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Abstract
Liao, Z. 2018. A small amoeba at the crossroads of the big RNAi world. MicroRNA
biogenesis and Argonaute function in Dictyostelium discoideum. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 1686. 73 pp.
Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0371-0.

Small non-coding RNA (ncRNA) mediated gene silencing, known as RNAi, is a key regulatory
mechanism of gene expression in eukaryotes. MicroRNAs (miRNA), one major type of
small ncRNAs, are about 21nt long and bound by Argonaute proteins. This RNA-protein
complex, called RISC, silences post-transcriptionally target mRNAs containing partial or full
complementary sequence to the miRNA. 

MiRNAs are generated from step-wise endonucleolytic cleavages of long primary transcripts
(pri-miRNAs) by RNase III nucleases. Biogenesis of miRNAs differs between uni- and
multicellular eukaryotes, and also between plants and animals. In this thesis, I aimed to
understand miRNA maturation in the social amoeba Dictyostelium discoideum, which stands
at the crossroads between these phylogenetically distant groups. We showed that Dicer-like
protein DrnB is essential for global maturation of D. discoideum miRNAs. The study of two pri-
miRNAs revealed the conserved 5’ m7G-cap structures, but different 3’end formation from each
other, and also from canonical miRNAs in plants and animals. In agreement with its evolutionary
position, D. discoideum miRNA biogenesis showed unique and also shared features with both
life groups.

D. discoideum grows as a unicellular organism, but can switch to a multicellular development
upon starvation. Most miRNAs, many other small ncRNAs, and Argonaute proteins, the
core effectors of the RISC, are differentially expressed during development, indicative of a
crucial role of RNAi mediated regulation throughout D. discoideum life cycle. Among the
five Argonaute homologs in D. discoideum, I investigated the functions of three members, e.g.
AgnB, C and E. Judging from their subcellular localization, the phenotypic consequences and
transcriptional alteration resulting from single Argonaute gene deletion, our results suggested
different roles of AgnB, C and E. Possibly AgnB associates with miRNAs and regulates gene
expression post-transcriptionally; while AgnC seems to be involved in nuclear RNAi. Finally,
the cytoplasmic AgnE inhibits D. discoideum cell growth and regulates developmental timing
via an unknown mechanism.

My thesis work expands our knowledge on D. discoideum RNAi with focuses on miRNA
biogenesis and potential function of Argonaute proteins and, all together, sheds lights on the
evolution of miRNA and RNAi. 
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bp base-pair 
cAMP cyclic adenosine monophosphate 
CMF conditioned medium factor 
D-body dicing body 
DIF1 differentiation-inducing factor-1 
dsRBD dsRNA binding domain 
dsRBP dsRNA binding protein 
dsRNA double-stranded RNA 
eIF eukaryotic translation initiation factor 
LTR Long Terminal Repeat 
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ORF open-reading frame 
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RdRP RNA dependent RNA Polymerase 
RIIID RNase III domain 
RISC RNA Induced Silencing Complex 
RNAi RNA interference 
rRNA ribosomal RNA 
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snoRNA small nucleolar RNA 
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Svensk sammanfattning 

Genreglering är kritisk för alla levande organismer. Ett av de viktigaste 
framstegen inom biologi under de senaste tjugo åren var upptäckten att den-
na reglering till stor del sker med hjälp av små icke-kodande RNA (ncRNA). 
Denna process döptes till RNA-interferens (RNAi). Länge ansågs endast de 
proteinkodande generna vara viktiga medan resten av genomet avfärdades 
som skräp-DNA. Senare har det dock visat sig att detta ”skräp” i många fall 
avläses till avgörande, icke-kodande regulatorer. Små icke-kodande RNA 
består av tre huvudtyper benämnda mikroRNA (miRNA), korta inter-
fererande RNA (siRNA) och Piwi-interagerande RNA (piRNA).  

Min avhandling fokuserar på hur miRNA tillverkas och hur dessa små 
molekyler interagerar med specifika proteiner för att reglera viktiga proces-
ser som tillväxt och flercellig utveckling i amöban Dictyostelium discoide-
um. Denna encelliga eukaryot organism lever i skogsmark där den får näring 
genom att bryta ner andra mikroorganismer. D. discoideum hör till gruppen 
sociala amöbor som har en egen förgrening på livets träd belägen mellan 
växtriket och djurriket. Gruppen har fått sitt namn på grund av det sociala 
beteende denna organism uppvisar vid svält. Om maten tar slut, strömmar 
tiotusentals amöbor samman och börjar samarbeta som en flercellig organ-
ism. Denna utvecklingsprocess innefattar flera distinkta steg, och färdigställs 
efter ungefär 24 timmar då en fruktkropp innehållande motståndskraftiga 
sporer har bildats. När dessa sporer sprids och hamnar på en ny plats där det 
finns föda, återupptar amöban sin encelliga livsstil. Denna komplexa 
livscykel kräver noggrann kontroll över både när och hur mycket gener 
uttrycks och är ett tydligt exempel på varför genreglering är så viktig. Des-
sutom är D. discoideum en av de få encelliga eukaryoter där miRNA har 
identifierats och studier av hur miRNA-reglering fungerar i denna organism 
kommer att bidra till ökad förståelse för hur och när denna reg-
leringsmekanism uppstod under evolutionen. 

Tidigare studier har visat att ett specifikt protein, DrnB, krävs för tillver-
kningen av fyra miRNA i D. discoideum. Vi följde upp dessa studier med att 
undersöka de globala effekterna i cellen när detta protein saknas. Genom att 
sekvensera både budbärar (m)RNA och små (s)RNA från celler som saknar 
genen för DrnB och från oförändrade, s.k., vildtyps-celler, kunde vi se att 
DrnB främst påverkar miRNA-populationen. När detta protein saknas, bildas 
i stort sett inga mogna miRNA medan långa RNA (pri-miRNAs) som van-
ligtvis utgör ett förstadium till miRNA, ackumuleras. De högre nivåerna av 



 

pri-miRNAs gjorde det också möjligt att detaljstudera två modell-exempel 
för att få en bättre förståelse för hur de transkriberas och processas för att 
slutligen ge upphov till mogna miRNA. Från denna studie kunde vi se att 
biogenesen av miRNA i D. discoideum uppvisar likheter med denna process 
i både djur och växter, t.ex. att miRNA-gener transkriberas av RNA-
polymeras II. Vi visade även att delar av bearbetningen av pri-miRNA 
skiljer sig från mer komplexa organismer och även skiljer sig mellan olika 
miRNA i D. discoideum.   

För att miRNA ska kunna reglera genuttryck, krävs att de associerar med 
proteiner som tillhör Argonaute-familjen. D. discoideum har fem 
medlemmar som hör till denna familj, som potentiellt skulle kunna binda till 
miRNA och vara inblandade i dess reglerande funktion. Tidigare studier har 
visat att vissa av dessa proteiner bidrar till regleringen av specifika mobila 
element, så kallade retrotransposoner. Sammantaget vet man dock väldigt 
lite om Argonauternas funktion i D. discoideum och inga studier har un-
dersökt vilken/vilka Argonauter som binder till miRNA. Genom en kombi-
nation av molekylära metoder och RNA-sekvensering av både mRNA och 
sRNA studerade vi funktionen och lokaliseringen av tre Argonaute-
proteiner: AgnB, AgnC och AgnE. Vi visade att dessa proteiner är viktiga 
för att reglera cellernas tillväxthastighet. Celler som saknade AgnB och 
AgnC växte märkbart långsammare än vildtyps-celler. Avsaknaden av AgnE 
orsakade tvärtemot snabbare tillväxt. Dessutom kunde vi se en avvikande 
flercellig utveckling vid avsaknad av AgnE till skillnad från celler utan 
AgnB eller C, där utvecklingen var normal. Genom att återintroducera Ar-
gonauterna märkta med grönt fluorescerande protein i cellerna kunde vi ock-
så bestämma vart i cellen dessa proteiner återfinns. RNA sekvenseringen 
visade en tydlig koppling mellan reglerade mRNA och de skillnader vi kun-
de se i tillväxthastighet. Celler som saknar AgnB och AgnC, visade en 
nedreglering av flera gener inblandade i uppbyggnaden av nukleotider, me-
dan dessa gener var uppreglerade i celler utan AgnE. Dessutom verkar Ar-
gonaute-proteiner i D. discoideum generellt vara inblandade i regleringen av 
ribosomala proteingener både under växt och flercellig utveckling. Genom 
att jämföra nivåerna av sRNA och mRNA i de olika stammarna jämfört med 
vildtyps-celler, kunde vi se att regleringen till stor del verkar ske med hjälp 
av siRNA. 

Generellt så skyddas RNA från nedbrytning om det binder till ett protein. 
Därför tänkte vi att vi borde kunna få en indikation om AgnB, AgnC eller 
AgnE normalt associerar med miRNA, eftersom vi då borde se lägre nivåer 
av miRNA vid RNA-sekvenseringen från celler som saknar dessa proteiner. 
Våra analyser visade en generell trend av lägre nivåer av miRNA i celler 
utan AgnB. Dessutom kunde vi visa att mRNA-regleringen är väldigt lika 
vid avsaknaden av DrnB (inga miRNA kan produceras) och AgnB. Samman-
taget indikerar dessa resultat tillsammans med den cytoplasmatiska lokaliser-



ingen av AgnB, att detta är den miRNA-associerade Argonaute-proteinet i 
D. discoideum.

Sammanfattningsvis har arbetet presenterat i min avhandling utökat vår 
förståelse för RNAi-maskineriets funktion och hur miRNA produceras i D. 
discoideum, en encellig organism skild från djur- och växtriket. Detta kan i 
förlängningen bidra till vår förståelse för hur och när miRNA-reglering upp-
stod under evolutionen.  
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Introduction 

It was back during my bachelor thesis in 2006 when I was introduced for the 
first time to microRNA (miRNA) by my lab supervisor Cao Guan Chun at 
Nanjing Agriculture University in China. Just the name “miRNA” attracted 
my attention, not even mentioning the advanced techniques for investigating 
those tiny molecules. Studying miRNAs by bioinformatics sounded so much 
more interesting than repeatedly counting insect larva! So after my under-
graduate education, I joined the research group of Prof. Li Fei who focused 
on small regulatory RNAs in insects. From there, my research path followed 
these small regulators from China to Sweden.  

I have been studying in this field for more than a decade. My focus has 
changed from piRNA (Piwi-interacting RNA) to miRNA and my research 
models have been shrinking from insects to breast tumor (in Dr. Carlos 
Rovira’s lab) and eventually to the model organism of this thesis, the unicel-
lular eukaryote Dictyostelium discoideum. I am very happy with all my 
choices and my knowledge has expanded during my PhD years. I believe 
that researchers will continue to explore the fascinating small regulatory 
RNA world and I will delightedly continue my journey with them.   

This thesis work focuses on several aspects of RNA interference (RNAi) 
in Dictyostelium discoideum, ranging from miRNA biogenesis to potential 
function(s) of Argonaute proteins during single cell growth and multicellular 
development.  

The model organism Dictyostelium discoideum 

The social amoeba Dictyostelium discoideum is the model organism in this 
thesis work. This amoeba is a unicellular eukaryote and often referred to as 
slime mold, which has two distinct stages: microscopic unicellular growth 
and visible multicellular development. It is also easy to grow and genetically 
modify D. discoideum cells. Such features make it an ideal organism to 
study cellular pathways such as cell motility, signaling and differentiation 
(reviewed in Devreotes, 1989, Kessin, 2011). Phylogenetically, D. discoide-
um evolves between plants and animals. The evolutionary position of 
D. discoideum is of great interest to study miRNA-mediated gene silencing, 
wherein important differences concerning miRNA biogenesis and regulatory 
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mechanisms have been observed between the two life groups (see below). In 
addition, D. discoideum is a native host of several intracellular bacteria and 
its response against pathogens can often be extrapolated to human macro-
phages. Therefore, this organism has also become a dedicated model for 
host-pathogen infection studies (reviewed in Strassmann and Shu, 2017, 
Steinert, 2011).  

How D. discoideum cells communicate 
Kenneth B. Raper isolated D. discoideum from decaying forest leaves in 
1935 and described its vegetative unicellular growth and multicellular devel-
opment (Raper, 1935). Free-living D. discoideum cells feed on bacteria 
through phagocytosis and can also be cultivated in axenic medium (Schwalb 
and Roth, 1970, Sussman and Sussman, 1967). When surrounding nutrients 
are depleted, starved D. discoideum cells initiate multicellular development, 
where as many as 105 cells stream towards a central point, i.e. aggregation 
center, and eventually form a fruiting body (Raper, 1940). During this stage, 
D. discoideum cells follow different chemoattractants to aggregate, to move 
directionally, and to differentiate into spore and stalk cells. Eventually, 80% 
cells in the fruiting body become spores in a sorus that is lifted from the 
ground by a stalk consisting of the remaining 20% sacrificed cells (Raper, 
1940). The growth and development of D. discoideum are ostensibly simple, 
yet various sophisticated cell-cell signaling pathways are employed to assist 
cell movement, adhesion and differentiation (reviewed in Loomis, 2014, Li 
and Purugganan, 2011, Firtel, 1995). Their excellent communication and 
corporation skills entitle D. discoideum a fitting nickname: the “social 
amoeba”. 

