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Abstract

The sequence-structural alignment of RNAs is a challenging and computational onerous issue in the field
of structures prediction and study of functional RNAs.

To date, the available tools for computing structural alignments are either based on heuristic approaches
and thus produce suboptimal alignments or cannot handle instances of reasonable input size. The topic
appears more challenging with the incoming of long non-coding RNAs (IncRNAs), a novel set of
transcripts whose role in post-transcriptional regulation has been recently shown to be far more prominent
than initially believed. Belonging to the huge family of RNAs that does not encode a protein, with a
number of nucleotides longer than 200, IncRNAs fold in complex secondary structures and yet little is
known about their biological function.

We focus on their secondary structures thanks to which they can recruits different protein complexes. The
latter particular functioning can constitute their revealing signatures of functional RNAs to search for.
Thus, if two molecules are functionally related and have similar structures, it allows to draw conclusions
about the structure of the unknown molecule or about function of molecule not yet functionally
characterized.

Our aim is to infer the mechanism of action of uncharacterized IncRNAs, looking for their shared
secondary sub-structures with functionally characterized ones. To this end, the structure of a IncRNA
with known function can be used as the reference to run pair-wise comparisons with all the others of
unknown function. In such an approach, there are two main step involved: first, to assign a structure to the
reference IncRNA and second, to look for structural motifs that match the ones characterizing the
reference IncRNA.

We developed two novel algorithms able to handle the two following tasks: structure prediction and
matches evaluation, in order to improve or replace widespread tools, which are not suited to exhaustively
deal with IncRNAs.



1. Introduction

The last years have been the scene of an increasing interest on long non-coding RNAs
(IncRNAs), which are antisense, intronic and intergenic transcripts longer than 200 nucleotides
[1,2,3,4,5, 6]. Key elements for understanding human evolution, development and cognition,
critics both in the transcription and post-transcriptional mechanisms (as splicing, editing,
transport, translation and degradation of their mRNA transcripts) and guide in the processes of
epigenetic regulation and chromatin modifications, the IncRNAs are a very interesting surprise,
that recently became more and more challenging [7, 8, 9, 10].

There are tens of millions of ncRNAs of which many have been described and identified by
chance in the years 90 and the evidence that they are found abundantly transcribed somewhere
in the genome and that are transcribed in a constant, regulated in time and space strengthen the
idea of their actual involvement in developmental biology, human disease and regulatory
processes in eukaryotic cells [11]. The /ncRNAs are mostly defined as “dark matter”’, because
only a part of them is associated with a specific function. They could only be considered
“transcriptional noise” due to their low level of species conservation in the genome. However, a
possible explanation for this lack of conservation may be the rapid evolution of the sequences of
IncRNA, in addition to the finding that these molecules do not require a high rate of
conservation of the nucleotide sequence, in order to maintain their functionality. In fact, the
genes encoding proteins are object to a specific selection since they need to maintain the correct
coding of amino acids and open reading regions; whereas the RNA molecules have less strict
sequence requirements to keep their normal function and their flexibility means that they are
mostly candidate to evolutionary changes of genes coding. Furthermore, if the transcription of
IncRNAs was only “noise”, the levels of expression of the transcripts IncRNA should not vary
spatially, temporally or in response to stimuli as instead happens. Thus, if it has been shown that
evolutionary conservation is a symptom of functionality, its absence does not imply the absence
thereof in such non-coding RNAs [12].

These RNAs are single-stranded, however, due to the length of the primary structure (sequence)
and RNA instability, they tend to fold back on themselves and originate complex secondary
structures. Since little is known about their biological function yet, an effective way to try to
predict whether IncRNAs have a role in the cell is to use the computational models that try to
determine which sequences of IncRNA form secondary structures such as repeated short stem-
loops (couple of paired and unpaired bases, respectively). We are interested on their secondary
structure that seems to be conserved along the organism evolution, instead of their primary one.
Moreover, the formation of the secondary structure is critical because through these structures
that IncRNAs interact with DNA and proteins.

More specifically, along the huge world of IncRNAs we focus on a small part of these, called
lincRNAs (long intergenic non-coding RNAs), with particular emphasis on finding recurrences
of structural motifs, related to their functional role. There are 2458 lincRNAs present in the
mammals genome, identified through the all long non-coding transcripts contain in the database
known as RefSeq (NCBI “Reference Sequences”), Ensembl and UCSC Genome Browser [12,
13].

Becoming aware of the great importance of the IncRNAs structure, we developed a method of
analysis and evaluation for comparing two lincRNA secondary structures. Our aim was to
functionally characterize lincRNAs of known sequence and structure, but of unknown function,



by comparing their primary and secondary structure with the one of RNAs with known
functions. The driving idea was that similarity in secondary structures might imply common
functions.

While similarity between two nucleic acid chains is usually determined by sequence alignment
algorithms, but since these can only account for the primary structure and thus ignore structural
aspect, we approached these issue in another way: not performing a structural alignment ( [14]
and references there-in) but looking for a potential structural folding within a candidate
lincRNA sequence.

