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“"Method for preparing an RNA sample for sequencing and
kit thereof”
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Field of the invention

The present description concerns a novel method
for preparing an RNA sample for sequencing and a kit

for carrying out such method.

Background

RNA-protein interactions play a fundamental role
in controlling crucial aspects of cell biology, from
mRNA transcription, pre-mRNA splicing and RNA signaling
function to translation and protein localization?!.
Given the importance of understanding such biological
processes, several efforts have been spent to develop
methods to study and characterize these interactions,
from chemical labelling of RNA and proteins? to whole
genome high—-throughput sequencing of RNA footprints.3-6
However, sequencing approaches generally suffer from
several limitations during sample preparation, such as
extensive manipulation steps, PCR amplification and the
inability to selectively capture RNA sequences bearing
a phosphate or a 2',3"'"-cyclic phosphate group at the 3'
end (3'-P/cP), thus resulting in reduced output
accuracy’. This leads to library cross—-reactivity with
undesired RNA targets, high background noise and poor
library quality, hindering important biological
information of 3'-P/cP-terminated RNA products. The 3'-
P/cP 1s generated by enzymatic cleavage and 3'-P/cP
RNAs have a key role in many disease states (such as
cancer and amyotrophic lateral sclerosis®?), biological
processes (such as the unfolding protein responsel?,
stress granule production®, RNA metabolism!!, rRNA and

tRNA biogenesis!? and mRNA splicing!?), and biological
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functions (such as neuronal survivall? and inflammatory
responsel’) . Although the phosphate signature at the 3’
end is an important functional marker, most sequencing
pipelines do not preserve this chemical feature during
library preparation. Few methods are available for the
detection of 3’-P or 3’-cP, but they either only allow
indirect detection of 3'-P1%, or are exclusively
selective for 3’'-cP'617, Additionally, these protocols
are laborious and time consuming, involving PCR
amplification steps, which can result in uneven
seguence coverage or sequencing errors (e.g. inside
repetitive regions).

From a technical perspective, many RNA
footprinting techniques employ endoribonucleases to
characterize RNA-protein interaction , large RNA-
protein complexes!® or the interaction of small
molecules!® with RNA. An experimental setting that is
strongly affected by the lack of available library
preparation protocols able to selectively capture 3’-P
termini 1is ribosome profiling (Ribo-seq), an RNA
footprinting method based on the deep sequencing of 25-
35 nt-long ribosome-protected fragments (RPFs), namely
the mRNA fragments generated after nuclease digestion
of unprotected single-stranded RNA. Providing
positional information of ribosomes along transcripts
captured in a particular moment, this technique
represents a powerful approach to study the biology of
protein synthesis?®. Current protocols for ribosome
profiling involve many sequential steps and are based
on the Illumina sequencing platform. In particular,
after the isolation of RPFs, two alternative library
preparation workflows are available to date: (1)
workflow based on the sequential steps of adaptor
ligation at the 3’ end of RPFs, ¢DNA synthesis,

circularization and PCR amplification, with a total of
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four gel extraction steps?!; (ii) ligation—-independent
workflow for low-input material, for which commercial
products are available, involving the sequential steps
of RNA 3' polyadenylation, cDNA synthesis with template
switching and PCR amplification??, and requiring a gel
extraction step. Major drawbacks of the available
protocols are represented Dby (i) PCR amplification
biases and (ii) the lack of preservation of 3'-P/cP
terminus (which provide a signature of effective
digestion) with subsequent underrepresentation of 3'-
P/cP-bearing RNA species (representing the actual RPFs)
in sequencing datasets. Indeed, both workflows require
a dephosphorylation step before adaptor ligation?® or
polyadenylation. This manipulation step lowers the
level of specify in ligation reactions, resulting in
the capture of any short RNA molecules endowed with —-OH
groups at their 3' terminus.

On top of that, recent studies have revealed
important differences within biological fluids (cord-
blood plasma, bronchoalveolar lavage, adult Dblood
plasma, parotid saliva, ovarian follicle fluid, serum,
amniotic fluid, seminal plasma, urine, bile,
submandibular/sublingual saliva, cerebrospinal fluid)in
the relative amount and type of small RNA populations
such as tRNA derived RNAs, piwi-interacting RNAs, Y
RNAs. Importantly, some of them are known to have a 3'P
or 2',3’-cP and have been associated to cancer, neuro-—
and immunological disorders?3. In this clinical
scenario, these RNA species can have a potential role
as biomarkers, with a predictive and/or prognostic
significance in patient stratification?4-25

There 1is therefore the need for new methods of
preparing an RNA sample for sequencing that are free

from the drawbacks of the known methods.
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Summary of the invention

The object of this disclosure is to provide a
novel method for preparing an RNA sample for sequencing
and a kit for implementing such a method.

According to the invention, the above object 1is
achieved thanks to the subject matter recalled
specifically in the ensuing claims, which are
understood as forming an integral part of this
disclosure.

The present invention concerns a method for
preparing at least one RNA molecule contained in a
biological sample for seguencing comprising the
following steps:

(1) obtaining a biological sample comprising at
least one RNA molecule, wherein the at least one RNA
molecule bears a phosphate or a 2',3'-cyclic phosphate
group at 3' end;

(ii) phosphorylating the at least one RNA molecule
at the 5' end, thus introducing a phosphate group at
the 5' end of the at least one RNA molecule, and
obtaining at least one RNA molecule phosphorylated at
both ends;

(iii) 1ligating the 3' end of the at least one
phosphorylated RNA molecule to the 5' end of a random
RNA linker, wherein the random RNA linker bears a -OH
group at Dboth ends, obtaining at least one first
ligation product;

(iv) self-ligating the at least one first ligation
product to form at least one circular RNA molecule,
wherein the at least one circular RNA molecule is mixed
with linear RNA molecules;

(v) digesting the linear RNA molecules; and

(vi) subjecting the at least one circular RNA
molecule to reverse transcription rolling circular

amplification, obtaining at least one single—-stranded
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cDNA molecule, wherein the at least one single-stranded
cDNA molecule carries at least 1, preferably between 2
and 500, copies of the at least one RNA molecule;

wherein the at least one single-stranded cDNA
molecule 1is suitable for sequencing, preferably single
molecule sequencing.