Vegetative growth of D. discoideum  
D. discoideum NC4 is the initial wild-type strain, from which three deriva-
tives, AX2-4, were isolated. In contrast to NC4, these strains can grow in 
axenic medium due to mutations during the selection process (Watts and 
Ashworth, 1970, Knecht et al., 1986, Loomis, 1971, Sussman and Sussman, 
1967). The AX2 wt is used in this thesis. During vegetative growth, cells are 
in irregular shapes and divide via binary fission. They communicate through 
autocrine signals, such as the prestarvation factor (PSF), a glycoprotein. 
Growing D. discoideum cells continuously secrete PSF that acts as a quorum 
sensing module accumulating in proportion to cell density (Clarke et al., 
1988). When the intercellular concentration of PSF reaches a threshold, a 
few generations before the end of the exponential growth, cells trigger the 
prestarvation response. Once initiated, D. discoideum cells express genes 
required for early development (Clarke et al., 1987, Rathi and Clarke, 1992) 
and the production of PSF rapidly declines. Once development is initiated, 
starved cells secrete another glycoprotein, the conditioned medium factor 
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(CMF). Again, D. discoideum cells use CMF as a quorum sensor to deter-
mine whether there are enough cells to aggregate (reviewed in Clarke and 
Gomer, 1995). 

Multicellular development of D. discoideum 
The development of D. discoideum is synchronized and accompanied with 
morphological and transcriptional changes (Van Driessche et al., 2002). This 
process can be easily initiated in the laboratory by abrupt removal of the 
surrounding nutrients. Normally the development completes within about 24 
hours with the formation of fruiting bodies (Figure 1) (Fey et al., 2007, 
Schwalb and Roth, 1970). 

 
Figure 1. Schematic overview of Dictyostelium discoideum life cycle. D. discoideum 
grows as a single cell (gray) in rich medium or develops as a multicellular-like or-
ganism upon starvation stress. Adapted from (Chisholm and Firtel, 2004). Photos by 
Z. Liao. 

Generally, starved D. discoideum cells initiate early development by se-
creting the cyclic adenosine monophosphate (cAMP), which works as the 
chemoattractant. Pulses of cAMP drive adjacent cells to stream together 
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towards the aggregation center. During this time, a complex of polypeptides, 
known as the counting factor, is secreted to break the aggregation stream in 
order to control the aggregate size (Brock and Gomer, 1999, Roisin-Bouffay 
et al., 2000). About six hours after the onset of starvation, multicellular 
structures start to become visible. They appear in the following order: loose 
and tipped aggregates (also known as mounds), then flat slugs and standing 
finger structures, followed by Mexican hat and fruiting bodies (Figure 1) 
(reviewed in Bretschneider et al., 2016, Otto et al., 2016).  

The mound stage 
In the loose aggregate, cells are enclosed in an extracellular matrix called the 
slime sheath and start to differentiate into prespore and prestalk cells, the 
precursors of spore and stalk cells (Rohlfs et al., 2007, Pergolizzi et al., 
2017, Grant and Williams, 1983). The two types of cells respond differently 
to morphogen signals. Differentiation of prespore cells is induced by the 
chemoattractant cAMP produced by prestalk cells (Berks and Kay, 1990). 
Prespore cells secrete the differentiation-inducing factor-1 (DIF-1), which 
inhibits the differentiation of their own cell type, but induces prestalk cells 
(Berks and Kay, 1990, Williams et al., 1987, Kay and Jermyn, 1983, 
Thompson and Kay, 2000). Prespore and prestalk cells move directionally 
following chemotactic signals, where two subtypes of prestalk cells, the pstA 
and pstO cells, move towards the top and promote the formation of an apical 
tip (Williams et al., 1989, Clow et al., 2000, Early et al., 1995). As a result, 
the loose aggregates become the tight aggregates and, subsequently, the 
tipped aggregates.  

The slug stage 
About 16 hours post-starvation, a tipped aggregate elongates into the shape 
of a flat slug or a standing finger. Hence, this stage will be referred to as 16h 
or the slug stage in this thesis. Prestalk cells at the top of aggregates and 
those at the front of the slugs function as a cAMP secretion center. As men-
tioned above, the cAMP signaling waves stimulate the differentiation of 
prespore cells (Rubin and Robertson, 1975, Raper, 1940, Clow et al., 2000); 
while the DIF-1 signals generated by prespore cells induce the expression of 
prestalk specific genes and thus promote the differentiation of prestalk cells 
(Williams et al., 1987, Dormann and Weijer, 2001, Raper, 1940). Thus, such 
signaling feedbacks ensure D. discoideum develops both cell types in proper 
proportion. Under the slime sheath of the slug, cells follow the chemotactic 
signals and move directionally. The result of this is that the prestalk cells 
sort in the anterior while the prespore cells are arranged at posterior of the 
slug. Moreover, cell mobility contributes as the force that enables the 
D. discoideum slug to migrate as an entire unit (Morrison et al., 1994, Feit et 
al., 2007, Dormann et al., 1996, Rubin and Robertson, 1975, Abe et al., 
1994). One prevailing hypothesis of slug movement is that the front prestalk 
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cells generate slime sheath components and cAMP waves while cells in the 
prespore zone move forward chemotactically and thus drive the slug to mi-
grate (Dormann and Weijer, 2001, Morrison et al., 1994, Abe et al., 1994). 
The migratory slug makes D. discoideum distinct from other Dictyostelids 
and emphasizes that D. discoideum develops as a multicellular organism 
(Raper, 1935, Edmond J. Breen, 1987).  

The culmination stage 
Prestalk and prespore cells differentiate into their final fate during the last 
stage of development, the culmination stage. This period can be divided into 
early, middle and late culmination. During early culmination, slug develops 
into the shape of a Mexican hat. Inside, a stalk tube is built downward, rely-
ing on the activity of the cAMP-dependent protein kinase (PKA) (Harwood 
et al., 1992). Subsequently, prestalk cells migrate into the stalk tube while 
differentiating into terminal stalk cells (Jermyn and Williams, 1991, 
Dormann et al., 1996, Jermyn et al., 1996). On their way, the prestalk cells 
continue secreting ingredients for cellular fibers and eventually enlarge 
themselves through vacuolization in order to strengthen the stalk tube. When 
the stalk tube reaches the base, it fuses with the surrounding prestalk cells 
and becomes the basal disk (Raper, 1940, Jermyn and Williams, 1991). The 
stalk tube then extends upwards and lifts the whole mass of prespore cells. 
During late culmination, D. discoideum uses several additional signals to 
make sure that the remainder of the developmental process is under proper 
temporal control (see review Loomis, 1998). Regulated by these signals, 
D. discoideum keeps the extracellular cAMP concentration high to increase 
the PKA. This triggers rapid encapsulation, sporulation, and inhibits spore 
germination. The final outcome of D. discoideum development is a fruiting 
body where a thin stalk is topped by a ball of dormant spores.  

The genome of D. discoideum and its “non-coding” DNA 
D. discoideum has a haploid genome consisting of six chromosomes 
(Eichinger et al., 2005, Firtel and Bonner, 1972). The genome sequence of 
AX4 wt strain is about 34 million base-pairs, of which 62% consist of genes 
encoding approximately 12,500 proteins. The AT-content is strikingly high 
and compose more than three quarters of the genome.  

The genome of D. discoideum also harbors a large number of repetitive 
elements including simple sequence repeats (SSR) and complex repeats 
(Eichinger et al., 2005). The SSR can be exemplified by the poly-T tracts 
present in the promoter regions of protein-coding genes (Chang et al., 2012, 
Eichinger et al., 2005). Complex repeats, such as transposable elements 
(TE), compose up to 10% of the entire genome (Chang et al., 2012, 
Eichinger et al., 2005). The TEs are clustered and preferentially inserted into 
similar elements. The Dictyostelium intermediate repeat sequence DIRS-1 is 
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an abundant long terminal repeat (LTR) retrotransposon with at least 16 
intact elements and more than 200 incomplete copies across the genome 
(Piednoel et al., 2011, Glockner and Heidel, 2009, Cappello et al., 1984, 
Rosen et al., 1983). The DIRS-1 fragments cluster at one end of each chro-
mosome and may serve as centromeres (Glockner and Heidel, 2009).  

Various types of non-coding (nc)RNAs are expressed in D. discoideum, 
e.g. transfer RNAs (tRNAs), ribosomal RNAs (rRNA), spliceosomal small 
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNA), Class I and 
Class II RNAs, short interfering RNA (siRNA) and microRNAs (miRNAs) 
(Eichinger et al., 2005, Aspegren et al., 2004, Hinas et al., 2006, Hinas et 
al., 2007, Avesson et al., 2011, Boesler et al., 2014, Avesson et al., 2012, 
Meier et al., 2016). The genome of D. discoideum encodes 390 tRNAs 
(Eichinger et al., 2005), about 1.4 times more than in Drosophila melano-
gaster, whose genome is six-times larger. Multiple genes for five snRNAs, 
U1, U2, U4, U5 and U6, have been identified in D. discoideum (Aspegren et 
al., 2004, Hinas et al., 2006). As expected, these snRNAs exhibit conserved 
secondary structures and carry the trimethylated 5’-cap structure with the 
exception of U6. Interestingly, a fraction of the 3’-ends of snRNAs carry an 
(oligo)A-tail. Some of these snRNAs are developmentally regulated and 
localized in the cytoplasm. D. discoideum snoRNAs include U3 snoRNA, 
the box C/D and box H/ACA subclasses, of which some are developmentally 
regulated. Several of the snoRNAs are processed from polycistronic clusters, 
a feature shared with plants (Aspegren et al., 2004, Wise and Weiner, 1980). 
The class I and II RNAs are about 42-65 nucleotide (nt) long. These RNAs 
are expressed from a large number of genes and all carry an 11nt conserved 
sequence motif and a short internal stem-loop (Aspegren et al., 2004). They 
appear to have a role in early development and have so far been uniquely 
found in Dictyostelia social amoebae, that all have a multicellular develop-
mental life stage (unpublished data and (Avesson et al., 2011, Aspegren et 
al., 2004)). The siRNAs and miRNAs in D. discoideum will be discussed in 
the section “small regulatory RNA”.   

Phylogeny of D. discoideum 
D. discoideum belongs to the linage Dictyostelia in the super group of 
Amoebozoa (Figure 2) (Schaap et al., 2006, Romeralo et al., 2011, Bapteste 
et al., 2002). More than 100 social amoebae within Dictyostelia have been 
classified into four evolutionary defined groups, with D. discoideum residing 
in the group 4 (Figure 2). The last common ancestor of Dictyostelids ap-
peared about 600-700 million years ago (Heidel et al., 2011, Sucgang et al., 
2011). The super group Amoebozoa is considered to be a sister group of 
Opisthokonts which branch out after the Archaeplastida (reviewed in 
Simpson and Roger, 2004, Roger and Simpson, 2009). In other words, 
D. discoideum branched out after plants but before the split of animal and 
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fungi (Baldauf and Doolittle, 1997, Eichinger et al., 2005). As mentioned 
above, the phylogenetic position of D. discoideum is one of the main reasons 
to study its miRNA-mediated gene silencing. Does this social amoeba share 
similarities with plants or animals or are there unique features to D. dis-
coideum? Hence, my PhD work on the miRNA pathways in D. discoideum 
could provide insights into the missing pages of miRNA regulation along the 
evolutionary path from plants to animals. 
 

 
Figure 2. Simplified representation of the eukaryote evolution, showing the phylo-
genetic position of D. discoideum. Adapted from (Zmasek and Godzik, 2012, Heidel 
et al., 2011). 

RNA interference (RNAi)  
RNAi was initially referred to as siRNA-mediated target RNA silencing 
(Fire et al., 1998) and is widely used as a powerful molecular tool to knock 
down expression of genes of interest. It is also known as a conserved gene 
regulation phenomenon triggered by many kinds of small ncRNAs. The dis-
covery and application of RNAi had such a colossal impact in research that 
in 2006, the Nobel Prize in Physiology or Medicine was awarded to Andrew 
Fire and Craig Mello, two leading scientists who unraveled the general prin-
ciple of RNAi. In the nematode Caenorhabditis elegans, they demonstrated 
that a gene of interest could be silenced by injecting double-stranded RNA 
(dsRNA) of both sense and antisense polarity matching the target mRNA. 
Remarkably, they hypothesized that RNAi works via an unknown and likely 
conserved mechanism at the post-transcriptional level, rather than merely 
acting through conventional antisense RNA. It only took two years to exper-
imentally identify the core molecular apparatus, the RNA Induced Silencing 
Complex (RISC) (Hammond et al., 2000). RISC is composed of at least one 
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guide single-stranded small ncRNA and a core effector protein from the 
Argonaute family. In this thesis, I discuss RNAi phenomena in eukaryotes 
with a particular focus on miRNA-mediated gene regulation.  

Small regulatory non-coding RNAs    
Small ncRNAs are widespread and extensively studied in plants and animals. 
They can be derived from independent intergenic loci, protein-coding genes, 
or ncRNAs like tRNAs or those encoded by TEs. MiRNAs, siRNAs and 
Piwi-interacting RNAs (piRNAs) are three major types of endogenous small 
ncRNAs. They differ notably in biogenesis, the selection of Argonaute pro-
teins, and the silencing mechanisms. In this part, I discuss how miRNAs 
have been discovered and how they are processed and give a brief view of 
siRNAs and piRNAs.   

