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pRNA

NoRC-associated RNA of rRNA operons
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Promoter—associated RNAs (pRNAs)
are a family of ~-90-100 ntlong
divergent RNAs overlapping the pro-
moter of the rRNA (rDNA) operon.
pRNA transcripts interact with TIP5, a
component of the chromatin remodeling
complex NoRC, which recruits enzymes
for heterochromatin formation and
mediates silencing of rRNA genes. Here
we present a comprehensive analysis of
pRNA homologs, including different
versions per species, as result of in silico
studies in available metazoan genome
assemblies. Comparative sequence analy-
sis and secondary structure prediction
ended up in two possible secondary
structures, which let us assume a pos-
sible dual function of pRNAs for regula-
tion of rRNA operons. Furthermore, we
validated parts of our computational pre-
dictions experimentally by RT-PCR and
sequencing. A representative seed align-
ment of the pRNA family, annotated
with possible secondary structures was
released to the Rfam database.

Introduction

Promoter-associated RNAs (pRNAs)
originate from an intergenic RNA poly-
merase I (Pol I) promoter located about
2 kb upstream of the pre-rRNA transcrip-
tion start site.! The intergenic transcripts
are short-lived and degraded by the exo-
some, except a 150-250 nt transcript that
matches the promoter of the ribosomal
genes (tDNA), termed promoter-asso-
ciated RNA.? These pRNAs are stabi-
lized by binding to TIP5 (transcription
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termination factor I interacting protein
5), the large subunit of the nucleolar
remodeling complex NoRC, which medi-
ates heterochromatin formation and tran-
scriptional silencing.? This interaction is
a prerequisite for the function of NoRC,
because antisense-mediated depletion of
pRNA leads to decreased rDNA methyla-
tion and activation of Pol I transcription.'
The 5’ terminal part of pPRNA is believed to
recruit DNA methyltransferase (DNMT)
3b to rDNA by forming a DNA:RNA
triple helix and directing therewith DNA
methylation.*> The release mechanism of
the pRNA is regulated by the acetyltrans-
ferase MOF (males absent on the first),
which acetylates a single lysine residue
(K633) of TIPS and leads to a dissociation
of the pRNA from NoRC.¢

pRNAs were previously described
to fold into a specific stem-loop struc-
ture, which is recognized by TIP5. Its
importance for binding to TIP5 was
shown by mutation studies that prevented
the formation of this structure and led
to an abolishment of targeting NoRC to
nucleoli.® Besides some sequence predic-
tions of rDNA promoter sequences in
mammals (human, mouse, rat, rabbit, and
pig), little is known about the distribution
of pRNAs among different species.?