The instant method is PCR-free and can be applied
to any 3'-P/cP-terminated RNA footprint. The method
object of the instant application, named CircAID-p-seq,
is a fast c¢DNA sequencing protocol for low-input
biological samples optimized for nanopore sequencing.
This method overcomes some of the limitations that
traditionally have been plaguing RNA footprinting, such
as a time-consuming protocols and PCR biases, and
provide powerful pipeline for deep sequencing of 3'-
P/cP-bearing RNA fragments with the Oxford Nanopore
platform, thus enabling real-time single-molecule
detection of biologically relevant RNA species.

In a further embodiment the present invention
concerns a kit for —carrying out the method for
preparing at least one RNA molecule contained in a
biological sample for sequencing (as herein disclosed),
wherein the kit comprises a random RNA linker, and a
first ligase enzyme, an exoribonuclease, and optionally
a second ligase enzyme, wherein:

(1) the random RNA linker bears -OH group at both
ends;

(1i) the ligase enzyme 1s suitable to ligate the
3'" end of an RNA molecule, bearing a phosphate or a
2',3'"-cyclic phosphate group at the 3' end and a
phosphate group at the 5' end, to the 5' end of the
random RNA linker bearing a hydroxyl group at the 3’
end;

(1i1i) the exoribonuclease is suitable to

enzymatically digest linear RNA molecules; and
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(iv) the second 1ligase enzyme 1s suitable to
circularize a ligation product obtained by ligation of

the random RNA linker to the RNA molecule.

Brief description of the drawings

The invention will now be described in detail,
purely by way of an illustrative and non-limiting
example and, with reference to the accompanying
drawings, wherein:

— Figure 1. A) TBE-urea PAGE analysis of fragments
resulting from RNAse I digestion with or without
polyadenylation treatment. B) Schematic representation
of the CircAID-p-seq workflow. C) TBE—-urea PAGE
analysis of all CircAID-p-seqg steps.

- Figure 2. Direct cDNA sequencing of the circGFP-
linkerR library. A) Length distribution of the
sequencing reads; B) Representative consensus sequence.
A single, base-called read is split into its individual
repeats, then aligned to each other to generate a
consensus sequence.

- Figure 3. A) Representative pictures of GFP-
transfected HEK293T cells. B) Length distribution of
GFP fragments detected with BLASTn. C) BLASTn alignment
of sequencing reads to the reference GFP sequence.

- Figure 4. Representative consensus segquence
generated by 2 (up) and 3 repeats (down) obtained from
two different reads.

— Figure 5. Nucleotide sequences.

Detailed description of the invention

In the following description, numerous specific
details are given to provide a thorough understanding
of the embodiments. The embodiments can be practiced
without one or more of the specific details, or with

other methods, components, materials, etc. In other
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instances, well-known structures, materials, or
operations are not shown or described in detail to
avoid obscuring aspects of the embodiments.

w

Reference throughout this specification to one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in
connection with the embodiment is included in at least
one embodiment. Thus, the appearances of the phrases
“in one embodiment” or “in an embodiment” in various
places throughout this specification are not
necessarily all referring to the same embodiment.
Furthermore, the particular features, structures, or
characteristics may be combined in any suitable manner
in one or more embodiments.

The headings provided herein are for convenience
only and do not interpret the scope or meaning of the
embodiments.

The instant invention concerns a novel method for
preparing at least one RNA molecule contained in a
biological sample for sequencing comprising the
following steps:

(1) obtaining a biological sample comprising at
least one RNA molecule, wherein the at least one RNA
molecule bears a phosphate or a 2',3'-cyclic phosphate
group at 3' end;

(ii) phosphorylating the at least one RNA molecule
at the 5' end, thus introducing a phosphate group at
the 5' end of the at least one RNA molecule and
obtaining at least one RNA molecule phosphorylated at
both ends;

(iii) 1ligating the 3' end of the at least one
phosphorylated RNA molecule to the 5' end of a random
RNA linker, wherein the random RNA linker bears a -OH
group at Dboth ends, obtaining at least one first

ligation product;
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(iv) self-ligating the at least one first ligation
product to form at least one circular RNA molecule,
wherein the at least one circular RNA molecule is mixed
with linear RNA molecules;

(v) digesting the linear RNA molecules; and

(vi) subjecting the at least one circular RNA
molecule to reverse transcription rolling circular
amplification, obtaining at least one single-stranded
cDNA molecule, wherein the at least one single-stranded
cDNA molecule carries at least 1, preferably between 2
and 500, copies of the at least one RNA molecule;

wherein the at least one single-stranded c¢DNA
molecule 1is suitable for sequencing, preferably single
molecule sequencing. More preferably, the sequencing is
performed with the Oxford Nanopore Sequencing platform
(nanopore sequencing).

In an embodiment, the biological sample can be
selected from eukaryotic (plants, animals, fungi and
unicellular organisms as protists), viruses or
prokariotic cell lysate, tissue (including blood and
biopsies, in wvitro and ex-vivo «cells), Dbiological
fluids (cord-blood plasma, bronchoalveolar lavage,
adult blood plasma, parotid saliva, ovarian follicle
fluid, serum, amniotic fluid, seminal plasma, urine,
bile, submandibular/sublingual saliva, cerebrospinal
fluid), 3D cell cultures.

In an embodiment, the at least one RNA molecule
bearing a phosphate or a 2',3'-cyclic phosphate group
at the 3' end is generated by treating the biological
sample with an endoribonuclease, an exoribonuclease, a
ribozyme or a toxin able to cleave mRNA, tRNA, snRNA,
snoRNA, Y RNA, 1ncRNA, piRNA, siRNA, viral RNA (from
positive—-sense RNA viruses, negative-sense RNA viruses,
reverse transcribing viruses, and other RNA species

produced by viruses) or rRNA.
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In an embodiment, the at least one RNA molecule
bearing a phosphate or a 2',3'-cyclic phosphate group
at the 3' end 1is physiologically or pathologically
present in a biological sample as a consequence of the
effect of an endoribonuclease, an exoribonuclease, a
ribozyme or a toxin able to cleave mRNA, tRNA, snRNA,
snoRNA, Y RNA, 1ncRNA, piRNA, siRNA, viral RNA (from
positive—-sense RNA viruses, negative-sense RNA viruses,
reverse transcribing viruses, and other RNA species
produced by viruses) or rRNA present in the biological
sample.