The miRNAs 
Mature miRNAs are 21-24nt in length. They are generally generated by step-
wise endonucleolytic cleavages of long primary transcripts (pri-miRNAs) 
(see reviews Ha and Kim, 2014, Xie et al., 2015). These small RNAs are 
bound by the Ago subclade proteins from the conserved Argonaute family 
(see below) to assemble the RISC, which post-transcriptionally silences tar-
get mRNAs containing partial or full complementary sequences to miRNAs 
(see review Hausser and Zavolan, 2014). Their importance is evident by the 
diversity of biological processes, ranging from cell proliferation to organism 
development, in which miRNA-mediated regulation plays key roles (see 
reviews He and Hannon, 2004, Filipowicz et al., 2008). In fact, it has been 
estimated that more than 60% of the human protein-coding genes are poten-
tial miRNA targets (Friedman et al., 2009). Therefore, dysregulation of 
miRNAs often causes severe diseases such as cancer. MiRNAs have mainly 
been studied in plants and animals, where their biogenesis and regulatory 
mechanism differ substantially (see reviews Ha and Kim, 2014, Xie et al., 
2015, Axtell et al., 2011). 

The discovery of miRNA 
The first evidence of miRNA-mediated gene silencing was discovered in 
C. elegans in 1993 (Wightman et al., 1993, Lee et al., 1993). Two research 
groups showed that the 22nt ncRNA lin-4 has partial sequence complemen-
tarity to several sites in the 3’-untranslated region (UTR) of the mRNA of 
the heterochronic gene lin-14. Through these base-pairings, lin-4 represses 
the protein output of lin-14 at the post-transcriptional level. A novel way of 
gene regulation via small RNA was proposed and gained further support 
seven years later with the discovery of a second miRNA, let-7. Similar to 
lin-4, let-7 negatively regulates several heterochronic genes through RNA-
RNA interactions in the 3’UTRs of the target mRNAs (Reinhart et al., 
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2000). Both miRNAs were initially coined “small temporal RNAs” 
(stRNAs) because of their temporal expression during the development of 
C.elegans. As more and more RNAs of the stRNA kind were identified by 
Sanger sequencing, they were quickly shown to be representative of a large 
class of ncRNA and therefore renamed microRNA (miRNA) (Lau et al., 
2001, Lagos-Quintana et al., 2001, Lee and Ambros, 2001). In a short period 
of time, more than a hundred miRNAs were found in plants and many more 
animal species other than C. elegans. Many of these miRNAs exhibit high 
sequence-conservation within plants or within metazoans (Reinhart et al., 
2002, Lagos-Quintana et al., 2001, Llave et al., 2002a).   

With the development of RNA high-throughput sequencing technologies, 
new miRNAs were found at a staggering rate. However, these miRNAs were 
mostly found in multicellular eukaryotes. Only a decade ago were miRNAs 
reported in unicellular organisms, initially in Chlamydomonas reinhardtii 
(supergroup Archaeplastida) (Molnar et al., 2007, Zhao et al., 2007). In this 
single cell green alga, several miRNAs were identified from sequencing 
RNA fragments of less than 32nt. Not surprisingly, these miRNAs trigger 
specific cleavages in their target mRNAs as most miRNAs do in land plants 
(Llave et al., 2002b). The same year, the Söderbom group published another 
pioneer paper on miRNA identification in the unicellular eukaryote D. dis-
coideum (Hinas et al., 2007). Hinas et al sequenced small RNA libraries 
pooled from growing cells, slugs and fruiting bodies. The sequencing reads 
peaked at 21nt, mostly matching to the retrotransposon DIRS-1 and Skipper. 
Nonetheless, in spite of this large background, two D. discoideum miRNAs 
were confidently identified and their expression was further confirmed by 
Northern blot.   

MiRNA biogenesis  
Since miRNAs regulate various cellular pathways, their precise maturation is 
critical for cells. This is well documented in plants and animals, however, 
little is known about miRNA biogenesis in D. discoideum and other single 
cellular organisms.  

Canonical miRNA biogenesis in plants and animals 
Plant pri-miRNAs are most often expressed from intergenic loci (Xie et al., 
2005a) whereas animal miRNAs are commonly derived from long ncRNAs 
or introns and exons of protein-coding genes (Rodriguez et al., 2004). In 
most cases, pri-miRNAs are transcribed by RNA polymerase II (RNA Pol 
II), and hence usually carry the 7-methyl guanosine (m7G) cap structure at 
their 5’-ends and are polyadenylated at the 3’-ends (Lee et al., 2004a, Cai et 
al., 2004, Xie et al., 2005a). Importantly, pri-miRNAs characteristically fold 
to form internal stem-loop structures, recognized by a nuclear multiprotein 
complex, the microprocessor. This complex cleaves pri-miRNAs in the nu-
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cleus and hence initiates canonical miRNA maturation (Figure 3) (Denli et 
al., 2004, Lau et al., 2001, Lee et al., 2003).  
 

 
Figure 3. Schematic overview of canonical miRNAs biogenesis in animals (A) and 
plants (B). (A) Drosha and DGCR8 constitute the animal microprocessor, which 
cleaves miRNA primary transcript (pri-miRNA) in the nucleus. The resulting hairpin 
precursor (pre-miRNA) is then transported to the cytoplasm by Exportin-5 and is 
further cut into a miRNA duplex by Dicer and its partner TRBP. Subsequently, 
miRNA duplex is loaded into an Ago protein to form the RNA induced silencing 
complex (RISC). MiRNA guide strand remains in RISC while the passenger strand 
is degraded. Schematic domain arrangements of Drosha and Dicer in human are 
presented at the bottom. RIIID: RNase III domain; dsRBD: double strand RNA 
binding domain; DUF283: domain of unknown function. (B) The plant microproces-
sor consists of Dicer-like protein DCL1 and dsRNA binding proteins SE, HYL1, and 
TGH. This protein complex performs step-wise cleavages of pri-miRNAs in the 
nucleus to generate the miRNA duplex. Then HEN1 physically interacts with DCL1 
and HYL1 in the nucleus and modifies the 3’-ends of resulting miRNAs. The plant 
homolog of Exportin-5, HASTY, and Ago protein AGO1 export miRNAs to the 
cytoplasm, where miRNAs are loaded into AGO1 and together silence target 
mRNAs.   

In animals, homologs of Drosha and the dsRNA binding protein (dsRBP) 
DGCR8 are the major components of the microprocessor (Figure 3A) (Han 
et al., 2004a). DGCR8 recognizes the stem-loop and flanking single-
stranded RNA segments of pri-miRNA and facilitates the microprocessor 
binding (Han et al., 2006, Nguyen et al., 2015). Drosha cleaves both strands 
of the stem about 11bp from the basal junction in a staggered manner 



 25

through its two RNase III domains (RIIIDs) (Han et al., 2004a, Han et al., 
2006, Nguyen et al., 2015, Kwon et al., 2016). This cleavage releases a 
~70nt hairpin precursor (pre-miRNA), with a 5’-monophosphate and a 3’-
hydroxyl (OH). Importantly, the pre-miRNAs display a 2nt-overhang at their 
3’-ends, which is recognized by the PAZ domains of Dicer and Ago (see 
below) (Zhang et al., 2004, Ma et al., 2004). Subsequently, the hairpin pre-
cursor is transported to the cytoplasm by Exportin-5 (Exp5) (Yi et al., 2003, 
Lund et al., 2004). However, Exp5 is not indispensable since depletion of 
this protein only modestly reduces the levels of mature miRNAs, indicative 
of other nuclear export mechanism(s) (Kim et al., 2016). Once exported to 
the cytoplasm, pre-miRNAs are further processed to release the miRNA 
duplexes by homologs of Dicer and dsRBP partner (Figure 3A) (Hutvagner 
et al., 2001, Forstemann et al., 2005, Saito et al., 2005), e.g. TAR RNA 
binding protein (TRBP) in humans (Haase et al., 2005). Dicer has multiple 
conserved domains, consisting of an ATPase/ helicase, a DUF283, a PAZ, 
tandem RNase III (RIIIDs) and a dsRNA binding domain (dsRBD) (Figure 
3A) (Bernstein et al., 2001). The PAZ domain binds to the 3’-protruding 
ends of pre-miRNAs (Zhang et al., 2004) while the dsRBD domain provides 
additional binding to the stem (Provost et al., 2002). The double RIIIDs are 
arranged as an intramolecular dimer that acts as the catalytic center (Zhang 
et al., 2004). The interspace between PAZ domain and the catalytic center 
serves as a molecular ruler that determines the size of the cleavage products 
(Lau et al., 2012, Zhang et al., 2004, Macrae et al., 2006, Lau et al., 2009). 
TRBP enhances Dicer binding to pre-miRNAs and also its cleavage accura-
cy and efficiency in an RNA-crowded environment (Fareh et al., 2016, 
Wilson et al., 2015, Chakravarthy et al., 2010).  

The resulting miRNA duplexes from Dicer processing are subsequently 
loaded into Ago proteins to assemble miRNA-RISCs (Figure 3A). However, 
only one strand of each duplex remains in RISC and functions as a guide, 
while the passenger strand is usually quickly degraded. Therefore, miRNA 
accumulation is usually asymmetric and miRNA guide strands are predomi-
nantly detected by Northern blot (Kozomara and Griffiths-Jones, 2014, 
Hutvagner et al., 2001). Moreover, small RNA high-throughput sequencing 
reads matching the miRNA duplex sequences are often seen as two adjacent 
stacks with one in great excess compared to the other (Kozomara and 
Griffiths-Jones, 2014). The abundant and the degraded strands are denoted 
miRNA and miRNA*, respectively (Lau et al., 2001). However, the miR-
NA* strands are not always degraded and may function as guides in RISC as 
well (Okamura et al., 2008, Czech et al., 2009). Thus, miRNA duplex 
strands tend to be termed miRNA-5p and -3p according to the arms of the 
pre-miRNA from which they are derived. How does RISC know which 
strand should stay in the complex? In animals, miRNAs with uridine (U) or 
adenine (A) at their 5’ends are preferentially bound to RISC (Seitz et al., 
2011, Schwarz et al., 2003, Frank et al., 2010). Another factor at play is the 
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stability of the ends of miRNA duplex, where a less stable 5’-end facilitates 
RISC assembling.  

Plants lack Drosha homologs. Instead, the step-wise cleavages are carried 
out exclusively by Dicer homologs in nuclear dicing bodies (D-bodies) (Fig-
ure 3B) (Papp et al., 2003, Kurihara and Watanabe, 2004, Fang and Spector, 
2007). While humans only have one Dicer, plant genomes commonly encode 
several Dicer-like proteins (see review Fukudome and Fukuhara, 2017). For 
instance, Arabidopsis thaliana has four Dicer-like proteins (DCL1-4). DCL1, 
also called CARPEL FACTORY, substitutes Drosha in its microprocessor 
(Kurihara and Watanabe, 2004, Park et al., 2002, Reinhart et al., 2002), and 
forms the catalytic center and predominantly produces 21nt miRNAs 
(Kurihara and Watanabe, 2004). In addition to DCL1, the Arabidopsis mi-
croprocessor consists of three RNA binding proteins, namely HYPONAS-
TIC LEAVES 1 (HYL1), SERRATE (SE) and TOUGH (TGH) (Figure 3B) 
(Yang et al., 2006, Han et al., 2004b, Ren et al., 2012). These partners bind 
to different regions of pri- and pre-miRNAs, and also promote the efficiency 
and fidelity of DCL1 cleavage (Yang et al., 2010, Machida et al., 2011, 
Dong et al., 2008, Ren et al., 2012). The initial cut on pri-miRNAs is crucial 
for miRNA processing. However, length and structure of plant pri-miRNAs 
vary greatly. This forces the microprocessor to develop multiple strategies to 
ensure accurate processing (Bologna et al., 2013). Hence, DCL1 cleavages 
can take place sequentially from base to the terminal loop and vice versa 
depending on the pri-miRNA substrates (Song et al., 2010, Bologna et al., 
2009, Bologna et al., 2013, Kurihara and Watanabe, 2004). In addition, for 
highly structured pri-miRNAs branching at the terminal loops, DCL1 may 
even initiate processing bi-directionally (Zhu et al., 2013).  

The resulting miRNA duplexes from DCL1 processing are methylated at 
the 3’-terminal ribose by HUA ENHANCER 1 (HEN1) (Park et al., 2002, 
Yu et al., 2005). This differs from miRNA duplexes in animals that carry the 
3’-OH groups. Importantly, this 2’-O-methylation protects miRNA from 
uridylation and degradation (Yu et al., 2005, Li et al., 2005). In the nucleus, 
HEN1 physically interacts with DCL1 and HYL1 (Baranauske et al., 2015) 
and hence miRNA duplexes are likely methylated before being exported to 
the cytoplasm. In Arabidopsis, the Exportin-5 homolog HASTY (HST) and 
Ago protein AGO1 have been shown to translocate miRNAs (Park et al., 
2005, Bologna et al., 2018).  

Drosha/Dicer-independent miRNA biogenesis in animals 
In addition to canonical miRNA biogenesis, there are rare but interesting 
examples of Drosha or Dicer-independent ways to generate mature miRNAs 
in animals. As mentioned above, many animal miRNAs are derived from 
introns of protein-coding genes and/or non-coding genes (Rodriguez et al., 
2004). Processing of intronic miRNAs usually follows the canonical path-
way and does not require splicing of the host introns before the initial cut by 
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microprocessor (Kim and Kim, 2007). However, this does not apply to 
miRNAs from the short intronic hairpins, termed mirtrons, where the ends of 
the pre-miRNAs correspond precisely to the splice junctions. The mirtronic 
hairpin is excised from the nascent transcript through intron splicing and 
lariat-debranching activity independent of Drosha cleavage (Ruby et al., 
2007, Okamura et al., 2007). Those 5’-capped pre-miRNAs also bypass the 
cleavage by Drosha (Xie et al., 2013). They are directly transcribed by RNA 
Pol II and hence their 5’-ends coincide with the transcription start sites 
(TSSs) and carry the typical m7G cap structures. These two types of pre-
miRNAs are exported to the cytoplasm, where they are processed by Dicer, 
like the canonical ones. Interestingly, mirtrons preferably and the 5’-capped 
pre-miRNAs only give rise of miRNA guide strands from the 3’-arms (Ruby 
et al., 2007, Xie et al., 2013, Okamura et al., 2007).  