The Rfam seed alignment RF01518 cur-
rently lists sequences of 16 species. The full
alignment contains 659 sequences from 25
species, including alveolata, which we show
is unlikely true. Here, we present a set of
pRNAs detected in 31 available eutherian
genome assemblies and extended it by addi-
tional sequences from 11 species detected
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Table 1. Number of pRNA candidates
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Gallus gallus f 71X 1108 1222 - - - - |-
Sa Taeniopygia guttata f 6X 1233 1222 e
Anolis carolinensis f 74X 1799 2242 e
« Pr Ornithorhynchus anatinus f 6X 2073 2993 - = = = ==
.'<"E> Me — Macropus eugenii s 2X 2956 4224 - - - - |-
£ ~—  Monodelphis domestica f 7.33X 3606 4592 e
< 1 Choleopus hoffmanni s 2.05X 2467 4137 | 69 0 55 58 0| (1i)
. —  Dasypus novemcinctus s 2X 4824 5291 53 5 44 39 4|1
. Procavia capensis s 219X 2993 3971 | 279 2 28 96 0 |1
——  Echinpos telfairi S 2X 3824 4919 23 1 17 14 111
~——  Sorex araneus S 1.9X 2944 2846 17 1 9 9 111
—  Erinaceus europaeus s 1.86X 3368 3579 23 2 13 14 111
—  Pteropus vampyrus s 2.63X 2000 2318 67 4 56 43 3| (1)
~——  Myotis lucifigus s 7X 2035 2248 | 50 2 34 33 0|1
—— \—— Equus caballus f 6.8X 2475 3149 | 130 5 16 16 4 |1
g ~—  Sus scrofa f 153X 2809 3059 | 51 0 40 38 0|1
£ — Bos taurus f 95X 2670 3537 | 46 0 35 30 O | 1(+1i)
w —  Tursiops truncatus s 259X 2522 3081 | 102 1 87 84 111
—  Vicugna pacos s 251X 2968 3169 55 1 38 40 0|1
—  Canis familiaris f 7.6X 2532 3051 53 3 49 40 2 | 1(+2i)
—  Felis catus s 2.87X 3160 3040 | 60 1 41 36 0 | 1(+1i)
Tupaia belangeri S 2X 3670 3472 46 6 32 29 6|2
E Oryctolagus cuniculus s 7.48X 2737 3107 | 21 4 16 16 4 |1
Ochotona princeps s 1.93X 4782 3107 53 7 36 36 712
Cavia porcellus s 6.79X 2723 3751 11 2 6 9 21
L Spermophilus tridecemlineatus | s  1.90X 2478 3932 23 0 19 15 0|1
Dipodomys ordii s 185X 2165 4377 | 45 5 33 3 5|1
{ Rattus norvegicus f 2719 3286 5 0 4 2 0|1
Mus musculus f 25X 2655 3216 8 1 2 4 11
Microcebus murinus s 1.93X 2910 3051 | 102 1 58 52 111
Otolemus garnetti S 2519 3531 30 0 23 28 0|1
—— Tarsius syrichta s 182X 3187 5144 | 58 0 44 39 0|1
Callithrix jacchus c 6X 2915 335 | 60 2 11 12 2|3
Macaca mulatta f 5.1X 3097 3291 89 2 70 69 21
Pongo pygmaeus f 6X 3447 3703 84 1 72 67 112
{ Pan troglodytes f 6X 3310 3594 | 95 14 87 81 14 | 4
Homo sapiens f 3168 3423 93 2 8 81 21

The number of pRNA candidates from the assembled (contig, scaffold or finished) genomes can be reduced, according to adjacent rRNAs, A-box
(part of UCE), and B-box (part of core promoter) in expected distances to pRNA candidates. We suggest a number of minimal pRNAs believed to
be functional (Min pRNAs), derived from unique sequences of genome analysis, EST sequences, and candidates from previous genome assemblies.
Additionally, we found pRNA candidates for eleven more species: Gorilla gorilla, Nomascus leucogenys, Pongo abelii, Macaca fuscata, Macaca fas-
cicularis, Cricetulus griseus, Cricetulus longicaudatus, Canis lupus familiaris, Pseudorca crassidens, Bubalus bubalis, and Muntiacus muntjak vaginalis.
For more details see main text. f, finished; s, scaffold; c, contig; Gzise, Genomesize in Mbp; pRNA candidates, in current assembly; rRNAs, number
of rRNAs within 10 000 nt downstream of pRNA candidates; i, candidates with unexpected insertion in upstream sequence; Sa, Sauropsida; Pr,
Protheria; Me, Metatheria; known sequences in bold font.

in EST and WGS databases. We show

Results

common features concerning the sequence,
secondary structure, and syntenic regions,
which lead to a possible regulatory func-
tion of pRNA by two possible secondary
structures.

Homology search and phylogenetic
distribution of pRNA
With the published pRNA sequences

of Mayer et al.,’ including Homo sapiens,
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Mus  musculus,  Rattus — norvegicus,
Oryctolagus cuniculus, and Sus scrofa, we
performed a homology search with blast
and infernal. As rDNA transcription is
species-specific, there is little sequence
homology among these sequences that
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are complementary to the the rDNA pro-
moter.”? We searched automatically and
manually in 37 Amniota genomes (new
and old assemblies) for pRNAs, result-
ing in 1901 sequences from 31 euthe-
rian genomes with 5-279 candidates per
genome (Table 1).

