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COMPOSITIONS, SYSTEMS AND METHODS OF RNA EBITING USING BRCH
CROSS-REFERENCE TO RELATED APPLICATIONS

[0601] This application claims priority benefit of International Patent Application No.
PCT/CUN2021/096122 filed May 26, 2021, the content of which is incorporated herein by

reference in its entirety.
INCORPORATION BY REFERENCE OF SEQUENCE LISTING

{0602] The content of the following submussion on ASCH text file 1s incorporated herem by
reference in s entirety: 3 computer readable form (CRF) of the Sequence Listing (file name:

165392000441SEQLIST TXT, date recorded: May 24, 2022, size: 75,959 bytes).
FIELD

[0003] The present application relates to compositions, systems and methods for editing RNA

via targeted pseudourntdylation using DKC1.

BACKGROUND

[0004] Pseudournidine () 1s the most abundant post-transcriptionally modified nucleotide in
stable RNAs, including tRNA, rRNA, snRNA and mRNA, constituting approximately 5% of total
ribonucleotides. The conversion of uridine to ¥ (pseudouridylation) requares two distinet chemical
reactions: the breaking of the CV-NI glycosydic bond and the making of a new carbon-glycosydic
{C1°-C5) bond that relinks the base to the sugar. Pseudouridyiation 1s a true isomenzation reaction,
which creates an extra hydrogen bond donor and influences a wide variety of functional aspects
depending on the type of RNA that carries the ¥ and the position within the RNA sequence, such
as protein synthesis and increased stop-codon read-through (Yu and Meier, 2014, RNA Biology
11:1483-1494). Many of the mRNA *¥s reside in coding regions, and the majority of them respond
to environmental stress, mdicating functional significance (Carlile et al. 2014, Nature 515:143).

{8005} In eukaryotes and archaea, pseudouridylation can be introduced by box H/ACA
ribonucleoproteins (RNPs), each of which contains 8 unigue small RNA (box H/ACA RNA, one
of the two major classes of small nucleolar RNAs, or ‘snoRNAS’) and four core proteins {dyskerin
(DKC1), NHP2, NOP10 and GAR1}. Dyskerin (DKC1; also known as NAPS7/CBFS) 1s a highly

i
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conserved multifunctional protein that acts as RNA-guided pseudouridine synthase, directing the
enzymatic conversion of specific uridines to pseudouridines. It concentrates in the nucleoli and the
Cajal bodies (CBs) where, in association with three other highly conserved proteins -Nop10, Nhp2,
(Garl- composes a tetramer able to enter in the composition of different nuclear RNPs playing key
biological functions. Within the nucleolus, the tetramer associates with H/ACA small nucleolar
RNAs (snoRNAs) to compose the H/ACA snoRNPs, that regulate rRNA processing and
pseudouridylate RNA targets by snoRNA-guided base complementarity. Within the CBs, 1t
associates with CB specific small RNAs (scaRNAs) to compose the scaRNPs, that direct
pseudouridylation of spliceosomal snRNAs. NAPS7/dyskerin (DKC1YCBFS catalyzes the
chemical reactions, converting the target uridine to '¥. The RNA component serves as a guide that
specifies, through base-pairing mteraction with us substrate RNA, the target wuridine for
pseudouridylation (Ge and Yu, 2013, Trends Biochem Sci 38(4):210-218). Based on this guide-
substrate base-pawring scheme, Kargolich and Yu (2011, Nature 474:395-398) designed an
artificial box H/ACA RNA to mtroduce ¥ into mRNA at a Premature Termination Codon (PTC)
mn S, cerevisiage. They demonstrated that ¥ was indeed incorporated into TRM4 mRNA at the PTC.
Pseudournidylated PTC promoted nonsense suppression by altering ribosome decoding (Fernandez
et al. 2013, Nature 500:107-110; Wu et al. 20135, Methods in Enzymology 560:187-217; US
8,603,457}, Using a sumilar strategy, others showed that artificial H/ACA RNAs could site-
spectfically pseudounidylate pre-mRNA after micromjection into Xenopus oocytes (Chen et al.
2010, Mol Cell Biol 30:4108-4119}. In both examples, the artificial H/ACA RNAs were modified
to alter the loops that serve as the guide sequence, but otherwise these snoRNAs were unaltered.

