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ABSTRACT

Small RNAs play crucial roles in regulation of gene
expression in many eukaryotes. Here, we report the
cloning and characterization of 18-26nt RNAs
in the social amoeba Dictyostelium discoideum.
This survey uncovered developmentally regulated
microRNA candidates whose biogenesis, at least in
one case, is dependent on a Dicer homolog, DrnB.
Furthermore, we identified a large number of 21nt
RNAs originating from the DIRS-1 retrotransposon,
clusters of which have been suggested to constitute
centromeres. Small RNAs from another retrotran-
sposon, Skipper, were significantly up-regulated in
strains depleted of the second Dicer-like protein,
DrnA, and a putative RNA-dependent RNA polymer-
ase, RrpC. In contrast, the expression of DIRS-1
small RNAs was not altered in any of the analyzed
strains. This suggests the presence of multiple RNAi
pathways in D. discoideum. In addition, we isolated
several small RNAs with antisense complementarity
to mRNAs. Three of these mRNAs are developmen-
tally regulated. Interestingly, all three corresponding
genes express longer antisense RNAs from which
the small RNAs may originate. In at least one case,
the longer antisense RNA is complementary to the
spliced but not the unspliced pre-mRNA, indicating
synthesis by an RNA-dependent RNA polymerase.

INTRODUCTION

Since their initial discovery in worms, 18-26nt small
RNAs have now been identified in many eukaryotes (1,2).

By antisense complementarity, they confer specificity to
associated protein complexes and can thereby regulate
expression of their target genes at the level of transcrip-
tion, mRNA stability or translation (3-5). These small
RNAs can be divided into two main classes; microRNAs
(miRNAs), which are processed from imperfectly base-
paired hairpin transcripts, and small interfering RNAs
(siRNAs), which are derived from long double-stranded
RNAs (dsRNAs) (5-7). The dsRNA precursors of
siRNAs originate e.g. from viruses, repetitive elements
or are synthesized by an RNA-dependent RNA polymer-
ase (RARP) using a single-stranded RNA as a template
(2,8-10). Despite their different origin, miRNA and
siRNA pathways share many similarities. In both cases,
these small RNAs are processed from precursors into
mature small RNAs by the RNase III-type Dicer proteins,
and are subsequently incorporated in an effector complex
that contains an Argonaute—Piwi family protein (5,6). The
miRNA/siRNA guides the protein complex to its com-
plementary target RNA and induces cleavage of the target
if the small RNA and target RNA form a perfectly or
close to perfectly base-paired duplex. In plants, most
miRNAs exert their effect in this way. If base pairing is
only partial, as is the common feature of animal miRNA—
target interactions, the main effect seems to be inhibition
of translation, although some mRNA degradation is also
frequently observed (4).

miRNAs are common in multicellular organisms and
animal viruses and were only recently discovered in a
unicellular organism, the green alga Chlamydomonas
reinhardtii (6,11-13). In animals and plants, miRNAs play
important cellular roles by modulating the expression of
endogenous genes and it has been estimated that up to one-
third of all human genes may be regulated by miRNAs
(5,14). The physiological role of miRNAs in C. reinhardtii
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is still not known, however, verified targets include genes
encoding flagellum-associated proteins (11,13).

siRNAs are present in eukaryotes from all major
phylogenetic branches including plants, animals and
fungi where they act e.g. in a defense mechanism against
viral RNAs and mobilization of transposons (2,15).
Repetitive elements, such as transposons and retrotran-
sposons, constitute substantial parts of the centromeres
in many eukaryotes, and the RNAi machinery is required
for silencing of centromeric repeats in e¢.g. fission yeast
(16,17). Although most studies on natural siRNAs have
focused on their roles in defense against viruses and
repetitive elements, an increasing number of reports point
to an additional role in regulation of non-transposon
genes. For example, large-scale cloning of small RNAs
from Caenorhabditis elegans and Arabidopsis thaliana has
identified many small RNAs with antisense complemen-
tarity to genes other than repetitive elements (18-20).
Recently, such small RNAs were demonstrated to be
involved in regulation of overlapping A. thaliana genes
during salt stress and bacterial infection (20,21).
Furthermore, whole-genome microarray analyses and
expressed sequence tags (ESTs) indicate substantial
expression of longer RNAs with antisense complementar-
ity to mRNAs in organisms ranging from protozoa to
mammals (22,23). Also, many mRNAs are transcribed
such that they may overlap with other mRNAs, thus
potentially forming dsRNAs.

The genetically tractable social amoeba Dictyostelium
discoideum has proven a valuable model organism in many
different research areas, from cell differentiation to host—
pathogen interactions (24,25). The recently sequenced
34 Mb genome has been annotated and revealed ~12 500
genes (26). Under normal conditions, D. discoideum grows
and divides as single cells, but when challenged by
starvation, cells stream together to form aggregates contain-
ing ~100 000 cells. Together, the cells go through develop-
ment as a multicellular organism, ultimately forming a ball
of spores on top of a stalk (24). The intermediate evolu-
tionary position of D. discoideum, branching after plants but
before the division between animals and fungi, further
contributes to its significance as a model organism (26).

Transgenic RNA interference (RNAi) is a standard
method to knock down gene expression in D. discoideum
(27-29). Several genes predicted to encode homologs to
RNAIi machinery proteins are present in the genome,
including those encoding two Dicer-like proteins, drnA
and drnB, and three RARPs, rrpA, rrpB and rrpC (29,30).
Of these, only rrpA is required for transgenic RNAIi (29).
In addition, deletion of the gene encoding a putative RNA
helicase, helF, renders cells hypersensitive to RNAi1 (31).
Five genes (and one apparently truncated gene, our
unpublished data) predicted to encode Piwi-like proteins
are present in the genome (15).