Starting from the sequence of a reference lincRNA (the lincRNA whose function is known and
linked to the structure), our structural analysis method (i) predicts the reference secondary
structure (made up of different structural elements) and maps it in the following form using a
dot-bracket notation; (ii) extracts the single RSSPs (RNA Sequence-Structure Pattern) making
up the entire reference structure, aiming to look for them in the sequence of the target lincRNA
(the lincRNA whose function has been unknown and which could share same function based on
same common sub-structures); and finally (iii) evaluates the obtained groups of non-branching
structures.

Among the relevant existing tools, RNAfold [15] is currently the most popular tool used to
predict RNA secondary structures based on free energy minimization, while Structator [16] is
the leading one to search RNA secondary common structural motifs. However, the present task
unveiled some limitations concerning applicability of these tools that we had identified and
addressed. Firstly, the lack of communication between these ones: RNAfold provides the entire
structure made by hairpin, internal loops, bulges, multi-loops while Structator is able to analyze
only non-branching structures. Secondly, Structator uses only the number of patterns found as a
search criterion, not providing enough information about the quality of the alignments
identified.

Here we present two novel algorithms developed to overcome these limits: the first one able to
extract, given a sequence of one IncRNA and its structure predicted by RNAfold, the non-
branching sub-structures that can be used as input for Structator; the second one able to define a
score for the alignment between the RNA Structure-Sequence Patterns (RSSPs) in the reference
and target IncRNA.

2. Material and Methods
2.1 Algorithm to extract RSSP (RNA Sequence Structure Pattern)

We developed an algorithm that provides, given a sequence of a IncRNA with the
corresponding predicted structure in the Vienna format (dot bracket notation), the non-
branching sub-structures contained therein. These sub-structures are then saved in an
appropriate file according to the syntax required by Structator tool.

2.1.1 Extraction of the non-branching structures

The algorithm needs to scan a structure in dot-bracket notation and correctly identifies the non-
branching structures. It treats of realizing a simple parsing of the string since the non-branching
structures are not referable to regular expressions: indeed it has to be able to recognize structure
like the following one: (((..((.....))...))), where the number of closed bracket has to be the same,



instead of the number of couples that can be anyone. The leading idea is to recognize the
potential start of a non-branching structure and to store the position of an open bracket until it
finds the closed one.
The presence of a closed bracket after one or more open corresponds to an external loop, or
rather to a non-branching structure. Once an external loop is identified, continuing the scan, the
non- branching structure can halt:

e because it met an open bracket, pointing the potential beginning of a new non-branching

structure;

e because all open bracket encountered by the potential start of the scanning non-
branching structure have found their corresponding closed ones; in this case, in fact, any
other closed brackets correspond to a part of secondary structure from which more non-
branching structures begin.

The algorithm has one for-loop and it can be found in three different states, called open, closed
and undecided, as showed in the Figure 1.

Beginning of a new

op o End of a non-branching
Beginning of a non [ 4 non-branching

ran g str J structure
branching structure¢ StrOCUre

K ¢ ) | SP—— ) (((-(-222)2)))

Closed state Undecided state
Open state

Figure 1 Graphic representation of the algorithm: During the scansion it can be meet three different states: open
state, in which it begins to scan the string and it’s finding only open brackets (i.e., the beginning of a non-branching
structure closed); closed state, in which, continuing the scansion, it begins to see the brackets, that are paired whit the
previously open ones allowing to define a non-branching structure; undecided state: along the structure it has found
the end of a structure not branching, but not yet the beginning of the next one. In this case, as soon as it meets with an
open bracket, it starts the parsing of a new non-branching structure and then goes to the open state, whereas as long as
it meets closed, it has to skip them and go on.

We used a start position and a stack as data structures: the “start position” is a variable that
stores the beginning point to looking for a new structure, although not necessarily coincides
with the start point of the non-branching structure; the stack implements a LIFO policy (last-in,
first-out), where the element deleted from the set is the one most recently inserted. Specifically
in our case the “push” operation takes place when it encounters an open bracket, storing the
index of the current position, while the “pop” operation acts out when it meets the



corresponding closed ones, until the stack is not empty, indicating the end of the non-branching

structure.
1
Push’ Pop/
[
L1

Now we focus on some particular cases that had to be addressed, whose solution is shown.

o Firstly, in such case when it has been encounter an open bracket, lying in the closed state, the
algorithm has to check whether the stack is empty or not, because can occur that more non-
branching structures are nested within of a larger structure, which therefore should not be
included in the computation of the resulting structures. It is to insert an additional control
when it has come to find a possible structure, checking that for each closed parenthesis found
there is its corresponding open one, determining the proper base pairing.

elseif state =
if R(i)=='

OO0 )) ) ) (Ceeeete e e 1)) et

stack.reset; ]
\ . stack.push(i);
non-| ran(hmg Structures else

nd ((stack(end)+1,i-1)) $the ginning of

start=i;

state = OPEN;
stack.reset;
stack.push(i);

end

e Secondly, the case of encountering a closed bracket being always in the Closed state, we
need to check if the stack is already empty or not, because only in the first hypothesis it will
be found a non-branching structure.