No candidates were detected in
Sauropsida, Protheria, and Metatheria,
which clearly shows the invention of
pRNAs correlated with the development
of Eutherians. All sequences have roughly
the same length (91-98 nt). Most trust-
able sequences (little variations to initial
known pRNAs) showed ~24 nt upstream
and 39 nt downstream of pRNA highly
conserved regions (A-box/B-box). We
used this information and an intensive
rRNA search to determine which of our
candidates are likely to be functional and
which of them are possible pseudogenes.
We defined a possible pRNA to be func-
tional, if the conserved upstream located
A-box, the conserved downstream located
B-box and the further downstream
located rRNA operon are present. Finally,
we found in all of the 31 eutherians at least
one copy being highly possible functional.
Whenever multiple copies of pRNA of a
genome (including conserved boxes) are
identical, we report a minimum of one
copy to be functional due to possible
assembly errors.

Furthermore, we searched in NCBI
databases, like “expressed sequences tags
(est)” and “whole-genome shotgun con-
tigs (WGS).” For 11 more species we
were able to detect homologous pRNA
sequence candidates:  Gorilla  gorilla,
Nomascus leucogenys, Pongo abelii, Macaca
[Jascicularis, Macaca fuscata, Cricetulus gri-
seus, Cricetulus longicaudatus, Canis lupus
Jamiliaris, Pseudorca crassidens, Bubalus
bubalis, and Muntiacus muntjak vaginalis.

The alignment of all 42 most likely
functional sequences (including A/B-box)
is shown in the online supplemental mate-
rial. The alignment shows a very variable
pRNA sequence (40-73% identity to con-
sensus sequence). The exact start and stop
position of the functional pRNA remains
unclear; however, according to secondary
structure searches and conservation visual-
ized with Emacs Ralee mode, the assumed
limits are indicated in the alignment.
The start site of the Rfam alignment was

www.landesbioscience.com
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Figure 1. Schematic overview of a pRNA in genomic context and its interaction partners. The
promoter associated RNA (red, 96 nt) is located upstream of the rRNA operon and surrounded by
two highly conserved regions of 15 nt each: The A-box (-173--159 nt) is located 24 nt upstream of
the pRNA and overlaps the common Upstream Control Element (UCE, -180--107 nt), itself over-
lapping partly with the pRNA. According to Haltiner et al., the UCE is located downstream of the
A-box (-156--107 nt).” The B-box (0-14 nt) is initiated with the Transcription Start Site and is part of
the core (-45-18 nt).” Positions according to human pRNA sequence and with respect to the Pol |
transcription start site. When the pRNA binds to TIP5 and T, methylation of the rDNA promoter is
increased and the rDNA gene is silenced. A DNA:RNA triplex helix of the premature pRNA transcript
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Figure 2. Highly conserved boxes were detected ~24 nt upstream (top, A-box) and ~39 nt down-
stream (bottom, B-box) of pRNAs. The upstream A-box is part of the highly conserved UCE, whereas
the downstream B-box is part of the promoter core region.

confirmed with a difference of 1nt with
our assumed 5’ end, whereas our assumed
3" end is located 8 nt downstream of the
proposed Rfam sequences.