Here we report the first large-scale isolation of
small RNAs (18-26nt) from the unicellular amoeba
D. discoideum, and the involvement of RNAi-machinery
homologs in endogenous small RNA biogenesis, indicat-
ing multiple RNAi pathways. We found developmentally
regulated miRNA candidates of which at least one is
dependent on a Dicer homolog for its biogenesis,
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and isolated developmentally regulated RNAs derived
from retrotransposons, one of which has been suggested
to constitute centromeres. In addition, a number of small
RNAs antisense to mRNAs were identified, possibly
generated from longer antisense RNAs involving RARP-
directed synthesis. These results establish D. discoideum as
a model for functional analysis of endogenous small
RNAs and allows for simultaneous studies of their role in
single cell growth and multicellular development.

MATERIALS AND METHODS
Accession numbers

Isolated small RNA sequences in this study have been
deposited in Gene Expression Omnibus: platform
GPL5734, and in GenBank: EU113320-EU115992. The
micro RNA candidates micall90 and micall98 are
named ddi-mir-1176 and ddi-mir-1177, respectively, in
the miRBase database (41).

Growth and development

All D. discoideum strains were grown axenically in HLS5
medium and synchronously developed on nitrocellulose
membranes (32).

Oligonucleotides

DNA oligonucleotides (Invitrogen) used in this study are
listed in the Supplementary Data (Table S1).

Cloning of small RNAs

cDNA libraries of 18-26nt D. discoideum RNAs were
constructed according to two different protocols (33,34).
Briefly, total RNA was isolated by the TRIzol method
(Invitrogen) from growing D. discoideum AX4 strain cells
as well as from cells developed for 16 and 24 h, and the
fractions were subsequently pooled. After size fractiona-
tion and ligation of a 3’ linker, the RNA was divided into
two fractions, one of which was directly ligated to a
5’ linker, thus selecting for small RNAs with 5 monophos-
phates (34). Following RT-PCR, the PCR fragments were
cloned and sequenced. The second fraction was subjected
to reverse transcription directly after 3’ ligation (33).
Apart from synthesizing a complementary DNA strand,
the reverse transcriptase adds a few non-templated
C residues at the 3’ end. These C:s were then hybridized
to a DNA oligo with three 3’ G:s followed by PCR,
cloning and sequencing. This approach is insensitive of the
nature of the 5" end of the small RNA.

Computational analysis

The genome sequence (v 2.5) and annotation of mRNAs
(dated 2006-01-04) in D. discoideum was downloaded from
dictybase. We divided the ~34.2Mb genome into open
reading frames (ORFs), intergenic regions, repeats and
genes for non-coding RNAs, roughly sized 21.7Mb,
9.2Mb, 3.3Mb and 43kb, respectively. Annotation of
complex repeats and non-coding RNAs was carried out as
described elsewhere (Larsson et «l., manuscript in
preparation). BLASTN (NCBI BLAST 2.2.14) was used
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to determine the location of the cDNA sequences in the
genome sequence of D. discoideum. The cutoff for
BLASTN was empirically set to of 5.0 x 10~° in order
to distinguish hits that had a length of at least 18nt.
This approach also allowed us to find cDNAs that
matched the genome sequence perfectly as well as those
that were either post-transcriptionally modified, misse-
quenced, or had cloning artifacts at the ends of the cDNA.
Of the final sequences that matched the criteria stated
above a minor fraction, 74 sequences (4%) in the DYNL
library and 92 sequences (10%) in the DYSM library, had
one mismatch within the aligned region. Importantly,
none of the in detail analyzed small RNAs in this report
had any mismatches compared to the genomic sequence.

In cases where one cDNA gave multiple hits, all were
kept for further analysis. Subsequently, the cDNAs were
annotated as part of a complex repeat, non-coding RNA,
coding RNA, or intergenic region. cDNAs that matched
protein-coding RNAs were further subdivided as located
in the untranslated regions (UTRs), exons, introns or in
antisense orientation to the mRNA. miRNA candidates
were predicted using cDNAs that matched intergenic,
intron or antisense (to mRNAs) regions, followed by
extraction of the genomic sequences 150 nt upstream and
downstream of each cDNA. The extracted sequences were
analyzed by MiRfold (35) with standard settings to
identify putative pre-miRNA structures. The predicted
hairpin structures were further analyzed by miR-abela
(36). All remaining sequences that had a score above 0.0
were regarded as candidate miRNAs. Secondary RNA
structures were predicted using the Mfold software v.2.3 at
folding temperature 22°C (37).

RT-PCR ANALYSIS

For RT-PCR analysis, D. discoideum AX4 strain RNA
pooled from growing cells and cells developed for 16 and
24h (equal amounts) was DNase-treated twice. Next, 2 ug
of RNA was reverse transcribed at 55°C, 60°C and 65°C
(20 min at each temperature) using 15 U of Thermoscript
reverse transcriptase (Invitrogen) and gene-specific pri-
mers. Primers used for reverse transcription of asRNA
and mRNA, respectively, were oligos 241 and 242 (rsmF),
243 and 245 (hatA), 274 and 275 (hatB), 276 and 277
(hatC) and 246 and 248 (DDB0230011). Negative controls
were treated identically except that no reverse transcrip-
tase was added to these reactions. After RNase H
treatment (Invitrogen), PCR was carried out using 0.5 pl
reverse transcription mix, 20 pmol of gene-specific primers
and 0.6 U AmpliTaq Gold polymerase (Roche). The same
primers were used for amplification of cDNA correspond-
ing to both mRNA and asRNA of each gene. Primers for
each gene were the same as in the reverse transcription,
except for DDB0230011 mRNA and asRNA, which were
amplified in a nested PCR reaction using oligos 247 and
251. Cycling conditions were 95°C for 9min; 5 cycles
of 95°C for 30s, 55-50°C (hatA), 60-55°C (hatB, hatC),
62-57°C (rsmF) or 59-54°C (DDB0230011) for 40s, 72°C
for 40s; 35 cycles of 95°C for 30s, 50°C (hatA), 55°C
(hatB, hatC), 57°C (rsmF) or 54°C (DDB0230011) for 40s,
72°C for 40s; followed by 72° for 10min. For hatA4,

genomic PCR was carried out using oligos 243 and 245.
Due to the high A/T content of the hatA intron, cycling
conditions were 95°C for 5min; 35 cycles of 95°C for 30s,
47°C for 30s, 60°C for 2min; followed by 60° for 7 min.
The PCR products were cloned into the pCR2.1-TOPO
vector (Invitrogen) and sequenced using an ABI PRISM
3700 DNA Analyzer (Applied Biosystems).