MiRNA maturation bypassing Dicer cleavage seems even more unusual. 
Processing of pre-mir-451 is an example that requires the endonucleolytic 
activity of human Ago2 instead of Dicer cleavage (Cifuentes et al., 2010, 
Cheloufi et al., 2010). In this case, microprocessor generates pre-mir-451, 
which has an unusually short stem, preventing Dicer binding. Alternatively, 
the hairpin pre-mir-451 is directly loaded into the Ago2 complex. The Mir-
451-5p almost fully base-pairs to the 3’-arm of the precursor, which triggers 
Ago2 to endonucleolytically cleave (a.k.a. slice) the 3’-arm at the perfect 
base-pairing region. The resulting intermediate is about 30nt long and is 
likely trimmed 3’-5’ by exonuclease(s) into mature mir-5p.  

MiRNA biogenesis in unicellular eukaryotic organisms  
Although miRNAs and miRNA-like small RNAs have been discovered in a 
few unicellular eukaryotic organisms, their biogenesis is poorly understood 
(reviewed in Moran et al., 2017). MiRNA maturation in the green alga 
C. reinhardtii is comparatively well characterized. C. reinhardtii uses a 
plant-like miRNA processing machinery, where the minimum requirement 
for the microprocessor consists of one Dicer-like protein DCL3 and an RNA 
binding protein Dull slicer-16 (DUS16) (Valli et al., 2016, Yamasaki et al., 
2016, Yamasaki and Cerutti, 2017). This is hardly surprising since green 
alga and land plants belong to the Viridiplantae clade. Even so, C. reinhard-
tii miRNAs show several distinct differences from those in land plants. First, 
miRNAs are mostly derived from introns or UTRs of protein-coding genes, 
while plant miRNAs commonly originate from intergenic regions (Zhao et 
al., 2007, Valli et al., 2016). Intronic pri-miRNAs are probably generated by 
splicing activity in a manner similar to that in animals (Yamasaki et al., 
2016). Second, DCL3 lacks the PAZ domain conserved in Dicer homologs 
of higher plants but instead contains a proline-rich (P-rich) region found in 
animal Drosha (Lau et al., 2012, Kwon et al., 2016, Valli et al., 2016). 
Third, none of the C. reinhardtii miRNAs is conserved in land plants (Valli 
et al., 2016, Zhao et al., 2007, Molnar et al., 2007, Voshall et al., 2017). 
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These distinctions tell us that miRNA biogenesis varies even between evolu-
tionarily close species, like single-cell C. reinhardtii and multicellular Ara-
bidopsis. Several miRNA-like small RNAs have also been found in the uni-
cellular organisms Giardia lamblia and Trichomonas vaginalis belonging to 
the supergroup Excavata (Huang et al., 2012, Saraiya and Wang, 2008). Yet, 
they exhibit some unconventional features, e.g. Giardia miRNAs are gener-
ated from snoRNAs (Saraiya and Wang, 2008). Further studies of miRNAs 
in unicellular organisms and in lineages between plants and animals will 
help us to better understand miRNA evolution.   

MiRNA metabolism in D. discoideum 
In line with the evolutionary position of D. discoideum, its miRNA biogene-
sis has features similar to both plants and animals and also exhibits unique 
characteristics. There is no Drosha homolog predicted in D. discoideum, 
instead, a Dicer-like protein is part of its microprocessor. Two Dicer-like 
proteins are encoded by the drnA and drnB genes, respectively (Cerutti and 
Casas-Mollano, 2006). It appears that drnA gene is essential because several 
research groups (including ours) have tried to knock out the gene without 
success (unpublished data). How DrnA affects the metabolism of miRNAs 
or other small RNAs is unclear. Previous studies in our group showed that 
the other Dicer-like protein, DrnB, is crucial for the accumulation of four 
miRNAs (Avesson et al., 2012, Hinas et al., 2007). In this thesis work, we 
demonstrate that the global miRNA biogenesis in D. discoideum is strongly 
dependent on DrnB since miRNAs expression is nearly abolished when the 
gene for DrnB is knocked out (Paper I). Besides DrnB, the D. discoideum 
microprocessor includes the dsRNA binding domain containing protein 
RbdB, which is also indispensable for miRNA maturation (Meier et al., 
2016). DrnB and RbdB co-localize in the nucleoli in what appear to be dis-
crete D-bodies, similar to that in plants (Meier et al., 2016, Fang and 
Spector, 2007, Kruse et al., 2016). Collectively, D. discoideum seems to 
mainly use a plant-like miRNA processing machinery. However, differences 
to the canonical plant miRNA maturation also exist. First, mature miRNAs 
are not 2’-O-methylated but carry an OH group at their 3’-ends (Avesson et 
al., 2012). Second, the microprocessor is not a bona fide plant look-alike. 
DrnB does not contain the PAZ domain normally found in Dicer homologs, 
but has a proline and serine rich (PS-rich) element which is typically found 
in animal Drosha (Meier et al., 2016). In contrast to SE in plants that pro-
motes miRNA processing (Dong et al., 2008), the D. discoideum homolog, 
SrtA, represses miRNA accumulation as expression of three tested miRNAs 
is clearly increased when SrtA is knocked down by siRNA (Meier et al., 
2016).  

In total, 19 published (Avesson et al., 2012, Meier et al., 2016) and 10 
new miRNAs from this study (Paper I), were confidently identified in 
D. discoideum. Most of the 29 miRNAs are about 21nt in length and their 
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expression is developmentally regulated. D. discoideum miRNAs are mainly 
derived from intergenic regions, as they are in plants (Avesson et al., 2012, 
Meier et al., 2016). It is likely that pri-miRNAs are transcribed by RNA Pol 
II (Kruse et al., 2016). In addition, our recent data demonstrate that primary 
transcripts of two miRNAs, ddi-mir-1176 (mir-1176) and -1177 (mir-1177) 
carry the RNA Pol II specific 5’-m7G cap structure (Paper I). The length of 
the predicted precursor hairpins varies, but not to the same extent as in plants 
(Avesson et al., 2012). D. discoideum miRNAs also have their own charac-
teristics (Avesson et al., 2012). None of its miRNAs are conserved in other 
organisms. Unlike other miRNAs that often have 5’-uridine ends, there is no 
preferred nucleotide at miRNAs 5’-ends in D. discoideum. Surprisingly,  the 
depletion of one Ago protein, AgnA, results in the accumulation of miRNAs 
(Paper I, Meier et al., 2016). Although the microprocessor has been only 
partially characterized, miRNA biogenesis is still largely unknown in 
D. discoideum and further studies are needed. 

Short interfering RNA (siRNA) 
SiRNAs are generated from long perfectly base-paired dsRNAs which can 
originate from exogenous viruses, transgenes, endogenous transcripts of 
inverted repeat elements, or stem from bidirectional transcription events (see 
reviews Carthew and Sontheimer, 2009, Borges and Martienssen, 2015). 
Their maturation requires Dicer, Ago proteins, and sometimes the RNA de-
pendent RNA polymerases (RdRPs) for amplification of secondary siRNAs 
(Tang et al., 2003, Sijen et al., 2001). Although siRNA maturation strictly 
relies on Dicer, processing of siRNAs and miRNAs may not share the same 
Dicer complex when multiple Dicer homologs are present. For example, 
Drosophila encodes two Dicer proteins, Dicer-1 and Dicer-2, which are ac-
tive in miRNA and siRNA biogenesis, respectively (Lee et al., 2004b). This 
phenomenon is more common in plants where several Dicer-like proteins are 
usually present (see review Fukudome and Fukuhara, 2017). In Arabidopsis, 
DCL1 is mainly responsible for miRNA maturation. However, it can also 
generate siRNAs that in turn repress cognate mRNAs post-transcriptionally 
in trans (Vazquez et al., 2004, Henderson et al., 2006). DCL2 and DCL4 
generate 22 and 21nt siRNAs from invasive viruses, transgene RNAs, or 
endogenous precursors, respectively (Xie et al., 2004, Xie et al., 2005b, 
Parent et al., 2015). Yet, their cleavages appear to be redundant to some 
degree. DCL3 predominately processes endogenous dsRNAs from TEs into 
24nt siRNAs, which trigger RNA-directed DNA methylation and transcrip-
tional repression of target TEs (Xie et al., 2004). Nevertheless, the resulting 
siRNA duplexes contain the typical 5’-monophosphate termini and the 2’-O-
methylation as well as the 2nt 3’-overhangs (Li et al., 2005, Horwich et al., 
2007). Perfect sequence complementary between siRNAs and their targets is 
necessary for the assembled RISC to mediate RNAi either transcriptionally 
or post-transcriptionally, to defend against viral infection and TE activity.    
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The D. discoideum genome harbors a large fraction of complex repeats 
(Eichinger et al., 2005). Thus, anti-TE systems are essential for protecting 
genome integrity. Indeed, D. discoideum also launches siRNA-mediated 
silencing. First, TE-derived siRNAs in D. discoideum are very abundant. In 
all available high-throughput sequencing analyses of 18-40nt RNAs, read 
distribution peaks at 21nt, with the majority derived from the retroelement 
DIRS-1 (Hinas et al., 2007, Avesson et al., 2012, Boesler et al., 2014). And 
loss of these siRNAs leads to an increase in transcripts and the products of 
extrachromosomal DNA of DIRS-1 (Boesler et al., 2014, Friedrich et al., 
2015). 

Piwi-interacting RNA (piRNA) 
PiRNAs, initially identified in the germline of mouse/rats, are 29-30nt small 
RNAs associated with Piwi (P-element-induced wimpy testis) proteins, 
members of a subclade of the big Argonaute protein family (see below) (Lau 
et al., 2006, Aravin et al., 2006, Grivna et al., 2006, Lin and Spradling, 
1997). The discovery of piRNA quickly expanded to invertebrates, but so far 
not outside the animal kingdom (Saito et al., 2006, Brennecke et al., 2007). 
This class of small RNAs is strikingly different from miRNAs and siRNAs 
in several aspects. First, piRNAs are slightly longer and have a strong bias 
for uridine and adenine at the 5’-first and the tenth nucleotides, respectively 
(Brennecke et al., 2007). Second, they derive from piRNA clusters found in 
discrete intergenic loci and their biogenesis is independent of Drosha and 
Dicer (Brennecke et al., 2007, Goriaux et al., 2014, Rogers et al., 2017). 
Moreover, piRNAs only associate with Piwi proteins and together silence 
transposons in germline cells (Sienski et al., 2012, Brennecke et al., 2007, 
Kuramochi-Miyagawa et al., 2008). However, similar to siRNAs and plant 
miRNAs, piRNAs also carry a 2’-O-methylation at their 3’ends (Horwich et 
al., 2007). 

Argonaute protein as the core effector 
Argonaute is named after the mutant Arabidopsis that has unusual narrow 
rosette leaves resembling a small squid (Bohmert et al., 1998). The pheno-
typic consequence of losing AGO1 highlights its importance for Arabidopsis 
development. Ago1 is representative for a large protein family that is highly 
conserved in numerous prokaryotic and eukaryotic organisms (see review 
Swarts et al., 2014). In this thesis, I focus on the eukaryotic Argonautes, 
being the core effectors of the RISC.  

Argonaute family 
The Argonaute family is divided into two subclades, Ago and Piwi, based on 
sequence similarity to Arabidopsis AGO1 and Drosophila Piwi, respectively 
(Lin and Spradling, 1997, Bohmert et al., 1998). Most eukaryotic organisms 
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have multiple Argonaute members. It is noteworthy that C. elegans has 27 
Argonaute members, many more than other organisms. These members are 
grouped into three subclades: Ago, Piwi and a worm-specific subfamily, 
WAGO (Yigit et al., 2006). Ago subfamily members are widespread and 
selectively bind siRNAs, miRNAs and even pre-miRNAs. In contrast, Piwi 
proteins are restricted in animals, ciliates and amoebozoa (reviewed in 
Cerutti and Casas-Mollano, 2006), and only bind to piRNAs to silence TEs 
in mammalians (Hammond et al., 2000, Aravin et al., 2006, Grivna et al., 
2006, Lau et al., 2006).  

Domain architecture of Argonaute protein  
Argonautes are about 100 kilodalton proteins, comprised of four distinct 
domains: the N-terminal, PAZ, MID and PIWI domain (Figure 4) (Cerutti et 
al., 2000). PAZ and Piwi domains are the hallmark of Argonautes, and hence 
Argonautes are also referred to as PPD proteins (Cerutti et al., 2000). The 
four domains have distinct functions to facilitate small RNA loading and 
RISC activity.  

 
Figure 4. Schematic domain arrangement of Ago protein binding a miRNA guide 
strand.   