elseif state = CLOSED

elseif R(i)== ")"
if isempty (stack)
% FOUND STRUCTURE
pairs.append( (start,i-1))
start=1+1;
state= UNDECIDED;
else % if the stack is not empty
stack=stack(1l: (end-1)); % extract stack head
end
end

e Finally, it is necessary to manage the issue of whether the last structure is included when the
scan ends (otherwise would be lost). Thus, it has been checked the state of the algorithm
when the end of the entire structure to be scanned is reached: if it is “closed” it will mean
that we have one more non-branching structure to add.



if state=CLOSED % h
ae pairs.append( (start,n))

. nd
the last non-branching structure =

Examining the whole algorithm appears clear how it scans the string elements at least once.
Therefore his computational complexity is linear with the length of the sequence to be analyzed.

% state OPEN/CLOSED/UNDECIDED
% pairs: list of index couples

stack.init;
pairs.init;
R = read the structure string of the file;
start = 1;
state = OPEN;
n= lenght(R)
for i=1:n
if state = OPEN
if R[i]= ‘(* % meeting an open bracket
stack.push(i);
else R[i]= )" % meeting a closed bracket
stack.pop ;
state = CLOSED;
end
else if state = CLOSED
if R[i]=
Yfound _structure
if stack.empty % stack is empty
pairs.append((start,i-1))
start=i;
state = OPEN;
stack.reset;
stack.push(i);
else % stack is not already empty

pairs.append((stack(end)+1,i-1)) % the beginning of the structure is the following position of the
last open bracket (stack head)
start=i;
state = OPEN;
stack.reset;
stack.push(i);
end

else R[i]= )’
if stack.empty % stack is already empty
Y%found_structure
pairs.append((start,i-1))
start=i+1;
state = UNDECIDED;
else % stack is not empty
stack.pop;
end
end
else if state = UNDECIDED
if R[i] = ‘(* % beginning of a new search
stack.push(i);
state = OPEN;
else R[i]=")’
start=i+1; % state remains UNDECIDED and skip it
end
end
end

Figure 2 Pseudo code to perform the part of the algorithm which recognizes and extracts the non-branching
structures.

2.1.2  Generation of the Output Files

Once the non-branching structures have been properly identified and stored in the appropriate
data structures, it was necessary to deal with the generation of the final output file, which could
be accurately recorded. We aim to get the file that specifies all RSSPs within the entire structure



of the analyzed IncRNA, which made up the Secondary Structure Descriptor (SSD), required as
an input of Structator. Since we have to capture the sequence-structure similarities but we do
not have the evidence about structures with special constraints, the idea is to look at first only
the pure structure, in order to find all possible occurrences. Then, we will want to investigate
more deeply the common elements and it is therefore necessary to provide the possibility to
insert some constraints that make our searching more specific, such as whether pairing of
particular nucleotides.

It has been necessary to generate two files, consistent with the syntax required by the program
Structator, which differ in the row for the sequence (i.e., unspecified in one of these files), as
showed in Figure 3 and Figure 4. The first three lines of output files are so defined: the first one
contains the name of the pattern found and the search parameters assigned; the second one
in that they can match more than one

2

contains a sequence of characters called “wild car
nucleotide; the third one presents the non-branching structure in the Vienna format.

. name and

> RSSP1 startpos=2 | maxstemlenght=3| maxrightloopextent=1|maxleftloopextent=1 < S e e

NNNNNNNNNNNNNN <3 sequence row
(C--((...))..)) <a structure row

Figure 3 File output 1

Whereas the first and the third row of the second file remain the same, the second row shows
the sequence corresponding to the original not-branching structure instead of the “wildcard”
characters.

1+ name and

> RSSP1 startpos=2 | maxstemlenght=3| maxrightloopextent=1|maxleftloopextent=1 <" ol
CUCCUGCUAGUACGA <= sequence row eatures row

(G- (C-2))-2)) <3 structure row
Figure 4 File output 2

The two output file (Figure 3 and 4) are computed trough three steps (Figure 5,6, and 7).

Step 1

> RSSP1 startpos=2 | maxstemlenght=3| maxrightloopextent=1|maxleftloopextent=1 " nameand

" features row

$3 SEA

maxstemleng

prefix num2str(i)]):
' num2str(pairs(i,1)+offs(1))1):

2
fprintf (£id_out, J
title =
num_lines = 1

if maxstemlenght>0

fprintf (fid_out,'3s’,
num2str(maxstemlenght)]):
end

0',’ 3z
putdlg(prompt,dlg_title,num_lines,def);$ Put the three

if maxrloopext>0
fprintf (£id_out, '$s’, [' Imaxr
num2str (maxrloopext)]):
end

~isempty(answer) % if i
maxs temlenght=str2num(
maxrloopext=str2num(answer(2}):
maxlloopext=str2num(answer{3});
sequence=answer(4};:

end

if maxlloopext>0
fprintf (fid_out, '$s', [ Imaxleftloopextent="
Fid_out= num2str (maxlloopext)]):

n file on which you want to write the string
prefix=" 5

fprintf(fid_out,'\n'):
for i=1:size(pairs,1) nd
R(pairs(i,1):pairs(i,2)):
d(temp=='(' | temp==')')-1
end)-offs(1))+1;