Northern blot analysis

For northern blots of small RNAs, total RNA was
extracted by the TRIzol method and 20pug RNA was
separated on a 12% polyacrylamide/7 M urea/1 x TBE gel
and electroblotted to a Hybond-N* membrane (GE
Healthcare) at 20V at 4°C for 16h. The RNA was
immobilized by UV cross-linking (150mJ) and radio-
actively 5" labeled DNA oligonucleotides were hybridized
in Church buffer (7% SDS, 0.5M NaPO, pH 7.2, | mM
EDTA and 1% BSA) at 42°C overnight. The membranes
were washed at 42°C; 2 x Smin with 2x SSC/0.1% SDS,
2 x 10min with 1xSSC/0.1% SDS, 2x5min with
0.5 x SSC/0.1% SDS and hybridization signals were
analyzed using a Phosphorimager (Molecular Dynamics).

Northern blot of mRNAs and antisense RNAs was
performed essentially as described above, but using a
6% polyacrylamide/7 M urea/l x TBE gel. Probes were
in vitro transcribed from purified PCR products with
2p.labeled UTP wusing T7 polymerase (Ambion).
Templates for in vitro transcription were PCR-amplified
from pCR2.1-TOPO plasmids (see above) containing the
rsmF, hatA or DDB0230011 sequences by using primers
257 or 258 in combination with gene-specific primers
241 or 242 (rsmF), 244 or 252 (hatA), and 247 or 251
(DDB0230011). Hybridizations were carried out in
Church buffer at 65°C overnight. The membranes were
washed under the same conditions as above, but at 65°C.
The SRP RNA probe was a 5'-labeled DNA oligonucleo-
tide (38). The DNA size marker, pUC Mix Marker 8
(Fermentas) and the RNA decade marker (Ambion) were
5'-labeled with *°P.

RESULTS

Two ¢cDNA libraries representing 18-26 nt D. discoideum
RNAs

The aim of this study was to investigate the small RNA
(18-26nt) profile of D. discoideum during growth and
development. For this reason, we cloned and sequenced
pooled small RNAs from growing single cells and from
two different multicellular stages (16 and 24 h of develop-
ment). At 16h of development, cells have differentiated
into two main cell types, pre-spore and pre-stalk cells, and
after 24 h development has reached the final stage; a ball
of spores on top of a stalk (24).

The specific characteristics of different small RNA
classes determine their accessibility to different cloning
methods (2). One important feature is the 5 end of the
RNA, e.g. a mono- or a triphosphate as a result of
different biogenesis pathways, or a hydroxyl group in the
case of hydrolyzed degradation products. Therefore, we
used two different methods for the addition of the 5’ linker
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Figure 1. Two cDNA libraries representing 18-26 nt RNAs from D. discoideum. (A) Classification of small RNAs represented in the cDNA libraries
constructed by 5'-ligation-dependent cloning (left) and 5'-ligation-independent cloning (right). Numbers of sequences (total as well as unique) are
indicated in brackets. (B) Size distribution of small RNAs represented in the cDNA libraries. Sequences (percentage of each library) from the
S'-ligation-dependent and 5'-ligation-independent libraries are represented by black and gray bars, respectively.

prior to cloning (see Materials and Methods section).
In the first approach, referred to as the 5'-ligation-
dependent method, an RNA oligo was ligated to the
5" end of the size-fractionated RNA without prior treat-
ment of the RNA. This selects for RNAs with
5" monophosphates, a characteristic feature of Dicer
cleavage products (34). In the second approach, the
5'-ligation-independent method, we took advantage of the
ability of the reverse transcriptase to add a few untemplated
terminal C residues. This allows for a hybridization-based

addition of the 5 linker and thereby isolation of RNAs
regardless of the nature of their 5" ends (33).

Of the 5009 cloned sequences from the 5-ligation-
dependent cDNA library, 48% (2387 sequences) matched
the published D. discoideum genome sequence (26)
whereas the corresponding number for the 5'-ligation-
independent library was 36% (1432 sequences) of a total
of 4002 sequenced clones. The relative representation of
different RNA classes in the two libraries is shown in
Figure 1A, along with the numbers of unique sequences
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identified. Most clones represented small RNAs derived
from the DIRS-1 retrotransposon (68.7% and 37.5% in
the 5-ligation-dependent and 5'-ligation-independent
libraries, respectively). Another large fraction was derived
from putative degradation products of rRNAs, tRNAs,
small nucleolar RNAs, small nuclear RNAs and other
non-coding RNAs (22.6% and 46.7%). A substantial
portion (2.7% and 10.2%) matched the intergenic region
between the 26S rRNA and 5S rRNA genes, which in
D. discoideum is present on the 88 kb extrachromosomal
rDNA palindrome (39). Out of these clones, 90% were
derived from a 27 nt region situated ~450 bp downstream
and ~1500 nt upstream of the 26S rRNA and 5S rRNA
genes, respectively. This region has previously been
referred to as non-transcribed (39). Northern blot analysis
of this region yielded several different hybridization
signals of which none was shorter than ~40nt in length
(data not shown).