The PAZ domain, Piwi/Argonaute/Zwille, is present in both Argonautes 
and Dicers (Cerutti et al., 2000). In the Ago subclade members, structure of 
the PAZ domain confers an RNA binding pocket that recognizes and binds 
the 2nt-3’-overhangs of the miRNA or siRNA duplexes (Ma et al., 2004). In 
Piwi proteins, the PAZ domain distinguishes piRNAs by the methylation at 
their 3’-ends (Tian et al., 2011, Simon et al., 2011). The MID and the Piwi 
domains provide an RNA binding platform that anchors the 5’-
monophosphorylated nucleotide of the guide RNA, with strong affinity for 
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uracil or adenine (Frank et al., 2010, Frank et al., 2012). This tentatively 
explains the 5’-nucleotide bias of Ago-bound miRNAs. Within the MID 
domain of human Ago2, two conserved phenylalanines, Phe470 and Phe505, 
are important for binding of the glycine-tryptophan (W)-repeat containing 
protein family (GW182) (Kiriakidou et al., 2007, Frank et al., 2011, Chen et 
al., 2009). This interaction is most often fundamental for miRNA-mediated 
regulation (Eulalio et al., 2008). Once the small RNA duplex is loaded into 
Ago, the passenger strand is dissociated and then degraded. The N-terminal 
domain of Ago proteins has been proposed to fray the duplex until the two 
strands unwind (Kwak and Tomari, 2012). Hence, bound by the MID and 
PAZ domains, the guide strand is selected and protected in the RISC. The 
Piwi domain has an RNase H-like structure and bears the catalytic tetrad, the 
Asp-Glu-Asp-His (DEDH) motif, necessary for the endonucleolytic slicing 
activity of Argonaute (Song et al., 2004, Nakanishi et al., 2012). However, 
not all Ago members are slicers. Among the four human Ago proteins, Ago 
1-4, only Ago2 can cleave both target mRNAs and the passenger strand of 
siRNA duplexes (Liu et al., 2004, Rand et al., 2005). Ago3, though having 
the intact catalytic tetrad, only cleaves fully complementary targets of specif-
ic miRNAs (Park et al., 2017). 

Gene silencing mediated by miRNA-Ago RISC  
Once RISC is assembled, the RNA-protein complex is guided by the miRNA 
to its target mRNAs via sequence complementarity. In animals, miRNAs 
usually form partial base-pairing with their target mRNAs, which mainly 
triggers translation inhibition and/or RNA destabilization (Wightman et al., 
1993). In contrast, most plant miRNAs are fully complementary to their 
targets and thus cause the associated Ago proteins to slice the target mRNAs 
(Figure 5) (Llave et al., 2002b).  

MiRNA-directed inhibition of translation  
In C. elegans, both lin-4 and let-7 bind with imperfect complementarity to 
several conserved elements, the miRNA binding sites, in the 3’UTRs of their 
respective target mRNAs lin-14 and lin-41 (Wightman et al., 1993, Reinhart 
et al., 2000, Lee et al., 1993). This binding pattern applies to most miRNAs 
in animals, where only a 7nt segment from nucleotide 2 to 8 from the 5’-end 
of miRNAs, the seed sequence, base-pairs to multiple binding sites in the 
3’UTR of target mRNAs (Figure 5) (Chi et al., 2009, Lai, 2002, Doench and 
Sharp, 2004, Brennecke et al., 2005, Lewis et al., 2003). Thus, the miRNA 
seed region is of particular importance for target recognition, and many 
miRNA potential targets have been predicted based on this complementarity 
(Lewis et al., 2003, Stark et al., 2003, Friedman et al., 2009). However 
many of these await experimental validation. 
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Figure 5. Schematic miRNA-mRNA interaction in plants and animals. Basepairs 
between miRNA and mRNA are shown by upper case N and vertical dashes. The 
lower case n shows unpaired nucleotides. The scissor indicates the endonucleolytic 
cleavage site of Ago protein.  

Beyond seed pairing, there are also a few additional miRNA targeting 
ways. For instance, the 3’-supplementary site ranging from nts 13-16 allows 
some miRNAs to base-pair to their targets (Figure 5). This additional inter-
action increases the efficiency and specificity of miRNA targeting, and may 
also be decisive for miRNAs from the same family to select distinct targets 
(Brennecke et al., 2005, Grimson et al., 2007, Broughton et al., 2016, Guo et 
al., 2010). The 3’-compensatory site extends base-pairing even further in the 
miRNA 3’-end (Figure 5), which can efficiently trigger target silencing even 
with a nucleotide mismatch or a bulge in the seed region (Friedman et al., 
2009). In some cases, miRNAs can use centered sites, i.e. either nts 4-14 or 
5-15 (Figure 5), to base-pair to target mRNAs (Shin et al., 2010). The seed 
region is crucial for most miRNA binding to target mRNAs in animals. It 
has been shown that miRNA nts 2-5 are initially exposed for target binding 
and thus expedite further interaction throughout the remaining sequences 
(Schirle et al., 2014, Chandradoss et al., 2015).   

Partial complementary of miRNA: target interaction directs translational 
inhibition and/or mRNA destabilization in animals (Figure 6A) (Lim et al., 
2005, Wightman et al., 1993). Initial studies suggested that animal miRNA-
RISC mainly represses target translation without a significant effect on the 
mRNA levels, as exemplified by lin-4 and its target lin-14 and lin-28 in 
C.elegans (Olsen and Ambros, 1999, Wightman et al., 1993, Seggerson et 
al., 2002). However, later, large transcriptional profiling studies suggested 
that destabilization of target mRNAs is a more widespread outcome of miR-
NA regulation in animals than initially appreciated (Guo et al., 2010, Eulalio 
et al., 2009, Eichhorn et al., 2014). For instance, the RISC of mir-124 or 
mir-155 mainly destabilizes target mRNAs and only secondarily decreases 
translation (Guo et al., 2010, Hendrickson et al., 2009).  



 34 

 

 
Figure 6. Schematic representation of miRNA-mediated silencing mechanisms. (A) 
Translation inhibition and target mRNA destabilization. Translation initiation in 
eukaryotes relies on the mRNA circularization that is closed through the interaction 
between eIF4F (including eIF4A, eIF4E, and eIF4G) bound to the 5’cap and PABPC 
bound to the 3’-poly(A) tail. Animal miRNA guides RISC to bind to its target 
mRNA via partial sequence complementary. RISC recruits GW182 that binds to 
PABPC and CCR4-NOT deadenylase complex. The multiprotein interactions open 
up the mRNA circularization, which in return prevents translation initiation (right) 
or triggers mRNA decay (left). (B) miRNA-directed endonucleolytic cleavage. 
MiRNA-RISC binds to the target mRNA via perfect sequence complementary, and 
thus Ago cuts the mRNA in the base-paired region between nucleotide 10 and 11. 
The resulting 5’-and 3’-mRNA fragments are subject to degradation by exosome and 
XRN4, respectively.  

The mechanistic details of miRNA regulation in animals have long been 
under debate. The current prevailing models propose that miRNA-RISC 
recruits co-silencers in order to trigger mRNA decay and/or interfere with 



 35

the formation of ribosomal complexes to block translation initiation (Figure 
6A). The miRNA-RISC interacts with GW182 family proteins (Eulalio et 
al., 2008, Liu et al., 2005a, Elkayam et al., 2017, Lian et al., 2009). These 
proteins act as a bridge that links RISC to the cytoplasmic poly (A)-binding 
protein (PABPC) and the PAN2-PAN3/CCR4-NOT deadenylase complexes 
(Braun et al., 2011, Elkayam et al., 2017, Fabian et al., 2009, Liu et al., 
2005a). Recruitment of the deadenylase complexes initiates target mRNA 
decay, i.e. deadenylation, followed by decapping then 5’-3’ exonucleolytic 
degradation (Chen et al., 2009, Huntzinger et al., 2013, Wu et al., 2006, 
Fukaya and Tomari, 2012, Behm-Ansmant et al., 2006). Decay of target 
mRNAs per se decreases protein outcome, but deadenylation also prevents 
the translation initiation by disturbing mRNA circularization, which depends 
on interactions between the eIF4F complex and PABPC, associated with the 
5’-cap structure and the poly (A)-tail, respectively (Mathonnet et al., 2007, 
Humphreys et al., 2005, Zekri et al., 2009). In some cases, recruitment of the 
deadenylase complexes by RISC-GW182 does not cause target mRNA 
deadenylation, but alternatively promotes PABPC to dissociate from the 
poly (A) tail (Zekri et al., 2013, Cooke et al., 2010, Huntzinger et al., 2013, 
Braun et al., 2011).  

Plant miRNAs mediate translational inhibition as well. For instance, 
miR172 fully complements to the mRNA of a floral homeotic gene, 
APETALA2. Yet, miR172 strongly reduces protein yield but causes only a 
small decrease in the target mRNA level (Chen, 2004). In fact, this inhibition 
in plants is more than appreciated. For example, depletion of the miRNA 
partner AGO1 only slightly increases the mRNAs of miRNA targets but 
strongly increases protein yield disproportionately, even though AGO1 is an 
active slicer (Brodersen et al., 2008, Baumberger and Baulcombe, 2005). 
However, how plant miRNA-RISC mediates translational inhibition of tar-
gets still remains elusive. 

MiRNA-RISC mediated endonucleolytic cleavage 
As mentioned above, most plant miRNAs are fully complementary to their 
binding sites, and therefore RISC endonucleolytically cleaves target mRNAs 
through the catalytic tetrad in Ago proteins (Figure 6B). These cleavages 
occur between nt 10 and 11 in the target mRNAs, counted from the 5’-end of 
miRNAs (Llave et al., 2002b, German et al., 2008, Addo-Quaye et al., 
2008). The extensive complementarity between miRNAs and target mRNAs 
greatly simplifies computational target searching on a genome-wide scale 
(Rhoades et al., 2002, Mallory et al., 2004, Llave et al., 2002b). To cleave 
target mRNAs, miRNA-RISC must be equipped with an active Ago slicer. In 
Arabidopsis, five of the ten Ago proteins, AGO1, 2, 4, 7 and 10, are catalyti-
cally active, suggestive of the importance of miRNA-mediated slicing 
(Montgomery et al., 2008, Mi et al., 2008, Baumberger and Baulcombe, 
2005, Zhu et al., 2011). After cleavage, the resulting fragments are subject to 
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degradation, in which the 5’-fragments are uridylated by HEN1 suppressor 1 
(HESO1) followed by 3’-5’ degradation, while the 3’-fragments are digested 
by the cytoplasmic 5’-3’ exoribonuclease XRN4 in Arabidopsis (Ren et al., 
2014, Souret et al., 2004). 

MiRNA-mediated slicing of target mRNAs could also occur in animals 
(Yekta et al., 2004), however at a much lower frequency compared to plants. 
This is likely due to the limited number of active slicer. Of the four human 
Agos, only Ago2 is a natural slicer although the catalytic activity of Ago3 
has recently been shown in a substrate-dependent manner (Liu et al., 2004, 
Park et al., 2017). Besides, perfect complementarity of miRNA and target is 
rare.  

Argonautes in D. discoideum 
D. discoideum has five Argonaute homologs, agnA-E, and all are develop-
mentally regulated (Stajdohar et al., 2017, Parikh et al., 2010). These five 
Argonautes contain the conserved PAZ and PIWI domains, suggesting they 
might be able to bind small RNAs. The intact catalytic tetrad DEDH is pre-
dicted in the protein sequences of four Argonautes except AgnD (Paper III), 
indicative of slicing potential. D. discoideum Argonautes are similar to Piwi 
subfamily members in other eukaryotic organisms (reviewed in Cerutti and 
Casas-Mollano, 2006). However, no piRNAs have been identified so far. 
Instead, small RNAs in D. discoideum are predominantly ~21nt (Paper I, 
Hinas et al., 2007, Avesson et al., 2012, Boesler et al., 2014, Meier et al., 
2016). Function of D. discoideum Argonautes is only understood to a limited 
degree. It has been shown that AgnA is required for the accumulation of 
DIRS-1 derived siRNA and concomitantly silences the TE likely through an 
RNAi-dependent pathway (Boesler et al., 2014). AgnC and AgnE are pro-
posed to silence another retrotransposon, the TRE5-A (Schmith et al., 2015). 
The deletion of either agnC or agnE significantly increases TRE5-A tran-
script levels. Moreover, overexpression of AgnC strongly suppresses TRE5-
A retrotransposition. Even though many miRNAs have been identified in D. 
discoideum (Paper I, Avesson et al., 2012, Hinas et al., 2007, Meier et al., 
2016), their interacting Argonaute(s) remains undefined. The majority of 
miRNAs accumulates in the absence of AgnA (Paper I, Meier et al., 2016). 
This effect is contradictory to the observations that the association with Ago 
proteins stabilizes miRNAs in animals (Diederichs and Haber, 2007, Winter 
and Diederichs, 2011). Hence, it is unlikely that AgnA is involved in miR-
NA-mediated gene silencing in D. discoideum. To date, no data clarifies the 
relationship between miRNAs and the remaining Argonaute proteins. In 
plants and animals, mature miRNAs and their associated Agos predominate-
ly localize in the cytoplasm (Park et al., 2005, Liu et al., 2005b, Derrien et 
al., 2012, Sen and Blau, 2005). Hence, a functional miRNA-RISC likely 
requires a cytosolic Argonaute in D. discoideum as well. AgnA and AgnB 
localize in both the nucleus and cytoplasm, shown by Western blot detecting 
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the HA tagged versions in both subcellular fractions (Boesler et al., 2014). In 
Paper II and III, we confirm the localization of AgnB and show that AgnE 
and AgnC are localized in the cytoplasm and nucleus, respectively. Many 
questions remain to be answered concerning the Argonautes in D. discoide-
um, such as: which Argonaute(s) is the miRNA binding partner and how 
does each Ago protein globally affect small RNAs and mRNAs in D. dis-
coideum? The results in this thesis work shed some lights on these burning 
questions. 
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Current investigation 

Aim 
 
Small RNA mediated RNAi is widespread, however, the related pathways 
are poorly understood in the social amoeba D. discoideum. In this thesis, I 
studied different aspects of the miRNA pathway, focusing on miRNA bio-
genesis and the function of Argonaute proteins. We investigated the global 
role of DrnB in miRNA maturation and in detail characterized the 5’ and 3’ 
ends of two pri-miRNAs in D. discoideum (Paper I). Next, we sought to 
study the roles of AgnB, AgnC, and AgnE in regulating D. discoideum cell 
growth and analyzed the unique impact of AgnE and potential regulatory 
mechanisms associated with this Argonaute (Paper II). We then further 
investigated differential expression of small RNAs and protein-coding genes 
in the absence of single Argonaute genes, i.e.  agnB, agnC and agnE, during 
growth and development (Paper III).  

