CCATCCCACTCAG GCC 1 |ATACTGCCTGGTAATGATC 7 | cAARACATGAAGCGCTGCA 5
TACAGCAGGCACAGACAGGC! 9 |aTTG 4 |tascTca CC 1 ATCATGGTTTACATAC 1 |TGGTGTACTGTGTGTG) 1
TCTA 1 | GCAGCATTGTACAGGGCTATC 1 TGCATGTGCATGTGTGT 1 GGGTCT 1 CAAGAGGCGCCTGGG 8
TGACCCCTAGTCCAGTGCTTGTGGT 1 |AGCAGCATTGTACAG! 7 | AGTAATCCAGGATAC 8  |ACAGCAGGCACAGACAGGC 3 | GAGGTAGTAGGTTGTATGGTTTTGG 2
GGCTGTGC 2 CAGTTATCACAGTGCTGATGCTG 1 |TCAGGCTCAGTCCCCTCCCG 1 |co GCTGTGCTGCTCC 4 CTTGCAGGCCGT 1
TGAGGGGCAGAGAGCGAGA 1 GTGTGCATGTGCATG 1 |c GAT 6 |c G 3 |AATCACATTGCCAGGGATT 4
GTTACCCGAG! 1 CAC G 143 | TTCAAGTAATCCAGGATAGGCTGT 20 | GGCAGCGCCGAAGGAGCCTCGGTTGGCC 1 |ACCGTGGCTTTCGATTG 2
\TCA( AT/ 1 |TAGTCTGCACAT 2 |GTCTGCACATTGG 1 |AAGTAATTCAGGATAGGTT 1 |GGCAGAGGAGGGCTGTTCTTCCCTT 1
CA CTTGGTGTCCTCAAATT 1 GG GTCTTAGCTGGTTGTT 1 \CTTAGCAGGTTGTATTATC 1 |GTAGTAGGTT TIT 1 GC AAAAGG 1
TGTAGAACCGAAT G 1 | TAGTAGGTTGCAT/ 2 CGCCGAAGGAGCCTCGGTTGGCC 1 | TAGCAGCACGTAAATATTGGCGT 378 | TCAGTGCATGACAG 1
TTGTGCTTGATCT/ 1 \CCACAGGGTAGAACCAC 9 | cTATACGACK GCCTTT 9 | CAAAGTGCTCATAGTGCAGG 5 | CTTTGGTTATCTAGCTC 3
GTTTGAT TAG 1 |e CTCCTGG 2 GGTTGGTGTACTGTC 2 GTAGTAGGTTGTGTGGTTTCA 12 | GTGAGTTCCAGGACAGCCAGGGCTATACA 1
CAGTACTGTGATAGCTGAAGA 1 \GGCTCAGTCCCCTCCCGAT 193 | TCTCACACAGAAATCGCACCCGTCA 7 | TGGTAGACTATGGAACGTAG 2 AAGCACT 5
GCACTTGTCCCGGC 29 |TTCAGTG AGC C 1 AGGAAT( 4 |c \GACT GA 6 | GAGGTAGTAGGTTGCATAGTT 18
AAGAGGCGCCTG! C 1 |AAGAGGTATAGCGCATGGGAAG 9 CATTGTTGTCGGTG 2 |TTCACAGTGGCTAAGTTCTGC 11757 | ATGCAGTCCACGGGCATATACAC 1
GAGGTAGTAAGTTGTATTGTT 80 TATTC 1 |TCCCTGAGACCCTAACTTGT 75 |TGGTTTAC \TA 3 1
\CCATTTGAAATCA 2 \CCA 1 GTTG: 1 CTGH GTGAATCAGGCC 133 | TGAGGTAGTAGGTTGTATAG 507
TTCGTTCGGCTCGCGTGA 2 |ATCGTAGAGGAAAAT 7 TAGTGTTTCCTACTTTATGGATGA 1 |GCTGTTCGTGCAGGTAG \GCACATCATGGTTTACAT 12
TGTGACTGGTTGACCAGAGGG 9 ATG AGATTTAAA 1 |CAGTTGCTAGCTGCACTACCCT 1 GGGCTTG 3 | GCAGTGCAATGATGAAAGGGC 1
TATGTCACTCGGCTCGGCCCACT 1 |CTGACCTATGAATTGACAGCCAGT 4 | AGCAGCATTGTACAGGGCTATGA 2741 GTCCCTGGGTGAAA 2 G GGGTGCTTAGTGCT 1
TGACCCCTAGTCCA( 1 | TGGAAGACTAGTGAT 1 GAAATCGG 2 |CTGAGATGAAGCACTGTAGC 4 |caTcGeGAATGTCGTGTCCGC 11
GG \TTC 4 |reac 5 | GGGGTGCTATCTGTGATTGAGGG 1 GAA( GATGCCGTTCCTGAGAA 1 CACAGTG! TTCTG 4
GT AG 1 |AACATTCATTGCTGTCGGTG 14 \CAAGTCAGGTTCTTGGG 2 |TCCCTGAGACCCTAACTTGT 8378 | TGGTTTAC CACATACAT 7
AGGGCCCCCCCTCAATCCTGT 1 |TCCCTGAGGAGCCC 1 CATTATTGCTCCTGACC 5 | CTGTAGAACCGAATTTGTG 1 |GCCTGTCTACACTTGCTGTG! 94
CAACGACATCAAAC GAT 1 G TGACAATGGTGTTT 1 |AACATTCATTGCTGTCC 1 |TATTGGH GCATA 1 |1aTTGGGAAC) G 1
G GAAGAACTGTT 1 |GTGAaa AGGACCACTAG 95 | ATCTTTGCCGGTGACAGCA 4 GGATGTTGGCCTAGTTCTGTG 1 |TGGAAGA ATTTTGTTGTT 7
AGAGGTATAGCGCATGGGAAGA 19 CTGA( 1 CACAGTGGCTAAGTTCTG 1201 | CATCATC CAAATGAGT 3 |ATcccAcTCAGTC C 2
AAAT 2 TTGTGTCAATATGCGATGATGT 2 |TGACCTATGAATTGACAGCCAGT 10 TGTGCGTGTGACAGCGGCTG 27 GCAT CAGGGCTATGAA 227
GGGTTCCTGGGGATGGGATT 1 |TecTeACTC TCCTGTGTGTT 1 |AAAGACACCAAGCTGAGTAG 1 CT( 1 AACATTCGCGG 1
1 |CCAGGAGGCTGA A 1 CAGGAATCC 4 | AGGGGTGCTATCTGTGATTGAG 9 |ACATGGTG! 1
ATGTAGGGATGGAAGCCATGAA 10 | GCTTATCAG 28 | CTCCTGACTCCAGGTCCTGTGT 160 | TACAGTATAGATG 5 CGTCCTGAGGTTGTTGA 17
A 1 | TCAAGTAATCCAGG 1 |GAGGTAGTAGGTTGCATAGT 12 TAGTGTTTCCT/ G 76 | CTAGCAGCA \TA 1
AAGAGCAATAACGAAAAATGTT 1 | AAACCGTTACCATTACTGAGTTTAGTAAT 2 \CATTCGCGGTGCA( 17 | ACTGCATTACGAGCAC 4 AAGTAATCCAGGATAGGCTG 71
ATGTGA 1 |aTTGG GCA 4 |rceTeTcTTe CAGCCGG! 9 | AACATTCATTGTTGTCGGTGG 35 | AATGGCGCCACTAGGG 1
"GCATGTGCATC 17 | TTGGACTGTGAGGTGACTCTTGGT 1 |TCAAAGTGCTTACAGTGCAGGTAG \TCCCTGAGTGTATGTG 1 GTG/ \TTGAT/ 1
GCTCGTGTCTGTGGGTCCG 24 | TGGCAGTGTCTTAGCTGGTTGTTGTG 1 |c \GCAAT TTTTGGA 1450 | TGGAGAC CCCTGTTGGAGT 1 | TACCACAGGGTAGAACCACGGACA 48
CTAGCACCATTTGAA/ 1 |co 2 | GATTCCTGGAAATACTGTTCT 4 | GGTAGTAGGTTGTATGGTT 6 |atca AGGG 4
‘GCACTTGTCTCGGTCTG 206 | TCCTGACTCCAGH 3 AG GAAC 1 CT¢ GATC 48 ACC CGAT AC 3
CACAGGGTAGAACCACGGAC 1 |AGTT CATGTTCATGTCT 29 | GATAGAAGTCAGTGCACTACAGAACTTTGT 1 | CCCATCCCACTCAGTCGTGCCC 1 |ceaGTar CCACTGCCTGG 1
TGGCAGTGTATTGTTAGC 2 |mac C G 7 CA TTGGCG 1 GT/ CGAA 1 |GTACAGCAGGCACAGACAGGCAGT 9
G CTGCAGAGAG 7 AAAGTG AGTGCAGGTAGT 2 | CGCATCCCCTAGGGCATTGG 2 |ACTGCATTACGAGCACTTAAAGT 24 |7a AAAT 127
TGAGGTAGTAGGTTGTATAGTTTTA 1 |ATCACTAACTCCACTGCCATG 20 TCCTC GAAAGCC/ 1 |cccaacceTTGTAC 1 |TTTCCCTGAGGAGCCCTTTGAGCCTG 1
TAGCTTATCAGACTGATGTTGACTGTTGA 2 TAATACTC GC 1 G TGCAGGTAGTGT 17 | TGAA CTTTCTGTGTAG 1 |TTCAGTCGGATGTTTGCAG 1
CCCTAAGG AA 1 |acGTTG CGCAATGC 3 |ACCCTGTAGATCCGAATTTC 28 |TccaTC 2 |aasaccTG AGAGGGCGAAA 107
GGTAGTTTCATG 1 | TTAATGCTAATTGTGATAGGGGTTT 18 \GTACTGTGATAGCTGAAG 25 | GTCAAGAGGCGCCTGGG: 2 | CTAATACTGCCGGGTAATGATG 18
TATGTGCCTTTGGACTACATCGTG 6 GCTGA CACTTCCC 1 | TATTGCTTAAGAATACGCGTAG 1 |GTCAAGAGGCGCCTGGG 3 |TCGATCGGTCGGTCGG 5
GCAGCACAGAA GCA 2 CTGT 1 |AACATTCAACGCTGTCGGTGAGT 1427 | TAGGTAGTTTCATGTTGTTGGG 819 |AGTAGGTTGTATG( 1
ATTG \CCACG 2 |TCCCTGTCCTCCAGGAGCTCAC 7 |AacaTTCAACGCTGT 287 |TAG AGAAATATTGGCA 459 | GCAGCACATCATGGTTTA( 9
TGAAACATACACGGGAAACCTC 3 CTTTC GGTGAAAATGCT 9 CATTGTACAG( C 1 |CAGCATTGTACAGGG 4 |cTeaGacccTTTAAC 3
GAGCCTCGGTTGGCCCCGGA 2 |TcacatTaecaG CCAA 1 |ceGATCca GCT 1 |caGTGeacete 2 |AGCGCCTCGGCGACAGAGCCGG 1
TTCTAGCACTTAGCAGGTTGTATTATCATT 1 \GTTATCACAGTGCTGAT 43 | CAGGCCATACTGTGCTGCCTCA 24 CA GATGTTGCCCCTCCGAAGAT 1 | GCAGTCCACGGGCATATA 1
GTAGGTT TTT 1 |TGTGCTGACGTTTGATTCTTGAGCAG 8 |TeA GGTTGTGTGGTTTCAGGGCA 7 |cTa 5 GCAG A 3
CCAGTTTTCCCAGGAATCCCT 15921 GCTATCTGGG 1 GTGCTGCCTTGTTGC 1 |CACCCGTAGAACCGACCTTG 19 CAGTTTTCCCAGGAATCCC 1474
TAGTA GTT 1 |AATCACATTGCCAGGGATTACC 5 | ATATACATACACACACCTACA 1 | TAGCATGGTGTTGTGGGAC 1 |CACATTGCCAGGGATTAC 1
CAAAGCACAGGGCCTGCA( 12 | TCGAGGAG 1 TACTGAGCTGCCCCGAG 95 AGGT! 1 \TTC GTC 5
\TATTCTGCTGTGCAAATCCATGCAAAA 1 |AGcACAT 2 |TacccTGTAGA \TTTC 314 GA 2 |TCCCTGTCCTCCAGGAGCTCACGT 2
CTGGTTTCACATGGTGGCTTAGAT 7 |ATcacaTTGCCAC 6 AGGTAGTAG 1 | CATCGGGAATGTCGTGTCCGCC 11 GTATT/ 1
AGCAGCATTGTACA T 651 \GTGTTTCCTACTTTATGGA 1174 | TGAGGTAGTAGGTTGTATGGTTT 2740 ACC AATC 3 | AATGACACGATCACTCCCGTT 4
\GCAGCACAGAAATATTGGCATGGGGAAG 1 \C: CTGGTGCTGA 2 CTGGTGTTGTGAATCAGGCC 2 |TGATATGTTTGATATATTAGGTT 206 [T CAT 2
TGAGGTAGGAGGTTGTATAGT 309 |ATACTGCCTGGTAATGAT 3 |ATTCCTGGARATACTG TAGTA AGAGGTATAGC 21
A GGGCAGCTGTC 3 \CCATCT( GGTT 1268 | TGAGGTAGTAGGTTGTATGGTTTAGAGTT 2 | CAAAACATGAAGCGCTGCAACA 30 |TCTAGGTATGGTCCCAGGGATCC 1
Ct GACTACATCGTGAACGCA 1 |AGCTCCTATATGATG 1 |AGGTAGTAGGTTGCATAG 5 CACA( GTTC 1 GG 1
ATCACTAACTCCACTG! 1 \GTGCAATA( 689 | ATTATGCTGA GCCTCGGTG! 1 | TAACAGTCTACAGCCATGGTCGC 4 TAAACATCCTACAC 3
GAGGTAGGAGGTTG 61 |CATCGGGAATGTCGTGTCCGCCC 2 | GGGTCCGGTGCGGAGAGCCGTTCGTCTTGG 2 |cre GTGGCTTAG! 6 |TGTCACTCGGCTCGGCCCACTACC 1
GCGCCGAAGGAGCCTCGGTTGGCCC 1 GGAA 10 | TGGCTCAGTTCAGCAGG 15 | TTCAAGTA GGATAGGT 3219 ATTGTACAGGGCTATI 9
CTTTA 2 |ACTGTCTGGTAACGATGT 2 | TGCTATGCCAACATATTGCCATCT 3 |TATGTGTGTGTACATGTACAT 1 ‘GTAAACATCCTACACTCAGCTGT 4
30 | CARAGTGCT TG 3 TG CGGTGAACCCC 1 GGAC \GTCAGAAGGC 316 |CACGGGTTAGGCTCTT( 1
TAGTGCAGGTAGTGT 18 | CTAATACTGCCTGGTAATGATGA 2 ‘GGTCCCCTTCAACCAGC 6 | GAGGTAGTAG AGTT 6 TGCTTG! 1261
CAGTGCAATGATGAAAGGGC 2 |accceTac 2 |AGAACGGCTACTTCACAACACCAGGGC 1 \GAGGCTGGCCGTGATGAAT 1 S TCCCCTTCAACCAGCTGT 75
GCG) CCTAATATGTGCT 2 CAG 3 |AACAAACATGG cT 1 |trccTea 1 |AcACTGCCGGCCTCTC 3
GCAGTATGTTC T 12 |TTGAGGTAGTAGGTTGTATG 1 CCAT G 30 |ACTGGACTTGGAGTCAGAAGGCC 1 | TAGTAGGTTGTATGG 9
TAGGTTATCCGTGTT( 1 | TCAAGTAATTCAGGATA( 1 |CGCATCCCCTAGGGCATTGGTG 4 |ccreTeTa C 1 GG ATCTGTGATTGAG 1
AGACTACCTG 1 |GRATGTTGI TG 2 |TeTAG ATTT 1 |AacTGGeCTACA) CcA 36 36
ATTGTACAGGGCTATGA 2 |TGAGGTAGTAGGTTGTATGGTTTAGAGT 2 |caa GTC 12 | TGAGGTAGTAGGTTGTATG! A 16 | TCCGGTGCGGAGAGCCGTTCGTCTTGGGAA 2
ATCACATTGCCAGGG 8 |AGAGGCTGGCCGTGATG 3 | GGGAGCCAGGAAGTATTGATGTTT 6 |GccaaaGe: GTTGGCCCCGGAT 1 \CGACTAGGAGGC 1
TGTAGGGATGGAAGCCATGAA 4 | AGGAAGCCCTGGAGGGGCTGGAG 1 \GCTCCTATATGATG! 1 |ATATAATACAACCTGCTAAGTG 237 | TTCAACGCTGTCGGTGAGT 1
TGAGGTAGTAGGTTGTGTGGTTTCAG 5 |TGAccGATTTCTCCTGGTGT 2 |TTGAGGTAGTAGGTTGTATGGT 28 | ACCCTGTAGATCCGAATTTGTG 98 | TCACATTGCCAGGGATTA 1
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TCACATTGCCAGGGATTT 3 | GTAAGGTGTTGAGAGGAG 2 | CCTGTTCTCCATTACTTGGCTC 2 |GTTGTGAATCAGGCCG 1 |TTGAGGTAGTAGGTTGTATAG 1
ATCCCTGAGTGTATGTGGTGAACC 1 |teaTTeTCe 1 | TGCCACAAAGATGCCATATCAACTCCTCT 2 | GCAGCAATTCATGTTTTGG 1 |TCCCCCAGGTGTGATTCTGATT 10
ATGCATATACTTCT 6 |ACCGTGGCTTTCGATTGTTAC 9 | CAACCCTAGGAGGGGGTGCCATTCA 6 CCTTTGGACTACATCG 190 | TACTGCCTGGTAATGATG 1
TAGGTTATC! TTGCCTTCGCT 1 GGTGTTGTGAATCAGGCCGTTGC 1 CCTACTTTATG 6 |TAGGTTATCCGTGTTGCCTTCG 161 | TGAGGTAGGAGGTTGTATAGTTGAGGA 2
GAGGTAGTAGATTGTATA( 1 AATCCAGGATAGGCT 8  |ATCACATTGCCAGGGATT 160 |GGGGTGCTATCTGTGATTGAGGGACA 17 | ACACTGTCTGGTAACGATGTT 8
GTCCTGAGGTTGTTGAGCT 74 | AATAATACATG 5 CATCATGGT 1 | CCCATAAAGTAGAAAGCACTAC 22 |TGGCGC 1
ATTCCTGGAAATACTGTTCT 34 | AGCACATCATGGTTTACA 1 GA AGGTTGTATAG 526 |TACAGTACTGTGATAA 1 | TCAAAGTGCTTACAGTGCAGGTAGT 118
AGGTTGGTG 109 |7AT C/ 3 | GGCACAGACAGGCAGT 1 ACCTATGAATTGACAGCCAG 12 | CCT( GC 2
TGTGTGCATGTTCATGTCTAT 5  |ACAGCAGGCACAGACAGGCAGT 761 \GGGCAGAGATTTTGCCCACAAGGAGTT 2 |TGTGACTGGTTGACCAGA 1 |AGCACGTAAATATTG 1
TCCCTGA 1 |AcT 2 | ACTATATATCAAGCATATTCC 1 GTA( CA( GC( 4 | ACATTCAACGCTGTCGGTGAG 1