Conserved motifs in syntenic regions

The most strikingly conserved motifs
were found in the syntenic regions in a dis-
tance of approximately 24 nt upstream and
39 nt downstream of the pRNA sequences,
see Figure 1. Interestingly, these motifs
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being not part of the Rfam alignment,
which are detectable in all species, are close
to or overlapping with two major control
elements of the rDNA promoter, namely
the upstream control element (UCE)
and the core element,” see Figure 2. The
upstream  motif GGTCGACCAGA
TGGC (A-box, Figure 1-top) is located
directly upstream to the UCE according
to,” or alternatively, overlapping with UCE
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Figure 3. Secondary structure of the promoter of an rDNA operon. (A) A-box and B-Box (blue) are
interacting highly conserved for all metazoan animals. The pRNA itself (red) of all here reported
sequences can fold into two possible secondary structures (B and C). The first hairpin (green box)
and half of the second hairpin (red box) are part of the UCE (-180/-156—-107 nt). Color boxes repre-
sent interacting regions of pRNAs colored identical in (B and C). Promoter-associated RNAs may
fold into one of the structures depending on their interaction to NoRC.
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Figure 4. Validation of a pRNA candidate in Vicugna pacos. RT-PCR was performed with the cDNA of
the pRNA itself (left, 76 nt expected, arrow) and with the conserved boxes (right, 164 nt expected,
arrow). M, Marker; +, c-DNA; -, negative control; H, water control.
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in the common sense. The downstream
motif GTGCTGACAC GCTGT (B-box,
Figure 1-bottom) and the core element are
overlapping. In all 42 species the combi-
nation A-box-pRNA-B-box was observed.
Some of them contained a genomic inser-
tion between A-box and pRNA. The
numbers of detected A- and B-boxes were
in most of the available genomes similar to
each other (Table 1). The here mentioned
motifs are not part of the current Rfam
alignment, however are as main character-
istics part of our provided alignment.

Secondary structure

When folding all here retrieved
pRNAs and their surrounding conserved
boxes with various in silico methods, we
retrieved one striking interaction. We
observed an interaction of A-box and the
B-box-area, see Figure 3A. This inter-
action is highly conserved in all meta-
zoans, with a high average energy value
(-7.32 kcal/mol), compensatory muta-
tions, and nearly no variations in length
(14 nt). Doubts about the secondary struc-
ture of the pRNA itself remain: Mayer et
al? reported that the pRNA folds into
a conserved stem-loop structure that is
necessary for nucleolar localization and
rDNA silencing. This hairpin structure is
also presented in the current Rfam entry
based on this publication.? Therefore,
we tested if all of our predicted pRNA
sequences are also able to fold into this
specific structure by using RNAsubopt
and constraint options. We found this
possibility for all of the pRNA candi-
dates, nevertheless, for most pRNAs this
is only possible with unfavorable energy
values, which is possible just by chance
for any sequence of the same length and
dinucleotide distribution. Therefore, we
performed extensive secondary structure
analyses and found two possible second-
ary structures being valid for all detected
pRNAs, which are displayed in Figure 3B
and C. Both secondary structures hold
two hairpins of about 6 nt. The first hair-
pin and half of the second hairpin are
part of the UCE. In one of the two cases
(Fig. 3B), the two hairpins are part of a
multi-loop. In the other case, a third hair-
pin is formed (Fig. 3C).

Experimental verification

Promoter-associated RNAs were pre-
viously described in vitro in mouse and
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human.®* Here, we decided to verify our
bioinformatical results by an experimen-
tal approach. We selected Vicugna pacos,
being evolutionary not too close and
not far away from the two already char-
acterized sequences of M. musculus and
H. sapiens, in order to retrieve a positive
and interesting result. By performing
RT-PCR with specific primers for the
pRNA itself as well as for the conserved
boxes up- and downstream of the pRNA
(which are also transcribed) we could ver-
ify our predicted pRNA experimentally
(Fig. 4). Additionally, we sequenced the
PCR product, which was in conforma-
tion with our predicted pPRNA sequences.
For Oryctolagus cuniculus and Pongo pyg-
maeus we also verified the PCR-product
in sequence with the predicted sequence
(see Supplemental Materials).

Discussion

When inspecting Table 1, there
is obviously often a large difference
between the number of putative pRNAs
and the assumed minimal number of
pRNAs, because most pPRNA candidates
do not show an rRNA sequence in the
downstream region in current assemblies,
which lack most rRNA operon copies in
eukaryotic genomes. In conclusion, there
might be many more functional pPRNA
genes in the genomes. On the other hand,
when a genome is released on contig level,
many detected copies may refer to only
one real gene (no mutations among vari-
ous copies and their upstream and down-
stream region) on the originating genome
(e.g., in O. cuniculus). For S. scrofa and
closely related species, our blast search
failed because of low sequence homology
of the pRNA sequences. Consequently,
the conserved up- and downstream
region are essential to describe and find
pRNAs in whole genomes. Especially
when searching for either repeats, genes
close to repeats or genome fragments
containing telomere regions, centromere
regions, or rRNA operons, searching in
older assemblies, even being “only” on
scaffold or contig level can be a huge
contribution.