In an embodiment, the endoribonuclease is

preferably selected among RNase A; RNase T1l; RNase T2;

RNaseI; S7 micrococcal nuclease; staphylococcal
nuclease; RNAse L; Angiogenin; colicin E5; tRNA-
splicing endonuclease (SE2, SEN34); ferredoxin-like

Cas6 and ferredoxin-like CasE; IREl; Poly(U)-specific
endoribonuclease (PP11); Lasl; Rtch; Type IB
topoisomerase; Cue2 endonuclease?® and Cas proteins.

In an embodiment, the exoribonuclease is
preferably represented by USBI.

In an embodiment, the ribozyme 1s preferably
selected from hammerhead ribozyme, hairpin ribozyme,
hepatitis delta ribozymes, Varkud satellite (VS)
ribozyme.

In an embodiment, the toxin is preferably selected
from selected from colicin D and colicin E5, alpha-
sarcin, zymocin, PaT, MazF, ChpBK, prrC.

In an embodiment, the at least one RNA molecule to
be sequenced is single stranded.

In an embodiment the at least one RNA molecule is
contained in the biological sample in a concentration
comprised between 10 pM and 100 pM, preferably between
1 nM and 10 pM.

In an embodiment, the method comprises a further
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step (vi) of generation of a complementary cDNA strand
of the at least one single-stranded c¢DNA molecule,
obtaining at least one double-stranded cDNA molecule.

In an embodiment, the phosphorylation step (ii) is
carried out wusing a phosphorylating enzyme selected
from T4 PNK 3' minus, T4 PNK and recombinant versions
of T4 PNK (e.g. Optikinase™) .

In an embodiment, the ligation step (iii) is
carried out using a first ligase enzyme selected from
RtcB, Archease, Arabidopsis Thaliana tRNA ligase, and
eukaryotic tRNA ligase.

In an embodiment, the self-ligation step (iv) 1is
carried out using a second ligase enzyme selected from
T4 Rnll, T4 Rnl2, T4 Rnl2tr, T4 Rnl2 K227Q, Mth Rnl,
and ATP-independent ligase that catalyzes the

intramolecular ligation (e.qg. circligase™,
circligaseII™) .
In an embodiment, the digestion step (v) 1is

carried out with a 5’-3’' exoribonuclease or a 3’-5’
exoribonuclease, preferably with RNAse R.

In an embodiment, the reverse transcription
rolling circular amplification step (vi) is carried out
using engineered M MLV-RTs (Moloney Murine Leukemia
Virus Reverse Transcriptase) and AMV-RTs (Avian
myeoloblastosis virus Reverse Transcriptase),
preferably selected from Maxima H minus™ Superscript™
I-II-III-IV, Sunscript™,

In an embodiment, the generation of the
complementary c¢cDNA strand step (vi) 1is carried out
using a DNA polymerase enzyme selected from a Tag
Polymerase with 5’-3’ exonuclease activity and Gubler-—
Hoffman method (e.g. Platinum II Tag Hot-Start DNA
Polymerase™, AB Tag™ PrimeScript™, NEBNext® Ultra™ II
Non-Directional RNA Second Strand Synthesis).

In a further embodiment the present invention

PCT/1B2020/058259
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concerns a kit for carrying out the method (disclosed
herein) for preparing at least one RNA molecule
contained in a Dbiological sample for sequencing,
wherein the kit comprises a random RNA linker, and a

5 first ligase enzyme, an exoribonuclease, and optionally
a second ligase enzyme, wherein:

(1) the random RNA linker bears -OH group at both
ends;

(1i) the ligase enzyme 1is suitable to ligate the

10 3" end of an RNA molecule, bearing a phosphate or a
2',3'-cyclic phosphate group at the 3' end and a
phosphate group at the 5' end, to the 5' end of the
random RNA linker; and

(iii) the exoribonuclease is suitable to

15 enzymatically digest linear RNA molecules; and

iv) the second 1ligase enzyme is suitable to
circularize a ligation product obtained by ligation of
the random RNA linker to the RNA molecule (i.e.
ligating the 5' end of the ligation product bearing a

20 phosphate at the 5’ end to the 3' end of the ligation
product bearing an —-OH group at the 3' end).

In an embodiment, the first ligase enzyme is
selected from RtcB, Archease, Arabidopsis Thaliana tRNA
ligase, and eukaryotic tRNA ligase.

25 In an embodiment, the second ligase enzyme 1is
selected from T4 Rnll T4 Rnll, T4 Rnl2, T4 Rnl2tr, T4
Rnl2 K227Q, Mth Rnl, and ATP-independent ligase that
catalyzes the intramolecular ligation (e.qg.
circligase™, circligaseII™).

30 In an embodiment, the exoribonuclease is RNase R.

In an embodiment, the kit further comprises (a) a
phosphorylating enzyme, and/or (b) an endoribonuclease,
a ribozyme, or a toxin able to cleave mRNA, tRNA,
snRNA, snoRNA, Y RNA, 1ncRNA, piRNA, siRNA, viral RNA

35 (from positive—-sense RNA viruses, negative—-sense RNA
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viruses, reverse transcribing viruses, and other RNA
species produced by viruses) or rRNA. Preferably, the
kit further comprises an endoribonuclease, wherein the
endoribonuclease is RNAsel.

In one or more embodiments, the random RNA linker
has a length comprised between 50 and 500 nucleotides.

In one or more embodiments, the random RNA linker
has a minimum free energy comprised between -3 and -150
kcal/mol. Preferably, each random  RNA linker is
preferably designed to have a minimum free energy
comprised between of -6 kcal/mol and —-24 kcal/mol, with
no remarkable secondary structures. Some secondary
structures are allowed in the internal portion of the
sequence, but not at the 5’/3’—-termini. The minimum
free energy can be calculated by means of software
available to the skilled man.