GAAATGTTTAGGACCACTAG 84 |TAGTT CATGTTCATGT 2 AGATTGTGAGCTGCTGG 1 |TTATCAGAATCTCCAGGGGTACTT 1 |ACAGGGTAGAACCAC! 1
AGGTAC GTG 39 | TACCACAGGGTA 1 |CTGCCCGGGGCCCTCAGGCCAGTGCCCAGG 1 GC 51 |GGTAG 1
ATCTCGCTGGGG! 2 TG 1 \GGACCACTAG 1 | TAAGGTGCATCTAGTGCAGATAGTG 2 AACCCTAGGAGGGGGTGCCAT 2
ACAGGTCAAGAGGCGCCTGGGAA 1 | CAAGAAGCCATCGGGAATGTCGTGTCCGC 1 | TAATACTGCCGGGTAATGATGGAG 1 GAGGTAGTAGG AG 8 | TAATACTC 1
AATCACTAACTCCAC 17 | TGTAAACAT GGAY 112 \TCACTGATGCTGGA( 1 |TCACAGTGAACCG 26 | AACCCGTAGATCCGA/ 243
TAATGCCCCTAAAA/ 847 | ACTGGACTTGGAGTCAGAA 31 CG 1 GTGCAA GCAAAACT 17 | TTTTGC CTAATATGTGC 1
ACAGCAGGCACAGACAG 5 |cTTGaTAC GTGA 15 | TAGGCAGTGTAATTAGCTGATTGTA 2 |ATcAcATTG! ATTACC 678 | CAGCAGCACACTG 202
3 \C AAATCAGTGTTC 9 GAAATG 272 | TACAGTACTGTGATAACTGAA 10 |GcTG GGTTTAGA 5
ATACTGCCGGGTAATGATGG 5 GGGCTATG 3 |TTCAAGTAATTCAGGA! 3 |AAcT CAAAGTCCCAGT 1185 1
TACCCTGTAGAACCGAAT 53 | AACATACACGGGA 1 GGGTG( GTG/ 12 | TAATACTGCCGGGTAATG: 2668 | ACAGTACTGTGATAACTGAA 1
GAGGTAGTAGGTTGCATAGTTT 3 CCTA 1 | TGTAAACATCCTACACTCAGCTGTCATA 2 CTTT/ GCTG CATCAGT 25
GCTTATAGTGCAGGTA( 10 | CGGGGTCCGGTGCGGAGA 1 A GTAGGTTG 3 |TTGCTGAAGCCAGATGCCGTTC 1 GTGTTGT( G 251
ATCCCCGA( AAG 1 |ca ATTC) 1 |AGAGGTAGTAGG 4 | CTGACTTCGGCCCCCATGTCAGCAGATGC 1 | TGAGGGGCAGAGAGCGAGAC 2
CTAATACTGCCTGGTAATGAT 1 |a GTTTC G 1 |CATCGGGAATGTCGTGTCCG 10 | CGAAGGAGCCTCGGTTG! 1 ACATGGCCAATCTC 1
CCTG AGCATACCTGGGCCT 1 |TGAGGTAGGAGGTTGTATA 5 ACCA 23 GCTTGATCT/ 9 | TATGTAACACGGTCCACTAACC 3
AGCATTGTACAGGG! 1 |cTGTAcAGC AG 2 |ATTCAACCTGTCGGTGAGTTT 1 TAAAT/ 5  |ACAGGGTAGAACCACGG 1
TTTG 12 |ATTGG GCA 4 TGACAGC 6 | CTATATATCAAGCATATTCCTA 1 |TTAGGGTCACACCCACCACTGGGAGAT 6
\CCCGTAGATCCGATCTTGTG 2 |TGAGGTAGGAGGTTGTATAGTTGAGG 1 |TCCGGTGCGGAGAGCCGTTCGTCTTGGGA 2 CGGTGCACTT( 18 | TGAGGGAC GGGC/ 1
CTATACAA GT 10 | TGGCAGTGTCTTAGCT 27 | TGCGGGGCTAGGGCTA 2 GTTTGCATCCAGC 27 |TCCATCTTCCAGT TGT 1
GTAAGTGCCTGCATGTATATGCG 6 TGTCTTAGCTGGTTGTTGTGAGTA 1 |ATATAATAC 1 |AACATTCATTGTTGTCGGTGGG 4 | CAATGGCTGAGGTGAGGCACCTCCCGGGC 1
\TAATACAACCTGCTAAGTGT 1 | TACCGCACTGTGGGTAS 1 |tccaG CCAGGAATCCC 5  |ACTAGATTGTGAG 1 AGACTGAG( GAGG 46
AGGTTGGTGTACTGTGTG 6 CAGTCGGATGTTTGCAG 1 |CCCAGTGTTTAGACTAC 3 | CCGCACTGTGGGTACTTGCT 7 | CCAAGGTTCAAAACATGAAGCGCTGCAACA 1
GTTGCACTAC 4 |TATTGCACATTACTAAG 1 |CTGGACTTGGAGTCAGAAGGC 49 | AGTGCAATAGTATTGTCAAAG 2 TCCAGTTTTC \TCC 571
GGTGGTTTA 1 |ACATTCATTGCTGTCG 4 |TCcAGCATCAGTGAT A 10 | TACTCAGTAAGG 7 | CAAGCTTGTGTCTATAGGTATG 10
AGAGGTAGTAG T 16 | ATTTGCTGAAGCCAGATGCCGTTCCTGAGA 12 |AGGTAGT! 4 1 |ATTTCTGGTATGGTT( 1
G GGTGAACCCCT 4 |1eaTTGTCCARACGC 2 |TACCACAGGGTAGAACCACGGAC 122 | AGGTGCAGTGCTGCATCTCTGGT 2 | CCATCCCACTCAGTCGTGC 1
TTCACAGTGGCTAAGTTCC 101 CACAGTGGCTAAG 485 T 1 |ATGcaccca 1 CCATTTGTTTTGATGATGG 1
CAG GAATCCC 2 | TGTAACAGCAACTCCATGTGGAA 2 |ATCGGGAATGTCGTGTCCGCCC 2 |cacata 2 |CTATACGACCTGCTGC! 22
TATAATACAACCTGCTAAGTG 1 TAGTTA( 2 |TACAGCAGGCACAGACAGGCAG 11 | CTGTGCGTGTGACAGCGGCTGATC 2 |ATCTTACCGGACAGTGCTGGA 1
ATTCAGATTGGTGC 1 GTACAGGCCTGGGGGATA 1 GG 5 |TeA TAGG 2194 | CCCTGTAGATCCG) 5
TAGCTTATCAGACTGATGTTGACTGTT 6 |AAGTGCTTATAGTGCAGGT 1 | TGAGGGGCAGAGAGCGAGACTTT 3 |TTGCCAGGGATTTC 1 |AGCTTATCAGACTGATG 1
\TTA GTA( 1 GATATGTTTGATATATTAGGTTGT 30 | CAGCAGGCAC GG 1 |TTAATGCTAATTGTGATAG 1 | TGAGGTAGTAGGTTGTATAGTTTTAGGGT 9
CTCGTACCGTGAGTAATAATG 4 |AccatceaccGTTGAGTGGACC 1 |crGecTaem 1 |CCCAGTGTTCAGA 6 |cccTaaceTGA 6
ATACTGCCTGGTAATGATGA 9 TTC CGC( 1 |TcaGTGC G G 50 | TGTAAACATCCCCGACTG 6 | CAGTGCAATAGTATTGTCAAAGCAT 1521
\GTGCAATAGTATTGTCAAA 42 | CTCACAGCTCTGGTCCTTG! 2 |CATCTGGCTACTGGGTCTCT 1 |cTAGCA GAAATCGGT 1 | TAATACTGCCTGGTAATGATC 5646
GCCCTAAG! GGG 2 |aGeaec GAGCCTCGGTTGGCCC 1 |ccrecea \GGCTTGCAG 1 \CAATCTAGCTG 221 |77 TTCGGCTCGCG
TAATACA/ AA 1 | TAGCAGCGGGAACAGTA( 9 |ATGACACGATCACTCCCGTTGA 1 |TCCCCCAGGTGTGATTCTGATTTGT 35 | ATACCCTGTAG) AN 1
AGGTGCATCTAGTGCAGATAGT 2 ATTGH 1 |aA CCAAAAAG 1 CCCTGGG A 2 GGTAGTAGGTTGTATAGT 1
GCTATGCCAACATATTGCCATC 7 |ATGTATGTGTGCATGTGCATG 1 |CCTGTGGGCCACCTAGTCACC 1 GCAGH 3 |TccTTeaTTc AGT 2
GTGCAAATCCATGCAAAACTGACT 1 |Ac AAT) 1 |GGCTTCTITACAGTGCTGCC 1 GTGTGCATGTGCATGTGT 32 | TAGCACCATTTGAAATCAGTG 341
A G GTCTG 1 |AcT 7 |ca AGACAGGH 7 |cTceaGeaGeTCAc) 6 CACTACAGAACTTTGT 639
ATCCTTTGTCCCTGGGTGAAAAT 7 |AGGTAGTAGATTGTATAGTT 1 |TCCCTGAGGAGCCCTTTGAGCCTGGA 8 |TTATGTGTGTGTACAT 1 |TTCCTATGCATATACT 1
GTATGTGC! A 3 AAGTCAGGTTCTTGGGACCT 82 | TGTAAACATCCTACACTCTCA 5354 | CAATCAGCAAGTATACTGCCCTA 1 |CTCACAGCTCTGGTCCTTGGAGC 1
\CTGCATTACGA( 3 |ATCGTAGAGGAAAATCCACG 1 GAAA G 1 |CTGGGAGAAGGCTG 10 GT AGA 1
ATGTTGAA/ CAGGCCATACTGTG 1 |TGCTATGCCAACAT/ 90 TGCCGGGTAATGATGGA 2 GAAATG GACC/ 1 |AcGeTGTC 2
TGCCTGTCTACACTTG CA 12 GAGATGAAGCACTGTAGCT 130 | TACCCTGTAGAT 3 TACTGCCTGGTAATGATG 1 |AGGCAAGATGCTGGCATAGCTG 31
AATCACTAACCACACAGC TAAA 2 |cTe \GTAC AGTT 19 |TGCTC G 64 | ACCCGTAGATC 2 |aGTeC \TGAAAGGGC 1
GCTTCAG GGGTGGAGGCT 1 |CATCTTACTGGGCAGCATTGGA 22 | AAGCTGGGTTGAGAGGGCGAAAA 1 GTCTGGT/ 4 | ATCGGGAATGTCGTGTCCG! 4
ACCACAGGGTAGAACCACG G 1 A AAGCAGCTGTT 25 | TAGCTTATCAG 594 | AAACATGAAG! CA 78 | TCCATCTTCCAGTGCAGTGTTG 7
ATCTGTGG 1 | TCGACAGCACGACACTG 2 | TGCTATGCCAACATATTGCCAT 44 | AAGTGCTTATAGTG GT 4 | TAGCTTATCAGACTGATGTTGAC 32747
AACCCGTAGATCCGAACTTGTGCTGA 1 AAAAGG 10 TTTT 2 GCAAATCCATGCAAAACTGACTGTGG 1 |caatTcaTG 1
GCTGACCCCTAGTCCAG 3 ACAGTGCTGCCTTGTTGCAT 2 |TCCGGTGCGGAGAGCCGTTCGT 1 |ATCCAGGAT/ 1 |AATCCTTGG/ 2
\CCATCGACCGTTGAGTGGAC 1 |TGCACTGAGATGGGAGTGGTG 27 | GTAGTAGGTTGCATA( 4 |ccacteecccaceTa GG 52 |AGCCTCGGTTGGCCCCGGATAGCCGGGTC 9
ACTGGCCTACAAAGTCCCAGT 4 AGTG ACCCTATC 7 TAG! GAGCTGCTGGAG 2 "GCAAATCTATGCAAAAC 1 |caccatcrea 3
GAGAACTGAATTCCATG! 5 CCCAGGAATCC 1 GG 1 |CTTTCAGTCGGATGTTTACAGC 498 | CAGCGCCGAAGGAGCCTCGGTTGGCC 2
CAGTGCACTGGCTCAGTTCAGCAGGAA 1 GTTTCTTGGTC! 1 | TACCCTGTAGATCCGAATTTGTGT 20 | CAAAGTGCTTACAGTGCAGGTAGT 1816 | TCA ACTACAG 4
TGTGTTCCTA 10 | GAGGTAGGAGGTTGTATAGTT 1 TGGCTAAGT 3 | TGAGAACTGAATTCCATAGG 3 CACCATTTGAAATCAGTGTT 19
TGTGACAGATTGATAACTGAA 10 CGTGTCTTGTGTTGCAGCCGG 14 GTGCAAATCTATGCAAAAC 3 TTTG 1 |AACGCTGTCGGTGA 1
GTTGCTCGGTGAACCCCTTT 1 GCTTATAGTGCAGGT/ 1 | TATGTAACACGGTCCACTAA 5 CT¢ \CGAT 2 | CGGTCAGCAGCCCAGCGCCA 1
\CTGCCCTA CTTCTC 1 GAGATGAAGCACTGT 1 TTTTCCCAGGAATC 155 CACAGTGGCTAAGTTCTGCA 116 ACAGAAATATTGGCA 1
TGTAAACATCCTACACTCTCAGCTGTGA 1 |GGTAGTA GCT 3 |CTCGGGGATCATCATGTCA 4 |1AaGTAGe AGT 9 CTTGGAACCTAGGTGTGAATGC 1
TCCGAGCCTG! TCCCT 3 |AGGGGTGCTATCTGTGATTGAGGGAC 114 \GTGCTGACAGTGCAGAT 1031 1 |AGAGGTAGTAGGTTGCATAG 281
CTGAGG GT/ 2 | \GTTACTTT/ 56 | AACTGGCCTACAAAGTCCCA 318 |TACAGTAGTCTGC 9 ATT GGTAC 3
‘GAATTTGCTGAAGCCAGATGCCGTTC 1 |ATGTATGTGTGCATGAACATGT 3 |AAGCCCTTACCCCAAAAAGCA 3 GTT( TGGATTCGCTTTA 2 |CTGAGATGAAGCACTGTAGC 6
GTAGTAGGTTGCATA( 1 | TCGGGAATGTCGTGTCCGCC! 1 GTCCCGGCCTGTT 2 | GAGGTAGTAGGTT G 1 |GTCAAGAGGCGCCTGGGA 1
ATAGCTTATCAGACTGATGTTGA 147 | TACGGTGA A 1 |ATCACTAACTCCACTGCC) 2 CCTATG 34 | CAGCTACATCTGGCTAC 1
CTGTGCGTGTGACAGCGGC 5 |TGTAsAC) GGAA 40 GCTGAAATAGATGGAT 1 GAT GGTGTTCAGAGT 45 | TTGAGGTAGTAGGTTGTATGGTTT 2
CTTACAGTGCAGGTAGT 2 |GTTGAGGTAGTAGGTTGTATGGTT 4 | GC( ATTA 26 | GAGACCCTAACTTGTG/ 4 |ca CCAGGAATC 7
GAGGTAGTAGGTTGTGTGG 2 |AATCACATTGCCAGGGATTT 8  |TcTCACACAGAAATCGCACCCG 6 G G AGCTGATTGCTAA 1 |1 ‘GTCAAATA 1
GAG! AATCTAGCTGGG 617 | TTAATGCTAATTGTGATAGGGGTT 8 TAAACATCCTCGACTGGAAGC 5 | CTGGCTCAGTTCAGCAGGAAC 1 |CTCAGCCCATCCCACTCAGTCGTGCCC 2
ACAGGTGAGG GGG 2 |AAAGTGCATGCGC 3 |CTGTCTGGTAAAGATGGC 1 |AACCTGGCATACAATGTAGATTTCTGT 1 AC GCTACTC 12
TGTTGCTCGGTGAACCCCT 10 |GCT 1 CCTATG 645 \GCACATAATGGTTTG 2 |AGCGCCTCGGCGACAGAGCC 2
A GAAGCGCTGCAAC 11 | AACATTCATTGCTGTCGGTGGGTTTGAA 1 |ATCGTACAGGGTCATCCACTTT 7 | AAGACGCCGCTTTGATCACTGTCTCCAGC 1 | TATACGACCTGCTGC 7
TTCCTATGCAT/ G 23 |TATC ACATCGTGA 3 [cTeTCTG! 2 AG ‘GCA( 2 CAG 104
GGGGTGCTATCTGTGATTGAGGGA 3 | CACAAATTCGTATCTAG! 1 |AATACTGCCTGGTAATG) 13 | ATGTAGGGATGGAAGCCATGA 1 AGGTAGTAGATTGTATAGTTGTGGGG 1
CAGCTACATCTGGCTACTGGGT 1 |CACAGACAGGCAGTCACATGA 1 |TCGGTTGGCCCCGGATAGCCGGGTCCCCGT 4 |caceceea "CCA 5 |AAGCTGCCAGTTGAAG 16
14 | TACAGCAGGCAC/ 11 | TGAGGTAC GTAC! 47 | ACCAATATT/ G 2 |TCCCTGAGACCCTTTAACCTG 29
AATCCTTGGAACCTAGGTGTGAATG 37 CCGATTTCTCCTGGTGTTCA 1 |ATTGCCAGGGA 1 GTAGTTTCCTGTTGTTGGGAT 5 GAGGTTGCCCTTTC 1
TCT 10 | CAAGTCAGGTTCTTGG 5 CTA T 1 | CCTCATATCCATTCAGGAGT 1 |AAAAGCTGGGTTGAGAGGGC 1
CAATTTAGTGTC 7 | GTAGTAGGTTGTAT 1| ACTCG GCCCACTACC 1 |CTATACAAC 12 GAGCTTACAATCTA 1
AGGGTCTATGATACCACCCGGTACAGGA 13 AAGCTTGTGTCTATAGGTATGT 5 | TGAAACATACACGGGAAACCT 1 GAGT 1 TTTATC 20
TGCCTACTGAGCT( 2 \CAAGT 38 ATTCAACCTGTCG 85 TGGCGCCACTA( 6 | CCCAGTGTTCAGACTACCTGTTCAGGAC 2
GTGTC 7 |ccattGTacaG 4 G GC TTGGCCCCGGATAGC 2 |TAGGCAGTGTAATTAGCTGATTGT 7 TGTTCCT/ 106
TGAATGGCGCCACTAG 3 | CTGACCTATGAATTGACAGCC 115 \TCACTAACCA( GG 25 TG 1 GGCA AG 4
AGTGCAGGTA 12 |GTAGTCTG 5 |TcceAGCCTGGGTC T 27 AGTGCAATAGTATTGTCAAAG 1 |GCTGACCCCTAGTCCAGTG 1
GCGATGTGTT( 1 |AGGTAGTAGGTTGTATAGT 2 GAGGTAGGAGGTTGTATAGTTG 109 AACATCCTCGACT 1 |AGTAATCCAGGATAC 1
CGTGTCTTGT 1 |cccTaace 1 |caACAAATCACA ATA 55 |cTGGTG 1 |CAGCGCCGAAGGAGCCTCGGTTGGCCCCG 1
AGCAGCAATTCATGTTTT 51 | TGAGGTAGTAGGTTGTGTGGTTTC 28 | ACATTCAACGCTGTCGGTGAGTTTG 2 |cccacTaTTCAGACTACCTG 23 | CTCGGTTGGCCCCGGATAGCCGGGTCCCC 1
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Summary