{0006] Although site-specific pseudouridylation or target RNAs is a potentially powerful
technique, the methods available thus far have resulted in low editing efficiency of target RNAs.
Accordingly, there is a need in the art for optimized gsnoRNAs, gsnoRNA-based gene editing

systems, and methods of editing a target RNA by pseudouridylation.

BRIEF SUMMARY

{8007] The present application provides methods for editing target RNAs in host cells using
gsnoRNA and DKCI protein. Emboidments of the methods are also referred herein as the
“RESTART” method, which can be used to allow read-through of RNA transcripts having a

premature termination codons {(PTC).

[ O8]
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{0008} In some aspects, the present application provides a method for editing a target RNA mn a
host cell, comprising introducing a guide small nucleolar RNA {gsnoRNA) and a nucleic acid
molecule encoding a DKC1 protein into the host cell, wherein the gsnoRNA comprises a guide
sequence that hybridizes to a sequence comprising a target uridine residue in the target RNA, and
wherein the gsnoRNA recruits the DKC1 protein to modify the target uridine residue into a
pseudouridine residue in the target RNA In some embodiments, the gsnoRNA comprises a
scaffold sequence derived from a wildtype H/ACA-snoRNA selected from the group consisting of
ACALS, ACA2b, ACA36, ACA44, ACA27, B2, ACA3, and ACAT7.

[000%] In some aspects, provided herein 1s a method for editing a target RNA 10 a host cell,
comprising introducing an engineered gsnoRNA into the host cell, wherem the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target uridine residue in
the target RNA, wherein the gsnoRNA comprises a scaffold sequence denved from wildtype
ACAZb, ACA36, ACA44, ACA2T, B2, ACA3, or ACA17, and wherein the gsnoRNA recruits a
DKC1 protem n the host cell to modify the target unidine residue mto a pseudournidine residue n
the target RNA. In some embodiments, the DKC1 protein 13 an endogenous DKC1 protem of the
host cell. In some embodiments, the method further comprises introducing a nucleic acid encoding
the DKCT protein into the host cell.

[0618] In some aspects, provided herein 15 a method for editing a target RNA in a host cell,
comprising introducing an engineered gsnoRNA 1nto the host cell, wherein the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target uridine residue in
the target RNA, wherein the gsnoRNA comprises a nucleotide sequence selected from the group
consisting of the nucleotide sequences provided in Table 2, Table 3, or Table 4, and wherein the
osnoRNA recruits a DKC1 protein in the host cell to modify the target uridine residue mnto a
pseudouridine residue in the target RNA.

{8011} In some aspects, provided herein is a method for editing a target RNA in a host cell,
comprising introducing an engineered gsnoRNA into the host cell, wherein the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target uridine residue in
the target RNA, wherein the gsnoRNA comprises a nucleotide sequence selected from the group
consisting of SEQ ID NOs: 4-6, 9-12, 15-19, 22-36, and 177-179 and wherein the gsnoRNA
recruits a DKC1 protemn in the host cell to modify the target uridine residue into a pseudouridine

residue in the target RNA.
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{0012] In some aspects, provided herein i1s a method for editing a target RNA in a host cell
comprising introducing an engineered gsnoRMNA into the host cell, wherein the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target uridine residue in
the target RNA, wherein the gsnoRNA comprises a nucleotide sequence selected from the group
consisting of SEQ 1D NOs: 20-21 and 145-150, and wherein the gsnoRNA recruits a DKC1 protein
m the host cell to modify the target uridine residue into a pseudouridine residue in the target RNA.
In some embodiments, the DKC1 protein is an endogenous DKC1 protein of the host cell. Insome
embodiments, the method further comprises introducing a nucleic acid encoding the DKC1 protein
into the host cell.