In one or more embodiments, the random RNA linker
has a nucleotide sequence as set forth in SEQ ID No.:3.

The random RNA Linker can Dbe either chemically
synthesized or in wvitro transcribed and purified,
according to the common general knowledge of the expert
in the field.

The 5'-OH group of the random linker can be
chemically or enzymatically generated. If enzymatically
generated, the 5'-OH can be obtained with the catalytic
activity of (i) a ribozyme acting in -cis (encoded by
in vitro transcribed sequence) or in -trans (acting on
the in vitro transcribed sequence) 1i) enzymes leaving
a 5"-0OH group, as calf intestinal phosphatase, or (iii)
a toxin selected from: colicin D and colicin E5, alpha-
sarcin, zymocin, Pichia acaciae killer toxin (PaT),
MazF, ChpBK, prrC.

The random RNA linker can contain at least one,
preferably between 1 and 109 nucleotides modified with
at least one of the following modifications: LNA, PNA,

PCT/1B2020/058259
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2-Aminopurine, 2,6-Diaminopurine (2-Amino-dA), 6mA, 5-
Bromo du, Inverted dT, 5-Methyl dc, 8—aza—-7-
deazaguanosine, 5-hydroxybutynl-2’-deoxyuridine, 5-
Nitroindole, 2'-0O-Methyl A, 2'-O-Methyl G, 2'-0-Methyl
C, 2'-O-Methyl U, 2' fluorine A, 2' fluorine C, 2'
fluorine G, 2' fluorine U, 2-MethoxyEthoxy A, 2-
MethoxyEthoxy MeC, 2-MethoxyEthoxy G, 2-MethoxyEthoxy
T, 5-Bromo dU, 2-Aminopurine, inverted dT, 2,6-
Diaminopurine, deoxyUridine, inverted Dideoxy-T, 5-
Methyl dC, dideoxy-C, deoxylnosine, a universal Dbase
comprising 5-Nitroindole, morpholino, a 2'-0-Methyl R A
base, isodcC, iso-dG, ribonucleotide, a threose
nucleotide analogue, a protein nucleotide analogue, a
glycoic nucleotide analogue, a locked nucleotide
analogue, a chain terminating nucleotide analogue,
dihydrouridine, thiouridine, pseudouridine, gueuosine,
and wyosine phosphorylated ribonucleotide, a modified
sugar, an unnatural bond, an abasic site, a dideoxy
base, a b5—-methyl base, or a spacer selected from
Carbon spacer (RNA 5'-0-(CH;) 3-P0O4—3'RNA), photo-
cleavable spacer, RNA 5’ O-triethylene glycol-PO,—
3"RNA, 18—-atom hexa-ethyleneglycol and 17,2 -
dideoxyribose . Preferably, the random RNA linker
contains from 1 to 25 modified nucleotides in the first
25 bases from the 5’ end and in the last 25 bases from
the 3’ end.

The inventors developed a library preparation
method for nanopore sequencing of short RNA molecules
bearing a 3’'-P signature, which was validated in the
setting of ribosome—-profiling (Ribo—-seq) . In
particular, CircAID-p-seq is a highly sensitive RT-RCA-
based method that enables detection of low abundance
short RNA molecules and 1s therefore potentially
applicable to single—-cell technologies.

This method allows to remarkably shorten the time
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necessary for Ribo-seqg library preparation from more
than one week, as currently required for the standard
protocol?, and significantly reduce the technical steps
(dephosphorylation, gel extraction, purification),
thus lowering the probability of bias introduction. The
present method allows any RNA footprinting study
employing enzymatic cleavage leaving 3’-P/cP terminus.
Additionally, studies related to cancer and
neurodegenerative, autoimmune and infectious disorders,
as well as a number of cellular functions where 3'-
P/cP-terminated RNA molecules have been reported to be
involved, will be particularly advantaged by the
instant method. In particular, this method is suitable
for the characterization of the endonucleolytic
activity of specific enzymes, ribozymes or toxins?’,
including RNA editing CRISPR-Cas?® systems. Finally,
the method herein disclosed allows for fast sequencing
pipelines without the need of expensive laboratory

equipment, even in resource-limited settings.

RESULTS

Cellular RNAs can possess a hydroxyl group (-OH),
a phosphate group (-P), or a 2',3'-cyclic phosphate
group (-cP) at their termini. RNA cleavage by many
endoribonucleases often leaves 3'-P or 3'-cP ends,
which are not compatible substrates for ATP-dependent
ligases (e.g. T4 RNA ligases). A methodologically
relevant setting involving the use of endoribonucleases
to cleave RNA strands and subsequent ligation events is
represented by Ribo-seqg for RNA footprinting, which is
based on the following steps: (i) cell 1lysis, (ii)
endonuclease (e.g. RNase I) digestion of ssRNAs, (iii)
collection of 25-35 nt-long fragments (bona fide RPFs),
(iv) library preparation, (v) deep sequencing and (vi)

final alignment to a reference protein coding
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transcriptome.

To uncover the fraction of actual RPFs out of the
whole population of fragments resulting from RNase I
cleavage, the present inventors took advantage of 3
polyadenylation treatment. The results show that around
50% of the 25-35 nt long fragments obtained from
cultured cells (MCF7) reacted in the polyadenylation
reaction (Figure 1A). This indicates that size-selected
RPFs are contaminated with RNA species harboring 3'-OH
ends, which can be captured by standard ligation
processes yielding a higher background noise.

To overcome the limitations of the currently
available Ribo-seqg library preparation strategies, the
present inventors sought to develop a method allowing
(i) the preservation of 3'-P/cP signatures and (ii)
independence from PCR amplification steps. To
accomplish such goal, the inventors used (i) an enzyme
able to ligate 5'-OH to 3'-P/cP termini (RtcB
ligase)?93%, and (ii) a linker suitable for PCR-free
nanopore sequencing. In particular, the inventors
designed a method dedicated to direct cDNA nanopore
sequencing. To provide a proof of concept of the
feasibility of this method, the inventors first used a
30 nt-long synthetic RNA fragment bearing -P groups at
both 5’ and 3’ ends (5'P-GFP-3'P) as a surrogate of
cell-derived and 5' phosphorylated RPFs. The GFP
fragment has the nucleotide sequence set forth in SEQ
ID No.: 1.