During oogenesis, female animals load their eggs with messenger RNAs
(mRNAs) that will be translated to produce new proteins in the developing
embryo. Some of these maternally provided mRNAs are stable and continue
to contribute to development long after the onset of transcription of the
embryonic (zygotic) genome. However, a subset of maternal mRNAs are
degraded during the transition from purely maternal to mixed maternal-zygotic
gene expression. In Drosophila, two independent RNA degradation pathways
are used to promote turnover of maternal transcripts during the maternal to
zygotic transition [1]. The first is driven by maternally encoded factors,
including SMAUG [2], whereas the second is activated about 2 hours after
fertilization, coinciding with the onset of zygotic transcription. Here we report
that a cluster of zygotically expressed microRNAs (miRNAs) targets maternal
mRNAs for turnover, as part of the zygotic degradation pathway. miRNAs are
small non-coding RNAs that silence gene expression by repressing translation
of their target mMRNAs and by promoting mRNA turnover. Intriguingly, use of
miRNAs to promote mRNA turnover during the maternal to zygotic transition
appears to be a conserved phenomenon, as a comparable role was reported
for miR-430 in zebrafish [3]. The finding that unrelated miRNAs regulate the
maternal to zygotic transition in different animals suggests convergent

evolution.

Results and Discussion

A Mutant deleting the miR-309 microRNA cluster is viable and fertile
The Drosophila miR-309 cluster contains 8 miRNA genes, which encode 6
different miRNAs (Fig. 1A). Nucleotides 2 to 8 at the miRNA &’ end comprise
the ‘seed’ region, which serves as the primary determinant of target specificity
[4, 5]. The cluster encodes miRNAs with 5 distinct seed sequences, and so

has the potential to regulate a broad spectrum of target mMRNAs (reviewed in

[6]).

Using homologous recombination [7], we generated a mutant in which the

1.1kb comprising the miR-309 cluster was deleted and replaced by GFP.



Northern blot analysis was used to verify that the first and last miRNAs in the
cluster, miR-309 and miR-6, were not produced in the mutant (Fig. 1A).
Homozygous mutant animals completed embryogenesis with no apparent
defects in patterning (not shown and Supplemental Fig 1F), but ~20% died as
larvae at different larval stages (Fig. 1B, C). Some individuals stopped
growing at the size of L2 larva and arrested at this developmental stage for a
few days before dying. Approximately 80% of mutants survived to adulthood
and were viable and fertile. Introducing a transgene containing a 2.6 kb
fragment of genomic DNA spanning the miRNA cluster (Fig. 1A) restored
survival of the mutants to normal levels (Fig. 1B). The mutant animals showed
a developmental delay during larval stages. This delay was suppressed in
simultaneously collected and staged mutant larvae carrying the rescue
transgene (Fig. 1C). The phenotypes that result from complete deletion of the
three miR-6 miRNA genes (together with the rest of the cluster mMRNAS)
contrast with the severe embryonic defects that were reported using anti-
sense 2’-O-methyl antisense oligonucleotide injection to deplete miR-6 or
miR-286 [8].

RNA samples from precisely staged embryos [9] were used to examine the
expression of the miR-309 cluster during early embryogenesis. We compared
the levels of mature miR-6 and miR-309 in these samples by quantitative real-
time PCR (qPCR). Samples were normalized to two reference miRNAs, miR-
310 and miR-184, which we found to be expressed at constant levels when
normalized to total RNA. miR-6 and miR-309 were expressed at barely
detectable levels in RNA collected from embryos during a 30 minute period
before the onset of zygotic transcription (Fig. 2A, time-point TO; [9]). The
miRNAs were then strongly induced coincident with the onset of zygotic
transcription (Fig. 2A, T1). In situ hybridization analysis at this stage, showed
expression of the miR-309 cluster primary transcript throughout the embryo,
except in pole cells ([10] [11], Fig. 2B). This transcript was not detectable in

miR-309 cluster mutant embryos.

Although the mature miRNA products persist for some time, the expression of

the primary transcript shows a dynamic spatial pattern by in situ hybridization



(Supplemental Fig. S1A-E; see also [11]). At midpoint of cellularization,
expression of the cluster is turned off at the posterior pole and in a stripe in
the anterior region of the embryo. During gastrulation expression is lost
ventrally and laterally, resulting in transient stripes in the dorsal ectoderm. By
the onset of germ-band elongation, the primary transcript was essentially
undetectable, but in northern blots the mature miRNAs are detectable until

larval stages [8].

The miR-309 cluster is predicted to target many mRNAs, including those of
several genes implicated in embryo patterning. However, immunolabelling to
detect these proteins did not reveal alterations in their expression levels or
patterns in the miR-309 cluster mutant. For example, Supplemental Figure
S1F compares the expression of the predicted miR-3/miR-309 target Ftz with
Even Skipped (which is not a predicted target). There was no striking
difference between mutant and control embryos, consistent with the
observation that miR-309 cluster mutant embryos did not show discernable
embryonic patterning defects. The significance of the dynamics of spatial
expression of the cluster miRNAs and the implied potential to regulate genes

involved in embryonic patterning remains unclear.

miRNA-mediated downregulation of maternal mRNAs

Given that the early onset of cluster miRNA expression does not appear to
play a role in regulating zygotic mRNAs involved in patterning, we turned our
attention to their potential to regulate the maternal to zygotic transition. We
compared expression of the miR-309 cluster to a high-resolution temporal
gene expression profile of early embryonic development [9]. The miRNA
expression analysis was performed on the RNA samples used by Pilot et al
([9]; RNA samples kindly provided by Thomas Lecuit), in order to ensure
comparability in the staging of the samples. mRNAs with a temporal
expression profile most similar to that of the miR-309 cluster contained
significantly fewer 7mers complementary to miR-309 cluster miRNAs in their
3’UTRs than would be expected by chance (Fig 3A correlation coefficient bin
0.9 to 1 at far right; Table S1, p<0.01). This suggests that these mRNAs have

been under selection to reduce their regulation by the cluster miRNAs with



which they are coexpressed. Reciprocally, 7-mer seed matches
complementary to cluster miRNAs were enriched in the 3'UTRs of maternal
transcripts that were strongly downregulated as miRNA expression increases
(Fig 3A, correlation coefficient bin —1 to —0.9; Table S1). The same trends
hold true for 6-mer seed matches to cluster miRNAs. For the 6mer set, the
correlation data are more significant because of overall larger numbers of
miRNA targets in each bin (Table S2).

To investigate whether early zygotic miR-309 cluster miRNA expression might
contribute to this down-regulation, we performed microarray analyses of
control and mutant embryos at 0-1h and 2-3h of embryonic development.
During the first hour, miR-309 cluster miRNAs are expressed at barely
detectable levels, whereas they are strongly induced during the 2-3 hour
interval (Fig. 2A). We compared messenger RNA levels in control and miRNA
mutant embryos. Messenger RNAs whose expression was upregulated in the
absence of the cluster miRNAs were examined with reference to two sets of
maternal mMRNAs that had previously been classified as being moderately or
strongly down-regulated during the maternal-zygotic transition [12]. 42 of the
291 mRNAs (14%) that normally decrease by >3 fold between 2-3h of
embryonic development were upregulated by over 1.5-fold in mutant embryos
at this stage. This represents a 5-fold enrichment among the upregulated
mMRNASs, and is statistically significant (P<e-16; Fig. 3B, Table S3). The effect
of removing the miRNAs was stronger in the group of the 32 maternal
transcripts annotated to decrease by >10-fold at this stage. 35% of these
were upregulated in the mutant (12/32), a 12.5 fold enrichment (P<1e-10; Fig.
3B, Table S3).

The degree of enrichment of these annotated gene sets among our
upregulated transcripts is likely to underestimate the true degree of
correlation, because only 30% of the genome was included in the original
classification of moderately or strongly down-regulated maternal gene sets
[12]. To get a more complete picture we performed a similar analysis on the
larger set of maternal mRNAs recently reported by Tadros et al., [2]. 1065

MmRNAs were classified as unstable maternal transcripts based on expression



profiling RNA from unfertilized wild-type embryos and assessing the degree of
their destabilization over time. 138 of the 1065 unstable maternal mMRNAs
were among the 410 mRNAs upregulated in cluster mutant embryos at 2-3
hours (Table S4). This represents >4 fold enrichment and is statistically highly
significant (P<e-52). There was no significant enrichment in 0-1 hour embryos
(before the miRNAs are expressed). Much less enrichment was seen in the
stable maternal class (1.2 fold; P=0.0035), which contains both stable
transcripts and transcripts that are stable in unfertilized embryos, but likely
degraded by the zygotic pathway in fertilized embryos. For example, some of
the stable maternal class mMRNAs [2] were classified as 3x down or 10x down
by Arbeitman et al. [12]. 16 of these mMRNAs were upregulated in the miRNA
mutant, and probably contribute to the 1.2 fold enrichment of mMRNAs
classified as maternal stable in this set. This analysis indicates that down-
regulation of maternal transcripts is impaired in the miRNA cluster mutant,
suggesting that these miRNAs play a role in the zygotic pathway of maternal

mMRNA turnover (as hypothesized by Tadros et al., [2]).

Temporal reciprocity in miRNA/target relationships

The foregoing observations suggest that the miRNA cluster and its targets
have largely reciprocal temporal expression patterns, a situation analogous to
the spatially reciprocal relationship between many miRNAs and their targets
at later stages of embryogenesis [13] and to the temporal relationship
between the C elegans heterochronic miRNAs and their targets [14-17]. To
assess the significance of these observations, we compared the occurrence
of miRNA cluster target sites among the regulated mRNAs with what would be
expected to occur by chance. Among the 410 transcripts upregulated in the
miRNA cluster mutant, 96 contained 7mers complementary to the seed of one
or more cluster miRNAs (Table S3, S4). This represents a statistically

significant enrichment of 1.8-fold (P<1e-8).

Among the mRNAs upregulated in cluster mutant embryos at 2-3 hours,
mMRNAs from the set of maternal mMRNAs examined by Arbeitman et al.
(maternal_all), which contained such 7mer sites were enriched 3.6-fold, [12]

(Table S3, P<1e-5). The enrichment was 6.4-fold in the class of maternal



mRNAs 3x down-regulated containing such 7mers (P<1e-6, Fig. 3B lower
panel, Table S3) and 48 fold in 10x down-regulated set containing miR-309
cluster 7mer sites (P<e-5, Fig. 3B lower panel, Table S3). Importantly, no
significant enrichment of 7mers was observed in 0-1h embryos, prior to the
onset of miRNA cluster expression (Table S3, Fig 3B lower panel).
Comparable analysis for the larger set of mMRNAs [2] produced similar results
(Table S4; Fig. 3B lower panel). Maternal mMRNAs containing target sites were
enriched 2.5 fold (P<e-8) and the set of unstable maternal mRNAs carrying
target sites 6 fold among the mRNAs upregulated in cluster mutant embryos
at 2-3 hours (P<e-18). Again no significant enrichment was seen in the 0-1

hour samples.

These statistical relationships suggest that the regulation of these mRNAs
depends on the presence of the miRNA sites. To confirm that such sites are
indeed functional, we prepared luciferase reporter constructs containing the
3'UTRs of 32 of the affected maternal mMRNAs from the different functional
categories mentioned above and expressed them together with the miR-309
cluster in Drosophila S2 cells (Fig. 3C). 29 of the 32 reporters were
statistically significantly down-regulated upon miR-309 cluster expression,

indicating that they carry functional miR-309 cluster target sites.

The cluster encodes miRNAs with 5 different seed sequences, reflecting the
capacity to regulate different sets of target mMRNAs. To assess the contribution
of individual miRNAs to the effects of the cluster as a whole, we examined
7mer seed matches complementary to individual miR-309 cluster miRNAs. 4
of the 5 unique seeds (miR-3 and 309 have the same seed sequence) were
significantly enriched among the upregulated mRNAs at 2-3 hours, but not at
0-1 hours (Table S5). The magnitude of the enrichment and the statistical
significance were stronger for miR-6, suggesting that it may contribute
disproportionately to the effects of the cluster. This might be in part because
miR-6 is present in 3 copies and so might be expressed at a higher level than
the others. These data suggest that, with the possible exception of miR-286,
the 5 distinct miRNAs encoded in the cluster act in concert to regulate a broad

spectrum of mMRNAs during the maternal-zygotic transition.



Comparison of the maternal and zygotic systems for mRNA turnover
SMAUG has been identified as a key component of the maternal system for
maternal mRNA turnover in the embryo [2], whereas the evidence presented
above suggests that the miR-309 cluster acts zygotically to promote turnover
of maternal mRNAs. A priori, these systems might be functionally related,
acting in concert. Alternatively they might represent independent systems. To
explore these possibilities we examined the degree to which the sets of

targets regulated by these two systems overlap.

Of the 1065 unstable maternal transcripts identified by Tadros et al [2], 710
were identified as SMAUG targets by expression profiling RNA from
unfertilized embryos laid by smaug mutant flies (note: SMAUG is deposited
maternally and acts on maternally deposited mRNAs). As mentioned before,
138 of the transcripts upregulated in the miR-309 cluster mutant at 2-3 hours
were classified as unstable maternal transcripts, which represents >4 fold
enrichment (Table S3; Fig. 3B upper panel; P<e-52). 92 of these transcripts
were also targeted by SMAUG, which represents >4 fold enrichment (Table
S3, Fig. 3B upper panel; P<e-33). Of these, 20 (21.7%) had 7mer seed
matches complementary to cluster miRNAs in their 3'UTRs and so might
represent a set of mMRNAs potentially co-regulated by the maternal and
zygotic systems. Other mMRNAs among the SMAUG targets were not affected
in the miRNA cluster mutants, for example Hsp83, whose down-regulation
depends strongly on the SMAUG system [18]. Of the 355 unstable transcripts
that had been reported to be SMAUG-independent [2], 46 were among the
410 mRNAs upregulated in the miR-309 cluster mutant embryos. This
represents a >4 fold enrichment (Table S3, Fig. 3B upper panel; P<e-16). 18
(39%) of these carry 7mers complementary to miR-309 cluster miRNAs; an 8-
fold enrichment (Table S3, Fig. 3B lower panel; P<e-11). This set includes
mMRNAs such as orb, oskar and exuperantia, and may represent the set of
mMRNAs regulated mainly by the zygotic system. Together, these data suggest
that the maternal and zygotic systems regulate distinct, but overlapping sets

of maternal mMRNAs.