Global characterization of the Dicer-like protein DrnB 
roles in miRNA biogenesis in the social amoeba 
Dictyostelium discoideum (Paper I) 
Several features make D. discoideum an ideal model organism to study 
miRNA biogenesis. Phylogenetically, D. discoideum is placed between 
plants and animals, where miRNA biogenesis differs essentially. In addition, 
this social amoeba is a unicellular eukaryote but can develop as a multicellu-
lar organism, hence miRNA pathways can be investigated both during single 
cell growth, multicellularity, and the transition between these life stages. 
Furthermore, very little is known about miRNA-mediated gene regulation in 
unicellular organisms. Expanding our knowledge of D. discoideum miRNA 
maturation may in turn provide further insights into miRNA evolution.  
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DrnB is required for global maturation of miRNAs in 
D. discoideum 
The RNase III-like protein Dicer is indispensable for the canonical miRNA 
maturation in both plants and animals. Our group has previously shown that 
D. discoideum Dicer-like protein DrnB is critical for the generation of four 
miRNAs (Hinas et al., 2007, Avesson et al., 2012). To understand if DrnB 
has a global impact on the biogenesis of miRNAs and also on other classes 
of small RNAs, we performed high-throughput sequencing of 18-40nt RNAs 
from wt cells and a drnB deletion (drnB-) strain (biological duplicates). The 
expression of both DrnB and miRNAs is developmentally regulated 
(Avesson et al., 2012, Parikh et al., 2010, Stajdohar et al., 2017), therefore 
we included the single cell growing phase (0h) and the slug developmental 
(16h) stage in all our analyses. The small RNA profiles showed that reads 
peak at 21nt in all sequencing libraries and that DrnB has no major effect on 
most of these small RNAs derived from mRNAs, tRNAs, rRNAs, snoRNAs, 
snRNAs, SRP RNAs and Class I RNAs (Eichinger et al., 2005, Hinas et al., 
2007, Larsson et al., 2008, Avesson et al., 2011).  

We next focused on the impact of DrnB on the miRNA population. 19 
miRNAs that fulfill the stringent criteria defining high confidence miRNA 
have been reported in D. discoideum (Kozomara and Griffiths-Jones, 2014, 
Hinas et al., 2007, Avesson et al., 2012, Meier et al., 2016). In this study, we 
identified 10 new miRNA candidates with high confidence. In line with the 
previous reports, our small RNA-seq data showed that both the 5p and 3p of 
the 29 miRNAs are dramatically reduced in the absence of DrnB. We chose 
mir-1176 and mir-1177 as models throughout the following analyses. The 
reduction of both miRNAs-5p in drnB- cells was further confirmed by stem-
loop qRT-PCR. Altogether, our results suggested that DrnB is essential for 
global miRNA maturation in D. discoideum.  

Transcripts from miRNA genes are stabilized in the absence of 
DrnB  
Since miRNA processing is impaired in the drnB- strain, we reasoned that 
this might result in the stabilization of RNA transcripts containing miRNA 
stem-loops. Therefore, we analyzed the abundance of these transcripts in wt 
and drnB- strains by high-throughput sequencing of poly(A)-containing 
RNAs (biological duplicates). We speculated that this strategy would detect 
pri-miRNA transcripts for two reasons. First, both pri-mir-1176 and -1177 
have been suggested to be transcribed by RNA Pol II (Kruse et al., 2016), 
implying potential polyadenylation at their 3’-ends. Second, long stretches of 
A residues are common in the genome of D. discoideum, indicating that 
poly(A) tracts are possibly present within the transcripts (Eichinger et al., 
2005). 
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As expected, we found reads extending both upstream and downstream of 
the predicted miRNA hairpin structures for 14 individual loci. Differential 
expression analysis revealed that these transcripts, containing miRNA stem-
loops, are stabilized in the absence of DrnB in both growing and developing 
cells. These data suggest that deletion of DrnB not only stabilizes miRNA 
stem-loops (pre-miRNAs) but also longer transcripts, e.g. pri-miRNAs. 
Therefore, our poly(A) RNA-seq data may be indicative of the length of pri-
miRNAs.  

Primary transcripts of mir-1176 and mir-1177 carry the RNA 
polymerase II specific 5’-m7G-cap 
Pri-miRNAs transcribed by RNA Pol II normally carry an m7G cap at the 5’-
ends in plants and animals (reviewed in Axtell et al., 2011). We wondered 
whether D. discoideum pri-miRNAs also have the bona fide RNA Pol II 5’-
cap. To this end, we isolated m7G-capped RNAs from the drnB- strain and 
examined the presence of pri-mir-1176 and -1177. The GST fused eIF4E 
variants K119A and W102L have increased and deficient binding affinity to 
the m7G-cap structure, respectively (Spivak-Kroizman et al., 2002, Xie et 
al., 2013), and thus were used in this analysis. Both pri-miRNAs are indeed 
bound by GST-K119A but not GST-W102L in vitro. Similar results were 
seen for the positive control, i.e. the gpdA mRNA. In contrast, the negative 
control snRNA U6, lacking the 5’-m7G cap, was not enriched in any pull-
down fractions. These analyses demonstrate that pri-mir-1176 and -1177 
carry the RNA polymerase II specific m7G-cap.   

Biogenesis of mir-1176 and mir-1177 
Since transcripts containing miRNA stem-loops are stabilized in the drnB- 
strain, we hypothesized that this would increase our chance to characterize 
their 5’- and 3’-ends by different Rapid Amplification of cDNA Ends 
(RACE) approaches, where oligonucleotide adaptors are ligated to the ends 
of the RNA followed by reverse transcription and then PCR-amplification. 
RNAs from wt and drnB- cells were analyzed in parallel. First, we isolated 
and combined total RNA from growing cells as well as from two develop-
mental stages, slugs and fruiting bodies. Depending on the questions asked, 
we selectively modified the 5’- or 3’-ends of the desired transcripts using 
Calf Intestinal Alkaline Phosphatase (CIAP) to convert monophosphate to 
OH and/or Tobacco Acid Pyrophosphatase (TAP) to remove the m7G-cap.  

The start, end, and processing intermediates of pri-mir-1176  
First, we performed 5’RACE to identify the TSS of pri-mir-1176. To ensure 
that the 5’-RNA adaptors were predominately ligated to the pri-miRNAs but 
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not to the processing intermediates usually with 5’-monophosphates, we 
treated total RNA with CIAP prior to TAP treatment. We also used an oligo-
nucleotide matching downstream of the mir-1176 stem-loop to specifically 
synthesize cDNA from pri-mir-1176 transcripts. This 5’RACE approach 
identified that the TSS of pri-mir-1176 is a G-residue 281nt upstream of the 
5’-end of mir-1176-5p. This TSS is preceded by a stretch of T-residues in 
the genome.  

Next, we performed 3’RACE to determine the 3’-ends of pri-mir-1176 
and processing intermediates. Total RNA was ligated with a 3’-DNA adaptor 
and reverse-transcribed as described above. This 3’RACE strategy revealed 
three intriguing results. First, longer and shorter products, indicative of full 
length and processing intermediates, respectively, were amplified from wt 
and drnB- strains. These results suggest that pri-mir-1176 is processed before 
DrnB cleavage to generate the shorter intermediates, which are stabilized in 
the absence of DrnB. Second, transcription of pri-mir-1176 appears to termi-
nate 388nt downstream of the 5’-end of mir-1176-5p and these transcripts 
are not polyadenylated, although being RNA Pol II products. Third, some of 
the processing intermediates detected in the drnB- strain, surprisingly, carry a 
short post-transcriptionally added A-tail.  

We wondered whether the A-tailed processing intermediates are present 
in the wt strain as well. For this, we employed a ligation-independent 
3’RACE approach, where a DNA primer containing oligo (dT) sequence was 
used for binding specifically to the A-tailed processing intermediates in the 
reverse-transcription. Indeed, A-tailed intermediates were detected in the wt 
strain, yet these were clearly enriched in the drnB- cells. We next asked if the 
A-tailed processing intermediates represent transcripts with the 5’-cap ob-
served for primary transcripts, or if they also have processed 5’-ends. To 
answer these questions we performed another 5’RACE, where CIP-treatment 
was omitted in order to also trap 5’ processing intermediates and used oligo 
(dT) as primer for cDNA synthesis. This analysis demonstrated that the 5’-
most nucleotide of the A-tailed processing intermediates coincide with the 
TSS. 

Pri-mir-1177 transcripts extend into the downstream protein-coding 
gene in drnB- strain 
In order to determine the 5’end of pri-mir-1177, we used the same 5’RACE 
methods described above. The results revealed that the 5’-most end, starts 
with a capped G residue situated 116nt upstream of the 5’-end of mir-1177-
5p. It should be noted that this 5’-end was only identified when RNA was 
isolated from the drnB- strain. Similarly as for pri-mir-1176, the TSS of pri-
mir-1177 is preceded by 26 consecutive T residues.  

The protein-coding gene DDB_G0287713 (referred to as the downstream 
gene-DSG from hereon) is situated downstream of the predicted mir-1177 
loci on the same DNA strand. Interestingly, both loci were covered with 
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poly(A) RNA-seq reads from the drnB- strain, indicative of uninterrupted 
transcription initiated from the TSS of the mir-1177 locus. These long tran-
scripts, including both loci, were amplified by RT-PCR where the template 
cDNA was synthesized using an oligonucleotide matching the exon2 of the 
DSG. In accordance with the DrnB dependency of mir-1177, these long tran-
scripts clearly accumulate in the drnB- strain. By contrast, expression of the 
DSG appears to be less affected by DrnB, suggesting that some of those 
RNAs are transcribed from a separate promoter dedicated for the DSG. This 
was corroborated by 5’RACE analyses, which demonstrated that the DSG 
indeed is transcribed from its own promoter, where the TSS starts with an A 
residue 42nt upstream of the start codon. These results suggest that pri-mir-
1177 is transcribed independently from its own promoter, but transcription 
extends into the DSG, at least in the absence of DrnB.  

Conserved motif upstream of pri-miRNA transcriptional start 
sites 
Our 5’RACE results showed that both pri-miRNAs start with a G-residue 
preceded by a putative promoter motif of consecutive T-residues. In addi-
tion, these TSSs are close to the 5’-most ends mapped by reads from poly(A) 
RNA-seq. This inspired us to look for similar motifs near the 5’-ends of the 
14 miRNA loci mapped with poly(A) RNA-seq reads. Indeed, we found the 
conserved motif, a G-residue preceded by a T-rich sequence, upstream of all 
these 14 miRNA loci. In addition to pri-mir-1176 and -1177, we experimen-
tally confirmed that transcription of pri-mir-7097 also starts downstream of 
the predicted T-motif.   

This study demonstrates that DrnB is dedicated for global miRNA biogene-
sis in D. discoideum. The start and end of transcripts giving rise to mir-1176 
or -1177 were characterized in wt and the DrnB depleted strains, suggesting 
distinct processing mechanisms. The TSSs for both pri-miRNAs share simi-
larities, i.e. they start with a 5’-m7G-capped G-residue and are preceded by a 
T-rich putative promoter motif. This motif seems to be a common feature of 
intergenic miRNAs in D. discoideum.  

The Dictyostelium discoideum Argonaute protein AgnE 
regulates cell growth (Paper II) 
The phenotypic changes resulting from the loss of a gene of interest can 
provide hints of its function. Argonautes are highly conserved small RNA 
binding proteins, and as the core effector of RISC, deletion of Argonaute 
genes could shed lights on biological processes regulated by the interacting 
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small RNAs (Bohmert et al., 1998, Lin and Spradling, 1997). In order to 
better understand the cellular pathways regulated by RNAi in D. discoideum, 
we deleted single Argonaute genes, i.e. agnB, agnC and agnE in wt cells and 
studied the effect on cell growth.  

Deletion of agnE accelerates cell growth 
We examined the generation time of axenically growing cells from wt and 
each single deletion strains. Cells depleted of AgnB or AgnC could barely 
grow, indicating their fundamental roles during cell growth. To our surprise, 
deletion of agnE (agnE-) resulted in the opposite phenotype. Compared to 
the wt strain, agnE- cells divide significantly faster, with a generation time 
shortened by 8 hours. Moreover, it seemed that growth of agnE- cells is less 
affected by subtle environmental changes, e.g. different batches of media. 
The unique effect of AgnE on D. discoideum growth motivated us to further 
study the underlying mechanism.  

AgnE localizes in the cytoplasm 
To investigate the localization of AgnE, we used extrachromosomal plas-
mids to express AgnE fused with a GFP tag at either the N- or C-terminal, in 
wt and agnE- cells. Expression of the full-length fusion proteins was verified 
by western blot. Fluorescent microscopy showed that the AgnE-GFP fusion 
protein is exclusively localized in the cytoplasm. This suggested that AgnE 
is a cytoplasmic Argonaute protein. 