{0013] In some embodiments according to any of the methods described above, the DKCI
protein has cytoplasmic localization in the host cell.

{0014] In some embodiments according to any of the methods described above, the DKCI
protein comprises a DKC1 protemn fragment corresponding to anuno acid residues 41 to 420 of a
human DKC1 isoform 3 protein, wherein the ammo acid numbering s according to SEQ ID NO:
2.

[0015] In some embodiments according to any of the methods described above, the DKCH
protein comprises an anino acid sequence having at least 85% (e.g., at least about any one of 90%,
1%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 95%, or more} identity to SEQ D NO: 88, In some
embodiments, the BKCI protein comprises the amino acid sequence of SEQ ID NO: 88 In some
embodiments according to any of the methods described above, the DKC1 protein comprises a
naturally occurring DKC1 1soform with cytoplasmic localization in the host cell.

{0016] In some aspects, provided herein is a method for editing a target RNA in a host cell,
comprising introducing an engineered gsnoRNA into the host cell, wherein the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target uridine residue in
the target RNA, wherein the host cell expresses a DKC1 isoform with cytoplasmic localization,
and wherein the gsnoRNA recruits the DKC1 soform to modify the target unidine residue into a
pseudouridine residue in the target RNA.

{0017} In some aspects, provided herein s a method for editing a target RNA in a host cell,
comprising imtroducing {a} an engineered gsnoRNA and (b} a splice-switching antisense
oligonucleotide (ASO) into the host cell, wherein the gsnoRNA comprises a guide sequence that

hybridizes to a sequence comprising a target uridine residue in the target RNA, wherein the ASO

4
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enhances expression of a DK protein that is an endogencus DKC1 isoform with cytoplasmic
localization in the host cell, and wherein the gsnoRNA recruits the DKC1 protemn to modify the
target uridine residue into a pseudouridine residue in the target RNA. In some embodiments, the
esnoRNA comprises a scaffold sequence derived from a wildtype H/ACA-snoRNA selected from
the group consisting of ACA19, ACA2b, ACA36, ACA44, ACA27, B2, ACA3, and ACAL7.
{6018} In some embodiments according to any of the methods described above, the DKC1
1soform corresponds to isoform 3 of human DKC1 protein.

[0019] In some embodiments according to any of the methods described above, the DKCI
protein comprises an anuno acid sequence having at least 85% (e.g., at least about any one of 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or more) identity to SEQ D NO: 2. In some
embodiments, the DKC1 protein comprises the amino acid sequence of SEQ 1D NO: 2.

{0028] In some embodiments according to any of the methods described above, the DKCI
protein comprises a DKC1 protein fragment corresponding to amino acid residues 1 to 419 of a
full-length human BKCI isoform 1 protein, wherein the amino acid numberning 1s according to
SEQID NGO: 1.

{8021} In some embodiments according to any of the methods described above, the gsnoRNA
comprises a scaffold sequence 13 derived from ACAZ2b. In some embodiments according to any of
the methods described above, the gsnoRNA comprises a scaffold sequence derived from ACA36.
In some embodiments, the gsnoRNA comprises a mutation in the 37 hawrpin of the ACA36 seaffold.
10022} In some embodiments according to any of the methods described above, the gsnoRNA
comprises a scaffold sequence derived from ACA19.