(£id_out, i, i maxstemlenght, maxrloopext,max1loopext) ;
if sequence=='y
print_RSSP_descr
(£id2_out,i,pairs,offs,maxstemlenght, maxrloopext,maxlloopext);
end




Figure 5 Step 1: The row of RSSP name and features. The line starts with the pattern name of the non-branching
structure is composed of a common prefix (RSSP) followed by a distinctive number linked to the order with which
has been found within the input structure. To follow, the search parameters demand by Structator are reported [16]:
startpos (i.e., the starting position of the non-branching structure in the original sequence) maxleftloopextent,
maxrightloopextent, maxstemlenght (i.e., the maximum length of the loop from the right and from the left and the
maximum length of the stem, respectively) which confer a flexibility in the structures reproduced, adding up to a
specified number of wildcard characters to the right and left of the loop or at the end the stem and simultaneously in
both.

Step 2

CUCCUGCUAGUACGA < sequence row

NNNNNNNNNNNNNN <7 sequence row

for i=1:size(pairs)
[pairs(i,1):pairs(i,2)]; %

£ >4 nd(:;;npr—-' (' OR temp=
len=(offs(end)-offs(1))+1; %

=1,

fprintf(£fid_ou
if sequence=='
fprintf(£id2 o
nd) ;

end

Figure 6 Step2: the sequence row. It may present, unless the user specifies otherwise, both the sequence of
nucleotides originating, both a sequence of wildcard characters, corresponding to any nucleotide.

Step 3

(C. - (C.-.))..)) <o structure row

Fid_out= open file on which you want to write the string

for i=1:size(pairs)
temp= R[pairs(i,1):pairs(i,2)]; % structure with the finals

offs(end))) ;$ER
fprintf(fid_out,

Figure 7 Step 3: Structure row. They are printed on both the output files the final non-branching structures of any
RSSP in dot-bracket notation (it should be noted that they are printed without the final external dots, called *“ queue”).

2.2 Algorithm to evaluate and label Secondary Structure Descriptor (SSD)

10



Structator provides outgoing occurrences found (matches) and one or more alignments of RSSP
(chains) of lincRNA analyzed. A chain is therefore a sequence of matching of RSSP found in
the same position of the reference sequence. However, since a limit of Structator was to use as a
search criterion only the number of the patterns found, not providing enough information about
the quality of the alignments identified, it has been needed develop a score algorithm.

In order to investigate the most significant subparts of a chain, the evaluation function that has
been developed is based on the “gap”, i.e., the distances between the individual RSSP aligned in
IncRNA reference, compared with those in which these ones are in IncRNA target. The metric
that has been used regards the average of the deviation between the gap of contiguous subparts,
considering, however, not only the close pairs, but all possible contiguous groups.

Indeed, if we considered only the distance between the RSSP taken two by two and close, there
would not be reliable quantitative analysis of the result. For example, the difference between
two alignments would not be highlighted properly, e.g., in both there could be not negligible
distances between certain groups of contiguous RSSPs, and only one may be present RSSP
properly aligned, which would not weighted. On average, the two arrays would be similar, but
would not show those part of correct alignment which makes one better than the other.

First of all, starting from the Structator output we built up the cost matrix of all possible pairs:
the (i,j) element of the matrix corresponds to cost pair (i,j), as showed in Figure 8.

A) STRUCTATOR OUTPUT B) PAIRS COST MATRIX
! [sequence] [chain score] [chain length] [strand] = -
>NR_XXXXXX 4 4 f 0 2 .3 3 14
156101 o 0o B3 1 o
11 j14118}21 1
121426 (23,28 1 o 0 o0 6 17
31 37 39 45 1 Paigy (i,j)
41 48 60 67 1 0 b ) 0 0 11
UGGAA UGAC CAGCGA AUUUGAA GUCCAUG _0 0 0 0 0_
(C)) Coed €00 UCowa)) Al oe o))

O  Paircost (i,j) = [SSD(i,1)- SSD(j,1)]-[$SD(i,3) - SSD(;,3)]

Expected positions Found positions

D) Alignment

(.)) (..) (€..)) (t...)) lincRNA reference
1 1 21 31
(.)) (<) ((..)) ((...)) lincRNA target

3 18 23 39

Figure 8 Building up the Cost matrix. A)Output of Structator: the first line presents the sequence description with
some auxiliary information (name, the length and the score assigned to the chain, the direction of the scan, i.e., f=
towards direct); to follow the coordinates of RSSP, i.e., the start and end of the expected positions, corresponding to
reference lincRNA and those found in target lincRNA; finally the last numerical value corresponds to the weight
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associated with each fragment of the chain (=1 in this example). The end of the file has the substring consisting of the
RSSP which occurred the match. B)Cost matrix: starting from the file (A) we build up a matrix with the cost of all
possible pairs, using the formula showed in (C). C)Formula to compute the pair cost (i,j): subtraction between the
expected and the found positions, obtained by the file (A) and necessary to build (B) up. D)Example of the
alignment corresponding to the values presented in (A): we show graphically the chain of the reference RSSP and
the target chain with position of the same RSSP found in the target lincRNA (it has been canceled the relative
distance between the initial positions of the reference and target lincRNA).