Therefore, the strategy to find more
pRNAs should be significantly different

from a normal covariance model search

www.landesbioscience.com
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Figure 5. Dotplot of pRNA secondary structure of Mus musculus. The supposed interaction
GGG:CCC (red circle) of® is rather unlikely, when not taking protein-pRNA interaction into account.

(such as infernal e.g., used for the current
Rfam pRNA class): (1) search in older
assemblies containing more information
about rDNA operons; (2) search with
syntenic information, such as surround-
ing highly conserved upstream and down-
stream regions.

We were able to detect pRNAs for all
Eutherians. We assume organisms with
pRNAs use different strategies (com-
pared with organisms without pRNAs)
to regulate rDNA gene transcription, and
thus, would give new insights in hetero-
chromatin formation and rDNA silenc-
ing. The conserved boxes being close to
or part of UCE and core promoter region
seem essential to functional pPRNAs. This
is especially interesting as at active genes,
wrapping of promoter sequences around
the nucleosomes places the core element
and the UCE side by side, whereas at
silent genes both promoter elements are
in a different translational position and

RNA Biology

do not allow cooperative binding of
UBF and TIF-IB/SL15 The interaction
of A-box and B-box region seems essen-
tial for this regulation. Additionally, the
two possible secondary structures of the
inner part show a possible dual function
of pRNAs, which may switch depend-
ing on the interacting proteins. The sup-
posed secondary structure of Mayer et
al.? cannot be supported by our analysis.
The supposed interaction of GGG and
CCC (Fig. 5, red circle), is supported by
only a small probability. This may refer
to pPRNA-—protein interactions, which are
not predictable yet.

Interestingly, in Bos taurus we were
able to find two very different pRNA
candidates, containing conserved syn-
tenic regions and a downstream rDNA
operon. The two pRNAs fold into differ-
ent secondary structures, for one of them
the interaction of the conserved syntenic
boxes is not very stable. The final meaning

Do not distribute.

I0Science.

©2012 Landes B



Blast/Infernal
pRNA

rRNA
(RNAmmer)
(ClustalW

Blast
EST/WGS/HTGS

known from Iiterature\
—

pRNA-Set

MEME:
Blast/rnabob  Blast/rnabob calculate
A-box B-box A-box
B-box

pRNA candidates

Align Lnent

/Manually)

10.000 nt rRNA/A-box/pRNA/B-box
no

remove copies @

yes

yes
A-box/pRNA/B-box

no

/“manual
inspection

REJECT

Figure 6. Pipeline for detection of pRNAs. pRNAs are searched by homology and aligned. New can-
didates (passing the conservation and synteny filter) are used additionally and iteratively as input
for the next search step (black). For each next search iteration a MEME-derived motif for A-box and
B-box is used independently (green). We repeated these steps until no new trustable sequences
were obtained. In the end (blue), the promising candidates, homologous sequences from NCBI
databases EST, WGS or HTGS, as well as described pRNAs from the literature are taken together and
copies are removed. The final pRNA-set is presented in the last column of Table 1 and in detail in the
Supplemental Material. Parameters are given in main text.

of such two systems for the organism
remains unclear and needs further inves-
tigations and experiments.

Materials and Methods

All input and output data, genome
composition,® secondary structures, and
alignments are available in the supplemen-
tal material http://www.rna.uni-jena.de/
supplements/prna.

Homology search for pPRNA

As input for the homology search
we used the alignment of the five
known mammalian pRNAs Sus scrofa,
Oryctolagus cuniculus, Rattus norvegicus,
Mus musculus, and Homo sapiens.® For each
species, we performed blastn searches’
using an E-value of < 107% Hits were
extended and aligned with ClustalW."
Subsequently, the alignments were man-
ually viewed, evaluated, and changed.
When the sequences were approved as
possible pRNAs, they were additionally

and iteratively used as input for another

blastn step, see Figure 6. We repeated
this step until no new trustable sequences
were obtained. Furthermore, homology
searches for upstream and downstream
regions (300 nt) were performed indepen-
dently. For each organism, we obtained
multiple pRNA candidates. The one can-
didate with conserved boxes upstream and
downstream as well as an rRNA operon
nearby was chosen for the final multiple
alignment. Additionally, we searched for
more pRNAs in older assemblies, and on
NCBI in databases “NR,” “EST,” “WGS,”
and “HTGS.” We added them to the final
alignment.