Conclusions

These findings indicate that the early zygotic onset of miR-309 cluster miRNA
expression acts to promote the turnover of many maternally deposited
mRNAs. Failure to down-regulate maternal mMRNAs by this zygotic
mechanism has knock-on effects on zygotic gene expression (not shown) and
may result in a late onset phenotype reflected by reduced survival and
delayed larval development for many of the surviving animals. Elimination of
the early zygotic expression of the miR-430 miRNA gene family also led to
substantial misregulation of maternal mRNAs and to a late onset zygotic
defect in Zebrafish [3]. Although miRNAs have been shown to act to ensure a
proper transition between maternal and zygotic gene expression programs in
flies and fish, the miRNAs involved are not conserved. Perhaps the fact that
miRNAs act in part by leading to mRNA deadenylation, and subsequent
destabilization, provided a means to promote turnover of a selected set of
maternally deposited mMRNAs. miRNAs may have been co-opted
independently during evolution to fulfill a comparable function in different
animals. The mechanistic basis for their action and the biological output are
both conserved, but the miRNAs themselves and the identity of their targets

are not. This may be an example of convergent evolution.



Experimental Procedures

Fly strains and genetics

w'""8 flies were used as the control strain in all experiments. miR-309-6*
mutants were generated using ends-out homologous recombination
essentially as described in [7] For the genomic rescue, a 2.6kb genomic
fragment was amplified from w’’"®
GGAGCCCATAGTGACTTCAATTA and GCCACTCGGTTTCCTCTATCCT,

cloned into pCasper4 and injected into w’’"® to create transgenic flies.

genomic DNA using the primers

miRNA Northern Blotting

Northern blotting was performed as described in [19].

In Situ hybridization

In situ analysis was performed as described in [13]. Primers used to generate
the pri-miR-309 probe were CAGTCGCCACCTATACAGTTTAAGG and
TGCCACAACGAACTTCAATGG.

miRNA Q-PCR

Wild-type total RNA from precisely staged early embryos was generously
provided by Thomas Lecuit [9]). Primer sets designed to amplify mature
miRNAs (miR-6, miR-309, miR-184, miR-310) were obtained from Applied
Biosystems. Products were amplified from 10ng of total RNA samples with the
“TagMan MicroRNA Assay”, Quantitative-PCR machine, and software from
Applied Biosystems. The fold inductions of miR-6 and mir-309 were calculated
relative to miR-184. Comparable results were obtained normalizing to miR-
310.

Microarray Experiments

One-hour egg collections of w'’"® and miR-309-6*" mutant flies at 25°C were
either aged (2-3h sample) at 25°C or directly processed (0-1h sample). Total
RNA was extracted using Trizol reagent (GibcoBRL) according to the

manufacturer’s instructions. cDNA was synthesized from 3ug of total RNA of

six independent samples for each time-point according to Affymetrix One-
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Cycle protocol. Labeling and hybridization on Affymetrix Release 2
microarrays were performed according to Affymetrix protocols. Raw data was
normalized using GCRMA [20] and significantly regulated genes were
identified by Significance Analysis of Microarrays (SAM) [21]; [22] (g-value
<0.05 and fold change >1.5).

Larval Survival
First instar larvae were seeded in fly vials and surviving larvae and pupae
counted on the indicated days by floating them out of the food with a 20%

sucrose solution and transferring them into fresh vials.

Luciferase Assays

Luciferase assays were performed as described in [13].

Statistics

To assess whether targets of the cluster miRNAs were preferentially co-
expressed or anti-correlated in early wild-type embryos, we calculated the
Pearson correlation coefficient for each gene’s expression against miRNA
expression across all 5 time-points [9]. We binned all genes according to this
coefficient (bin-size 0.1) and determined the enrichment or depletion of 6, or
7mers complementary to miRNA 5’ends per bin by a hypergeometric P-value.
To assess mis-regulation in miR-309 cluster knock-out flies, we selected
genes that were 1.5x up-regulated compared to wild-type (g-value < 5%). We
then determined the enrichment of maternal genes [2], [12], genes containing
7mers complementary to miRNA 5’ends and genes falling into both categories

by a hypergeometric P-value.
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Figure legends

Figure 1. A Mutant deleting the miR-309 miRNA cluster.

(A) Schematic representation of the genomic organization of the miRNA
cluster. The region deleted in miR-309-6* flies, and the genomic rescue
construct are indicated. Middle: Colors indicate distinct seed sequences.
Bottom: RNA blots showing miR-309 and mir-6 in control and miR-309-6*" 0-
22h embryos.

(B, C) Histograms comparing survival of control, miR-309-6*" and rescued
larvae. Samples indicate the average of 3 independent collections. Error bars
indicate standard deviation. (B) 100 first instar larvae were seeded per vial
and surviving pupae counted. The reduced survival of homozygous mutant
miR-309-6" larvae was rescued by introduction of a ~2.6kb genomic DNA
fragment (see panel A) as a transgene. (C) 50 first instar larvae were seeded

per vial and surviving larvae and pupae counted on the indicated days.

Figure 2. miR-309 cluster expression

(A) Quantitative-PCR showing levels of mature miR-309 and miR-6,
normalized to miR-184. Comparable results were obtained normalizing to
miR-310. Time-points are defined in [9]. Note that the x-axis is not a linear
time scale, but indicates temporal bins (the larger gap between the TO and T1
bins is indicated by //).

(B) In situ hybridization to detect the miR-309 cluster primary transcript.
Lateral views are shown of control (WT) and miR-309-6*" embryos in the

process of cellularization. Anterior is to the left, dorsal is up.

Figure 3. Effects of miR-309 cluster miRNAs on target expression

(A) Histogram showing the proportion of 7mer seed matches for all miRNAs
and for the miR-309 cluster in a set of MRNAs sorted according to the degree
of correlation between their temporal expression pattern (determined by
expression profiling [9]) and that of the miRNAs in the miR-309 cluster. Note
that both expression profiles were done on the very same RNA samples to
ensure maximal comparability.

(B) Histograms showing the fold enrichment of maternal mMRNAs (upper
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panel) and maternal mRNAs containing miR-309 cluster 7mer sites (lower
panel) among the transcripts upregulated by >1.5-fold (q<0.05) in miR-309-6*'
0-1h and 2-3h embryos. Gene classes maternal 3xdown and maternal
10xdown are defined in [12], the remaining gene classes are defined in [2].

(*) denotes p<1e-05.

(C) Target validation using 3'UTR reporters in a luciferase assay. 3’'UTRs of
transcripts up-regulated in the miR-309 mutant and carrying at least one 7mer
complementary to a miR-309 cluster miRNA in their 3’'UTR were tested. The
control 3'UTRs dpld and CG13850_sh lack miR-309 cluster 7mers and are
not repressed upon miR-309 cluster expression. The classifications by
Arbeitman et al [12] (maternal all, 10x and 3x down indicated as all, 10x and
3x) and by Tadros et al [2] (maternal stable, maternal unstable and SMAUG
dependent vs independent), are indicated below. Error bars: standard
deviation. (*) p<0.05, n=3; double-sided t-test.

Supplemental Figure S1. (A-E) Fluorescent pri-miR-309 in situ hybridization
of wild-type embryos during early development. Anterior is to the left, posterior
to the right. (A-D) Lateral views. (A, B) Stage 4. (C, D) Stage 5. (E) Dorsal
view of a late stage 5 embryo. (F, G) Embryos labeled with antibodies to

detect Ftz (green) and Eve (red) proteins. Genotypes as indicated.

Supplemental Tables

Table S1. Temporal expression of genes containing 7mers complementary
to miR-309 cluster seeds.

All genes with significant signals for at least one time-point (defined in Pilot,
et al. 2006) were binned according to their degree of co-regulation with the
miRNA (Pearson correlation, column 1). Positive numbers indicate genes
whose temporal expression pattern is similar to that of the miRNAs.
Negative numbers indicate anti-correlation, with miRNAs in the —1 to —0.9
group being least similar to the miRNA pattern. Column 2 shows the
number of target genes with 7mer seed matches to the cluster miRNAs in
each class. Column 3 shows the abundance of 7mers for all miRNAs in

each class. Column 4 shows the overall abundance of 7mers for cluster
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miRNAs in all genes. Column 5 shows the overall abundance of 7mers for
all miRNAs in all genes. Columns 6 and 7 show hypergeometric P-values
indicating significant enrichment or depletion. miR-309 cluster target sites
are overrepresented in the most strongly anti-correlated mRNAs (yellow, not
statistically significant for 7mers) and underrepresented in the mRNAs

expressed most similarly to the miRNAs (green).

Table S2. Temporal expression of genes containing 6mers complementary
to miR-309 cluster seeds.
Same as S1 but for 6mers, where trends are more significant due to overall

higher numbers. Classes showing P-values < 0.05 are highlighted.

Table S3. Up-Regulation of gene classes defined by Arbeitman et al. (2002)
in the miR-309 cluster mutant.

Target genes stands for transcripts containing 7mers complementary to
miR-309 cluster miRNAs. Column 3 shows the number of genes for
different classes. Column 2 shows the intersection of these classes with
genes upregulated >1.5 fold (q<0.05) in the miR-309 cluster mutant.
Column 4 shows the number of genes upregulated >1.5 fold (q<0.05) in the
miR-309 cluster mutant compared to control embryos of the stage
indicated. Column 5 shows the total number of genes included in the
microarray analysis. Columns 6 and 7 show the resulting enrichment
(enrichment factor and P-value). Classes showing enrichment P-values <

1e-5 are highlighted in yellow.

Table S4. Up-Regulation of maternal mRNA classes defined by Tadros et
al. (2007) in the miR-309 cluster mutant.
Same as S3 but using the gene classes defined by Tadros et al. (2007).

Classes showing enrichment P-values < 1e-8 are highlighted in yellow.
Table S5. Occurrence of 7mer seed matches for individual miRNAs in

maternal mMRNAs up-regulated in the miR-309 cluster mutant.

Genes were grouped by occurrence of 7mer seed matches for all cluster
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miRNAs (row 1) or individual miR-309 cluster miRNAs (column 1). Column
2 shows the total number of genes carrying 7mers complementary to the
indicated miRNAs. Column 3 shows the total number of genes included in
the analysis. Columns 4-7 show the results obtained for the genes
upregulated by >1.5 fold in 0-1h mutant embryos, columns 8-11 show those
obtained in 2-3h mutant embryos. Columns 4, 8 show the number of
upregulated genes carrying 7mers complementary to the indicated
miRNAs. Columns 5, 9 show the total number of upregulated genes.
Columns 6, 7, 10, 11 show the resulting enrichment (enrichment factor and

P-value). Enrichment P-values <1e-2 are highlighted in yellow.

17



A C
56E1 0.5 kb A1 rescued

2

CG15125 miR-309 cluster CG11010 100%

4 4 4 4 44 €@ a4« L4
Al - SSo o 3 80% W larvae
Rescue M pupae
fragment 60%

Z 40%
Il BN B | [ I N
miR-6-3 miR-6-2 miR-6-1 miR-5 miR-4 miR-286 miR-3 miR-309 20%
L e AERRENRNERRRE

miR-6 miR-309 7 8 9 10 11 12 13
WT A WT A1

mature miRNA _ yi - 3
i . o |
val trna [T e - o

survival rate

80%
B 100%
A .
% % 60%
< 5% %
S >
g 2 40%
£ 50% = ’
7} w
S 25% 20%1
)
0% 0% - . n_
A1+ 0 2 3 45 6 7 8 9 10 11 12 13
rescue

Figure 1



M miR-6
B miR-309

%max expression

100% A
onset of zygotic
75% transcription
50% -
25% -
0, I/
0% TO T T T2 T T3 T4

maternal slow fast early late
RNAs phase phase gastrulation
cellularization

B

pri-miR-309

Figure 2



Normalized luciferase levels

B - 12 M 0-1h
(]
20% o5 M 2-3h
M all 7mers g2 9
. Q
B miR-309 cluster targets (7mers) ; ©
=1
E E” 6 * * * *
15% S s
c o
5% *
84
A
10% maternal maternal maternal stable unstable Smaug Smaug
3x down 10x down maternal maternal dep indep
*
48 l MW 0-1h
1] -,
5% oS == M 2-3h
(5]
§ 215
§3
= m 12
53
9 EQ 9 *
0% 5a
QYN QOB YT ONT O N®TInQ N O L5 * *
@RRIIIIIFIIPIILee oo oo o oo o9 Eg 6 *
22229020220 228288282822888 2o 58 %
- O~ ©©B S ®OmN QPO T NN B O N0 O S 3
' 5 66 o o o o o S oS oo o oo =
Class of Genes (Correlation coefficient) 0
maternal maternal maternal stable unstable Smaug Smaug
3xdown 10x down targets maternal maternal dep indep
targets  targets targets  targets targets targets
W control plasmid
B miR-309 cluster
100% - 1 , *
*
* * %
80% * * " * * * "
*
* [* * * " *
* * *
60% * «
40%
*
*
20%
0%
e - g N~ = x~ (a0 £ 0 N < ?3 3 < o e 5 Q D x oo} Yol (] v © w < ‘9 N~ -~ © [} ~ o
T 252 =22 28 %82 K 38 g 5 8 28 8B XIRIIIL Y BB § LS
3 2 A o ¢ S 8 2 5 3538 <885z ¢ 8 3L
8 8 g g = =3 68883888358 ° 83
o o o o & O 5] 1) o O Q
=
3 5
10x all 10x 3x all 3x all 10x
controls SMAUG dependent SMAUG independent maternal stable

Figure 3



B DNA
N Ftz
M Eve

Supplemental Figure S1



Table S1. Temporal expression of genes containing 7mers complementary to miR-309 cluster miRNA seeds.

Class of Genes (range of
correl. coefficients)

-1to-0.9
-0.7 to -0.6
0.7 to 0.8
-0.3to -0.2
-0.5t0 -0.4
-0.8to -0.7
-0.2to -0.1
-0.9to -0.8
0.6 to 0.7
0.3to 0.4
0.2t0 0.3
-0.4 to -0.3
-0.6 to -0.5
0.8to0 0.9
0to 0.1
0.5to0 0.6
0.1to 0.2
-0.1to 0
0.4 to 0.5
09to1l

# mIiRNA 7mers # all Zmers

in Class

113
36
41
27
24
35
17
54
25
15
17
21
24
45
11
19

8
11
10
46

in Class

323297
96860
115909
80022
73351
110958
58674
182430
92254
57712
67129
82590
94059
171953
51366
86345
46967
69689
69090
222714

# miRNA 7mers
in all genes

979
979
979
979
979
979
979
979
979
979
979
979
979
979
979
979
979
979
979
979

# all 7Zmers in
all genes

3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844
3121844

P(under)

8.98E-01
8.71E-01
8.08E-01
6.87E-01
6.24E-01
5.48E-01
4.16E-01
3.56E-01
2.59E-01
2.69E-01
2.17E-01
1.90E-01
1.75E-01
1.19E-01
1.23E-01
6.98E-02
4.19E-02
1.25E-02
7.63E-03
1.87E-03

P(over)

1.22E-01
1.72E-01
2.41E-01
3.88E-01
4.58E-01
5.20E-01
6.73E-01
6.93E-01
7.99E-01
8.03E-01
8.42E-01
8.59E-01
8.69E-01
9.07E-01
9.21E-01
9.53E-01
9.80E-01
9.93E-01
9.96E-01
9.99E-01



Class of Genes (range of
correl. coefficients)

-1to -0.9
-0.8 to -0.7
-0.7 to -0.6
0.2to 0.3
-0.4 to -0.3
-0.9 to -0.8
0.3to 0.4

-0.1to 0
0.1to 0.2
-0.3 to -0.2
-0.6 to -0.5
-0.5to0 -0.4
-0.2to -0.1

0.6 to 0.7

0to 0.1

0.7 to 0.8
0.8 to 0.9
0.4 to 0.5
0.5to 0.6

09to1l

# miRNA 6mers
in Class

454
159
130
84
102
224
70
84
56
94
108
80
62
99
52
123
184
61
77
203

# all mers
in Class

324053
111235
97077
67264
82772
182860
57846
69829
47088
80195
94267
73525
58812
92460
51489
116133
172327
69233
86524
223294

# miRNA 6mers
in all genes

3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839
3839

# all 6mers in

all genes

3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277
3129277

Table S2. Temporal expression of genes containing 6mers complementary to miR-309 cluster miRNA seeds.

P(under)

9.99E-01
9.78E-01
8.56E-01
5.87E-01
5.38E-01
5.05E-01
4.78E-01
4.49E-01
4.33E-01
3.46E-01
2.50E-01
1.51E-01
1.26E-01
9.20E-02
8.78E-02
5.25E-02
2.84E-02
5.04E-03
2.39E-03
4.96E-06

P(over)

1.51E-03
2.73E-02
1.66E-01
4.57E-01
5.02E-01
5.23E-01
5.70E-01
5.94E-01
6.18E-01
6.91E-01
7.79E-01
8.73E-01
8.97E-01
9.23E-01
9.31E-01
9.56E-01
9.76E-01
9.96E-01
9.98E-01
1.00E+00



Table S3. Up-regulation of gene classes defined by Arbeitman et al. (2002) in the miR-309 cluster mutant.