To follow, from the cost matrix we extracted firstly the over-diagonals elements, which will
constitute the weight of the gap of close pairs. Then, taking account of all contiguous subsets
who made up the analyzed SSD, we constructed a further matrix (score_matrix) where are
showed the scores assigned, which correspond to the average error calculated from the cost
matrix (Figure 9).

PAIRS COST MATRIX SCORE MATRIX
0 N2__ 3| 3 14 (2 8 & V1] ot
0 0 \L%_ll ’ 2 3 4 11 0 Triples
0 o oNlg| vl =

o 0 0 oY 1 3 9 0 B etals
0 0 0 0 0] |7 0 0 0] stuples

function [score_matrix, CC_matrix]= SSD_labeling(chain)

%% Initialization

SsSD_info = chain.SSD_info;
RSSP_n = size (SSD_info,1);

he sovra_diagonale=zeros(1,RSSP_n);
CC_matrix=matrice_CC(chain);

O

RSSP_n = size(SSD_info,1);
CC_matrix = zeros(RSSP_n);

for a=1:RSSP_n-1
for i=1:RSSP n-1 sovra_diagonale(l,a)=CC_matrix(a,a+l);
for j=i+1l: RSSP_n
CC_matrix(i,j)=(5SD_info(i,1) -
ssp_info(j,1)) - ...

%% Score matrix

(ssD_info(i,3) -
SSD_info(3,3));

for 1=i: (i+h-2) % scan the CC ma

for m=(1+1) : (i+h-1) %

CC_matrix’s col

somma=somma+abs (CC_matrix(1l,m));
count=count+1;
end
end
score_matrix(h,i)=(somma/count) ;
end

end
score_matrix (2, :)=abs(sovra_diagonale);
score_matrix=score matrix(2:end, l:end-1);
end

Figure 9 Building up the Score-Matrix: Built the cost matrix, it has been constructed the score_matrix with the
scores assigned (i.e., the average error calculated from the cost matrix): starting from the pairs up to the n-tuples, it
has been covered the entire SSD. Let # the number of all element and /4 the size of the n-tuples , then the number of n-
tuples is h+n-1. In this picture for example we showed the construction of the triples score, highlighted in the color
blue green and yellow.
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The complexity of this algorithm is polynomial compared with the length of the analyzed SSD
(i.e., the number of its component RSSP). In particular, it can be shown that it has complexity

O(n*) with a multiplicative constant much less than 1

3. Results and Discussion

Among the lincRNAs whose function is related to their structure, we selected Hotair [17]
(intergenic antisense transcript, located in the cell nucleus), Coldair [18] (intronic transcript
result of a significant biological event), Anril [18] (antisense transcript) and Kcnglotl [17],
where most likely the function is due to the structure and in particular the structure might have a
common theme, since they all interact with the same protein complex [19], [20]. In fact, they
assume the role of “scaffold” or “guide” for the chromatin-modifying protein complexes linked
to epigenetic regulation. In this regard, it was recently shown that Anril and Coldair act in very
similar way to Hotair interaction with the protein complex, called PCR2: Anril in the role of
“anchor” (scaffold) to the silencing of target genes, and Coldair in the role of guide, determining
the epigenetic repression of genes as FLC (floral locus C) [18]. Moreover, even the Kcnglotl
transcripts recruits repressive chromatin modeling complex such as PCR1 and PCR2 through
which epigenetically silences the Kenql imprinting control region.

In order to follow out a correct structural analysis, we developed two procedures (Figure 10),
which respond to complementary purposes. The first procedure allows to search consensus
structures of a reference lincRNA within the target lincRNA, whose only the sequence is
known. Whereas the second one provides an independent tool to assess how significant the
RSSP present in the alignments found. The driving idea it is to check if the alignments
considered significant based on the results of the first procedure are equally feasible from an
energy point of view.

This proposed method of analysis and evaluation is able to highlight subparts of the sequence
that have structural characteristics similar to those used to interrogate them.

We applied the two procedures to different combination of the reference lincRNA and target
and we show the results obtained.

We considered the follow-up lincRNAs, whose their structure is linked to the function
performed [17]: Hotair, Anril, Coldair, Kcnglotl, and we use one by one the first three as
reference. We show the full performance regarding Hotair (taken from hgl8, Genome Browser)
as the reference lincRNA and the left ones as target (Figure 11).