10023} In some embodiments according to any of the methods described above, the gsnoRNA
comprises one or more guide sequences each located in a region corresponding to a hairpin
structure of the wildtype H/ACA-snoRNA. In some embodiments, at least one of the one or more
cuide sequences 13 located in a hairpin structure at the 3° terminal part (also referred heremn as 3’
hairpin structure”) of the wildtype H/ACA-snoRNA. In some embodiments, at least one of the one
or more guide sequences is located in a hairpin structure at the 57 terminal part {also referred herein
as 3" hairpin structure”) of the wildtype H/ACA-snoRNA. In some embodiments, the gsnoRNA
comprises a single guide sequence. In some embodiments, the gsnoRNA comprises two or more

{e.g.,2,3,4, 5,6, or more) guide sequences.
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10024] In some embodiments according to any of the methods described above, the gsnoRNA
comprises one of more mutations (e.g., substitution, insertion and/or deletion} in one or more
hairpin structures (e.g., the 3" and/or 57 hairpin structures) of the wildtype ACALS.

{0025] In some embodiments according to any of the methods described above, the engineered
gsnoRNA comprises one or more substitution mutations in nucleotides of a polyU sequence in the
wildtype H/ACA-snoRNA, wherein the polvlU sequence comprises at least 4 consecutive U
residues.

[0026] In some embodiments according to any of the methods described above, the engineered
gsnoRNA comprises one or more msertion or deletion mutations positioned between the
nucleotide residue in the guide region that hybridizes to the target uridine and an H/ACA box of
the wildtype H/ACA snoRNA, whereby the engineered gsnoRNA comprises 14 or 15 nucleotides
between the nucleotide residue in the guide region that hybridizes to the target uridine and the
H/ACA box.

{60271 In some embodiments, the one or more mutations are selected from the group consisting
of substitution of residues 26-29 with UUCU, substitution of residues 26-29 with UGUU, addition
of G to the 37 hairpin structure after residue 115, and addition of a dinucleotide sequence (XX,
e.g., CUY to the S harpin after residue 8, wheremn X 1s a nucleotide selected from A, U, C, and G,
and wherein the numbering 1s according to SEQ ID NO: 37 In some embodiments, the
dinucleotide sequence s part of the guide RNA designed to hybridize to the target RNA.

10028} In some embodiments according to any of the methods described above, the gsnoRNA
comprises a nucleotide sequence selected from the group consisting of SEQ ID NOs: 3-12, 15-19,
22-36, and 177-179. In some embodiments, the gsnoRNA comprises a nucleotide sequence
selected from the group consisting of SEQ ID NQOs: 15-19.

[0029] In some embodiments according to any of the methods described above, the gsnoRNA
comprises a nucleotide sequence selected from the group consisting of SEQ 1D NOs: 20-21 and
145-150.

{0036] In some embodiments according to any of the methods described above, the method
comprises introducing a nucleic acid molecule encoding the gsnoRNA into the host cell. In some
embodiments, the nucleic acid molecule encoding the gsnoRNA 15 under a small RNA promoter.
In some embodiments, the nucleic acid molecule encoding the gsnoRNA is under a promoter

selected from the group consisting of U6 (e.g., transcribed by Polymerase 1} and Ul (e.g.,

6
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transcribed by Polymerase I} promoters. In some embodiments, the nucleic acid molecule
encoding the gsnoRNA 1s embedded in an intron sequence located between a first exon sequence
and a second exon sequence, and wherein the first exon sequence, the intron sequence and the
second exon sequence are derived from a naturally-occurring gene. In some embodiments, the
niron sequence is from an intron of an endogenous gene in the host cell, wherein the gene is
selected from the group consisting of EIF3A, SNHG12, RPL21, and RPSA In some embodiments,
the intron sequence is from an intron of an exogenous gene, such as HBB. In some embodiments,
the nucleic acid encoding the gsnoRNA is not embedded in an intron sequence.