Besides the DIRS-1 retrotransposon, other repetitive
elements—retrotransposons as well as DNA transpo-
sons—were also represented, albeit at a low frequency
(2.0% and 1.6% in the &-ligation-dependent and
S'-ligation-independent libraries, respectively). These
include the Skipper retrotransposon, which is further
described below. Other isolated small RNAs originated
from intergenic regions (1.8% and 2.2%), exons (1.0%
and 0.7%), introns (0.4% and 0.2%), UTRs of protein-
coding genes (0.3% and 0.4%) and small RNAs with
antisense complementarity to protein-coding genes (0.6%
of each library). Further analysis of these small RNAs is
described below.

The size distribution of the small RNAs represented in
the libraries revealed a strong bias towards 21 nt RNAs.
This was particularly evident for RNAs derived from
DIRS-1 (Figure 1B). Notably, the frequency of DIRS-1
small RNAs was substantially higher in the 5'-ligation-
dependent compared to the 5'-ligation-independent
library. On the other hand, the reverse situation was
seen for clones representing fragments of non-coding
RNAs (ncRNAs), e.g. rRNAs and tRNAs. These
sequences were much more abundant in the 5-ligation-
independent library than in the 5'-ligation-dependent
library (Figure 1A). This indicates that the majority of
the DIRS-1 small RNAs carry 5 monophosphates,
characteristic of Dicer products.

miRNA candidates and the expression of one candidate in
different RN Ai knockout strains

Until very recently, miRNAs had only been identified in
multicellular organisms and their viruses (11,13).
To explore the possibility that miRNAs were represented
in our cDNA libraries, we computationally predicted
secondary structures of RNA sequences flanking inter-
genic, intronic and antisense small RNA loci
(see Materials and Methods section). Five out of 167
folded sequences fulfilled standard criteria for miRNA
precursors; four were derived from intergenic regions, and
one was in antisense orientation to an intron of a
predicted gene. By northern blot analysis, expression of
~22nt RNAs was detected for two of the intergenic small

RNAs, micall90 and micall98. Furthermore, both are
up-regulated during development (16h slugs and 24h
fruiting bodies) (Figure 2A). The predicted precursors of
the miRNA candidates are shown in Figure 2B. No signals
corresponding to pre-miRNAs could be detected in the
northern blot experiment; however, this is also a common
situation in plants where miRNA precursors are rarely
seen (40).

A third predicted candidate miRNA gave a strong
hybridization signal of ~60 nt, which also increased during
development, but no signal corresponding to the potential
mature miRNA was observed (data not shown). Notably,
the corresponding clone was derived from the 5'-ligation-
independent cDNA library, which has a relatively high
proportion of ncRNA fragments. Thus, this small RNA
may be a degradation product of a previously unknown
longer ncRNA. The other four predicted miRNAs were
found in the 5-ligation-dependent library, which contains
candidate Dicer cleavage products. In order to address
possible conservation of the D. discoideurn miRNA
candidates, we searched for homologs of known
miRNAs in the miRBase database (41). No miRNAs
with significant sequence similarity were identified.

To investigate the biogenesis pathway of the miRNA
candidates, the expression of one of them (micall98) was
analyzed in D. discoideum strains lacking various RNAi-
related proteins. The disrupted genes encode two Dicer-
like proteins (DrnA and DrnB), three RARP homologs
(RrpA, RrpB and RrpC), and a putative RNA helicase
(HelF) (29-31). In most of the mutant strains, the
expression of micall98 was essentially unaffected when
compared to wild-type cells (Figure 2C). However, in the
strain lacking the Dicer-like protein DrnB, the miRNA
candidate could not be detected. This suggests that DrnB
is responsible for processing of micall98 from its
precursor. No hybridization signals from the putative
precursor RNAs could be detected, which may indicate
that the same Dicer is responsible for generating the pre-
miRNA as is the case in plants (42). In contrast,
expression of micall98 was up-regulated in the strain
lacking the RARP RrpC. As a control, the same
membrane was probed for a small DIRS-I-derived
RNA, whose level was unchanged in all knockout strains
(Figure 2C and see below).

Small RNAs derived from the DIRS-1 retrotransposon

DIRS-1 is the most abundant retrotransposon in the
D. discoideum genome and DIRS-1-rich regions are found
at one end of each chromosome (26). These regions cluster
during mitosis and have therefore been suggested to
function as centromeres. The complete DIRS-1 retro-
transposon encodes a 4.5 kb mRNA and a 900 nt antisense
RNA and is flanked by inverted long terminal repeats
(LTRs) (43-45). We identified small RNAs along almost
the entire retrotransposon, not only from the segments
that would be predicted to form dsRNAs, e.g. mRNA-
antisense RNA and LTRs (Figure 3A).

DIRS-1 (also referred to as Tdd-1) expression is
up-regulated during development (44). Therefore, the
developmental expression of a randomly chosen DIRS-1
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mical 198

DIRS-1
small RNA

Figure 2. miRNA candidates in D. discoideum (A) northern blot analysis of mical190 and mical198 using RNA isolated from growing cells (0 h) and
developed cells (16 and 24h). The 5.8S rRNA is used as a loading control and radioactively labeled size markers (M) are shown. (B) Predicted
secondary structure (Mfold) of sequences surrounding miRNA candidates mical190 and micall98. (C) Northern blot analysis showing the
expression of micall98 in strains where genes encoding putative Dicer homologs (drnA™ and drnB™), RARp (rrpA~, rrpB~ and rrpC~) and RNA
helicase (helF~) have been disrupted. Wild-type (wt) represents D. discoideurn AX2 strain, which is the background strain of all knockout strains
except rrpC™~. rrpC~ was constructed in the AX4 wild-type strain, which displayed similar expression levels as AX2 for all RNAs analyzed in this
study (data not shown). The same membrane was stripped and reprobed with the DIRS-1 small RNA which is expressed approximately equally in all

strains analyzed and was therefore used as a loading control.

small RNA was investigated by northern blot analysis.
This RNA, identified in the 5'-ligation-dependent library,
originates from the antisense strand immediately down-
stream of the reported 900 nt antisense RNA (Figure 3A).
Similar to the DIRS-1 mRNA, the small DIRS-1 RNA is
up-regulated at 16 and 24 h of development compared to
the levels in growing cells (Figure 3B).