Complementation of AgnE expression partially rescues the 
defective growth of agnE- cells 
Next, we asked if expressing fusion AgnE-GFP in agnE- cells could rescue 
the aberrant growth phenotype, i.e. to make them grow slower. Thus, we 
monitored the growth curve of agnE- transformants where the cells expressed 
either the AgnE-GFP fusion protein or only GFP. The study was somewhat 
hampered by the observation that cells carrying the GFP-only plasmid divide 
faster than those without. Yet, the overexpression of AgnE-GFP managed to 
make cells grow slower than the GFP-only control, even though it did not 
reach the doubling time of wt cells. Hence, this shows that the fusion AgnE-
GFP protein is able to partially rescue the growth defect observed for agnE- 
cells.   
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AgnE depletion significantly down regulates expression of the 
RNAi related gene rrpC 
To gain insights into the molecular mechanism underneath AgnE regulation 
of D. discoideum growth, we investigated differential expression of genes in 
the absence of AgnE. To this end, we performed high-throughput strand-
specific sequencing of mRNA from growing wt and agnE- cells (biological 
triplicates). We first analyzed the differential expression of RNAi-related 
genes. This would indicate if the depletion of AgnE affects other RNAi 
components, which in turn could contribute to the observed phenotype. The 
deletion of agnE has only minor effects on the expression of most RNAi 
component genes, with the exception of the significant downregulation of 
the rrpC encoding RNA dependent RNA polymerase C. This was observed 
by DESeq2 analysis and confirmed by RT-qPCR. Moreover, expression of 
rrpC can be partially rescued by the overexpression of AgnE-GFP fusion 
protein in agnE-.  

Differentially expressed genes in agnE- growing cells      
Besides rrpC, mRNA-seq data showed that 46 and 19 genes are significantly 
down and upregulated in the absence of AgnE, respectively. Among the 
significantly downregulated genes, some showed an enrichment in the de-
velopmental process, indicating that AgnE may have a role regulating the 
development of D. discoideum. However, whether the downregulation of 
these genes have a link with the faster cell growth of agnE- cells is not clear. 
On the other hand, four of these upregulated genes, pyr4, purC/E, purD, and 
purN, are involved in the nucleobase biosynthetic process, and are especially 
responsible for the production of adenine and thymine. Since the genome of 
D. discoideum is AT-rich, perhaps the agnE- cells need to strongly enhance 
those synthetic processes in order to sustain an accelerated division.  

Ribosomal protein genes are upregulated in the absence of AgnE 
Expression of ribosomal proteins are under tight control in order to maintain 
regular cellular functions (reviewed in Lempiainen and Shore, 2009). Since 
agnE- cells showed abnormal growth rate, we wondered if the mRNA levels 
of ribosomal protein genes are changed in AgnE depleted cells. Although not 
significantly, expression of the majority of the ribosomal protein genes is 
slightly increased in agnE- cells compared to the wt strain according to our 
mRNA-seq data. The increased expression was confirmed by RT-qPCR for 
representative genes. Accordingly, the mRNA levels for the four genes were 
rescued, i.e. reduced, in agnE- cells expressing the AgnE-GFP fusion protein 
as compared to cells expressing only GFP. These results fit nicely with the 
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faster growth rate observed for agnE- cells and hence indicate that AgnE 
regulates the accumulation of ribosomal proteins in wt cells.  

Are D. discoideum miRNAs required for maintaining normal cell 
growth? 
It has been shown that the deletion of human Dicer impairs cell growth (Kim 
et al., 2016), supporting miRNAs regulatory roles. Are miRNAs involved in 
regulating D. discoideum growth? To answer this question, we monitored 
cell growth using a strain depleted of DrnB, since miRNAs expression is 
abolished in the mutant (Paper I). Indeed, we observed similar phenotypic 
consequence, i.e. reduced growth rate, for the drnB- cells. We previously 
showed that RrpC affect miRNA accumulation since expression of several 
miRNAs is increased in an rrpC deletion strain (Wiegand et al., 2014, Hinas 
et al., 2007, Avesson et al., 2012). The loss of miRNAs in the drnB- cells is 
linked to the reduced growth rate, therefore, we wondered if the faster 
growth rate of agnE- cells may be attributed to the increased miRNAs levels 
(Paper III) due to downregulation of rrpC expression. Based on these data, 
we reasoned that if miRNAs are involved in growth regulation, a strain de-
pleted of both DrnB and AgnE would grow slower since no miRNAs are 
present. Indeed, a strain deleted of both drnB- and agnE- showed a reduced 
growth rate, suggesting that DrnB acts upstream of AgnE and that miRNAs 
may be involved in regulating cell division in D. discoideum. 

In this study, we show that AgnE is a cytoplasmic Argonaute protein and has 
a unique role on controlling D. discoideum growth, possibly via controlling 
the expression of genes for ribosomal proteins and for nucleotide synthesis. 
Furthermore, AgnE may also impact the multicellular development, since 
expression of several developmental genes is affected in the absence of 
AgnE. Importantly, the RNAi gene rrpC is significantly downregulated in 
the agnE- strain, indicating that AgnE may control these cellular pathways 
via miRNAs through RrpC. 

Functional analyses of RNA interference effectors in 
Dictyostelium discoideum during growth and 
development (Paper III) 
Building on Paper II, we further investigated the roles of the three Argonaute 
proteins during growth and development in D. discoideum, with an emphasis 
on understanding their regulations of mRNAs and small RNAs.   
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Impacts on development of AgnB, C and E  
In paper II, we have shown that AgnB, AgnC, and AgnE affect cell growth, 
suggesting that RNAi regulates this process in D. discoideum. In this study, 
we wanted to understand if these Argonautes also affect the multicellular 
development. When developed on filters, the strains deleted of either agnB 
or agnC go through a similar development as the wt cells. In contrast, devel-
opment of the agnE- strain is clearly delayed. While the other strains enter 
the slug stage about 16hours after the onset of development, the agnE- strain 
remains at the previous stage with mainly the tipped mound structures. In 
addition, development is asynchronous and a few multicellular structures 
normally present at other stages were also observed. Interestingly, the agnE- 
cells could catch up during the culmination stage and form normal fruiting 
bodies eventually. The aberrant development of the agnE- strain could be 
rescued by overexpressing AgnE-GFP fusion protein expressed from an 
extrachromosomal plasmid. Altogether, these results suggested that RNAi, 
through AgnE, has a role in regulating the multicellular development of 
D. discoideum and that AgnE has distinct roles compared to AgnB and 
AgnC. 

Subcellular localizations of AgnB, C and E 
Since AgnE shows distinct impacts on growth and development compared to 
AgnB and AgnC, we thought to investigate their subcellular localizations 
which might help to address the roles of the three Argonautes. Here we used 
GFP fused Argonaute proteins expressed from plasmids in corresponding 
knock-out cells. Fluorescent microscopy revealed that AgnB-GFP fusion 
protein localizes mainly in the cytoplasm but might also be partially present 
in the nucleus, which is in line with a previous report (Boesler et al., 2014). 
Different from AgnB, the GFP signal from the AgnC fusion protein is clear-
ly restricted to the nucleus. Using immunostaining and confocal microscopy, 
we further confirmed the nuclear localization of a TAP tagged version of 
AgnC expressed from a plasmid integrated in the genome of wt cells. 

mRNA profiling of strains deleted of agnB, agnC, and agnE 
Next, we analyzed differential gene expression in the knock-out strains by 
high-throughput sequencing of mRNAs, results of which might be indicative 
of the Argonautes’ roles. We sequenced mRNAs from growing and develop-
ing (slug/finger) cells since the three Argonautes have different impact on 
these stages. It should be noted that we reused the mRNA-seq data from 
growing wt and agnE- cells (Paper II) but the data was analyzed together 
with the new libraries, and hence, the statistics may be slightly different. 
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In line with previous studies (Van Driessche et al., 2002, Parikh et al., 
2010), our data showed that the greatest transcriptional change takes place 
during the transition from growing single cells to multicellular development. 
About 70% of genes are differentially expressed when growing cells were 
compared to the slug/finger stage, regardless whether the Argonaute genes 
had been knocked out or not. In analogy with Paper II, we first investigated 
the expression of RNAi-related genes, i.e. agnA-E, drnA-B, and rrpA-C, in 
the three knock-out strains. The expression of these genes varies slightly in 
the deletion mutants as compared to wt strain, except that rrpC and the puta-
tive pseudogene agnD are significantly downregulated in the agnE- (at both 
stages) and agnC- (at the slug stage) strains, respectively. Thus, the epistatic 
relationship between agnE and rrpC suggests that the loss and reduction of 
the two proteins could cause a combined effect on expression mRNA.    

Next, we analyzed differential expression of all protein-coding genes and 
singled out mRNAs that are significantly altered (adjusted p-value ≤0.05 as 
cutoff) in the agn knock-out strains. In line with the increased expression of 
agnB, C and E during development, loss of either Argonaute appears to af-
fect expression of more genes at the slug stage than during vegetative 
growth. Differentially expressed genes only partially overlap, mainly in the 
agnB- and agnC- strains, at the slug stage. Overall, this suggested the roles of 
the three Argonautes are mostly non-redundant. Could the transcriptional 
changes of genes explain the aberrant phenotypes of the knock-out strains? 
Gene ontology (GO) term enrichment analysis revealed that eight downregu-
lated genes in agnC- growing cells are involved in processes of nucleotide 
metabolism and purine biosynthesis. In fact, these genes are also down and 
upregulated in the agnB- and agnE- strains, respectively. This is in line with 
the slower and faster growth rate of the mutant cells (Paper II). In addition to 
these genes that could affect DNA replication and thus cell growth, differen-
tial expression of most ribosomal protein genes follows the same expression 
pattern, which is in agreement with their observed growth phenotypes (Paper 
II). During the multicellular development, however, only downregulated 
genes in the agnC- strain show enrichment in developmental processes even 
though no clear phenotype change was observed. Interestingly, several genes 
for ribosomal proteins are significantly upregulated in agnC- and agnB- 
strains. In fact, the great majority of ribosomal protein genes are upregulated 
in the agn knock out strains although not all fulfill the statistical stringency 
criterion. These results suggested that D. discoideum Argonautes have im-
pacts on ribosomal proteins both during growth and development.      

Small RNA profiles in RNAi impaired strains 
To understand how AgnB, C and E affect small RNAs, we performed high-
throughput sequencing of small RNAs. Since DrnB has a major role in 
miRNA maturation, we included the drnB- strain for comparison. Small 
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RNA reads peak at 21nt in all libraries, suggesting that these RNAi compo-
nents have no major overall effect on small RNA population.  

We then analyzed differential expression of 20-24nt small RNAs with a 
focus on those complementary to mRNAs and complex repeats. Our data 
suggested that DrnB has a larger effect on these small RNAs than the Argo-
nautes, which reflects their different roles in biogenesis and binding small 
RNAs, respectively.  

Could the differentially expressed small RNAs give hints to their targets 
and hence reflect the Argonaute regulation? To answer this question, we 
compared the differential regulation of small RNAs versus that of mRNAs 
with a focus on those that might explain the observed phenotypes of the de-
letion mutants. In the agnB- strain, upregulated small RNAs match gene loci 
for e.g. elongation factors, of which mRNA levels are downregulated during 
both growth and slug stage. This indicates that these genes are regulated by 
an AgnB-dependent RNAi mechanism. Although the deletion of agnE caus-
es aberrant development, we did not find any regulatory correlation between 
the small RNAs and mRNAs. In growing agnE- cells, however, half of the 
upregulated ribosomal protein genes are coincide with downregulation of 
antisense small RNAs. Interestingly, similar correlation pattern was also 
seen for the growing agnB- and agnC- where cells divide much slower than 
wt strain. Another observation, common to all the RNAi knock-out strains, 
was the differential expression of small RNAs derived from different trans-
posons. 

The impact of RNAi related genes on miRNAs 
So far, no specific Argonaute has been suggested to associate with miRNAs 
in D. discoideum. Since AgnA seems to inhibit the accumulation of miRNAs 
(Paper I, Meier et al., 2016) and agnD is a putative pseudogene, we specu-
lated that the miRNA partner could be one of the three Argonautes, i.e. 
AgnB, C or E. Our data showed that the majority of mature miRNAs are 
down and upregulated in cells depleted of the cytoplasmic AgnB and AgnE, 
respectively, although changes of only a few miRNAs are significant. In 
contrast, no major effects on miRNA levels were seen in cells depleted of 
the nuclear AgnC. Hence, AgnB may bind to miRNAs and thus stabilize 
them, indicating its involvement in miRNA-mediated gene regulation in D. 
discoideum. Next, we asked if the mRNA regulation in the drnB- strain (loss 
of miRNAs) would have a positive correlation with those in the agnB- strain 
(reduced miRNA level), and a negative correlation with those in the agnE- 
strain (increased miRNA level), respectively. Indeed, the expected correla-
tions were found between strains where miRNAs are differentially regulated. 
Based on the subcellular localization, the effect on miRNAs levels, and the 
correlation of differentially expressed mRNAs in the drnB- strain, our data 
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suggested that AgnB might be the miRNA associated Argonaute in D. dis-
coideum.    

In sum, this study suggests different roles of the D. discoideum Argonaute 
proteins AgnB, C and E. This is based on the following observations: (i) the 
three proteins have different subcellular localizations; (ii) the depletion of 
AgnE causes different phenotypic changes as compared to the other two 
knock-out strains both during growth and development; (iii) the three Argo-
nautes regulate their own set of mRNAs and small RNAs with only minor 
overlaps. Despite of these differences, the three Argonautes are commonly 
involved in regulating genes in the nucleotide/nucleobase metabolic process-
es, ribosomal protein genes and some transposons, although their impacts 
can be different. The differential regulation of mRNAs and small RNAs 
could, to some extent, explain the aberrant phenotypes observed for the 
knock-out strains. In addition, our data suggest that AgnB binds miRNAs 
and thereby is involved in miRNA-mediated gene regulation in D. discoide-
um.  