13
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Figure 10 Flowcharts of the two procedures. A) Procedure #1: a structural analysis to search for common
structures between the reference and target lincRNA. Once the sequence of reference lincRNA is known, the
secondary structure is predicted, using RNAfold [15]; such prediction is given as input to our algorithm for the
extraction of non-branching structures in order to obtain the SSD. Then, the SSD of the reference lincRNA and the
sequence of the target lincRNA are given as input to Structator [16]. The software provides matches and chains that
will be evaluated by our algorithm developed to the evaluation of the chains. Therefore, given the SSD reference and
the sequence of the target lincRNA as input, the procedure #1 outputs the found alignments (chains) and the score
assigned to them. B) Procedure #2: looks for the RSSP engendered from the procedure #1 and carefully selected
(select candidate sub-chain) in those obtained from the program RNALfold [15]. We identify two parallel branches: (i)
the first branch concerns the procedure #1 application and it focuses on the most significant subparts of the chains
(sub-chain) returned from procedure #1, or rather it is selected the best candidate among the latter (i.e., the sub-chain
with a greater number of RSSP and with a lower average error); (ii) the second branch is characterized from the
application of RNALfold. The latter will generate the local secondary structures of the target. Through the comparison
between the outputs obtained by the two branch (the local secondary structures and the sub-chain candidate), we
select the found RSSP, which will be those really stable based on free energy, index of a plausible biological
significance. Legend: The rectangles represent the software used, the circles the outputs of each of them, the ovals the
files FASTA of the reference lincRNA and target. Our algorithms are extraction of RSSP and evaluation of SSD.

3.1 Procedure #1: Search for common structure motifs in target lincRNAs

1) Folding
The sequence of Hotair (reference lincRNA) is given as an input to RNAfold, which provides
the prediction of his minimum free energy secondary structure.
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ANRIL

HOTAIR / :

aaccttgrttcaasaaasasasaaaza

vs ———— COLDAIR

SCOLDAIR Ath chrS:31762839-3177936:-1

tcaate

\\\\\“\\» KCNQ10T1

>NR _002728.3

gaaaactatgaaaactgacta

Figure 11 Prediction of Hotair structure VS sequence of Anril, Coldair, Kcnqlotl.

2) Extraction of RSSP

Trough our first algorithm we extracted the non-branching structures, which constitute the
pattern to be provided in input to Structator together with the sequence of the target. We
identified 45 RSSP (three shown in the Figure12) which made up the Hotair secondary structure
and which were then searched for in the other three lincRNA, target of the test: Anril, Coldair
and Kcnqlotl. Note that we considered the sequence with the nucleotides not specified

(“wildcard” N), since in this step we were interested in the search of the “pure structure” inside
the target.

>RSSP1|startpos=10

Figure 12 Hotair SSD: set of the 45 RSSP extracted by algorithm#1
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3) Looking for common structural motifs in other target lincRNA by Structator

We searched for the set of 45 Hotair RSSP (Hotair SSD reference) in the three target lincRNA.
Based on results produced by Structator (matches and chains in Figure 13) we note that in most
cases there are also occurrences for more than half of the pattern sequence-structure.

Structator Output: Hotair VS Anril

Chains Matches
! [sequence] [chain score] [chain length][strand]
>aBS48314.1 name and chain’s feature 26 26 £ ![{matched substring][structure] [seq.id] (matching pos.][pattern id] [weight][strand]
313320 4 11 1 IGW“’“A"COG“I I (s eee 2) I X a8 .
= - ACAUCCGU [T 0 4 s 2 £ matched substring of lincRNA target
529 538 expected positions (sequence /structure)
e = (postion of the RSSP in the lincRNA reference) ACAUCCGU o SO | 0 4 11 . £ E v
541 553 59 71 1 s matching position
614 621 97 104 1 found position in the target B noo 7 28 1 £  weightof thesubstring
weight of this part of chain GOSAEOEE e o 10 o 1 g directionofthelincRNA strand
629 €40 144 155 1 e - f=d y
(f=direct)

e —— GUCACCUGAC (((EE BT 0 10 22 1 £
66 954 G 355 & GUCACCUGAC (7o ] 10 29 1 £
568G 68 B & GUCACCUGAC {1 0 10 32 1 £
T GUCACCUGACAC  ((........)) [ 10 23 1 £
S e e UCACCUGA 6l ) 0 1 s 1 £
1272 1283 537 548 1 UCACCUGR [{ -1 ] 1 11 1 £