Small RNAs originating from the Skipper retrotransposon

Skipper is the second most abundant retrotransposon in
the D. discoideum genome (26). In contrast to DIRS-I,
Skipper is flanked by direct LTRs, and no antisense RNA
has yet been reported to be transcribed from this
retrotransposon (46). In spite of its rather high copy
number in the genome, only eight small RNAs originating
from this repetitive element were identified by cDNA
cloning and all were represented in the ligation-dependent
library only. Interestingly, they all matched a partial
Skipper fragment on chromosome 2, although a few of
them could also originate from a number of complete or
partial Skipper sequences present at different locations in
the genome. Except for a number of ESTs of 270-320 nt
that include one of the isolated small RNAs (Figure 4A),
no expression for this partial Skipper fragment has been
demonstrated prior to this study. A genomic region with
the potential to give rise to a long hairpin RNA, with a
~320 bp stem and ~900 nt loop, could be the source for all
eight small RNAs (Figure 4A) Notably, this places two of

the isolated small RNAs on opposite strands in the same
21bp region. However, six out of the eight small RNAs
could potentially originate from an alternative stem-loop
structure that resembles a miRNA precursor (Figure 4B).
If so, these small RNAs would originate from the
predicted loop sequence (three staggered sequences) and
the 3’ part (three staggered sequences) of the hairpin.
Although it is likely that all eight small RNAs are derived
from one or several longer RNA molecules transcribed
from the same DNA strand, two of the three small RNAs
from the loop sequence in Figure 4B also match a second
site at the opposite DNA strand elsewhere in the Skipper
fragment.

The expression of the Skipper small RNAs originating
from the predicted loop and 3’ stem structure during
D. discoideum growth and development was analyzed by
northern blot. Since the hybridization patterns for both
sets of small RNAs were identical, only the result for one
set is shown in Figure 4C. The sequence recognized by the
oligonucleotide probe is indicated in Figure 4A and B. The
result demonstrated up-regulation of the Skipper small
RNA during development, much like the DIRS-1 small
RNA (Figure 3B). However, in contrast to DIRS-1, the
Skipper mRNA is expressed at low levels both during
growth and development (30). It should be noted that the
two oligonucleotides used most likely will hybridize to all
three small RNAs from each region, respectively.
In addition, northern blot also verified expression of the
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Figure 4. Small RNAs derived from the Skipper retrotransposon. (A) Predicted secondary structure (Mfold) of a partial Skipper retrotransposon
encompassing all eight cloned small RNAs. Black arrows indicate sequences represented in the cDNA libraries. The region shown in B is indicated by
a dashed line. The sequence complementary to the probe used in the northern blot analysis is represented by a red arrow. The dotted arrow indicates
a sequence analyzed by northern blot but not present in any of the cDNA libraries. A region covered by EST sequences (http://www.dictybase.org) is
shown in green (these sequences, 270-320 nt long, extend further 3’ of the drawn structure). (B) Alternative prediction of secondary structure of a
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same sized RNA from the 5-part of the predicted stem,
showing the same developmental regulation. The rational
for analyzing RNAs derived from this region, albeit
no matching small RNAs were represent in the cDNA
libraries, was the predicted pre-miRNA-like structure
which, if cleaved by Dicer, should release such a
small RNA.

The isolated Skipper small RNAs demonstrate partial
or complete sequence identity or complementarity to
Skipper sequences throughout the genome. Interestingly,
however, we observed that some of the small RNAs
also displayed near-perfect complementarity to mRNAs
unrelated to Skipper. For the predicted glycosyltransfer-
ase gene, ggtA, one of the small RNAs can potentially
form a duplex with the mRNA with only one
mismatch 6nt from the 5end of the small RNA (data
not shown).

Different RNAi pathways involved in generation of
DIRS-1 and Skipper small RNAs

In order to investigate the possible role of the RNAi
machinery in the accumulation of repeat-associated small
RNAs, northern blot analysis of DIRS-1 and Skipper
small RNAs was carried out using RNA isolated from
strains in which RNAi-related genes had been disrupted
(see above). The DIRS-1 small RNA accumulated to
approximately equal levels in all RNAi knockout
strains (Figure 5). The small RNA derived from the
predicted loop and 5-stem of the partial Skipper copy
was, however, significantly up-regulated in the strain
lacking the rrpC and drnA genes (only the result for the
loop-derived RNA is shown). This indicates that DIRS-1
and Skipper small RNAs are genecrated by different
pathways.
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Expression of longer antisense RNAs may generate small
RN As with antisense complementarity to mRNA

A number of clones in the cDNA libraries represented
small RNAs with antisense complementarity to predicted
or validated protein-coding genes. Three of these genes
were selected for further analysis; hatA, rsmF and
DDB0230011 (http://www.dictybase.org).

hatA encodes the actin-binding protein hisactophilin I.
A closely related gene, encoding hisactophilin 11, (hatB), is
located ~600 bp downstream of hatA. Gene disruption of
both hatA and hatB renders D. discoideum more sensitive
to hyperosmotic stress than wild-type cells (47). A third,
highly similar gene, hatC, is located on another chromo-
some although there is no previously reported evidence for
its expression. hatA and hatB each contain one intron,
whereas hatC lacks introns (Figure 6A). Although these
three genes are very similar, the small RNA identified in
our cDNA library is fully complementary only to hatA.

rsmF (Ras superfamily member F) is predicted to
encode a small GTPase (26), although no expression has
previously been shown for this gene.