# genes in
class # genes # genes # genes on enrichment

Class of genes upregulated in class upregulated array factor P-value
0-1h
Maternal mRNAs (3x down-reg) 6 291 138 13615 2.0 0.08
Maternal mRNAs (10x down-reg) 1 32 138 13615 3.1 0.28
Zygotic_early genes 6 470 138 13615 1.3 0.52
Zygotic (10x up) 2 52 138 13615 3.8 0.10
Target genes 21 1774 138 13615 1.2 0.26
Maternal_all target genes 4 159 138 13615 2.5 0.08
Maternal (3x down) target genes 3 57 138 13615 5.2 0.02
Maternal (10x down) target genes 1 8 138 13615 12.3 0.07
2-3h
Maternal genes (3x down-reg) 42 291 410 13615 4.8 1.8E-17
Maternal genes (10x down-reg) 12 32 410 13615 12.5 6.2E-11
Zygotic_early genes 8 470 410 13615 0.6 0.97
Zygotic (10x up) 1 52 410 13615 0.6 0.80
Target genes 96 1774 410 13615 1.8 3.9E-09
Maternal all target genes 17 159 410 13615 3.6 6.05E-06
Maternal (3x down) target genes 11 57 410 13615 6.4 8.6E-07

Maternal (10x down) target genes 5 8 410 31615 48.2 1.26E-06



Table S4. Up-regulation of maternal mRNA classes defined by Tadros et al. (2007) in the miR-309 cluster mutant.

# genes in
class # genes # genes # genes on enrichment

Class of genes upregulated in class upregulated array factor P-value
0-1h
Maternal mRNAs 52 5071 138 13615 1.0 0.49
Stable maternal mRNAs 44 4006 138 13615 1.1 0.29
Unstable maternal mRNAs 8 1065 138 13615 0.7 0.85
Smaug dependent mRNAs 4 710 138 13615 0.6 0.93
Smaug independent mRNAs 4 355 138 13615 1.1 0.49
Target genes 21 1774 138 13615 1.2 0.26
Maternal target genes 11 961 138 13615 1.1 0.38
Stable maternal target genes 8 749 138 13615 1.1 0.49
Unstable maternal target genes 3 212 138 13615 1.4 0.36
Smaug dependent target genes 1 140 138 13615 0.7 0.76
Smaug independent target genes 2 72 138 13615 2.7 0.17
2-3h
Maternal mRNAs 284 5071 410 13615 1.9 1.2E-40
Stable maternal mRNAs 146 4006 410 13615 1.2 3.5E-03
Unstable maternal mRNAs 138 1065 410 13615 4.3 2.9E-53
Smaug dependent mRNAs 92 710 410 13615 4.3 2.9E-34
Smaug independent mRNAs 46 355 410 13615 4.3 3.6E-17
Target genes 96 1774 410 13615 1.8 3.9E-09
Maternal target genes 72 961 410 13615 2.5 3.4E-13
Stable maternal target genes 34 749 410 13615 1.5 0.01
Unstable maternal target genes 38 212 410 13615 6.0 3.5E-19
Smaug dependent target genes 20 140 410 13615 4.7 7.1E-09
Smaug independent target genes 18 72 410 13615 8.3 2.7E-12



Table S5. Occurrence of 7mer seed matches for individual miRNAs in maternal mRNAs up-regulated in the miR-309 cluster mutant.
0-1 hour RNAs upregulated >1.5 fold

2-3 hour RNAs upregulated >1.5 fold

#in set # total enrichment #in set # total enrichment

"targets of"  # targets # total genes up-reg up-reg factor P-value up-reg up-reg factor P-value
cluster 1774 13615 21 138 1.2 2.6E-01 96 410 1.8 3.9E-09
miR-6-1 478 13615 5 138 1.0 5.4E-01 35 410 2.4 1.1E-06
miR-4 739 13615 10 138 1.3 2.2E-01 35 410 1.6 5.3E-03
miR-5 379 13615 4 138 1.0 5.4E-01 21 410 1.8 5.4E-03
miR-309 239 13615 1 138 0.4 9.1E-01 15 410 2.1 5.9E-03
miR-3 239 13615 1 138 0.4 9.1E-01 15 410 2.1 5.9E-03

miR-286 256 13615 2 138 0.8 7.4E-01 10 410 1.3 0.24
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microRINA Functions
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Abstract

microRNAs (miRNAs) are small noncoding RNAs that play im-
portant roles in posttranscriptional gene regulation. In animal cells,
miRNAs regulate their targets by translational inhibition and mRINA
destabilization. Here, we review recent work in animal models that
provide insight into the diverse roles of miRINAs in vivo.
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INTRODUCTION

Since the discovery of the founding mem-
bers of the microRNA (miRNA) family, /in-
4 and let-7 (Lee et al. 1993, Reinhart et al.
2000, Wightman et al. 1993), hundreds of
miRNAs have been identified in plants, an-
imals, and viruses by molecular cloning and
bioinformatic approaches (Berezikov et al.
2006, Lagos-Quintana et al. 2001, Lau et al.
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2001, Lee & Ambros 2001, Ruby et al. 2006).
miRNAs were found to downregulate gene
expression by base-pairing with the 3’ un-
translated regions (3"UTRs) of target messen-
ger RNAs (mRNAs) (Lee etal. 1993, Reinhart
et al. 2000, Slack et al. 2000, Wightman et al.
1993). These discoveries indicated that this
class of noncoding RNA molecules may con-
stitute a new layer of regulatory control over
gene expression programs in many organisms.
Here, we review recent work, principally from
animal models, that reveals how miRINAs are
generated and act to silence gene expression,
how targets of miRNAs can be identified,
and how the biological functions of miRINAs
can be illuminated by knowledge of gene
expression patterns, by mutant phenotypes
of miRNAs, and by overexpression of their
targets.

miRNA BIOGENESIS AND
SILENCING MECHANISM

Most miRINA genes are transcribed by RNA
polymerase II (Pol II) to generate a stemloop
containing primary miRNA (pri-miRNA),
which can range in size from hundreds of nu-
cleotides to tens of kilobases (Cai et al. 2004,
Y. Lee et al. 2004) (Figure 1). An exception
are miRNAs lying within Alu-repetitive el-
ements, which can be transcribed by RNA
polymerase III (Borchert et al. 2006). Like
mRNAs, Pol II-transcribed pri-miRNAs con-
tain 5 cap structures, are polyadenylated,
and may be spliced (Bracht et al. 2004, Cai
et al. 2004). A very recent report shows
that most mammalian miRNAs are encoded
in introns and that miRNA processing ap-
pears to occur before splicing (Kim et al.
2007). The pri-miRNA is processed within
the nucleus by a multiprotein complex called
the Microprocessor, of which the core com-
ponents are the RNase III enzyme Drosha
and the double-stranded RNA-binding do-
main (dsRBD) protein DGCR8/Pasha (Denli
et al. 2004, Gregory et al. 2004, Han et al.
2004, Landthaler et al. 2004, Lee et al.
2003). This complex cleaves the pri-miRNA
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Figure 1

miRNA biogenesis. An miRNA gene is transcribed, generally by RNA polymerase II (Pol II), generating
the primary miRNA (pri-miRNA). In the nucleus, the RNase IIT endonuclease Drosha and the
double-stranded RNA-binding domain (dsRBD) protein DGCR8/Pasha cleave the pri-miRNA to
produce a 2-nt 3’ overhang containing the ~70-nt precursor miRNA (pre-miRNA). Exportin-5
transports the pre-miRNA into the cytoplasm, where it is cleaved by another RNase III endonuclease,
Dicer, together with the dsRBD protein TRBP/Loquacious, releasing the 2-nt 3’ overhang containing a
~21-nt miRNA:miRNA* duplex. The miRNA strand is loaded into an Argonaute-containing
RINA-induced silencing complex (RISC), whereas the miRNA* strand is typically degraded.
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3’ untranslated
region 3'UTR): 3’
untranslated
sequences that follow
the protein-encoding
open reading frame
in a messenger RNA

Primary miRNA
(pri-miRNA): the
miRINA transcript

Precursor miRNA
(pre-miRNA): a
~70-nt stemloop
structure

Dicer: cytoplasmic
RNase III enzyme
that processes the
pre-miRNA to
produce the mature
~22-nt miRNA
duplex

Argonaute:
catalytic component
of the RISC complex

RNA-induced
silencing complex
(RISC): the
ribonucleoprotein
complex required for
small RNA-mediated
gene silencing

Slicing: possible
mode of action of the
Ago2-containing
RISC complex, in
which the target
mRNA is cleaved
and subsequently
degraded
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stem by measuring the distance from the
single-stranded/double-stranded RNA junc-
tion (Han et al. 2006), producing a ~70-nt
hairpin precursor miRNA (pre-miRNA). The
2-nt 3’ overhang, characteristic of RNase III-
mediated cleavage, is recognized by Exportin-
5, which transports the pre-miRNA into the
cytoplasm via a Ran-GTP-dependent mecha-
nism (Bohnsack et al. 2004, Lund et al. 2004,
Yi et al. 2003).

Next, the pre-miRNA is cleaved to pro-
duce the mature ~22-nt miRNA:miRINA* du-
plex by another RNase III enzyme, Dicer,
which interacts with the dsRBD proteins
TRBP/Loquacious and, in human cells,
PACT (Figure 1; Chendrimada et al. 2005,
Forstemann etal. 2005, Hutvagner etal. 2001,
Jiang et al. 2005, Ketting et al. 2001, Lee
et al. 2006, Saito et al. 2005). Subsequently,
in human cells TRBP recruits the Argonaute
protein Ago2 (and perhaps other Ago pro-
teins), and together with Dicer they form a
trimeric complex that initiates the assembly of
the RNA-induced silencing complex (RISC),
a ribonucleoprotein complex (Gregory et al.
2005, Maniataki & Mourelatos 2005). The
miRNA strand with relatively lower stability
of base-pairing at its 5’ end is incorporated
into RISC, whereas the miRNA* strand is typ-
ically degraded (Schwarz et al. 2003, Du &
Zamore 2005). Recent deep sequencing ef-
forts indicate that the average ratio of miRINA
to miRINA* is ~100:1 but can be much lower
in cases in which both strands are functional
(Ruby et al. 2006).

Once incorporated into RISC, the miRNA
guides the complex to its RNA targets by
base-pairing interactions. In cases of per-
fect or near-perfect complementarity to the
miRNA, target mRINAs can be cleaved (sliced)
and degraded; otherwise, their translation
is repressed (Hutvagner & Zamore 2002,
Martinez & Tuschl 2004). For slicing to occur,
RISC must contain an Argonaute protein ca-
pable of endonucleolytic cleavage. Ago2 is the
sole enzyme conferring this activity in mam-
mals and is the major enzyme in flies (Liu
etal. 2004, Meister et al. 2004, Okamura et al.
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2004). Only one endogenous animal miRNA
target has been reported to be sliced (Yekta
et al. 2004). Most animal miRNAs base-pair
imperfectly with their targets and promote
translational repression rather than cleavage
and degradation. In this mode of repression,
target mRNAs are not actively degraded but
can be destabilized owing to deadenylation
and subsequent decapping (Behm-Ansmant
et al. 2006, Giraldez et al. 2006, Jackson &
Standart 2007, Wu et al. 2006). If slicing is so
rare in animal miRNA-target interactions, it
is curious that the mechanism has been so well
conserved. Perhaps this mechanism is used
more often than we are currently aware, or
the conservation has some other basis.

The mechanism of translational repres-
sion by miRNAs remains unclear. Indeed,
the step at which miRNAs block transla-
tion is controversial. There is evidence that
miRNAs block translation initiation, whereas
other studies suggest a block in elongation
(Humphreys et al. 2005, Maroney et al. 2006,
Nottrott et al. 2006, Petersen et al. 2006,
Pillai et al. 2005). Argonaute proteins bound
to miRNAs and their target mRNAs accumu-
late in processing bodies (P-bodies), cytoplas-
mic foci that are known sites of mRINA degra-
dation (Liu et al. 2005a, Pillai et al. 2005,
Sen & Blau 2005). P-bodies exclude riboso-
mal components and may therefore serve as
sites in which mRNAs can be stored with-
out translation. Several proteins found in
P-bodies (GW182, the Dcpl/Dcep2 decap-
ping complex, and the RCK/p54 helicase) can
bind to Argonaute proteins, and this interac-
tion mediates translational repression (Behm-
Ansmant et al. 2006; Chu & Rana 2006;
Liu et al. 2005a,b; Rehwinkel et al. 2005).
Yet, doubts remain over the importance of
P-bodies in target repression. Disrupting P-
bodies does not affect the degree of transla-
tional repression, and therefore the P-body
localization may be a consequence of re-
pression rather than its cause (Chu & Rana
2006, Jackson & Standart 2007). Moreover,
miRNA-mediated repression and P-body
localization are reversible (Bhattacharyya
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et al. 2000), indicating that the P-bodies may
serve as sites of temporary storage of transla-
tionally repressed mRNAs.

Many human mRNAs that encode pro-
teins whose levels are under tight control have
AU-rich elements in their 3'UTRs. These el-
ements are bound by an AU-rich element-
binding protein, ARE. Intriguingly, a specific
miRNA, miR-16, is required for the rapid
turnover of mRNAs containing AU-rich el-
ements in their 3’UTRs, to which miR-16
binds (Jing et al. 2005). This does not seem to
involve site-specific endonucleolytic cleavage
because none of the decay intermediates ex-
pected from slicer activity were observed. Pre-
sumably, 7iR-16 collaborates via RISC bind-
ing with TPP, which is required for ARE
mRNA degradation. A very recent paper also
suggests a new role for Argonaute proteins
and AU elements in translational regulation
(Vasudevan & Steitz 2007).

Although most attention to date has been
paid to miRNA action in the cytoplasm, a re-
cent report shows that mature 7:R-29b con-
tains a 6-nt motif at its 3’ terminus, which
directs import of the mature miRNA into the
nucleus (Hwang et al. 2007), raising intrigu-
ing possibilities for other modes of miRNA
function.

OTHER SMALL NONCODING
RNAs

This review focuses on animal miRNAs and
their biological functions. But other types of
small noncoding RNA with distinct proper-
ties deserve mention. Small interfering RNAs
(siRNAs) differ from miRNAs mainly in their
origin: They derive from endogenous or ex-
ogenous double-stranded RNAs and are pro-
cessed into siRNAs by Dicer. siRNAs usually
induce cleavage of their targets when loaded
onto an Ago2-containing RISC. However,
siRNAs can also act as miRNAs on targets
with imperfect complementarity and induce
translational repression (Doench et al. 2003).
Depending on the number and position of
the mismatches, RISC-mediated cleavage of

mismatched targets can also occur, albeit at a
lower rate (Martinez & Tuschl 2004, Meister
& Tuschl 2004).

Piwi-interacting RNAs (piRINAs) are a
third group of small RNAs that has garnered
considerable attention recently (Aravin et al.
2006, Girard et al. 2006, Grivna et al. 2006,
Lau et al. 2006, Watanabe et al. 2006). They
associate with members of the Piwi family,
a subtype of Argonaute proteins, including
the mouse proteins MILI and MIWT and
perhaps MIWI2. piRNAs are 26-31 nt in
length. Because piRNAs accumulate at the
onset of male meiosis and sperm maturation
arrests at different stages in Mili and Miwi
knockout mice, piRNAs are thought to
play an essential role during gametogenesis.
Recent evidence indicates that the previously
identified class of repeat-associated siRINAs
(Aravin et al. 2003) is the major class of
Drosophila piRNAs (Brennecke et al. 2007,
Gunawardane et al. 2007, Saito et al. 2006,
Vagin et al. 2006). Although the function and
targets of mammalian piRNAs are unclear,
Drosophila piRNAs are involved in silencing
transposons in the male and female germ
lines. Recently an intricate system for the
control of transposons was identified; it
involves discrete piRNA-generating loci
composed of defective transposon copies
and an amplification cycle to boost piRINAs
against transcribed  transposons
(Brennecke et al. 2007, Gunawardane et al.
2007). piRNA biogenesis in flies is indepen-
dent of Dicer and components of the miRNA
and siRNA pathways (Vagin et al. 2006).
Recent evidence indicates that the
proteins themselves are directly involved in
the biogenesis of piRNAs (Brennecke et al.
2007, Gunawardane et al. 2007).

Plant miRNAs differ from animal miRNAs
in their biogenesis and in their mode of
target regulation: Most plant miRNAs dis-

actively

Piwi

play perfect or near-perfect complementar-
ity to their target mRNAs—sites occur in
both coding regions and 3'UTRs—and there-
fore induce mRNA slicing (Vaucheret 2006).
However, the plant miRNA family iR-8§54
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miRNA target: a
messenger RNA
encoding a protein,
containing target
sites for and
regulated by an
miRNA

miRNA seed: seven
to eight nucleotides
at the 5" end of an
miRNA that serve as
the primary
determinant of target
specificity

SNP:
single-nucleotide
polymorphism

lin-14 3'UTR

was recently reported to act by translational
repression via imperfect binding sites and
to be conserved in animals (Arteaga-Vazquez
etal. 2006). The observation of potential GU-
rich binding sites in the animal ortholog of
the plant miR-854 target UBPIb is sugges-
tive, but this target has not yet been vali-
dated. These observations are surprising be-
cause miRNAs are thought to have evolved
independently in the plant and animal king-
doms (Chen & Rajewsky 2007). However,
the recent discovery of miRNAs and genes
involved in miRINA biogenesis in the uni-
cellular green algae Chlamydomonas suggests
an older, perhaps common origin for plant
and animal miRNAs (D. Baulcombe, personal
communication).