With MEME" -minw 10 -maxw 20
-minsites 18 we found conserved motifs
within 100 nt up- and downstream of
pRNA. A separate search for these motifs
using rnabob'? (mutations upstream:4,
downstream:9) was performed. These
motifs and their expected distance of 157—
177 nt were also used for pattern specific
searches with fragrep.”

RNA Biology

This with

sequences as well as the final alignment

alignment consensus
is provided at the supplemental page, at
which also gff and fasta files of the pRNAs
and information about the corresponding
rDNAs for each species can be found.

Detection of rRNA genes

In order to see if our pPRNA candidates
are located upstream to an RNA operon,
we annotated rRNAs using RNAmmer
(v.2.1)" with the parameters -S euk -m
lsu, ssu, tsu -gff. We listed in the supple-
ment all detected rRNAs within 10 000 nt
downstream of potential pRNAs.

Secondary structure analysis

We analyzed the secondary structures
of the sequences of our final multiple
alignment and tested, if all candidates are
able to fold into the reported structure of
the literature. We used RNAsubopt® and
RNAfold'® with constraints. For align-
ments, including also the secondary struc-
ture information, we used RNAalifold,”
Locarna,'® and locarnate.”” The result-
ing stockholm alignment was used to
build a pRNA specific covariance model
with infernal.?® With this model, we
searched with standard parameters against
genomes, for which no pRNA sequence
was previously detected. Furthermore, this
alignment was used to construct the con-
sensus secondary structurces with R2R.#!

Experimental verification

Cell culture and RNA isolation

Cell orangutan
(Pongo pygmaeus) kidney, domestic rab-
bit (Oryctolagus cuniculus forma domestica)
pancreas and from alpaca (Vicugna pacos)
placenta were provided by the “German
Cell Bank for Wildlife” (www.cryo-
brehm.de). The cells were propagated
in Dulbeccos modified Eagle medium
(Invitrogen) supplemented with 20% fetal
calf serum “GOLD” (PAA Laboratories),
Penicillin (100 U/ml) and Streptomycin
(0.1 mg/ml) using 75 cm? T-flasks (PAA
Laboratories) at 37 °C in 5% index 2
humidified atmosphere. The cells were
detached using a 0.05% trypsin/EDTA
solution (PAA Laboratories). The cell
suspension was transferred into culture
medium and centrifuged with 800 rpm for
5 min at room temperature. The superna-
tant was removed and RNA isolated fully
automated using the QIAcube instrument

(Qiagen) together with Qiagen RNeasy

cultures  from
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Plus Mini spin column kit according to
the manufacturers protocols. The RNA
solution was stored in a freezer at -80 °C
until use.

RT-PCR

Three hundred ng of total RNA were
reverse-transcribed with SuperScripe 111
RT (Invitrogen) using specific primers
(see Supplemental Materials). Sixty ng of
the resulting cDNA were used as template
for PCR analysis. PCR reactions were
performed with either DreamTag™DNA
Polymerase  (Thermo  Scientific) or
Phusion® High Fidelity DNA Polymerase
(Thermo Scientific) based on the manu-
facturers procedure for a total of 30 cycles.
The amplification products were cloned
into the pJET1.2/blunt cloning vector
(Thermo Scientific). Positive recombinant
clones were identified by colony PCR.
Plasmids from these clones were isolated
using the QIAGEN Plasmid Mini Kit
and sequenced with the pJET1.2 FW
sequencing primer (Thermo Scientific).
The obtained and the deduced nucleo-
tide sequences were compared using the
ClustalW software.
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