In the cirAID-p-Seq approach (Figure 1B), the
inventors first ligated the 5'-OH end of a random RNA
linker to the 3'-P terminus of the 5'P-GFP-3'P fragment
by means of RtcB ligase. The ligation product was then
separated by TBE-urea PAGE, size-selected and gel-
purified for the following reaction (Figure 1C). Next,

the inventors used T4 RNA ligase I to circularize the
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5'P-GFP-1inkerR-3'OH product. In order to confirm the
presence of a circular RNA structure, the
circularization product was treated with RNase R, an
exoribonuclease that digests all linear RNAs instead
preserving circular RNAs. After TBE-urea PAGE
separation of the RNAse R reaction (Figure 1C), the
circularized product (circGFP-linkerR) was detected at
the expected molecular weight, thus confirming the
stability and proper circularization of the construct.
The circGFP-linkerR product was then gel-purified and
subjected to reverse transcription rolling circular
amplification (RT-RCA)31:/32 to obtain a long multimeric
single-stranded cDNA molecule (140-15000 nt) carrying
many copies of the inserted fragment. As a final
checkpoint Dbefore sequencing, the RT-RCA product was
separated by TBE-urea PAGE, which confirmed the
presence of the multimeric c¢DNA product in the expected
size range (Figure 1C).

This method enables the enrichment of 3'-P/cP-
endowed RNA fragments Dbecause this signature 1is
essential for the efficiency of the overall protocol.
This approach is compatible with downstream PCR-free
direct cDNA nanopore sequencing and allows multiplexed
assays when combined with barcoded linkers.

The 1library preparation method object of the
present disclosure represents the first PCR-free
protocol for selective incorporation of 3'-P/cP-
terminated RNA fragments and suitable for nanopore

sequencing.

Nanopore sequencing of short 3'—-P-terminated RNA
fragments

Both GFP-based libraries described above were
sequenced with MinION from Oxford Nanopore Technologies
(ONT) by using R9.4 flow cells and the 1D chemistry for

PCT/1B2020/058259
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direct c¢DNA seqguencing.

The inventors performed the synthesis of the
second (complementary) cDNA strand, followed by end
repair and dA-tailing to suit the ONT protocol for cDNA
sequencing. From the sequencing of a library input of
60 ng, the inventors obtained about 1.5 million of
“passed” reads (MinKNOWN basecalling) in 2 hours, with
an average basecalling quality score of 10.5 and failed
reads below 5%.

The length distribution of the reads showed a
major peak at about 300 nt, with around 10% of the
reads spanning a much broader distribution, from 1 KB
to more than 50 KB (Figure 2A). This indicates that the
RT-RCA reaction exhibits maximum efficiency at 2-3
rounds of reverse transcription, but can generate up to
500 copies of the original template. After BLASTn
alignment of the “passed” reads to the reference GFP
sequence, 100% of the reads appeared to bear at least
one 30-mer GFP fragment. A representative alignment of
17 GFP fragments repeated within a sampled 2.5 KB read
highlights the importance of the repeats to
computationally generate a consensus sequence, whose
accuracy (% identity to original sequence) will be
proportional to the number of repeats (Figure 2B),
which in turn depends on the efficiency of the RT-RCA
reaction.

Overall, the present results provide evidence that
the 1library preparation method (i) can incorporate
short synthetic RNA molecules resembling endogenous
cleaved RNAs bearing a 3’'-P signature, and (ii) 1is

effectively applicable to the ONT sequencing platform.

circAID-p—seq enables detection of ribosome
footprints after RNase I digestion

Since the circAID-p-Seqg provided a high sequencing
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depth, which is required in ribosome profiling
experiments, and demonstrated the applicability of this
method on the ONT platform with a synthetic 30-mer GFP
fragment, the inventors wanted to investigate whether
ribosome footprints from GFP-transfected HEK293T cells
were identifiable through the present method.

The inventors reasoned that HEK293T transiently
transfected with a GFP overexpressing plasmid will have
the advantage (i) to ensure a fast identification of
RPFs thanks to the orthogonal reference sequence with a
well-defined open reading frame and (ii) to produce
great amounts of the recombinant protein, with a likely
high footprint density on the GFP mRNA. GFP protein
appeared to be expressed at high levels after 24 hours
from transfection (Figure 3A). Cytoplasmic cell lysates
were treated with RNase I to digest all the RNA strands
not protected by ribosomes and generate 3’-P-bearing
RPFs, which were purified according to Ingolia et
al.33., A total of 450 ng of purified RNA was used as
input for library preparation, and the resulting cDNA
library was sequenced on MinION for 6 hours. The output
generated sequences with a quality score of about 10,
with less than 10% failed reads. BLASTn alignment of
the MinKNOWN basecalled reads to the reference GFP mRNA
allowed the detection of repeated GFP mRNA fragments.
The length distribution of GFP fragments ranged between
18 and 60 nt, with an accumulation of reads around 25
and 31 nt (Figure 3B), as expected from a canonical RPF
length distribution3®!. All GFP fragments mapped to the
coding sequence, with no coverage of 3’ and 5’ UTRs
(Figure 3C), suggesting that these GFP fragments are
authentic RPFs and not footprints deriving from non-
ribosomal ribonucleoprotein complexes33.

Moreover, the present inventors observed that the

resulting consensus sequence achieved excellent
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accuracy (96.5%) with two repeats, 100% consensus
accuracy was obtained with three repeats. This result
demonstrates that our strategy of library preparation
allows the correct identification of the RNA fragment
included in reads containing at least 3 repeats (Table

1l; Figure 4).

Table 1. Average accuracy of the consensus sequence
generated by an increasing number of repeats in a

single read.

Average accuracy (%
n°® of repeats identity to expected
sequence)
2 96.5%
3 100%
4 100%

These results further confirm that CircAID-p-Seqg
generates ribosome profiling libraries suitable for the
ONT platform, and provide evidence that this protocol
(CircAID-p-Seq) enables specific detection of actual

ribosome footprints along transcripts.