CUACCAGE [ 0 2% s 1 E
1309 1326 608 625 1

CUACCAGE (8 ) [ 26 11 1 £
1329 1350 959 980 1
1353 1364 1027 1038 1
1374 1385 1088 10691 T
1636 1645 1078 1087 1

UUUCARRRARAR  (((......))) 0 2187 30 1 £
1654 1665 1104 1115 1

UUUCARARRRAR  (((......))) 0 2187 40 1 £
1751 1760 1116 1125 1

UUCARRRA Clessald [ 2188 5 1 £
1765 1784 1227 1246 1

UUCAARAR [ S ] 2158 11 1 £
1813 1823 1278 1288 1

ARARARAR 2158 36 1 £

1859 1872 1299 1312 1 o ¢ 0 i 1s8 38

UUCARARRRARR  (( i} 0 2188 23 1 £

1933 1943 1316 1326 1
1981 2004 1414 1437 1
2022 2036 1667 1681 1 R
RSSP found in the target made up the

e e chain ( sequence / structure)

2173 2188 2134 2149 1

ACAUCCGU GCGCUCCCSC GUGCUGCUCGCGU UAUUCCUG  UAUUUAARAAUG  GAGGUCAUCUC
GGCUGARUGUCAGUU UU AG UG CCACUG UAUUGCUAUR UGAGARACCACR

UUGAGCUCAUGUACUUAA  GUUGGCCAGACUGGUCUGAAC  UUACAGGUGUGR  AGAGAGRAUUUU
UUGGUATC] UAAARUGAGUUG GAGRAUUC UUUUUGGUUGGUACCAGAGR CCUCAUUGAGG
GUGUGGAGACACAC UGCCUAACGCA  UGGGAAUGAGGAGCACAGUGAUUI CACUUGA G
AURRRAAUCUAU GUUUUUUUARRAARAU

() Ble))) e NN (E=:)) (a2
[ {{ RN} ) QT COmmemis 5 ) I { X § (Dot L} 5 I ) ) {( GRPRS ,  I ¢ 08
(X4 { SRR oo (o)) ) (leeee M (
i {5 ) 1 e N ) .. (... )

B BT} D I { { s b1 DI { { G { SR DI 1 DI { (S { SO |} § )]

Figure 13 Example of Structator output: chains and matches found looking for SSD reference (Hotair) in the
target (Anril): 1.Chains: it can be distinguished three part (i) the first line reports the name and the features of the
identified chain (score, length, strand direction), (ii) the second line show the coordinates of the RSSP (i.e., the start
and end of the expected positions, corresponding to Hotair and those found in Anril) and the weight associated with
each fragment of the chain (=1 in this case); (iii) finally the end of the file presents the substring consisting of the
RSSP found in Anril that made up which the chain. 2.Matches: it reports the matching sub-string of Anril (sequence
follow by structure), the matching position, the weight of the sub-string and the direction of the Anril strand.

4) Evaluation of reported matches

In order to obtain a reliable measure of similarity, once found the alignments, it has been
applied to the latter our second algorithm, or rather the Score Matrix for all matches. The
analysis of the matrices produced by considering the triples up to the total tuples, it was found
that there were of the subparts (sub-chain) with best matches. The significance of the subset has
been obtained taking into account both the length, i.e., the number of RSSP aligned, both the
average error, i.e., the score. There is therefore the best sub-chain with greater length and with a
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score lower, but highlight the longest ones, even if with worst score. In the specific case we
focused on sub-chain with a score of less than or equal to 50 and when Structator used to

provide more alignments for the same target, since the difference observed between these was
small, we considered only the main matches. In Table 1 we report the results thus obtained. It

was applied the same procedure but regarding as reference lincRNA Coldair, from which we
were extracted 23 RSSP and Anril, from which we were extracted 38 RSSP (the value of score
also in this case is equal to or less than 50). The results are shown in Table 2 and 3.

Table 1 Search results of the procedure#1 for RSSP of reference lincRNA Hotair: the best sub-chain illustrate

the pairs of values (L, S) found, where L is the length of RSSP and S is the score.

. N°Matches/N°RSSP
LincRNA reference N° chains Chains length Best sub-chain (L,S)
VS target reference
(8,41) (5,38)
(5,44) (3,18)
Hotair VS Anril 26/45 2 26
(3,23) (3,21)
(3,36) (3,38)
(5,27) (3,14)
Hotair VS Coldair 25/45 1 25 (3,17) (3,29)
(3,31) (3,37) (3,43)
(3,34) (3,36)
Hotair VS Kcnqlotl 35/45 19 35
(3,39) (3,44)

Table 2 Search results of the procedure#1 for RSSP of reference lincRNA Anril: the best sub-chain illustrate the

pairs of values (L, S) found, where L is the length of RSSP and S is the score.

. N°Matches/N°RSSP
LincRNA reference VS N° chains Chains lenght Best sub-chain (L,S)
target reference
(3,32) (3,37)
Coldair VS Anril 12/23 7 12
(3,46) (4,41)
(4,44) (3,22)
Coldair VS Hotair 12/23 5 12
(3,37)
Coldair VS Kcenqlotl 21/23 37 21 (3,30)

Table 3 Search results of the procedure#1 for RSSP of reference lincRNA Coldair: the best sub-chain illustrate

the pairs of values (L, S) found, where L is the length of RSSP and S is the score.