DDB0230011 is predicted to encode a cysteine-rich
protein with sequence similarity to the Fraser syndrome
protein, FRASI, as well as the Xenopus laevis dorsalizing
factor kielin (48-50). In an earlier study, the D. discoideum
DDB0230011 mRNA was demonstrated to be expressed in
prestalk cells during development (51).

In order to investigate if the isolated small RNAs with
antisense complementarity to mRNAs could originate
from longer antisense transcripts, RT-PCR analysis
followed by cloning and sequencing of the PCR product
was carried out for both strands of hatA, hatB, hatC, rsmF
and DDB0230011 (Figure 6A). This experiment verified
the expression of both mRNA and longer antisense RNAs
for all genes except hatC, for which only mRNA was
detected. In the case of hatA, the primers used for
RT-PCR were located in exons one and two. As expected,
the PCR product corresponding to the mRNA strand
represented the mature, spliced, mRNA without intron.
Intriguingly, RT-PCR of the antisense strand gave rise to
a product of the same size, and sequencing confirmed that
the antisense RNA was perfectly complementary to the
spliced mRNA and not to the intron-containing pre-
mRNA (Figure 6A). This suggests that at least one RARP
is involved in the production of the antisense RNA. For
the remaining genes, the primers were located within one
exon. It could therefore not be determined whether the
corresponding antisense RNAs were complementary to
unspliced or spliced mRNAs.

Developmental regulation of mRNAs and antisense RNAs

Analysis of mRNA and antisense expression for hatA,
rsmF and DDB0230011 in growing cells and 16h
developed cells, respectively, was also carried out by
northern blot using strand-specific probes. It should be
noted that the in vitro transcribed RNA probe most likely
would not distinguish between hatA, hatB and hatC due to
their high degree of sequence similarity. hatA/hatB
mRNA has previously been demonstrated to be expressed
during early development but is down-regulated
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Figure 6. Small antisense RNAs may originate from longer transcripts. (A) Schematic drawing (left) of structures of genes analyzed by RT-PCR
(right). The positions of sequences represented in the cDNA libraries are indicated for hatA, rsmF and DDB0230011. Primers used in the study are
represented by small arrows. Letters in brackets following the oligo numbers indicate whether the oligo was used for reverse transcription of mRNA
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is probably due to cross-hybridization of primers to hatC. (B) Northern blot analysis during growth (0h) and development (16h) using in vitro
transcribed, strand-specific probes. The probes constructed against hatA will most likely also hybridize to hatB and hatC and are therefore designated
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during culmination (52). Our results confirmed this
observation; the mRNA was down-regulated 5-fold in
16h cells compared to growing cells (Figure 6B).
Hybridization of the same membrane with a probe against
the antisense strand gave a signal with a similar develop-
mental expression pattern as the mRNA. Interestingly, this
signal indicated that the antisense RNA is more than twice
as long (~1100nt) as the mRNA (~470nt). A faint,
additional antisense RNA with a size similar to that of
the mRNA was also detected in RNA isolated from
growing cells.

For rsmF and DDB0230011, northern blot analysis
failed to detect expression from the antisense strands.
However, expression of both mRNAs was strongly
developmentally regulated and could only be detected in
16 h cells (Figure 6B). Interestingly, the rsmF mRNA is
substantially longer (~1100nt) than anticipated. The
predicted open reading frame of rsmF is 627nt and
5" and 3’ UTRs are in general short in D. discoideum (26).

DISCUSSION

Small RNAs are known to be important regulators of gene
expression in most eukaryotes. In the model organism D.
discoideum, RNAI has for several years been used as a tool

to knock down gene expression (27-29), but in spite of this,
little was known about endogenous small RNAs in this
organism (30). This prompted us to investigate the small
RNA repertoire of D. discoideum by cloning and sequen-
cing 18-26 nt RNAs.

In other organisms, multiple classes of small RNAs of
different, distinct, lengths have been identified (2). This is
exemplified by miRNAs, which are usually 21-22 nt long
in animals and plants, and 26-28nt repeat-associated
siRNAs (ra-siRNAs) isolated from Schizosaccharomyces
pombe and Drosophila melanogaster (6,16,53). In plants,
different Dicer-like proteins specifically produce 21-, 22-
or 24-nt small RNAs (42). In our cDNA libraries from
D. discoideum, the size distribution of the cloned small
RNAs derived from repetitive elements was clearly biased
towards 21nt RNAs. For the other groups of small
RNAs, the number of sequences was too low to
confidently address this question. However, for some of
the groups, e.g. small RNAs derived from intergenic and
exonic regions, most isolated RNAs were between 19 and
21 nt long. This size distribution is in contrast to that of
the clones derived from longer non-coding RNAs,
presumably degradation products, which demonstrated a
more random size distribution from 18 to 26 nt.

When cDNA libraries of small RNAs have been
constructed for other organisms, e.g. C. elegans, cloning
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efficiency for different small RNA classes depends on the
method used (2). In an attempt to avoid this bias and to
recover as many different small RNAs as possible, we
employed two different cloning protocols; one 5'-ligation-
dependent and one 5'-ligation-independent. The most
prominent difference between the two cDNA libraries
was the much higher number of ncRNA fragments,
putative degradation products, in the 5'-ligation-indepen-
dent library, while the DIRS-1 small RNAs were
significantly enriched in the 5'-ligation-dependent library.
This suggests that the DIRS-1 small RNAs are predomi-
nantly Dicer products, since generation of 5" monophos-
phate-carrying RNA is characteristic of this enzyme’s
activity. The unambiguous length bias towards 21 nt for
the DIRS-1 RNAs further supports this.