MATERIALS AND METHODS

Ribosomal Protected Fragment and linker

Custom linker (having the nucleotide sequence as
set forth in SEQ ID No.: 3) was synthesized by IMMAGINA
BioTechnology s.r.l (Trento) and consists of 109-mer
oligonucleotide with —-OH groups at both ends.

Ribosomal protected fragments (RPFs), which
consist of 30-mer oligonucleotides having the
nucleotide sequence set forth in SEQ ID No.: 1 with 5'-
P and 3'-P, were either synthesized by Integrated DNA
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Technologies (Coralville), or generated in vitro.

In vitro generated RPFs were obtained from HEK293T
(Human Embryonic kidney) cells (SIGMA, cat. n©12022001)
transfected with a plasmid encoding GFP (pMAX_GFP™,
Lonza cat.n® V4XP-3024- SEQ ID No.: 2). Cells were
monitored for GFP expression 24 h later by fluorescence
microscope (Olimpus DP70). Transfected cells were
treated with CHX (10 ug/mL, SIGMA cat. n° 01810) for 5
min at 37°C and lysed. RPFs were generated by treating
0.3 AU 260 nm of CHX-treated cellular lysate with 2.25
U of RNAseI (Ambion, cat. n°® AM2295) in W-buffer
(Immagina Biotechnology <cat. n°® #RL001-4) at room
temperature for 45 min (as described in Clamer et al.,
201838%) .

RNAseI digestion was stopped by adding 10U of
Superase Inhibitor (Thermo Scientific, cat. n°® AM2696)
for 10 min on ice. After digestion, lysate was purified
(as described in Ingolia et al., 200933) and treated
with 1% SDS (Sigma cat. n° 05030) and 0.1 mg Proteinase
K (Euroclone, cat. n°® EMR022001) at 37°C for 75 min.
Total RNA was extracted by acid-phenol:chloroform, ph
4.5 (Ambion, cat n°® AM9722). RNA was precipitated with
isopropanol, air-dried, resuspended in 10 mM Tris-HC1l
pH 8 and analyzed on 15% TBE-urea polyacrylamide gel
(Invitrogen, cat n°® EC6885BOX). 30-mer RPFs were size-

selected and extracted from gel (according to Ribolace

protocol, Immagina Biotechnology) (Clamer et al.
2018) 38,
In-vitro generated RPFs fragments upon

purification, were subjected to 5' phosphorylation with
T4 PNK 3’ minus (NEB, cat n°® M0236S) before capture
with the linker R.

RPFs fragment—linker ligation
RPFs fragment both phosphorylated at the 5’ and 3’
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ends were used to be ligated with Linker R, (Immagina
Biotechnology, cat. n°® #RLP001-1), by RtcB ligase (NEB,
cat. n°® M0458S3), according to the following reaction
condition:90 pmol of RPFs, 30 pmol of Linker R, 45 pmol
RtcB ligase, Buffer RtcB ligase 1X, 100 uM GTP, 1 mM
MnCl, in a final volume of 30 pL. The reaction was
incubated 2h at 37°C, then the mix was loaded in a 15%
acrylamide/8M wurea precast gel (Invitrogen, cat n°
EC6885B0OX) and the product of interest (140 nt length)
was purified through gel extraction to control the
efficiency of the reaction. The gel purification step
is not essential to the exploitation of the overall

workflow

Circularization and RNase R treatment

Circularization of RtcB 1ligated ©product was
carried out at 25 °C for two hours, in a total volume
of 20 plL containing 10 U of T4 RNA Ligase 1 (NEB, cat
n® M0204L), 1X Buffer T4 RNA ligase, 20% PEG8000, 50 pM
ATP. The circularization reaction was afterwards
incubated at 37 °C for 1h with 20 U of RNase R
(Lucigen, cat n°RNR07250), in order to remove all the

undesired products (i.e. linear RNA or concatameric

product). Circular RNA product was loaded on 15%
Acrylamide/ 8M Urea pre-cast gel (Invitrogen, cat

n°EC6885B0OX) and purified through gel extraction to
control the efficiency of the reaction. The gel
purification step is not essential to the exploitation
of the overall method.

Reverse Transcription - Rolling Circle
Amplification (RT-RCA) and Second Strand synthesis

RT-RCA was performed using the primer, annealing
to the 3’ region of 1linker, in 20 pL with Maxima H

Minus Reverse Transcriptase (Thermo Fisher, cat
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n°EP0752) under the following conditions: 50 ng of
circular RNA, 200 U of Reverse Transcriptase, 1X Buffer
RT, 0.5 mM dNTPs, 50 pmol RT-RCA Rev primer (having the
nucleotide sequence set forth in SEQ ID No.: 5), 10%
Glycerol. The reaction was carried out at 42°C for 4
hours, then stopped at 70°C for 10 min. After cDNA
synthesis, circular RNA template was hydrolyzed by
adding 0.1 N NaOH for 10 min at 70°C.

To generate a second strand from single strand
cDNA molecules, one cycle of PCR was performed with
Super AB Taqg Polymerase (AB Analitica cat n°06-36-020)
using the RT-RCA Fw primer, annealing to the 5’ region
of linker, having the nucleotide sequences set forth in
SEQ ID No.: 4. The reaction included 20 ul from the RT
reaction, 1x Buffer, 0.2 mM dNTPs, 2 mM MgCl,, 1.25U
Tag Polymerase, 50 pmol RT-RCA Fw primer in a total
volume of 50 ul and subjected to the following program:
initial denaturation at 95°C, one cycle of 95°C for 30
sec, 51°C for 30 sec and 70°C for 2 minutes. Double
strand <c¢cDNA was purified wusing AMPure XP Dbeads
(Agencourt, cat n°A6388l) according to manufacturer’s

instructions.

Library preparation and Nanopore sequencing

Purified cDNA was prepared for nanopore
sequencing. Briefly, c¢DNA was subjected to end repair
and dA-tailing reaction using NEBNext End repair/dA-
tailing module (NEB, cat. n°E754685) following the
manufacturer’s instruction and incubated 5 min at 20°C,
5 min at 65°C. The reaction mix was purified with
AMPure XP Dbeads (Agencourt). ONT Adapter mix was added
according to direct cDNA sequencing kit protocol (SQK-
DCS109, ONT), then loaded on a R9.4 flow cell and

sequenced with MinION sequencer.
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Data analysis

In the bioinformatic analysis for direct cDNA
sequencing, all the alignment against a reference
sequence was performed with BLAST-n or CLC Genomics
Workbench (QIAGEN) . For the consensus sequence
generation Mesquite software was used to align single
GFP repeats and WebLogo online tool for the final

consensus seguence generation.