[0031] Insome embodiments according to any of the methods described above, the nucleic acid
molecule encoding the DEC1 protein is present 1n a viral vector. In some embodiments, the nucleic
acid molecule encoding the gsnoRNA is present in a viral vector,

In some embodiments according to any of the methods described above, the method comprises
ntroducing into the host cell a vector comprising a first nucleic acid sequence encoding the DKC1
protein and a second nuclewc acid sequence encoding the gsnoRNA. In some embodiments, the
nucleic acid molecule encoding the DKCI protein and the nucleic acid molecule encoding the
gsnoRNA are present in separate vectors. In some embodiments, the vector 1s a viral vector. In
some embodiments, the vector 1s an adeno-associated viral (AAV) vector.

{6032] In some embodiments according to any of the methods described above, the gsnoRNA
comprises one or more chemically modified nucleosides and/or mter-nucleosidic linkages. In some
embodiments, the gsnoRNA comprises one or more nucleosides having 2°-OMe or 2°-MOE
modifications. In some embodiments, the gsnoRNA comprises no more than 10, no more than 8,
no more than 6, or no more than 4 chemically modified nucleosides. In some embodiments, the
esnoRNA comprises one or more phosphorothioate mter-nucleosidic linkages. In some
embodiments, the gsnoRNA comprises no more than 10, no more than 9, no more than 8, or no
more than 6 phosphorothioate inter-nucleosidic linkages. In some embodiments, the gsnoRNA
comprises a 5’ cap modification. In some embodiments, the S5° cap modification s a7-
methylguanosine {m’G) cap. In some embodiments, the gsnoRNA does not comprise one or more
chemically modified nucleosides or inter-nucleosidic hinkages.

cap.

|0033]
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{0034} In some embodiments according to any of the methods described above, efficiency of
editing the target RNA 1s at least 10% (e.g., at least about any one of 15%, 20%, 25%, 30%, 35%,
40%, 45%, 50%, 60%, or higher).

{0035] In some embodiments according to any of the methods described above, wherein the
sequence comprising the target uridine in the target RNA 1s a premature termination codon in a
sequence encoding a protein, the method results in expression of the full-length protein in the host
cell of at least 4% (e.z., at least 5%, at least 6%, at least 7%, at least 8%, at least 9% or at least
10%) of the expression level of the full-length protein without a premature termination codon
[0036] In some embodiments according to any of the methods described above, wherein the
sequence comprising the target uridine in the target RNA 1s a premature ternunation codon in a
sequence encoding a protein, the method results in expression of the full-length protein, wherein
the expression of the protein 15 detectable without enrichment (e g, without enrichment by
wamunoprecipitation). In some embodiments, the protemn is detected via a tag {(eg, via a
fluorescent tag). In some embodiments, the protemn 1s detected by immo-staiming according to
methods known in the art.

{0037} In some embodiments according to any of the methods described above, wherein the
sequence comprising the target uridine 1o the target RNA 13 a premature termination codon in a
sequence encoding a protein, the method results 1 expression of the full-length protein in at least
20% of host cells {e.g., at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, or at
least 50% of host cells).

{6038] In some embodiments according to any of the methods described above, the target RNA
is not a ribosomal RNA (fRNA}) such as an endogenous rRNA of the host cell.

{8039] In some embodiments according to any of the methods described above, the target RNA
15 a messenger RNA {mRNA)}. In some embodiments, the sequence comprising the target uridine
in the target RNA 15 a stop codon, and modification of the target uridine to pseudouridine causes
the stop codon to be translated as a coding codon. In some embodiments, the stop codon is a
premature termination codon (PTC). In some embodiments, the PTC 1s associated with a genetic
disease or condition. In some embodiments, the sequence comprising the target uridine in the target
RNA 1s a stop codon, and modification of the target uridine to pseudouridine reduces or prevents

nonsense~-mediate decay (NMD).
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{0040} In some embodiments according to any of the methods described above, the DKCI
protein 15 part of a ribonucleoprotein (RNP) complex that associates with the gsnoRNA. In some
embodiments, the RNFP complex comprises NOP10, GAR1, and NHP2.