TARGET IDENTIFICATION

The first animal miRNA targets were identi-
fied by genetics in Caenorbabditis elegans. The
heterochronic miRINA /in-4 displays a mutant
phenotype that can be suppressed by a second
mutation in its target mRINA, /in-14 (Lee etal.
1993, Wightman et al. 1993). These genetic
interactions led to the identification of se-
quences complementary to /in-4in the 3'UTR
of lin-14 (Figure 2). Although powerful, this
genetic approach can identify only those tar-
gets, such as /in-14, whose overexpression is
directly responsible for the miRINA mutant
phenotype, in this case /in-4. Few examples of
this type have been found, and it is unclear
whether this sort of relationship will be more
the exception than the rule.

Py

lin-14 5'
lin-4
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UUCUAC-CUCAGGGAAC 3' lin-41
GAGGUG GAGUCCCUUG let-7
L
o)
Figure 2

lin-41 3'UTR

Subsequently, the criteria for miRNA-
target interactions were deciphered by
mutation of known miRNA-target sites and
testing for function in miRNA misexpres-
sion assays (Brennecke et al. 2005b, Doench
& Sharp 2004, Kiriakidou et al. 2004,
Kloosterman et al. 2004, Lewis et al. 2003).
These studies focused attention on the impor-
tance of pairing to the 5’ end of the miRNA,
called the seed region (Figure 2). We have
grouped target sites into two broad classes:
(@) 5’ dominantsites, which base-pair precisely
to the seed of the miRNA, with or without
3’ pairing support, and (b)) 3’ compensatory
sites, which have insufficient 5’ pairing com-
pensated for by strong pairing to the miRINAs’
3’ region.

In addition to direct experimental tests for
site function, further indication of the im-
portance of the seed region in miRNA-target
recognition has been inferred from compu-
tational studies that showed significant over-
representation of conservation of matches to
miRNA seeds or, in some cases, avoidance of
miRINA seed matches (Brennecke etal. 2005b;
Farh etal. 2005; Krek et al. 2005; Lewis et al.
2003, 2005; Stark et al. 2005; Xie et al. 2005).
A recent analysis of single-nucleotide poly-
morphism (SNP) genotype data also showed
that polymorphism density was significantly
lower in conserved target site regions that
are complementary to the 5" portion of the
miRNA (Chen & Rajewsky 20006).

miRNA-target has
through several iterations, with significant

prediction gone

improvements to the original efforts (e.g.,

= 100 nt
== [in-4
= let-7

GUU A
5' UUAUACAACC CUACCUCA 3'
3 GAUAUGUUGGA UGAUGGAGU 5'

The microRNAs /in-4 and let-7 confer regulation to their targets via imprecise base-pairing with the
target’s 3"UTRs. The miRNA seed region is highlighted in red.

Bushati o Coben



Annu. Rev. Cell Dev. Biol. 2007.23:175-205. Downloaded from arjournals.annualreviews.org
by European Molecular Biology Lab - Heidelberg EBVC Biomed & PC Archive on 12/13/07. For personal use only.

Enright et al. 2003, Lewis et al. 2003, Stark
et al. 2003) made on the basis of rules derived
from the experimental approaches described
above and by the use of evolutionary con-
servation (Brennecke et al. 2005b, Grun
et al. 2005, Krek et al. 2005, Lewis et al.
2005, Rajewsky 2006, Xie et al. 2005). The
newer-generation methods have largely con-
verged on a similar approach and have led to
estimates that more than 30% of animal genes
may be miRNA targets. Recently, a pattern-
based algorithm that predicts miRNA-target
sites without relying on cross-species conser-
vation or miRNA sequence estimated even
larger numbers of miRNA-regulated genes
(Miranda et al. 2006). Whether this approach
proves to be valid awaits verification.

One approach to assess target predic-
tions uses miRNA misexpression and assays
for target downregulation. Overexpression of
miRNAs in tissue culture followed by expres-
sion profiling provides a global picture of tar-
get RNAs that are destabilized by miRNA
binding (Lim et al. 2005). The converse ap-
proach, bulk depletion of miRNAs followed
by mRNA profiling, demonstrates upregula-
tion of many, but not all, predicted target
mRNAs (Rehwinkel et al. 2006). Depletion
of single miRNAs by antisense methods
(Krutzfeldt et al. 2005) or by the use of
miRNA mutants (N. Bushati, J. Karres, G.
Easow & S.M. Cohen, unpublished results)
shows that many RNAs are upregulated;
among these are predicted targets but also
many RNAs with potential target sites that
were not predicted because they are not evo-
lutionarily conserved. However, many po-
tential targets are not affected on the RNA
level, suggesting that these approaches will
underestimate meaningful miRNA-target re-
lationships. On the protein level, miRNA-
target interactions are not amenable to high-
throughput approaches and must be tested
one by one in reporter assays. Although
miRNA misexpression is useful for testing
whether regulation is possible, such experi-
ments are not sufficient to draw conclusions
about miRNA-target relationships in vivo.

Given the large numbers of predicted
miRNA-target genes and the paucity of ge-
netic evidence for miRNA-target relation-
ships, the significance of the predicted targets
remains an open question. Computational
studies suggest that, on the basis of the occur-
rence of SNPs within conserved miRINA sites,
~85% of conserved miRINA sites are func-
tionally important (Chen & Rajewsky 2006).
The regulation of such sites by miRNAs pre-
sumably improves the fitness of the organ-
ism in some way, unless the sequences are
conserved for reasons unrelated to miRNAs.
However, 16 predicted conserved target sites
of Isy-6 were not regulated by endogenous
levels of miRNA (Didiano & Hobert 2006).
A possible caveat is that target-containing
UTRs were expressed at potentially unphys-
iological levels, perhaps to levels beyond the
capacity of the endogenous miRNA to regu-
late, through the use of multicopy transgenes.
Whether this provides a firm basis to doubt
the significance of the many evolutionarily
conserved seed matches is open to debate.
suggests that
miRNA-target regulation can be context de-

Accumulating  evidence

pendent. For example, (#) zebrafish 7iR-430
directly contributes to the repression of resid-
ual maternal nanosI in somatic cells (Mishima
et al. 2006). Although both miR-430 and
nanosl are also present in primordial germ
cells, nanosl can overcome the regulation
conferred by the miRNA and is robustly ex-
pressed. (b)) In mammalian hepatocarcinoma
cells, stress-induced derepression of the 72iR-
122 target CAT-1 depends on the presence
of a binding site for the HuR protein in the
UTR, which is distinct from the miRNA sites
(Bhattacharyya et al. 2006). Derepression
did not occur if the HuR sites were removed
in a reporter construct, implying context
dependence. (¢) Didiano & Hobert (2006)
have reported that a minimal /sy-6 target site
can be functional when embedded in the
3'UTR of its endogenous target but not when
embedded in a heterologous 3'UTR. They
took this as evidence that target site function
may depend on the specific 3'UTR context.
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However, in this case the conclusion is weak-
ened because the presence of a second site in
the endogenous 3'UTR that may contribute
to its regulation was not considered.

miRNNA EXPRESSION PATTERNS

miRNA-target prediction programs do not
take into account whether an miRNA is ever
expressed in the same cell as its predicted
target. Information about miRNA and target
expression patterns can help to assess the like-
lihood that a predicted miRNA-target rela-
tionship is relevant in vivo.

miRNA expression profiles were first gen-
erated by small RNA cloning and Northern
blotting (Aravin et al. 2003, Berezikov et al.
2006, Chen et al. 2005, Lagos-Quintana et al.
2001, Lau et al. 2001, Lee & Ambros 2001,
Ruby et al. 2006). Cloning can identify new
miRNAs and provide quantitative informa-
tion about their expression levels. miRNA mi-
croarrays (Baskerville & Bartel 2005, Miska
etal. 2004, Nelson et al. 2004, Thomson et al.
2004), quantitative reverse transcriptase—
polymerase chain reaction (QRT-PCR) meth-
ods, and in situ hybridization have provided
further insight into the tissue-specific expres-
sion of pri- and mature miRNAs (Aboobaker
etal. 2005, Ason etal. 2006, Kloosterman et al.
2006, Wienholds et al. 2005). Some miRNAs
with deeply conserved sequences display strik-
ing conservation of their spatial expression
patterns, providing further evidence for the
conservation of their functions. Prominent
examples are the muscle-specific 7iR-1 and
the nervous system-specific 7iR-124, which
are conserved in flies, fish, and mammals.
Other miRNAs, e.g., miR-279 and miR-9a in
Drosophila, are expressed in highly dynamic
patterns during development of the embryo
(Stark et al. 2005). It should be noted that the
expression pattern of the pri-miRNA does not
necessarily reflect that of the mature miRINA
because some miRNAs are regulated post-
transcriptionally (Obernosterer et al. 2006,
Thomson et al. 2006).
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FUNCTIONS IN ANIMAL
DEVELOPMENT

Functions Inferred from
Bioinformatic Approaches

Transfection of the tissue-specific miRNAs
miR-1 and miR-124 into Hel.a cells shifted
the expression profiles toward those of the re-
spective miRINA expressing tissues, affecting
100-200 transcripts (Lim et al. 2005). The in-
teresting insight that emerged from this study
was that the transcripts targeted were those
that would normally be expressed at a low
level in the cell type in which the miRNA
is expressed. For example, RNAs targeted by
the muscle-specific 72iR-1 upon its transfec-
tion into nonmuscle cells were RNAs that are
normally at low or undetectable levels in mus-
cle. Global analyses of the relations of miRNA
expression patterns to those of their conserved
targets arrived at a similar conclusion (Farh
etal. 2005, Sood et al. 2006, Stark et al. 2005).
These studies provided evidence that (#) the
average miRINA has target sites in hundreds
of genes; (b) few predicted targets contained
multiple conserved binding sites for a single
miRNA, suggesting that the large-magnitude
regulation conferred by multiple sites for a
single miRNA is exceptional; () abundant
mRNAs are under selective pressure to avoid
regulation by coexpressed miRNAs; and (d)
genes involved in basic cellular processes have
been selected for loss of sites and for short
3’UTRs to limit the occurrence of potentially
detrimental miRNA sites, whereas genes in-
volved in developmental processes show evi-
dence of enrichment for miRNA sites.

An additional observation made primarily
in Drosophila is that many miRNAs and their
targets appear to be expressed in a largely
nonoverlapping manner, either temporally or
spatially (Stark et al. 2005) (Figure 3). In the
latter case, targets are typically present in do-
mains adjacent to the miRNA-expressing tis-
sue. Expression profiling of mammalian cells
indicated that many conserved targets are
present in the tissue expressing the miRNA,
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a Temporal reciprocity

Targets

Targets MIRNA

Expression level

Time

Figure 3

b Spatial reciprocity

Mutually exclusive expression of miRNAs and their targets. (#) miRNAs and their targets can be
expressed in a temporally reciprocal manner: Target transcription may be turned off, concurrent with the
turning on of miRNA expression. miRINA expression may also actively contribute to target repression,
without an underlying change in target transcription. (b) In the case of spatial reciprocity, the miRINA
and its targets, e.g., miR-124 (green) and its target repo (red) in the Drosophila central nervous system, are
often expressed in adjacent domains (from Stark et al. 2005).

albeit at significantly lower levels than in most
other tissues (Farh et al. 2005, Sood et al.
2006). In Drosophila this possibility is not ex-
cluded, although in situ hybridization failed
to detect the targets in the miRNA-expressing
cell. This probably reflects differences in sen-
sitivity of the methodology because selection
for miRINA sites would not emerge if the tar-
gets were not present at some level. In some
cases, the apparentreciprocity of miRNAs and
targets may reflect the action of the miRNA
on target-RNA levels. This can be seen when
the target-RNA level changes in an miRNA
mutant (e.g. Teleman et al. 2006). In other
cases, comparison of primary transcript and
mature target-RINA patterns has suggested no
effect of the miRNA (Stark et al. 2005).

On the basis of these studies, it was sug-
gested that some miRNAs may help main-
tain and define cell types by dampening the

expression of unwanted transcripts, whether
from preexisting mRNAs during develop-
mental transitions or simply from leaky tran-
scription. As a cell changes fate, transcription
of a target may be turned off while miRNA
transcription is being turned on, producing
what appear as mutually exclusive patterns
(Figure 3). Thus, transcriptional regulation
is primary, and miRNA regulation is the sec-
ond level that reinforces the transition as the
targets are on their way out (or present only
at low levels as leaky transcripts). In this way,
miRNAs would provide a fail-safe mechanism
to ensure accuracy and confer robustness to
underlying gene expression programs.
Although the trend of anticorrelation
between miRNA and target expression is
common enough to emerge from a global
computational study of miRNA and target
expression patterns with high statistical
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significance, it does not follow that all
miRNA-target relationships will be of this
type. Further in-depth analysis of miRNAs
and their targets as well as of miRNA mutants
will be needed to reveal how prevalent
this mode of regulation is. Mutants lacking
miRNAs for this class of regulation would
be expected to suffer subtle changes in the
expression of many targets. We consider it
likely that the accumulated consequences
of many small misregulations may lead to
relatively mild and difficult-to-characterize
defects in such mutants rather than to obvious

phenotypes.

DEPLETION OF ALL miRNAs

An approach to examine the spectrum of pos-
sible miRNA functions in development is
to eliminate the production of all miRNAs.
Dicer mutants have proven informative in the
study of the miRINAs expressed earliest dur-
ing development. Moreover, conditional inac-
tivation of Dicer in specific mouse tissues has
shed some light on the functions of some dif-
ferentially expressed miRINAs. This approach
is useful in asking if any miRNA might be in-
volved in a particular biological process.
Animals that are unable to produce
mature miRNAs do not survive or reproduce
(Bernstein et al. 2003, Forstemann et al. 2005,
Ketting et al. 2001, Wienholds et al. 2003).
However, the degree to which development is
impaired varies. In C. elegans, dicer-1 mutants
display defects in germ-line development and
a burst vulva phenotype reminiscent of the
Jet-7 mutant (Ketting et al. 2001, Knight &
Bass 2001). Simultaneous removal of mater-
nal and zygotic dicer-1 is embryonic lethal,
suggesting an essential role for miRNAs
during embryogenesis (Grishok et al. 2001).
In Drosophila, depletion of Loquacious, the
partner of Dicer-1, causes female sterility
(Forstemann et al. 2005), and dicer-1-mutant
germ-line stem cells display cell division
defects (Hatfield et al. 2005). Unfortunately,
the full phenotype of dicer-I-mutant flies
has not been described, but mutant eyes
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are small, with disorganized ommatidial
arrays and missing interommatidial bristles
(Y.S. Lee et al. 2004). Unlike their single
mutants, #gol, dicer-1 double mutants exhibit
strong segmentation defects (Meyer et al.
2006), suggesting that miRNAs may regulate
patterning of the Drosophila embryo.
miRNAs have also been implicated in
memory formation in Drosophila. The pu-
tative RNA helicase Armitage, which is in-
volved in the maturation of RISC (Tomari
et al. 2004), is colocalized at synapses
with calcium/calmodulin-dependent protein
kinase II (CaMKII), a kinase required for
memory (Ashraf et al. 2006). Upon neural
stimulation in olfactory-avoidance learning,
Armitage is degraded, and CaMKII transla-
tion increases, leading to the establishment of
a stable memory. The CaMKII 3'UTR con-
tains some miRNA-binding sites and is re-
quired for this regulation. In armitage and
dicer-2 mutants, CaMKII expression is signif-
icantly higher. However, because Drosophila
dicer-2 has been implicated in the biogenesis
of siRNAs rather than of miRNAs (Y.S. Lee
et al. 2004), it remains unclear if the canon-
ical miRNA pathway will have a role in the
establishment of long-term memory.
dicer-1-mutant zebrafish die by 2-3 weeks
of age, without obvious defects except for a
general growth arrest (Wienholds etal. 2003).
miRNAs do not have a function in the ze-
brafish germ line, so the germ line can be
transferred from zygotic mutant fish into a
normal host. When mated to mutant males,
the resulting females can produce eggs lack-
ing maternal and zygotic dicer-1 (Giraldez
et al. 2005). Although these embryos can-
not produce any mature miRNAs, their early
development is not severely perturbed. Ab-
normalities have been seen in morphogenetic
processes during gastrulation, somitogenesis,
and heart and brain development, ultimately
leading to late-embryonic lethality. These
comparatively mild defects contrast sharply
with the case of Dicer-mutant mice, which ar-
rest development and die during gastrulation,
before axis formation (Bernstein et al. 2003).
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In studies using conditional mouse Dicer,
embryonic stem cells were impaired in their
ability to proliferate (Murchison et al. 2005),
and those selected for survival failed to differ-
entiate (Kanellopoulou et al. 2005). In con-
trast to the zebrafish situation, recent reports
indicate an essential role for dicer-dependent
miRNA biogenesis in the oocyte to support
normal development of the mouse embryo
(Murchison et al. 2007, Tang et al. 2007).
Other Dicer-depleted tissues were able to dif-
ferentiate and pattern properly, yet the mor-
phogenesis of hair follicles, the lung epithe-
lium, and limbs was perturbed (Andl et al.
2006, Harfe et al. 2005, Harris et al. 2006,
Yi et al. 2006), and apoptosis was induced.
Specific deletion of Dicer in the mouse thy-
mus early in T cell development reduced the
proliferation and survival of & T cells, but
the CD4/CD8 lineage choice was not affected
(Cobb et al. 2005). These studies suggest that
some miRNAs play important roles in these
tissues, but leave open the question of what as-
pect of their biology is being regulated. The
identification of which miRNAs act and on
which targets will be needed for a deeper un-
derstanding of their roles in development.