The cDNA libraries were searched for putative
miRNAs and five top scoring candidates were identified
based on their genomic location and predicted precursor
structure. Two of these RNAs, both 21 nt long, could be
detected by northern blot analysis, however only after
several days of exposure. Hence, the other miRNA
candidates could be present at even lower levels. Four of
the candidates were present only in the 5-ligation-
dependent library, indicating processing by Dicer. The
involvement of a Dicer enzyme was further substantiated
by the absence of one of the miRNA candidates in a strain
depleted of the Dicer homolog DrnB. However, the
abundance of this small RNA was unaffected in a strain
in which the gene for the other Dicer homolog, dinA, had
been disrupted. This result is reminiscent of the situation
in A. thaliana (42) and D. melanogaster (54-56) where
miRNA biogenesis is strictly dependent on one of their
Dicer-like enzymes, DCL1 and Dicer-1, respectively.
Furthermore, the miRNA candidate that is absent in the
D. discoideum drnB mutant is up-regulated in a strain in
which one of the RARP genes has been disrupted. Again,
this parallels observations in A. thaliana, where the
majority of known miRNAs is enriched when one of the
RdARPs (RDR?2) is mutated (57).

Notably, the two Dicer-like proteins in D. discoideum
do not contain the N-terminal helicase domain, which is a
conserved part of Dicers in most organisms, including
animals, fungi and plants (15,29). In D. discoideum, this
motif is present on the RdRPs, suggesting domain
swapping between the Dicers and the polymerases (29).
Nevertheless, Dicer B is still required for the biogenesis of
at least one of the D. discoideum miRNA candidates.
Dicer-like sequences from Tetrahymena thermophila,
Trypanosoma brucei and Giardia lamblia also lack the
helicase domain but take part in RNAi-related mecha-
nisms in vivo and/or in vitro (cleavage of dsSRNAs) (58—60).
It should be noted that none of these Dicer-mediated
processes include miRNA biogenesis.

Several targets for the miRNA candidates were
predicted, both with near-perfect complementarity to
ORFs and imperfect base pairing within 3’UTRs (data
not shown). Due to the intermediate evolutionary position
of D. discoideum, indicated by branching out after plants
but before the fungi and animal lineages, we cannot
predict whether the miRNA candidates would interact
with targets in a plant or animal-like fashion, to primarily
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promote target cleavage or translational repression,
respectively. Experiments are under way in order to
validate predicted targets. In the unicellular alga
C. reinhardtii, miRNAs were shown to induce cleavage
of target mRNAs in accordance to its evolutionary
position, i.e. close to plants (11,13). Although
D. discoideum is a unicellular organism, in contrast to
C. reinhardtii, multicellular development is a natural
process initiated by starvation. Since expression of the
miRNA candidates is up-regulated during development,
this could indicate a role during the multicellular life cycle.
However, since expression is also evident during growth, a
function during the single cell stage is plausible as well.

The by far most abundant class of small RNAs
was derived from the DIRS-1 retrotransposon (30).
A randomly chosen DIRS-1 small RNA displayed an
expression pattern similar to the one reported for DIRS-1
mRNA, i.e. up-regulation during development (44). It is
likely that these results reflect the action of the RNAIi
machinery to prevent mobilization of the transposon, as
reported for several other eukaryotes (61). In addition,
DIRS-1- rich clusters are located at one end of each
chromosome, and have therefore been suggested to
constitute centromeres (26). The large number of DIRS-
1 small RNAs may thus be analogous to the small RNAs
derived from centromeric repeats in S. pombe and
A. thaliana (16,17,62). siRNAs has been demonstrated to
direct DNA methylation of both transposons and
centromeric repeats (3). This is in line with the observed
DNA methyltransferase-dependent methylation of DIRS-
1, however no clear connection between DNA methyla-
tion and the RNAIi machinery in D. discoideum has yet
been established (30).

Small RNAs derived from the Skipper retrotransposon
were also isolated, although at a much lower frequency.
These small RNAs were only represented in the ligation-
dependent cDNA library and they all matched a particular
partial Skipper fragment. A longer putative RNA
expressed from this fragment has the potential to form a
long foldback structure from which the small RNAs could
be processed. A predicted similar foldback structure
turned out to be a rich source of small RNAs in
A. thaliana when RDR2 had been mutated (57).
Alternatively, six of the eight small RNAs could originate
from a shorter stem-loop structure, similar to a miRNA
precursor. Which, if any, of these conformations is the
true precursor of the small RNAs remains to be
determined. The analyzed Skipper small RNAs demon-
strated a developmentally up-regulated expression, much
like the DIRS-1 small RNA. In contrast, no develop-
mental regulation has been reported for the Skipper
mRNA (30). Interestingly, some of the Skipper small
RNAs were almost fully complementary to non-
retrotransposon mRNAs. The question of whether these
mRNAs are bona fide targets for the Skipper small RNAs
is presently unresolved. Some small RNAs derived from
repetitive elements have been implicated in miRNA
pathways in mammals and plants (63—65).

In a previous study, differential accumulation of the
Skipper and DIRS-1 mRNAs was observed in strains in
which genes encoding the putative RNAi machinery

0202 1equianop €| uo Jesn Alelqi Jayua) [eoipay AQ GE9001Z/v L 29/0Z/SE/el01e /Jeu/woo dno-olwapese//:sdiy wol) papeojumoq