{0041} In some embodiments according to any of the methods described above, the host cell 15
an archaeal cell. In some embodiments, the host cell 15 a eukaryotic cell. In some embodiments,
the host cell is a mammalian cell. In some embodiments, the host cell i1s a human cell.

{0042] In some embodiments according to any of the methods described above, the method 1s
carried out in vive. In some embodiments, the method 15 carried out ex vive.

[0043] Insome aspects, provided herein 15 a method of treating a disease or condition associated
with a PTC 1n a target RNA in a subject, comprising editing the target RNA 1n a cell of the subject
using any of the methods described above, wherein the gsnoRNA comprises a giide sequence that
hybridizes to the PTC in the target RNA, and wherein modification of the uridine residue in the
PTC to a pseudouridine residue causes translation read-through of the PTC n the target RNA,
thereby treating the disease or condition in the subject.

[8044] In some embodiments, the disease or condition 13 selected from the group consisting of
Cystic fibrosis, Hurler Syndrome, alpha-t-antitrypsin (A1AT) deficiency, Parkinson’s disease,
Alzhemmer's disease, albinism, Amvyotrophic lateral sclerosis, Asthma, 8-thalassenua, Cadasil
syndrome, Charcot-Marie-Tooth disease, Chronic Obstructive Pulmonary Disease (COPD), Distal
Spmnal Muscular Atrophy  (DBSMA}, Duchenne/Becker muscular  dystrophy, Dystrophic
Epidermolysis bullosa, Hpidermolysis bullosa, Fabry disease, Factor V Leiden associated
disorders, Familial Adenomatous Polyposis, Galactosemia, Gaucher's Disease, (Glucose-6-
phosphate dehvdrogenase, Haemophilia, Hereditary Hemochromatosis, Hunter Syndrome,
Huntington's disease, Inflammatory Bowel Disease (IBD}, Inherited polyaggiutination syndrome,
Leber congenital amaurosis, Lesch-Nyhan syndrome, Lynch syndrome, Marfan syndrome,
Mucopolysaccharidosis, Muscular  Dystrophy, Myotonic  dystrophy  types I and I
neurcfibromatosis, Niemann-Pick disease type A, B and C, NY-esol related cancer, Peutz-Jeghers
Syndrome, Phenylketonuria, Pompe’s disease, Primary Ciliary Disease, Prothrombin mutation
related disorders, such as the Prothrombin (G20210A mutation, Pulmonary Hypertension,
{autosomal dominant} Retinitis Pigmentosa, Sandhoff Disease, Severe Combined Immune

Deficiency Syndrome (SCID), Sickie Cell Anemua, Spinal Muscular Atrophy, Stargardt’s Disease,
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Tay-Sachs Disease, Usher syndrome, X-linked immunodeficiency, Sturge-Weber Syndrome, and
cancer.

[0045] Insome aspects, provided herein is an engineered gsnoRNA comprising a guide sequence
that hybridizes to a sequence comprising a target uridine residue in a target RNA in a host cell In
some embodiments, the gsnoRNA comprises a nucleotide sequence selected from the group
consisting of SEQ 1D NOs: 4-6, 9-12, 15-19, 22-36, and 177-179, and the gsnoRNA is capable of
recruiting a DKC1 protein in the host cell to modify the target uridine residue into a pseudouridine
residue 1o the target RNA. In some embodiments, the gsnoRNA comprises a nucleotide sequence
selected from the group consisting of SEQ ID NOs: 20-21 and 145-150, and the gsnoRNA 1s
capable of recruiting a DKC1 protein i the host cell to modify the target uridine residue into a
pseudouridine residue in the target RNA.

[0046] Insomeaspects, provided herein is an engineered gsnoRINA comprising a guide sequence
that hybridizes to a sequence comprising a target uridine residue 1n a target RNA in a host cell,
wherein the gsnoRNA comprises a scaffold sequence derived from a wildtype H/ACA-snoRNA
selected from the group consisting of ACAZb, ACA36, ACA44, ACA27,E2, ACA3, and ACAL7,
and wherein the gsnoRNA 1s capable of recruiting a DKC1 protein in the host cell to modify the
target undine residue into a pseudouridine residue m the target RNA.