These approaches suggest that miRNAs
are likely required in a broad range of bio-
logical processes during animal development.
Surprisingly, at least in vertebrates, basic pat-
terning events and differentiation do not seem
to rely heavily on miRNA-mediated regu-
lation, whereas physiological processes may
do so.

SPECIFIC miRNA FUNCTIONS

If one considers the abundance of miRNA
genes, it may seem surprising that so few
miRNA mutants have been recovered in
the multitude of genetic screens done in
Drosophila or C. elegans. Why have all these
miRNA genes been missed?

An obvious reason might be the small size
of miRNAs. In most cases, the seven nu-
cleotides that constitute the seed must be af-
fected to eliminate miRNA function, mak-

ing miRNAs difficult-to-hit targets in chem-
ical mutagenesis. However, this explanation
does not hold true for screens based on trans-
poson insertion for loss- or gain-of-function.
Aside from the trivial possibility that miRNA
genes may have been overlooked historically
because they lacked protein-coding regions,
redundancy between miRNAs that share the
same seed sequence and that are coexpressed,
may mask the effects of loss of single miRNAs
(Abbottetal. 2005). Another possibility is that
many miRNA mutants show subtle defects or
low-penetrance defects that may be difficult to
identify in high-throughput genetic screens.

To address these issues, a large-scale mu-
tagenesis project was undertaken to identify
mutants for all miRNAs in C. elegans (E.A.
Miska, E. Alvarez-Saavedra, A.L. Abbott, N.P.
Lau, A. Helmann, S. McGonagle, D.P. Bartel,
V. Ambros & H.R. Horvitz, personal com-
munication). Relatively few miRINA genes in-
dividually generate robust abnormal pheno-
types. In some cases, this can be attributed to
overlapping functions; multiple mutants that
remove related miRNAs reveal stronger de-
fects than do the single mutants. However,
some miRNA multiple mutants still produce
few or not discernible defects. This group may
reflect those miRINAs that confer precision to
developmental processes rather than making
developmental decisions.

Misexpression and Overexpression

When an miRNA is misexpressed, it has the
potential to regulate many targets that it
might never encounter in its endogenous ex-
pression domain (Farh et al. 2005, Lim et al.
2005, Sood et al. 2006, Stark et al. 2005).
Shutting down such targets can be expected
to cause strong phenotypes. But because the
miRNA and target may not normally be sig-
nificantly coexpressed, it is difficult to ex-
trapolate from the misexpression effect to the
normal function of the miRNA. miRINA mis-
expression can produce intriguing defects that
have limited relevance to what was learned
from mutants removing the miRNA (Teleman
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et al. 2006), although both defects may re-
sult from misregulation of the same target
in different contexts. Our unpublished ob-
servations suggest that this may often be the
case (N. Bushati, J. Karres, J. Varghese &
S.M. Cohen). We suggest that reciprocity of
outcome should be considered an essential
criterion in assessing miRNA function.

In Drosophila, two families of Notch target
genes, the Enhancer of split-Complex and the
Bearded-Complex genes, contain conserved
motifs in their 3"UTRs complementary to the
seed sequences of a family of related miRNAs
(Lai 2002, Stark et al. 2003). Some of these
miRNAs, when misexpressed, can induce phe-
notypes reminiscent of loss of Notch path-
way function (Stark et al. 2003, Lai et al.
2005). Similarly, misexpression of miR-iab-5p
can repress Ubx and induce a homeotic phe-
notype (Ronshaugen et al. 2005). But it re-
mains to be determined if mutants remov-
ing these miRNNAs impact Notch signaling
or Ubx function in vivo. However tantalizing
the misexpression results, we consider studies
based solely on miRNA misexpression to have
limited predictive value. In some cases, they
may help to identify the correct target gene
(e.g., Teleman et al. 2006), but this cannot be
taken for granted. Below we outline several
examples in which misexpression and loss-of-
function approaches have provided consistent
results, giving us confidence in their insights
into miRNA functions.

When overexpressed, the pancreatic islet—
specific 7iR-375 inhibits glucose-induced in-
sulin secretion. This can be mimicked by
knockdown of its target, mzyotrophin (Poy
et al. 2004). Importantly, depletion of miR-
375 increases myotrophin levels and enhances
glucose-stimulated insulin secretion, indicat-
ing that 7iR-375 is an inhibitor of glucose-
stimulated insulin secretion. Using a similar
approach in cultured hippocampal neurons,
Schratt et al. (2006) found that 7:R-134 reg-
ulates dendritic spine size by inhibiting trans-
lation of Limk]I.

In hematopoietic stem cells, enforced
expression of the B cell-specific miRNA
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miR-181 stimulates their differentiation to
B-lineage cells (Chen et al. 2004), but it re-
mains to be determined if loss of 72iR-181 im-
pedes differentiation. A very recent report (Li
et al. 2007) provides evidence that 7iR-181
overexpression and depletion produce oppos-
ing effects on antigen sensitivity in T cells.

miR-1 and miR-133 are absent from un-
differentiated myoblasts and strongly upreg-
ulated upon differentiation into myotubes
(Boutz et al. 2007). Tissue-specific overex-
pression of miR-1 in the developing mouse
heart induces premature differentiation of
myocytes (Zhao etal. 2005). 7iR- I misexpres-
sion can accelerate myoblast differentiation
by the targeting of histone deacetylase 4, a
repressor of muscle differentiation, whereas
depletion of miR-1 impedes differentiation,
indicated by a decrease in myogenic markers
(Chen et al. 2006). 7iR-1 and miR-133 form
one genomic cluster and are coexpressed in
heart and skeletal muscle. 7iR-133 promotes
myoblast proliferation by targeting serum re-
sponse factor (Chen et al. 2006), but in a dif-
ferent experimental setup myoblast differen-
tiation was not observed (Boutz et al. 2007).
miR-133 was required during differentiation
to downregulate nPTB protein, a repressor of
alternative splicing, resulting in splicing of a
group of silenced exons in mature myotubes.
miR-1 and miR-133 are seemingly required to
define and maintain the properties of differ-
entiated muscle cells, in agreement with the
conclusions drawn from 72iR-1 misexpression
(Lim et al. 2005). In a very recent report, a
mouse lacking one of the 7iR-1 genes had de-
fects in heart development and function, pro-
viding robust genetic evidence for the impor-
tance of this miRINA family in cardiogenesis
(Zhao et al. 2007).

In C. elegans, let-60/RAS contains sev-
eral putative miR-84/let-7-binding sites and
can be downregulated by miR-84 and ler-7.
let-7 mutants display a burst vulva phenotype
that can be suppressed by RNAi of /er-60/RAS
(Johnson et al. 2005), suggesting that excess
let-60/RAS activity contributes to the defect.
Overexpression of 7iR-84, a member of the



Annu. Rev. Cell Dev. Biol. 2007.23:175-205. Downloaded from arjournals.annualreviews.org
by European Molecular Biology Lab - Heidelberg EBVC Biomed & PC Archive on 12/13/07. For personal use only.

let-7 family, can rescue the multivulva phe-
notype caused by let-60/RAS gain-of-function
alleles (Johnson etal. 2005). These results im-
plicate /et-7 as an important in vivo regulator
of let-60/RAS, but final conclusions about the
relevance of 7iR-84 await mutant analysis.

MODES OF miRNA FUNCTION:
miRNA MUTANTS

How essential are the contributions of spe-
cific miRNAs to developmental programs?
Because many miRNAs are highly conserved,
their functions must be advantageous, even if
they appear vanishingly subtle to us in the
lab. As for other regulatory molecules, indi-
vidual miRNAs can be expected to influence
development to different degrees. Whether a
general mode of action is attributable to most
miRNAs is still a subject of discussion (Bartel
& Chen 2004, Hornstein & Shomron 2006,
Stark et al. 2005). Most likely one size won'’t
fitall. Comparison of the insights gained from
experimental analysis of miRNAs and com-
putational studies suggests that there may be
several conceptually distinct modes in which
miRNAs act. Here we present evidence for
several such modes of action and discuss what
sort of evidence would be required to support
the case for others.

miRNAs Acting as Developmental
Switches

When deleted, miRNAs required for devel-
opmental decision-making can be expected to
cause strong phenotypes. The first miRINAs
identified, C. elegans lin-4 and let-7, are of this
kind. Indeed, it could hardly be otherwise,
given that they were found in forward ge-
netic screens for mutant phenotypes (Chalfie
et al. 1981, Lee et al. 1993, Reinhart et al.
2000, Wightman et al. 1993). Without /in-4,
the animal is unable to make the transition
from the first to the second larval stage owing
to a differentiation defect. This developmen-
tally retarded phenotype is caused by a fail-
ure to posttranscriptionally downregulate the

lin-14 gene, which harbors seven /in-4 target
sites in its 3'UTR (Figure 2) (Lee etal. 1993,
Wightman etal. 1993). In the adult worm, /in-
4-mediated downregulation of /in-14has been
implicated in life-span regulation (Boehm &
Slack 2005).

Depletion of ler-7, a highly conserved
miRNA, also leads to a heterochronic defect,
failure of larval-to-adult transition (Reinhart
et al. 2000). Several genes are direct targets
of Jet-7 during this transition: /in-41, hbl-1,
and daf-12 and the forkhead transcription fac-
tor pha-4 (Abrahante et al. 2003, Grosshans
etal. 2005, Lin et al. 2003, Slack et al. 2000).
let-7 is a member of a family of miRNAs in-
cluding 72iR-48, miR-84, and miR-241, which
function in a cooperative manner to control
the earlier L2-to-L3 transition, probably by
targeting hb/-1 (Abbott et al. 2005, Li et al.
2005). Additionally, in adult worms miR-4§
and miR-84 are coordinately required to bring
the larval molting cycle to an end (Abbott
et al. 2005). These C. elegans miRNAs act as
key regulators of developmental timing. The
temporal regulation of /ez-7 during develop-
mentand the presence of a target site in /in-41
(Figure 2) are conserved (Pasquinelli et al.
2000), raising the possibility that this regula-
tory relationship controls some aspect of de-
velopmental timing in other organisms.

Loss of /sy-6 in C. elegans induces a cell-
fate switch: Instead of having two morpholog-
ically distinct gustatory neurons on left and
right sides, known as ASEL and ASER, re-
spectively, two ASER neurons are specified
(Johnston 2003). Asymmetry is lost owing to
the failure of /sy-6 to repress cog-1 expression
in ASEL. die-1, present only in ASEL, is re-
quired for /sy-6 expression (Chang etal. 2004).
die-1 in turn is downregulated in ASER by
miR-273, which is expressed predominantly
in the ASER because it is activated there by
the /sy-6 target cog-1 (Johnston et al. 2005).
Therefore, the cell-fate decision and stabiliza-
tion of the gustatory ASE neurons are con-
trolled via a double negative-feedback loop in
which two transcription factors use miRINAs
to repress each other (Figure 4).
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miRNAs acting in a double negative-feedback loop control neuronal asymmetry in C. elegans. In

C. elegans, Isy-6, induced by the transcription factor die-1, determines adoption of the ASEL fate by
repressing cog-1 expression. In the ASER neuron, cog-1 positively regulates its own expression and
induces 72iR-273, which suppresses die-1 and, consequently, /sy-6.

miR-181 expression is upregulated during
terminal differentiation of myoblasts, and the
depletion of miR-181 impedes their differ-
entiation, partly owing to the upregulation
of one of its targets, Hox-Al1l, an inhibitor
of differentiation (Naguibneva et al. 2006).
However, miR-181 overexpression is not suffi-
cient to induce differentiation. In adult mus-
cle, miR-181 is expressed at very low levels,
suggesting that it is involved in muscle estab-
lishment, not maintenance. Whether or not
this miRNA acts as a developmental switch in
vivo awaits analysis of a knockout mouse.

Fine-Tuning Developmental
Programs: Robustness

On the basis of the computational studies de-
scribed above, many miRNAs are expected to
regulate a large set of targets that may be ex-
pressed atlow levels in the miRINA-expressing
cells. This may provide a second layer of reg-
ulation to reinforce transcriptional controls.
miRNA mutants of this class may be expected
to have subtle phenotypes and, perhaps, phe-
notypes that are difficult to study, owing to
the heterogeneous nature of their targets.
Members of the 7iR-430 multigene fam-
ily are expressed at high levels at the on-
set of zygotic transcription in zebrafish em-
bryos. Supplying miRNA-depleted embryos
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with miR-430 by injection rescues the brain
morphogenesis defects seen in these embryos
(Giraldez et al. 2005). Comparing expres-
sion profiles of miRNA-depleted embryos
with those of embryos resupplied with miR-
430 revealed that several hundred transcripts,
likely direct 72iR-430 targets based on miRINA
seed matches, are misregulated in the ab-
sence of miR-430 (Giraldez et al. 2006). Ap-
proximately 40% are maternally deposited
RNAs, suggesting that 7R-430 is required
to accelerate the clearance of preexisting ma-
ternal mRNAs in the embryo when zygotic
transcription starts (Figure 5). This study
provides experimental evidence that an en-
dogenous miRNA targets hundreds of tran-
scripts in vivo and that their regulation by the
miRNA serves to ensure robustness of the de-
velopmental program. A similar situation ex-
ists in Drosophila, in which the six miRINAs
encoded of the miR-309 miRNA gene clus-
ter contribute to the clearance of maternally
encoded mRINAs at the onset of zygotic tran-
scription (N. Bushati, A. Stark, J. Brennecke
& S.M. Cohen, unpublished observations).
Surprisingly, most Drosophila larvae lack-
ing the highly conserved, muscle-specific
miRNA miR-1 develop apparently normal,
functional muscles (Sokol & Ambros 2005).
Twenty percent of the mutant embryos do not
hatch, but the lethality is not due to obvious
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Maternal mMRNA miR-430
Wild type
Maternal genes Mixed Zygotic genes
Maternal mMRNA
miR-430 absent
Maternal genes Mixed Zygotic genes
Figure 5
Fine-tuning embryonic development. In early zebrafish embryogenesis, the miRINA 72iR-430 regulates
the transition from maternal to zygotic mRNA transcription by targeting maternal mRINAs for
degradation. In the absence of 72iR-430, maternal mRNA expression overlaps with zygotic gene
expression and interferes with morphogenesis.
muscle defects (Brennecke et al. 2005a). The  their more lateral neighbors are exposed to
remaining 80% die with massively disrupted less Hedgehog. Su(fu), a negative regulator
muscles when the mutants begin the rapid of Hedgehog signaling, is upregulated in
phase of larval growth upon feeding. How-  miR-214-depleted embryos, probably owing
ever, if the mutant larvae are fed on sugar, to the lack of regulation by 7R-214. Su(fu)
conditions under which they live but do not  participates in Hedgehog signaling by retain-
grow, muscle function is normal, and the ing both the activator and repressor forms of
animals survive. It is unclear which target(s) the Gli transcription factors in the cytoplasm.
is misregulated in the 7iR-1 mutant or how miRNA-mediated downregulation of Su(fu)
growth causes muscle degeneration. Perhaps ~ may maximize the response to different levels
this defect is the consequence of many subtle  of Hedgehog signaling.
errors earlier during development, when Antisense-mediated silencing of the abun-
miR-1 may be required to confer robustness  dantliver-specific 7iR-122 in the mouse leads )
to the identity and/or physiology of muscle to significant upregulation of >100 mRNAs ﬁﬁtﬁﬁzzfeoﬁ dew
cells. But a specific role during muscle growth  containing miR-122 seed matches in their megdiated

is also possible.

Zebrafish  miR-214  is
mesoderm  during early
and throughout embryogenesis. Antisense

expressed  in
somitogenesis
oligonucleotide—mediated ~ depletion  of
miR-214 reduced Hedgehog signaling in the
presomitic mesodermal cells adjacent to the
notochord and therefore reduced the number
of slow-muscle cells (Flynt et al. 2007).
During normal development, these cells
experience high Hedgehog levels, whereas

3'UTRs. These mice are healthy and show
substantially reduced levels of circulating
cholesterol and triglycerides. 72iR-122 there-
fore has a function in hepatic lipid metabolism
and may be required to fine-tune this process
(Esau etal. 2006, Krutzfeldt et al. 2005). Stud-
ies such as this suggest the therapeutic poten-
tial of miRNA depletion.

In mouse embryos, an 7iR-196 gene is lo-
cated in all four mammalian HOX clusters.
miR-196 is expressed in the hindlimb but not
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in the forelimb. Its targets, Hoxa7 and Hoxb$,
are induced by retinoic acid in the verte-
brate forelimb but not in the hindlimb. #iR-
196 cleaves its target HOXB8 (Yekta et al.
2004) and may block translation of Hoxa7
when these RNAs are present in the hindlimb
(Hornstein et al. 2005). Thus, miR-196 sup-
presses unwanted transcripts in a domain in
which they are normally transcriptionally re-
pressed, supporting a primary transcriptional
level of regulation. This provides an in vivo
example of how apparently spatially recip-
rocal expression domains of miRNAs and
targets can reflect an important regulatory
relationship.