6724 Nucleic Acids Research, 2007, Vol. 35, No. 20

components drnA (Dicer homolog), rrpA, rrpB and rrpC
(RdARP homologs), and helF (putative RNA helicase) had
been disrupted by homologous recombination (30). This
report demonstrated up-regulation of the Skipper mRNA
in all knockout strains except for helF, whereas the
DIRS-1 mRNA exhibited normal expression in all strains
tested, except for rrpC~, in which expression was
significantly up-regulated. To compare the expression
pattern of the retrotransposon mRNAs to the correspond-
ing small RNAs, we analyzed the levels of the small RNAs
derived from Skipper and DIRS-1 in the same knockout
strains, as well as in a strain where drnB had been
disrupted. In the case of DIRS-1, the small RNA
expression levels remained unchanged in all the mutant
backgrounds. This may indicate that the functions of the
two Dicer-like proteins are redundant, as observed for
siRNA biogenesis in plants (42). Alternatively, it is
conceivable that the component responsible for the
processing of the DIRS-1 small RNAs has not yet been
identified. In contrast to the DIRS-1 small RNA, the
Skipper small RNA was significantly up-regulated in two
knockout strains, rrpC~ (putative RARP) and drnd—,
(one of the two Dicer homologs). Notably, the small RNA
derived from the A. thaliana foldback structure mentioned
above is strongly expressed in the RDR2 mutant (57). One
possible explanation for the up-regulation of Skipper
small RNA in drmA™ and rrpC™ strains is that the
components of the RNAi machinery are competing for
common ligands. For example, RrpC may normally be
engaged in the production of several different classes of
small RNAs and thereby tether some of the ligands also
used to generate Skipper small RNAs. When rrpC is
knocked out, factors normally associated with RrpC are
released and can be recruited to the processing machinery
required for the biogenesis of Skipper small RNAs (and to
a lesser extent for micall98).

The different expression patterns of the DIRS-1 and
Skipper small RNAs, as well as the tested miRNA
candidate in the mutant backgrounds, argues for three,
at least partly distinct biogenesis pathways for small
RNAs in D. discoideum. Similarly, multiple RNAi path-
ways have been demonstrated in e.g. C. elegans,
A. thaliana and T. thermophila (19,42,66—68).

The relatively large fraction of small RNAs derived
from a 27nt region in-between the 26S and 5S rRNA
genes on the rDNA palindrome is puzzling. At this point
we do not know what, if any, their function is. A similar
situation is present in mouse cells where RNA transcribed
from the intergenic region located ~2kb from the tran-
scriptional start site of pre-rRNA recently have been
suggested to affect rDNA transcription. In this case,
a longer transcript is processed into shorter inter-
mediates (150-300nt) which promote heterochromatin
formation (69).

In addition to the repeat-associated small RNAs,
putative miRNAs, and small RNAs derived from the
rDNA palindrome, we isolated a small number of RNAs
with complete antisense complementarity to annotated
protein-coding mRNAs. Such small RNAs have pre-
viously been identified in e.g. C. elegans, T. thermophila
and A. thaliana (18-20,66,70). In T. thermophila, these

RNAs are believed to play a role in the repression of
pseudogene expression (66). In A. thaliana, a 24 nt small
RNA is produced from the overlapping region of two
convergent mRNAs, one of which is up-regulated upon
salt stress (20). This RNA in turn triggers the synthesis of
21 nt secondary siRNAs which subsequently down-reg-
ulate the second, complementary, mRNA.

We were unable to detect any of the three tested
D. discoideum small antisense RNAs by northern blot
analysis. This is analogous to the small antisense RNAs in
C. elegans, of which only a few could be detected by this
method (19). It should be noted, however, that we used
total RNA for northern blot analyses, and it is possible
that enrichment for small RNAs would enable detection
of these RNAs. Furthermore, in A. thaliana, the stress-
induced small RNA could only be detected under salt
stress conditions (20). This may suggest that we yet need
to find proper conditions for accumulation of the
D. discoideum small antisense RNAs to detectable levels.

Only a few longer antisense RNAs had previously been
described in D. discoideum (71). Interestingly, we demon-
strate here the presence of longer antisense transcripts
from all three tested genes for which we had identified
small antisense RNAs. For one of these genes, hatA, both
the antisense RNA and the mRNA were abundant enough
to be detected by northern blot analysis. In this case, the
mRNA and antisense RNA demonstrated similar patterns
of down-regulation at 16h of development compared to
growing cells. The regulation of expression between these
two time points appeared to be exerted mainly at the level
of transcription as indicated by nuclear run-on transcrip-
tion experiment (data not shown). However, RT-PCR
analysis of the hatA antisense RNA suggested a post-
transcriptional mechanism, since the cloned and
sequenced antisense RNA was fully complementary to
the spliced mRNA and not to the intron-containing pre-
mRNA. This suggests synthesis of the antisense RNA by
an RARP. A similar unusual antisense RNA correspond-
ing to the mature mRNA has previously been described
for annexin VII (72). On the other hand, the antisense
RNA detected by our northern blot analysis was
approximately twice as long as the mRNA (although a
faint band corresponding to the mRNA size could also be
seen), and thus it is difficult to visualize how the antisense
RNA could be synthesized by an RARP using the mature
mRNA as a template. It is conceivable that the hatA gene
is regulated both transcriptionally and post-transcription-
ally, possibly involving both DNA-dependent and
RNA-dependent synthesis of antisense RNAs.

In summary, our survey of small RNAs in the
unicellular model organism D. discoideum revealed several
classes of RNAs. Strong candidates for miRNAs were
identified of which at least one is dependent on Dicer B.
The majority of the small RNAs were derived from the
DIRS-1 retrotransposon, suggesting a role for RNAI in
the control of transposon mobility and/or establishment
of functional centromeres. In addition, small RNAs
corresponding to other repetitive elements were also
isolated. Multiple pathways seem to be involved in the
biogenesis of these different classes of small RNAs,
demonstrating an endogenous role for the RNAI
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machinery in D. discoideum. Furthermore, small RNAs
with antisense complementarity to mRNAs were identi-
fied. Intriguingly, expression of longer antisense RNAs
was detected from these and other loci. Antisense
transcription thus seems to be widespread in D. discoi-
deum, as has been observed in other organisms. The
possible role of these antisense RNAs in regulation of
their complementary mRNAs, as well as the question of
whether or not this regulation is RNAi-mediated, will
require further investigation. Taken together, these results
point to the power of D. discoideum as a model for
complex RNAi-related processes. Not only will the many
genetic and biochemical tools available be of great
importance, but also the intriguing evolutionary position
of this organism, between plants and animals, and
between uni- and multicellularity.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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