{0047} In some embodiments according to any of the engineered gsnoRNAs described above,
the gsnoRNA comprises a 57 cap modification. In some embodiments, the 57 cap modification 13
a 7-methylguanosine (m'G) cap. In some embodiments according to any of the engineered
osnoRNAs described above, the gsnoRNA comprises one or more chemically modified
nucleosides and/or inter-nucleosidic hinkages. In some embodiments according to any one of the
engineered gsnoRNAs described above, the gsnoRINA comprises one or more nucleosides having
2’-OMe or 2°-MOF modifications. In some embodiments, the gsnoRNA comprises no more than
10, no more than 8, no more than 6, or no more than 4 chemically modified nucleosides. In some
embodiments, the gsnoRNA comprises one or more phosphorothioate inter-nucleosidic linkages.
In some embodiments, the gsnoRNA comprises no more than 10, no more than 9, no more than 8,
or no more than 6 phosphorothioate mter-nucleosidic linkages.

{0048] In some embodiments according to any of the engineered gsnoRNAs described above,
the gsnoRNA comprises a scaffold sequence is derived from ACAZb. In some embodiments

according to any of the engineered gsnoRNAs described above, the gsnoRNA comprises a scaffold
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sequence derived from ACA36. In some embodiments, the gsnoRNA comprises a mutation in the
3" hatrpin of the ACA36 scaftold.

{0049] In some embodiments according to any of the engineered gsnoRNAs described above,
the gsnoRMNA comprises a scaffold sequence derived from ACA19,

{0050] In some embodiments according to any of the engineered gsnoRNAs described above,
the gsnoRNA comprises one or more guide sequences each located in a region corresponding to a
hairpin structure of the wildtype H/ACA-snoRNA. In some embodiments, at least one of the one
or more guide sequences is located in a hairpin structure at the 37 terminal part of the wildiype
H/ACA-snoRNA. In some embodiments, at least one of the one or more guide sequences 15 located
in a hairpin structure at the 57 terminal part of the wildiype H/ACA-snoRNA. In some
embodiments, the gsnoRNA comprises a single guide sequence. In some embodiments, the
gsnoRNA comprises two or more (e.g., 2, 3, 4, 5, 6, or more} guide sequences.

[0051] In some embodiments according to any of the engineered gsnoRNAs described above,
the gsnoRNA comprises one or more mutations {e. g., substitution, insertion and/or deletion) 10 one
or more hatrpin structures {e.g., the 37 and/or 57 hatrpin structures} of the wildtype ACAIS.
[0052] In some embodiments according to any of the engineered gsnoRNAs described above,
the engineered gsnoRNA comprises one or more substitution mutations in nucleotides of a polylU
sequence n the wildtype H/ACA-snoRNA, wherein the polyl] sequence comprises at least 4
consecutive U residues.

{0053} In some embodiments according to any of the engineered gsnoRNAs described above,
the engineered gsnoRNA comprises one or more insertion or deletion mutations positioned
between the nucleotide residue in the guwide region that hybridizes to the target uridine and an
H/ACA box of the wildtype H/ACA snoRNA, whereby the engineered gsnoRNA comprises 14 or
15 nucleotides between the nucleotide residue in the guide region that hybridizes to the target
uridine and the H/ACA box.

{0054] Insome embodiments, the one or more mutations are selected from the group consisting
of substitution of residues 26-29 with UUCU, substitution of residues 26-29 with UGUU, addition
of G to the 3’ hairpin structure after residue 1135, and addition of a dinucleotide sequence (XX,
e.g., CU) to the 5° hairpin after residue 8, wherein X 1s a nucleotide selected from A, U, C, and G,

and wherein the numbering is according to SEQ ID NO: 37, In some embodiments, the engineered
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gsnoRNA comprises a nucleotide sequence selected from the group consisting of SEQ 1D NQs:
15-19.