. N°Matches/N°RSSP
LincRNA reference VS N° chains Chains lenght Best sub-chain (L,S)
target reference
(4,46) (3,20)
Anril VS Hotair 22/38 17 22
(3,21) (3,42)
(5,50) (4,14)
Anril Vs Coldair 12/38 13 20 (3,10) (3,14)
(3,16) (3,19)
(4,45) (3,16)
Anril VS Kenqlotl 31/38 7 31 (3,22) (3,25)
(3,45)

17




3.2 Procedure #2: Validation of identified sub-structures

The second procedure (see Figure 10) has been applied to all the previous cases, and particularly
in those subsets that are most significant results, on the basis of what has been obtained from the
first structural examination (last column of Tables 1, 2 and 3). It gives a detailed analysis of the
sub-chain obtained by considering the pair Hotair-Anril (as reference lincRNA and target
respectively), since it is particularly interesting for its length.

Looking for the RSSP of the sub-chain candidate among those RNALfold, we have found five
that perfectly match, which are shown in Figure 14. Having found more than one match with
local structures above could therefore confirm the reliability of the first procedure, recognizing

the best RSSP considered as plausible candidates from the point of view of energy.

B)  RSSP Sub-chain HOTAIR VS ANRIL (L=8, S=41)
1636 1645 1078 1087 1 UUGGUAUCAG (((....)))

1654 1665 1104 1115 1 UAAAAUGAGUUG ((........ ))

1751 1760 1116 1125 1 GGGAGAAUUC (((....)))

1765 1784 1227 1246 1 UUUUUGGUUGGUACCAGAGA ((((((((....

1813 1823 1278 1288 1 CCUCAUUGAGG ((((...))))

1859 1872 1299 1312 1 GUGUGGAGACACAC (((((....)))))

1933 1943 1316 1326 1 UGCCUAACGCA (((..... )))

1981 2004 1414 1437 1 UGGGAAUGAGGAGCACAGUGAUUA

Figure 14 Search of the RSSP of the target lincRNA (Anril), aligned with the reference lincRNA (Hotair),
among those predicted by RNALfold. (A) The Anril sub-chains obtained by the alignment with Hotair (L =
Number of RSSP, S = Mean error): It has been showed the eight RSSP consecutively aligned, identified by the
coordinates of the start and end position, respectively expected (or rather whose is in Hotair) and real (whose is found
in Anril); these coordinates are followed by the weight associated with each RSSP, by the order and the structure. It
has been highlighted those five pattern predicted also by RNALfold in the red boxes. (B) RSSP predicted through
RNALfold, receiving as input the sequence of lincRNA Anril: it has been presented the predicted local structures,
followed by free energy associated to each one and the position at which it was found, highlighting suitably those five
coincident RSSP. Note that in the latter figure, instead of the RNALfold output we have been added to the sequences

A) RSSP ANRIL RNAIfold

>AB548314.1 (ANRIL)

AUGCCUAACGCA

SO ))) (-0.60)

AGUGUGGAGACACACA

S - (-10.30)(2299)

OO CCCC.2))))) ) 2)) . (-11.30)

CCCUCAUUGAGGU

S0 o -3.00)

P PP )))). ( -3.90) 1272

(GGUUGGUACCAGAGAU

SOOI ). | -6.90)

UGGGGAGAAUUGGGUC

P G PP )RR DI -5.20)'!!!!

corresponding to the structures found in target lincRNA, to allow a better comparison.

4. Conclusion

In this work we approached a very challenging problem of the research in genetics and

molecular biology today still largely unexplored: clustering a subclass of non-coding RNAs,

which have more than two hundred nucleotides (IncRNAs), based on their common structural
motifs and compared them to that small portion that is already functionally characterized. It is a
really boundary issue coming out in recent years through the pervasive transcription of the
genome, but in respect of which there are still no tools, algorithms models and universally
defined, suitable to address it. Thus, this project aims to begin to consider how to achieve such
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an ambitious goal. It has been critically examined the state-of-the-art tools able to perform a
structural analysis. The latter, starting from the prediction of secondary structure, which has
been obtained through the suitable folding algorithms, allow to look for particular structures
within RNA functional sequences. We observed, however, some limitations on the ability to
quantitatively characterize the result of research.

To this end, we developed some novel algorithms, then implemented in MATLAB, to fill up the
lack of communication among the tools and to allow a more extensive results provided by these
ones. Afterword the functionality of these algorithms were assessed, applying the whole chain
of search to a selected number of lincRNAs and discussing the quantitative results. The
proposed methodology of analysis and evaluation is able to highlight subparts of the sequence
that have structural characteristics similar to those used to interrogate them: one of its more
widespread use would select structural elements on which to perform further investigation and
biologically significant.

Aware of the complexity because of the extreme importance of this new frontier of research,
this work is to take the first step toward a possible structural and functional characterization of
the long non-coding RNAs, providing the criteria and procedures that can be then applied in a
systematic way. Thus, placing itself in pioneering perspective, this work is not intended as a
final phase, but the beginning of a deep survey that will suitably carried out in the future in
order to expand it and edit it.
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