The 33nt tRNA-5’ halves (unpublished data)  
There was a distinct peak of 33nt small RNAs observed in all libraries from 
developing cells (slug stage) in the small RNA-seq analysis in paper III. The 
majority of these reads were derived from 5’half of tRNA-Aspartate (Asp), 
ending right before the first base of the anti-codon triplet (Figure 7A). This 
indicates that they are generated from specific endonucleolytic cleavages. 
We further verified the presence of this 5’half in wt and the agnE knock-out 
strains by northern blot (Figure 7B). Upon closer inspection of our small 
RNA sequencing libraries, 5’halves of diverse tRNAs were detected and 
clearly accumulated in developing cells compared to growing cells in all the 
strains studied (Figure 7C). This developmental upregulation of tRNA-Asp 
5’half was also observed by northern blot (Figure 7B). However, the full-
length tRNA-Asp was only slightly deceased during development in both wt 
and the agnE- strains (Figure 7B). This suggest that these tRNA-5’halves are 
likely stabilized through the interaction with RNA binding protein(s) that are 
upregulated during development. Interestingly, we observed that the majori-
ty of these tRNA-5’halves were downregulated in the growing agnE- cells 
compared to the wt strain (Figure 7D). In contrast, nearly all of them were 
upregulated in the strains deleted of agnB and agnC during growth phase 
(Figure 7D). Hence, the differential expression of tRNA-5’halves could be 
involved, at least in part, in the aberrant growth phenotypes observed for the 
deletion mutants (Paper II). At the slug stage, however, these tRNA-5’halves 
are globally decreased in all the knock-out mutants compared to wt strain 
(Figure 7E). The differential expression pattern of tRNA-5’halves shows a 
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negative correlation to the regulated mRNA levels of ribosomal protein 
genes (Paper III). Ribosomal protein genes are up and downregulated in 
growing cells of the agnE- and the remaining agn knock-out mutants, respec-
tively, while they are globally upregulated in all the three agn knock-out 
strains at the slug stage. However, how these tRNA-5’halves affect riboso-
mal protein genes is hard to elucidate at the moment and more efforts are 
required.    

Taken together, our small RNA-seq analyses showed that most of the 33nt 
small RNAs in D. discoideum are tRNA-5’halves, which are likely generated 
from specific endonucleolytic cleavage. These small RNA fragments are 
stabilized during development, probably through interactions with RNA 
binding proteins. They are differentially regulated in the absence of RNAi 
components, showing opposite profiles to that of ribosomal protein genes.   
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Figure 7. Differential expression of 33nt tRNA-5’halves. (A) Schematic picture of 
tRNA secondary structure. (B) Northern blot showing the expression of full length 
and 5’half of tRNA-Aspartate (Asp) in wt and agnE knock-out strains during vege-
tative growth (veg) and two developmental stage, slug and fruiting body (fb). U6 
spliceosomal RNA was used as loading control. Value below each blot shows the 
relative abundancy of full length and 5’halves Asp in developing cells compared to 
that in growing cells. (C) Relative enrichment of tRNA-5’halves during develop-
ment in wt and knock-out mutants. (D, E) Differential expression of tRNA-5’halves 
in knock-out mutants compared wt strain during growth (D) and development (E).   
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Conclusion and future perspectives 

Small RNAs are crucial components of RNAi, affecting gene regulation in 
most eukaryotic organisms. This silencing mode is believed to be ancient, 
present in the last common ancestor of plants and animals. MiRNAs is an 
important class of small RNAs that regulate diverse biological processes in 
both uni- and multicellular organisms. Their biogenesis and regulatory 
mechanisms differ essentially between plants and animals, and also, at least 
in some aspects, between uni- and multicellular eukaryotic species. There-
fore, further knowledge of miRNAs in organisms between these phylogenet-
ically distant groups may shed lights on their evolution. This thesis focuses 
on miRNA pathways in the social amoeba D. discoideum, an organism that 
fits all the aforementioned criteria. 

MiRNA biogenesis 
In paper I, we demonstrated that one Dicer homolog in D. discoideum, 
DrnB, is responsible for global miRNA processing. Moreover, we showed 
that a large fraction of pri-miRNAs are stabilized in cells deleted of the drnB 
gene, supporting the concept that DrnB is a part of the microprocessor in 
D. discoideum. Yet, there is no direct evidence showing the physical binding 
of the DrnB complex to pri-miRNAs. To investigate this, one strategy could 
be using the CLIP (cross-linking immunoprecipitation) method (Chi et al., 
2009) to pull down RNAs covalently bound by a DrnB mutant, impaired in 
its catalytic ability but retaining its dsRNA binding capability. The dsRNA 
binding protein RbdB is another indispensable component of the micropro-
cessor and those two proteins likely interact at the periphery of the nucleoli 
(Meier et al., 2016, Kruse et al., 2016). It would be interesting to unveil the 
full list or at least the major components of the D. discoideum microproces-
sor. For this aim, immunoprecipitation of DrnB and followed with mass 
spectrometry analysis could reveal the protein partners. We also defined 
features at the start and end of pri-mir-1176 and -1177, and addressed their 
biogenesis in paper I. Both pri-miRNAs have an m7G cap and start from a G 
residue preceded by a T-rich motif. In fact, this T-rich motif is predicted to 
be present upstream of several pri-miRNAs, indicating that RNA Pol II tran-
scription for pri-miRNAs is conserved in D. discoideum. By contrast, the 3’ 
ends of both pri-miRNAs exhibit distinct features. We showed that non-
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polyadenylated pri-mir-1176 is likely processed at its 3’-end prior to DrnB 
cleavage and only processed intermediates accumulate in the drnB- strain. 
Transcription of pri-mir-1177 read into the downstream gene and these long 
transcripts are stabilized in the deletion mutant. However, whether DrnB 
processing terminates the transcription of pri-mir-1177 remains elusive. If 
so, how does it work? Further efforts to define the 3’-ends of pri- and pre-
mir-1177 in the wt situation are required.  

Another interesting question concerns the nuclear export of miRNAs in 
D. discoideum. It has been shown that DrnB could process the ectopically 
expressed miRNA stem-loops with short flanking sequences (Avesson et al., 
2012). In addition, no cytoplasmic dsRBP has been predicted in D. dis-
coiduem (Meier et al., 2016). These results suggest that miRNA duplexes are 
generated in the nucleus in a manner similar to that in plants. Our group has 
previously detected mir-1177 mainly in the cytoplasm (Avesson et al, un-
published data). Therefore, miRNA duplexes need to be translocated from 
the nucleus to the cytoplasm. In animals, Exportin-5 exports pre-miRNA 
hairpins to the cytoplasm; while in plants its homolog has been suggested to 
translocate only a fraction of miRNAs. A recent study in Arabidopsis sug-
gests that the methylated miRNAs are loaded into AGO1 in the nucleus and 
the complex is then translocated to the cytoplasm (Bologna et al., 2018). 
How miRNAs end up in the cytoplasm in D. discoideum is unknown. The 
expression of its Exportin-5 homologous gene, xpo5, is developmentally 
regulated as are most miRNAs (Paper I, Stajdohar et al., 2017, Parikh et al., 
2010, Avesson et al., 2012). Unfortunately, functional studies of Xpo5 are 
currently lacking. It would be interesting to disrupt xpo5 and study miRNA 
accumulation profiles in the nuclear and cytosolic fractions. Can D. dis-
coideum Argonaute(s) translocate the resulting miRNAs to the cytoplasm for 
proper RISC assembly? Two D. discoideum Argonaute proteins, AgnA and 
AgnB, have been indicated to be present in both the nucleus and the cyto-
plasm (Paper III, Boesler et al., 2014). Since depletion of AgnA results in 
general miRNA accumulation (Meier et al., 2016), it is unlikely, not to say 
impossible, that AgnA could be a candidate for this job. By contrast, AgnB, 
however, seems to protect miRNA from degradation as miRNAs are globally 
downregulated in a strain deleted of agnB (Paper III). Hence, AgnB may be 
a partner of miRNAs for nuclear export. It would be interesting to determine 
miRNA accumulation profiles in the nuclear and cytoplasmic fractions of 
agnB- cells. It is worth to mention that the fluorescent signal from an AgnB-
GFP fusion protein was mainly detected in the cytoplasm (Paper III). Yet, 
we could not rule out its nuclear localization at the moment. Hence, further 
effort is required to study the subcellular localization of AgnB with a better 
resolution, e.g. using immunofluorescent staining and confocal microscopy. 
In addition, it would also be informative to investigate the presence of the 
nuclear-localization (NLS) and nuclear-export signal (NES) in AgnB, and if 
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so, the effects on miRNA accumulation in different subcellular fractions 
when either of the signals is absent.  

MiRNA mediated gene silencing  
Identification of miRNAs by high-throughput RNA sequencing techniques is 
no longer a problem due to the enormously improved sequencing depth. Yet, 
knowledge of their function and experimental validation of their targets still 
lag behind. This is also true for miRNA research in D. discoideum. Our 
group has putting efforts into finding the target genes since the first two 
miRNAs were discovered in this organism (Hinas et al., 2007). We know 
that DrnB is required for miRNA production in D. discoideum. Yet, the only 
phenotypic change we observe for the drnB- strain is a slower growth rate. 
Since many genes are involved in growth, it is impossible to pinpoint specif-
ic targets for miRNAs. Furthermore, our previous analyses indicate that 
miRNAs in D. discoideum interact with their target RNAs through incom-
plete base-pairing (Avesson et al., 2012), in analogy to the situation in ani-
mals (reviewed in Pasquinelli, 2012). This makes computational search for 
putative targets very difficult.  

Then, how can we go about finding targets for miRNAs in D. discoide-
um? One approach we are using is based on the observation that miRNAs 
commonly destabilize their target mRNAs (reviewed in Hausser and 
Zavolan, 2014). Therefore, we use the sequencing approach as described in 
paper III, where downregulation of miRNAs should cause an upregulation of 
their target mRNAs and vice versa. Hence, in drnB- cells lacking miRNAs, 
we would expect increased mRNA level of genes regulated by miRNAs, 
thus giving us a global picture of miRNA regulation. However, secondary 
effects could also cause differential expression of many genes. In order to 
single out respective targets for mir-1176 and mir-1177, we have constructed 
strains that overproduce either of the miRNAs (Avesson et al., 2012), where 
direct targets are expected to be downregulated. When comparing the up and 
downregulated genes in strains overexpressing and losing miRNAs (drnB- 
strain), respectively, we should acquire a list of putative target genes for the 
two particular miRNAs. And then the identified genes will be analyzed by 
bioinformatics programs dedicated for predicting miRNA-binding sites. This 
approach has already generated a list of potential miRNA regulated genes 
(unpublished). However, proper prediction of miRNA-target duplex is not 
available yet. Once obtained, these need to be experimentally validated by 
compensatory mutations and reporter assays. In paper III, our data suggested 
AgnB as a potential Argonaute partner of miRNAs. The downregulation of 
miRNAs in the agnB- strain might result in the upregulation of their targets. 
Thus, this could add an additional screen to single out miRNA regulated 
genes.  
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We will also take additional approaches to identify miRNA targets by 
pulling down miRNA: target hybrids by CLIP and its derivative CLASH 
using tagged Ago protein as bait (Chi et al., 2009, Helwak et al., 2013). We 
have recently started these analyses using the GFP-tagged versions of AgnB, 
C, and E (Paper II and III) to pull-down interacting small RNAs. And the 
obtained small RNAs will be sequenced. Taken together, we are convinced 
that these complementing approaches will give us a thorough picture of 
miRNA regulation in D. discoideum. 

Argonaute function  
In paper II and III, we extensively investigated AgnB, C and E on: i) their 
subcellular distribution; ii) phenotypic consequences of individual knock-out 
mutants; iii) effects on mRNA and small RNA differential expression in the 
corresponding deletion strains. We concluded that functions of the three 
Argonaute proteins in large do not overlap, suggesting that D. discoideum is 
able to regulate gene expression via distinct RNAi mechanisms. As men-
tioned above, AgnB seems to bind miRNAs and hence, we expect miRNA 
target genes to be silenced; while AgnC is likely to regulate gene expression 
in the nucleus. It would be really interesting to identify the AgnC partners, 
RNA or proteins, to understand the detailed mechanisms by which these 
complexes trigger nuclear RNAi in D. discoideum. RNAi in the nucleus has 
been shown to silence target genes at the transcriptional level in plants, fungi 
and animals (see review Castel and Martienssen, 2013).  

At the moment, we do not have sufficient data to speculate on how AgnE 
carries out RNAi; yet, intriguingly, this Argonaute seems to promote the 
accumulation of 33nt small RNAs derived from the 5’halves of diverse 
tRNAs (unpublished). Can AgnE directly bind to tRNA-5’halves, which in 
turn would stabilize the RNA fragments? Or would AgnE regulate the cleav-
age of tRNAs to release the 5’halves? It is also possible that the upregulation 
of translational processes in growing agnE- cells limit the available tRNA 
pool from being cleaved, and thus lead to the reduction of tRNA-5’halves. 
Again, AgnE-CLIP would be an ideal approach to test those hypotheses. In 
addition to the effect on small RNAs, we showed that the expression of one 
RdRP gene, rrpC, is significantly downregulated when agnE is deleted. How 
AgnE regulates the expression of rrpC remains elusive. Data from AgnE-
CLIP might provide useful insights.  
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