A similar relationship exists between m2iR-
278 and its target, expanded, in adipose tissue
in Drosophila. miR-278-mutant flies are lean
owing to insulin insensitivity in the adipose
tissue, in which 7:R-278 is most strongly ex-
pressed (Teleman et al. 2006). A similar defect
results in mice with adipose-tissue-specific
knockout of insulin responsiveness (Teleman
et al. 2000). expanded mRNA and protein lev-
els are normally very low in adipose tissue
but increase considerably in the 7iR-278 mu-
tant. Genetic analysis has shown that expanded
overexpression causes the lean phenotype. In
this case, the miRNA contributes strongly to
downregulation of its target’s transcript lev-
els, thereby helping to shape its expression
domain.

Proliferation and Apoptosis

‘The Drosophila miRNA bantam was identified
in a screen for regulators of tissue growth in
which its overexpression induced overgrowth.
bantam mutants are small and die as early pu-
pae (Brennecke et al. 2003). To allow net tis-
sue growth, apoptosis must be overcome. The
3'UTR of the proapoptotic gene hid contains
five bantam target sites, and part of the ability
of bantam to promote growth can be explained
by this regulatory relationship. But this is not
sufficient to explain the mutant phenotype
because blocking apoptosis is not enough to
cause growth. The targetsinvolved in the gen-
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eration of a positive-growth-regulatory out-
put by bantam, e.g., by inhibition of a nega-
tive growth regulator, have not yet been iden-
tified. Recently, the Hippo signaling pathway,
which coordinately controls cell proliferation
and apoptosis, has been shown to regulate ban-
tam expression (Nolo et al. 2006, Thompson
& Cohen 2006).

Feedback Loops

Several miRNAs are part of regulatory feed-
back loops. The roles they play can be switch-
like, as described above for C. elegans Isy-6 and
miR-273, which are thought to actin a double
negative-feedback loop to specify left-right
asymmetry of gustatory neurons (Chang et al.
2004, Johnston & Hobert 2003) (Figure 4).

In other cases, the role of the miRNA in
the feedback loop can be quite subtle, rein-
forcing or stabilizing decisions made by other
factors. In the Drosophila eye, miR-7 rein-
forces a developmental decision via a recip-
rocal negative-feedback loop (Li & Carthew
2005) (Figure 6). During photoreceptor dif-
ferentiation, a transient EGF signal leads to
degradation of the protein Yan and, by the
release of Yan-mediated repression of #iR-7
transcription, to elevated miR-7 expression.
Subsequently, 72iR-7 represses Yan. A stable
change in cell fate from progenitor to pho-
toreceptor is thereby achieved, and the dif-
ferentiated fate is maintained by the presence
of the miRNA. The overall eye development
of miR-7-mutant flies appears normal. Only
when the system was sensitized by the intro-
duction of a Yan allele, which does not respond
normally to epidermal growth factor recep-
tor (EGFR), were defects observed, demon-
strating that the miRNA does not control the
feedback loop but reinforces a decision made
in response to an extracellular signal. This is
another example of mutually exclusive expres-
sion of an miRNA and its target because Yan
is downregulated when 72iR-7 expression is
induced.

A similar negative-feedback loop operates
during granulocytic differentiation (Fazi et al.
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Figure 6
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Wild type

1
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= miR-7

miR-7 reinforces photoreceptor differentiation. (#) Yan represses zir-7 transcription in the progenitor.
(b,') During photoreceptor differentiation, epidermal growth factor receptor (EGFR) signaling induces
Yan degradation, which leads to the release of 7iR-7 repression. (b) 7iR-7 then reinforces Yan
downregulation. (#') In the absence of m2ir-7, Yan is still repressed by EGFR, and therefore photoreceptor

differentiation occurs normally.

2005): In undifferentiated myeloid precur-
sors, the transcription factor nuclear factor
I-A (NFI-A) keeps levels of miR-223 expres-
sion low. When ectopically expressed, #ziR-
223 enhances the differentiation of myeloid
precursors into granulocytes. Upon stim-
ulation with retinoid acid, which induces
differentiation, CCAAT/enhancer binding
protein o (C/EBP«) replaces NFI-A and in-
duces high levels of miR-223 transcription.
miR-223 in turn represses NFI-A translation
via a binding site in its 3’'UTR, thus ensur-
ing its own expression. Depletion of miR-
223 followed by stimulation with retinoic
acid leads to reduced expression of a gran-
ulocytic differentiation marker (Fazi et al.
2005).

In C. elegans, miR-61 is directly transcrip-
tionally activated in secondary vulval precur-
sor cells by LIN-12/Notch (Yoo & Greenwald
2005). miR-61 represses Vav-1, which would
otherwise repress LIN-12, thereby inducing
a positive-feedback loop, reinforcing LIN-12
activation and specification of secondary vul-
val cell fate. In contrast to 7iR-7, which en-
sures robustness of a decision made by EGFR
signaling, miR-61 may play a major role in
cell-fate specification.

Thresholding

Flies lacking m2iR-9a, a conserved nervous
system—specific miRINA, produce extra sense
organs (Li et al. 2006). This defect is due to
failure to repress the miR-9a target senseless.
Indeed, the 72iR-9a-mutant phenotype is sup-
pressed by the removal of one copy of the
senseless gene, which limits the extent to which
senseless can be overexpressed. An interesting
aspect of this mutant is that loss of senseless
regulation causes a sporadic defect, with up
to 40% of animals affected. Why is that so?
During selection of the sensory organ precur-
sor (SOP) from cells of a proneural cluster,
senseless expression is turned on by proneu-
ral proteins and feedbacks positively to rein-
force proneural gene expression. The result-
ing high level of proneural activity induces
a signal that the SOP uses to repress SOP
fate in surrounding cells. Early in the process,
miR-9a is broadly expressed in the neuroecto-
derm and limits proneural gene expression by
keeping senseless expression low. During this
phase, 7iR-9a sets a threshold that senseless
expression has to overcome to induce SOP
fate, thereby selecting only the cell with the
highest transcriptional peak. In animals lack-
ing miR-9a, senseless levels sporadically exceed
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the threshold, leading to ectopic SOP forma-
tion. It should be noted that the miRNA is not
part of a feedback loop but limits the level at
which a transcriptional feedback system can
be activated. Whether other miRNAs have
comparable rolesin thresholding (Cohen etal.
2006) remains to be seen.

Anattempt to investigate 72iR-92 and other
miRNA functions has been made by the in-
jection of complementary 2'-O-methyl olig-
oribonucleotides into fly embryos (Leaman
et al. 2005). However, where comparisons
have been possible the results obtained by
antisense-mediated depletion have differed
significantly from those observed in the cor-
responding miRNA-null mutants. Depletion
of miR-1, miR-9a, miR-279, miR-6, miR-286,
and several miRNAs of the miR-310 family
was reported to cause a variety of severe em-
bryonic defects. Comparable defects were not
seen in embryos mutant for these miRNAs (Li
etal. 2006, Sokol & Ambros 2005; N. Bushatd
& S.M. Cohen, unpublished data). It is un-
clear how to explain this discrepancy.

TARGET TYPES: SWITCHING
OFF VERSUS TUNING TARGET
EXPRESSION LEVELS

A few years ago, Bartel & Chen (2004) pro-
posed the terms switch target and tuning tar-
get to describe two classes of relationships
between miRNAs and targets (Figure 7).
These terms were coined to describe what the
miRNA does to its target and should not be
confused with what regulation of the target
does to the cell or organism.

A switch target is one for which the
miRNA reduces target expression to a level
below which it has any meaningful activity
in the cell, effectively switching it off. Most
of the targets of miR-1 or miR-124, which
are normally expressed at low levels in the
miRNA-expressing cells, would likely qual-
ify as switch targets because the job of the
miRNA appears to be to reduce their poten-
tial leaky expression to inconsequential levels.
In these and other examples discussed above,
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such as that of miR-196, the miRNAs do
not appear to act as developmental switches.
However, important miRNA targets, includ-
ing those of the heterochronic miRNAs /in-4
and Jet-7, may act as developmental switches
(Lee et al. 1993, Wightman et al. 1993). Al-
though these are also likely to be switch tar-
gets, it remains to be demonstrated that the
residual expression after miRNA-mediated
repression is without function.

The notion of a tuning target reflects the
role of the miRNA in setting a defined level
of target expression while being coexpressed
with the miRNA. Tuning targets can make
use of miRINAs to smooth out fluctuations in
their expression or, by altering miRNA level,
to ensure that target levels are suitable for the
prevailing conditions. The critical distinction
between the switch and tuning modes lies in
whether the residual level of target expression
is required, i.e., has a specific function, in that
cell or if the job of the miRINA is merely to re-
duce target expression to an inconsequential
level. One could make this distinction genet-
ically, for example, by selectively eliminating
the target gene in the miRNA cells, using a
conditional knockout approach. To date no
such analysis has been presented, but we sug-
gest this as a rigorous standard.

miRNAs IN HUMAN DISEASE

One of the human diseases in which miRINAs
have been implicated is the neuropsychiatric
disorder Tourette’s syndrome (T'S) (Abelson
et al. 2005). The 3’UTR of SLITRKI con-
tains aziR-189-binding site, which is mutated
in some TS patients. This polymorphism re-
placesa GU base pair with AU pairing, leading
to stronger regulation by the miRNA. In situ
hybridization of SLITRKI mRNA and #zR-
189 revealed coexpression in neuroanatomi-
cal circuits most commonly implicated in T'S.
Obviously this mutation is only one out of
many rare mutations leading to this complex
disease, but it demonstrates how an miRINA
can be involved in the establishment of a dis-
ease phenotype.
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Figure 7

Switch and tuning targets revisited. Red, light blue, and dark blue indicate areas in which protein levels
are undesirably high, optimal, and inconsequential, respectively. (#) Switch targets are downregulated to
inconsequential levels. In the absence of the miRNA, these targets are expressed at levels that may be
harmless (switch target I) or at detrimental levels (switch target II). The consequences can be subtle or
severe, depending on the type of target gene and its relative level of misexpression. (6) miRNAs adjust the
expression of tuning targets to optimal levels. In the absence of the miRNA, the tuning target is
expressed at a detrimental level. In contrast to switch targets, tuning targets have a function in the
miRNA-expressing cell, so reducing them further has a negative effect.

Ninety percent of patients suffering from
DiGeorge syndrome lack one copy of the
chromosomal region 22q11 (Lindsay 2001).
Interestingly, the Drosha partmer DGCRS
maps to this region (Denli etal. 2004, Gregory

et al. 2004, Han et al. 2004, Landthaler
et al. 2004, Shiohama et al. 2003), but it re-
mains to be determined if reduced miRNA
levels are an underlying cause of DiGeorge

syndrome.
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Expansion of the polyglutamine repeats in
Ataxin-3 has been linked to neurodegenera-
tion. Depletion of dicer in human cells led to a
significant enhancement of Ataxin-3-induced
toxicity (Bilen et al. 2006). Which miRNAs
are involved in this human neurodegenerative
disorder remains to be determined.

miRNAs as Oncogenes and Tumor
Suppressors

miRNA expression levels are altered in pri-
mary human tumors (Calin et al. 2004, Lu
et al. 2005). One study reported that global
miRNA expression was lower in cancer tis-
sues than in normal tissues (Lu etal. 2005), but
another did not find this trend (Volinia et al.
2006). Because many miRNAs are expressed
in differentiated cell types, global miRNA
levels may reflect the differentiation state of
the tissue and perhaps may be attributable
to a failure of Drosha processing (Thomson
et al. 2006). Intriguingly, significantly differ-
ing miRNA profiles can be assigned to vari-
ous types of tumors, suggesting that miRNA
profiling has diagnostic and perhaps prognos-
tic potential (Calin & Croce 2006, Lu et al.
2005). However, for most miRINAs it is un-
known whether they actually play an active
role in tumor formation.

Loss of miRINAs in cancer tissue may sug-
gest a role of miRNAs as tumor suppres-
sors. The miR-15a and miR-16-1 genes are lo-
cated in chromosome region 13q14, which is
deleted in most cases of chronic lymphocytic
leukemia (Calin et al. 2002). These miRNAs
target B cell lymphoma 2 (Bcl2), an antiapop-
totic gene, suggesting thatloss of 7iR-154 and
miR-16-1 in B cells may lead to the inhibi-
tion of apoptosis, giving rise to malignancies
(Cimmino etal. 2005). However, causality has
not been established, and the correlation is
not universal. The same miRINAs are overex-
pressed in a type of pancreatic tumor (Volinia
et al. 2006).

miRNAs with oncogenic potential are ex-
pressed from the miR17-92 locus 13q31,
which is amplified in some tumors, e.g.,
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tenfold in B cell lymphoma samples (He
et al. 2005). Overexpression of this cluster
in a mouse model of human B cell lym-
phoma accelerated c-Myc-induced tumorige-
nesis, and the apoptosis normally seen in
¢-Myc-induced tumors was suppressed (He
etal. 2005). c-Myc can directly transcription-
ally activate the miRI17-92 cluster and the
proapoptotic E2F1, which in turn is targeted
by two miRNAs of the cluster (O’Donnell
et al. 2005). These miRNAs would there-
fore support a shift from apoptosis toward
proliferation by the downregulation of E2F1.
Moreover, ¢-Myc-induced activation of the
miR17-92 cluster leads to enhanced tumor
angiogenesis in mouse colonocytes, proba-
bly via direct, miRNA-mediated downregu-
lation of antiangiogenic proteins (Dews et al.
2006).

Primary human fibroblasts expressing the
clustered miRNAs miR-372 and miR-373
were able to overcome oncogenic Ras-
mediated arrest and, therefore, induced tu-
morigenesis (Voorhoeve et al. 2006). In
part, this effect is mediated by targeting of
the tumor suppressor LATS2. miR-372 and
miR-373 are expressed specifically in testicu-
lar germ cell tumors (Voorhoeve et al. 2006).

Interestingly, both miRNA clusters are
highly expressed in embryonic stem cells (Suh
et al. 2004, Thomson et al. 2004), which
suggests that they contribute to tumorige-
nesis by exerting their normal function at
the wrong time and place in the organism.
Another miRNA with oncogenic potential
is miR-155, which is overexpressed in sev-
eral kinds of B cell lymphomas and can in-
duce preleukemic pre-B cell proliferation in
mice when it is overexpressed specifically in B
cells (Costinean et al. 2006). For a more in-
depth review of miRNAs in cancer, see Calin
(2006).

miRNAs and Viruses

Viruses use miRNAs in their effort to con-
trol their host cell; reciprocally, host cells use
miRNAs to target essential viral functions.
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miRNAs have been found in nuclear DNA
viruses like the herpesvirus, but to date none
have been found in RNA viruses (Cullen 2006;
Pfeffer et al. 2004, 2005). Most RNA viruses
are restricted to the cytoplasm and are there-
fore not expected to encode miRINAs because
miRNA transcripts need to be processed in
the nucleus by Drosha.

The SV40-encoded miRNA 7iR-S1 helps
keep the infected cell hidden from the im-
mune system. It is expressed late in the vi-
ral replication cycle, when it acts to degrade
early viral mRNAs encoding T antigen, lim-
iting exposure of the infected cell to cyto-
toxic T lymphocytes (Sullivan et al. 2005).
miR-LAT of herpes simplex virus-1 inhibits
apoptosis of latently infected neurons by tar-
geting the proapoptotic transforming growth
factor-B (TGF-f3) and one of its mediators,
SMAD3 (Gupta et al. 2006). The miRNA
thereby keeps its host cell alive.

Endogenous, cellular miRNAs that target
viral RNAs have been reported as well. In one
scenario, the cell uses the miRINA to impede
viral replication. 7iR-32 restricts the replica-

SUMMARY POINTS

tion of the retrovirus PFC-1 in cell culture
(Lecellier et al. 2005). In another scenario,
the virus takes advantage of an endogenous
cellular miRNA. Replication of hepatitis C vi-
ral RNA is facilitated by binding of the liver-
specific miRNA 72iR-122 to the 5" noncod-
ing region of the viral genome (Jopling et al.
2005).

CONCLUSIONS

miRNAs have captured the attention of the bi-
ological sciences community in part because
of their novelty and in part because of the ex-
citement of exploring the regulatory potential
of anew type of molecule. This review aims to
illustrate that the analysis of miRINA functions
in vivo has begun to shed light on the types
of biological processes that miRNAs regulate.
As well, we have begun to understand the va-
riety of ways miRNAs can act in the context of
other regulatory mechanisms. It appears that
their biological roles in development and dis-
ease as well as their modes of action will be
diverse.

1. A developmental switch is a change in the program of a cell in response to the input

of new information. This can be accomplished by a change in transcription or an
miRNA-mediated change in posttranscriptional gene expression.

. Resistance to perturbation is a common property of developmental systems. miRINA-

mediated posttranscriptional gene regulation is thought to contribute to robustness,
in part through noise reduction.

. miRINA targets are often expressed at very low levels, possibly at that of noise, in

miRNA-expressing cells. In such cases, the job of the miRNA is to keep low-level
expression to inconsequential levels.

. Some miRNAs act as components of regulatory feedback loops. In some cases they

are key components. In other cases, they are modulators that ensure robustness or set
a threshold for switch activation.

. Some miRNAs switch off target gene expression, reducing them to inconsequential

levels. Failure to regulate targets in this way may have severe consequences or subtle
effects, depending on the nature of the targets.
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6. Some miRNAs may maintain the level of target gene expression within an optimal
window, neither too high nor too low. Here the critical features are that the target
has a specific function in the cell at the level set by the miRNA and that expression
above or below the set level may be detrimental.
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