Schematic description of the circAID-p-seq method

Step 1. RPFs Phosphorylation.

Upon selection and purification, RPFs bearing a 3'P or
3'cP will be subjected to 5’ phosphorylation by T4 PNK
3’ Minus, according to the protocol indicated in Table
2.

Table 2.
Preferred
Component Amount Range
amount
10x Buffer n.d. 1X
10 mM ATP,
alternatively 0.05-2 mM 1 mM
10 mM dATP
10 U/ pL T4 PNK 3’
1-20 U 10 U
minus
RPF's 10-300 pmol 90 pmol
H,0 n.d. Up to 50 pL

n.d., not defined

The reaction 1s incubated 1 hour at 37 °C, then

purified trough Zymo column purification kit.

Step 2. RtcB ligation.
RPFs from step 1, Dboth phosphorylated at 5’ and 3’
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termini, will Dbe ligated to a 109 nt linker RNA
molecule (Linker R), via RtcB ligase. RtcB ligase will
join 5’0OH termini of linker R to a 3’P/3’cP termini of

RPFs, according to the protocol indicated in Table 3.

Table 3.

Preferred

Component Amount Range
amount

10x Buffer n.d. 1 X
1mM GTP n.d. 0.1 mM
10 mM MnC1, n.d. 1 mM
10 U/pL RtcB ligase 5-30 U 30 U
Linker R 5-30 pmol 30 pmol
RPF's 15-90 pmol 90 pmol
H,0 n.d. Up to 30 uL

Incubate 2 hours at 37 °C.

The reaction is loaded on 15% Tris-borate-EDTA (TBE)-
urea acryl-amide gels and ligation product is size
selected, gel extracted and precipitated in
isopropanol, finally resuspended in 8 pL of water. The
purified product (RPFs—Linker R) is around 140 nt
length, bearing a 5’P and 3’ OH termini. Such a step is
not essential for performing the method disclosed

herein.

Step 3. Circularization 5’'P-RPFs-Linker R-3’OH product
The 5’P-RPFs-Linker R-3"0OH product is subjected to
circularization trough the ligation of 5’P termini and
3’0H termini by T4 RNA ligase 1. Reaction condition are
indicated in Table 4.

PCT/1B2020/058259



WO 2021/048720 PCT/1B2020/058259

25
Table 4.

Preferred

Component Amount Range
amount

10x Buffer n.d. 1 X
1mM ATP 0,05-2 mM 0.05 mM
50% PEGS800 10%-25% 20 %
10 U /pL T4 RNA Ligase n.d. 10 U
5’P/RPFs-Linker R/3’0H n.d. 8 uL

Incubation: 2h at 25 °C.

5 Step 4. RNase R

The reaction conditions are provided in Table 5.

Table 5.

Preferred

Component Amount Range
amount

10x Buffer n.d. 1X
20 U /uL RNase R n.d. 20 U
Reaction mix from step 3 n.d. 20 uL
H,0O n.d. up to 25 uL

10 Incubate 1 h at 37 °C.
The reaction is loaded on 15% Tris-borate—-EDTA (TBE)-
urea acryl-amide gels and circular RNA molecule is gel
extracted (the gel extraction is not an essential step
for performing the method disclosed herein). After
15 isopropanol precipitation, circular RNA is resuspended

in 8 plL and guantified (QuBit quantification).

Step 5. Reverse Transcription - Rolling Circle
Amplification (RT-RCA).
20 For the generation of multimeric single strand cDNA the

reagents are mixed in the amounts indicated in Table 6.
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Table 6.
Preferred
Component Amount Range
amount
10 mM dNTPs 0,ImM - 1 mM 0.5 mM
Circular RNA (from step 4) 0,02 - 300 pmol 1 pmol
20 uM RT-RCA Rev primer 0.5 uyM - 5 uM 2.5 uM
H,0 n.d. Up to 13 puL

Heat the circular RNA-primer mix at 65°C for 5 minutes,
and then incubate on ice for at least 1 minute. Add to
the annealed RNA the reagents in the amounts indicated
in Table 7.

Table 7.
Preferred
Component Amount Range
amount

10x Buffer 0,05x - 2x 1X
100% glycerol 0%-25% 10%
200 U/ pL Maxima H minus

500 - 200 U 200 U
RT

Incubate 4 h at 42 °C, then add 0.1N NaOH and heat the
mix for 20 min at 70 ©°C. Finally, precipitate the
reaction, adding: 156 plL of nuclease free water, 20 pL
sodium acetate (3M), 300 pL isopropanol and 2 pL of
Glycoblue. After precipitation, resuspend in 20 pL of

nuclease free water.

Step 6. Second strand synthesis.

To generate a second strand from the single strand cDNA
molecules (generated in step 5), one cycle of PCR 1is
performed under the reaction conditions provided in
Tables 8 and 9.
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Table 8.
Preferred
Component Amount Range
amount
10x Buffer 0.05x - 1.5x 1 X
10 mM dNTPs 0.02mM - 1 mM 0.2 mM
100 mM MgCl, 0.5mM - 3 mM 2 mM
20 pM RT-RCA Fw primer 0.1 uyM - 2 puM 1 pM
cDNA (from step 5) n.d. 20 pL
5U/ulL Super AB Taqg 0.5U - 20U - 1.5 U
Nuclease free water n.d Up to 50 uL
Table 9.
Step Temperature Time
Initial denaturation 95°C 3 min
95°C 30 secs
1 Cycle 51°C 30secs
72°C 2 min
Hold 4°C

The reaction is purified by adding 45pL of AMPure XP
beads (agencourt). Final product is eluted in a total

volume of 25 pL of nuclease free water.

Step 7. ONT Library preparation.

Purified double strand cDNA (see step 6) 1is used for
the ONT 1library preparation, following the protocol
direct—-cDNA sequencing kit (SQK-DCS109), starting from
"End Prep Step".
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Claims

1. A method for preparing at least one RNA
molecule, contained 1in a Dbiological sample, for
sequencing comprising the following steps:

(1) obtaining a biological sample comprising at
least one RNA molecule, wherein the at least one RNA
molecule bears a phosphate or a 2',3'-cyclic phosphate
group at 3' end;

(ii) phosphorylating the at least one RNA molecule
at the 5' end, thus introducing a phosphate group at
the 5' end of the at least one RNA molecule, and
obtaining at least one RNA molecule phosphorylated at
both ends;

(iii) 1ligating the 3' end of the at least one
phosphorylated RNA molecule to the 5' end of a random
RNA linker, wherein the random RNA linker bears a -OH
group at Dboth ends, obtaining at least one first
ligation product;

(iv) self-ligating the at least one first ligation
product to form at least one circular RNA molecule,
wherein the at least one circular RNA molecule is mixed
with linear RNA molecules;

(v) digesting the linear RNA molecules;

(vi) subjecting the at least one circular RNA
molecule to reverse transcription rolling circular
amplification, obtaining at least one single-stranded
cDNA molecule, wherein the at least one single-stranded
cDNA molecule carries at least 1, preferably between 2
and 500, copies of the at least one RNA molecule;

wherein the at least one single-stranded c¢DNA
molecule is suitable for sequencing, preferably single

molecule sequencing.

2., The method according to claim 1, wherein the
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method comprises a further step (vi) of generation of a
complementary c¢DNA strand of the at least one single-
stranded cDNA molecule, obtaining at least one double-

stranded cDNA molecule.

3. The method according to claim 1 to 3, wherein
the phosphorylation step (ii) 1is carried out using a
phosphorylating enzyme selected from T4 PNK 3' minus,
T4 PNK and recombinant versions of T4 PNK (e.qg.

Optikinase™) .

4. The method according to anyone of the preceding
claims, wherein the ligation step (iii) is carried out
using a first 1ligase enzyme selected from RtcB,
Archease, Arabidopsis Thaliana tRNA ligase, and
eukaryotic tRNA ligase.

5. The method according to anyone of the preceding
claims, wherein the self-ligation step (iv) is carried
out using a second ligase enzyme selected from T4 Rnll,
T4 Rnl2, T4 Rnl2tr, T4 Rnl2 K227Q, Mth Rnl and ATP-
independent 1ligase that catalyzes the intramolecular

ligation (e.g. circligase™, circligaseII™).

6. The method according to anyone of the preceding
claims, wherein the digestion step (iv) is carried out
using a 37-57 exoribonuclease or a 57-37

exoribonuclease.

7. The method according to anyone of the preceding
claims, wherein the reverse transcription rolling
circular amplification step (vi) is carried out using a
reverse transcription enzyme selected from engineered M
MLV-RTs (Moloney Murine Leukemia Virus Reverse

Transcriptase) and AMV-RTs (Avian myeoloblastosis wvirus

PCT/1B2020/058259



10

15

20

25

30

35

WO 2021/048720

33

Reverse Transcriptase).

8. The method according to anyone of claims 2 to
6, wherein the generation of the complementary cDNA
strand step (vi) 1s carried out using a DNA polymerase
enzyme selected from Tag Polymerase with 57-37
exonuclease activity and Gubler-Hoffman method (e.g
Platinum II Tag Hot-Start DNA Polymerase™,

PrimeScript™)

9. The method according to anyone of the preceding
claims, wherein the random RNA linker has a length

comprised between 50 and 500 nucleotides.

10. The method according to anyone of the
preceding claims, wherein the random RNA linker has a
minimum free energy comprised Dbetween -3 and -150
kcal/mol.

11. The method according to anyone of the
preceding claims, wherein the at least one RNA molecule
bearing a phosphate or a 2',3'-cyclic phosphate group
at the 3' end is generated by treating the biological
sample with an endoribonuclease, an exoribonuclease, a
ribozyme or a toxin able to cleave mRNA, tRNA, snRNA,
snoRNA, Y RNA, 1ncRNA, piRNA, siRNA, viral RNA or rRNA.

12. A kit comprising a random RNA linker, and a
first ligase enzyme, an exoribonuclease, and optionally
a second ligase enzyme, wherein:

(1) the random RNA linker bears -OH group at both
ends;

(1i) the ligase enzyme 1is suitable to ligate the
3'" end of an RNA molecule, bearing a phosphate or a

2',3'"-cyclic phosphate group at the 3' end and a
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phosphate group at the 5' end, to the 5' end of the
random RNA linker;

(iii) the exoribonuclease is suitable to
enzymatically digest linear RNA molecules; and

(iv) the second 1ligase enzyme 1s suitable to
circularize a ligation product obtained by ligation of

the random RNA linker to the RNA molecule.

13. The kit according to claim 12, wherein the
first ligase enzyme 1s selected from RtcB, Archease,
Arabidopsis Thaliana tRNA ligase, and eukaryotic tRNA

ligase.

14. The kit according to claim 12 or claim 13,
wherein the second ligase enzyme 1s selected from T4
Rnll, T4 Rnl2, T4 Rnl2tr, T4 Rnl2 K227Q, Mth Rnl and

ATP-independent, ligase that catalyzes the
intramolecular ligation (e.qg. circligase™,
circligaseII™) .

15. The kit according to anyone of claims 12 to
14, wherein the random RNA linker has a length

comprised between 50 and 500 nucleotides.

16. The kit according to anyone of claims 12 to
15, wherein the random RNA linker has a minimum free

energy comprised between -3 and -150 kcal/mol.

17. The kit according to anyone of claims 12 to
16, further comprising (i) a phosphorylating enzyme,
and/or (ii) an endoribonuclease, a ribozyme, or a toxin
able to <cleave mRNA, tRNA, snRNA, snoRNA, Y RNA,
1ncRNA, piRNA, siRNA, viral RNA or rRNA.

18. The kit according to anyone of claims 12 to
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17, wherein the random RNA linker has a nucleotide

sequence as set forth in SEQ ID No.:3.