[0055] Insome aspects, provided herein is an engineered gsnoRNA comprising a guide sequence
that hybridizes to a sequence comprising a target uridine residue in a target RNA in a host cell,
wherein the gsnoRNA comprises a scaffold sequence derived from a wildtype ACA19, wherein
the engineered gsnoRMNA comprises one or more insertion or deletion mutations positioned
between the nucleotide residue in the guide region that hybridizes to the target uridine and an
H/ACA box of the wildtype ACA19, wherein the engineered gsnoRNA comprises 14 or 15
nucleotides between the nucleotide residue n the guide region that hybridizes to the target uridine
and the H/ACA box, and wherein the gsnoRNA 1s capable of recruiting a DKC1 protein in the host
cell to modify the target uridine residue into a pseudouridine residue in the target RNA. In some
embodiments, the one or more mutations are selected from the group consisting of the one or more
mutations are selected from the group consisting of substitution of residues 26-29 with UUCU,
substitution of residues 26-29 with UGUU, addition of G to the 37 hairpin structure after residue
115, and addition of a dinuclectide sequence (XX, e.g., CU) to the 5 hawpin after residue 8,
wheremn X 1s a nucleotide selected from A, U, C, and G, and wherein the numbering is according
to SEQ ID NO: 37 In some embodiments, the gsnoRNA comprises a nucleotide sequence selected
from the group consisting of SEQ 1D NQOs: 15-19.

{8036] In some aspects, provided herein 18 an 1solated nucleic acid molecule comprising a
sequence encoding the engineered gsnoRNA of any of the preceding embodiments. In some
embodiments, provided herein is a vector {e.g., viral vector) comprising the nucleic acid molecule.
{0057} Insome aspects, provided herein is an engineered RNA-editing system comprising: {(a} a
esnoRNA comprising a guide sequence that hybridizes {0 a sequence comprising a target uridine
residue in a target RNA m a host cell, or a nucleic acid molecule encoding the gsnoRNA; and (b)
a DK{1 protein, or a nucleic acid molecule encoding the DKC1 protein, wherein the gsnoRNA is
capable of recruiting the DKC1 protein to modify the target uridine residue into a pseudouridine
residue in the target RNA.

{0058] In some embodiments, the DKC1 protein has cytoplasmic localization in the host cell. In
some embodiments according to any of the methods described above, the DKC1 protein comprises
a DKC1 protein fragment corresponding to amino acid residues 41 to 420 of a human DKCH

isoform 3 protein, wherein the amino acid numbering is according to SEQ ID NG: 2.

12



CA 03219203 2023-11-06

WO 2022/247896 PCT/CN2022/095172

{005%] In some embodiments according to any of the methods described above, the DKCI
protein comprises an amino acid sequence having at least 85% (e.g., at least about any one of 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or more) identity to SEQ [D NO: 88. In some
embodiments, the DKC1 protein comprises the amino acid sequence of SEQ D NO: 88, In some
embodiments according to any of the methods described above, the DKC1 protein comprises a
naturally occurring DKC1 isoform with cytoplasmic localization n the host cell.

{0060] Insome embodiments according to any of the engineered RNA-editing systems described
above, the DK.C1 soform corresponds to 1soform 3 of human DKCI protein,

[0061] Insomeembodiments according to any of the engineered RNA-editing systems described
above, the DKC1 protein comprises an aroino acid sequence having at least 85% (e.g., at least
about any one of 90%, 91%, 92%, 93%, 94%, 93%, 96%, 97%, 98%, 99%, or more) identity to
SEQ ID NO: 2. In some embodiments, , the DKC1 protein comprises the amino acid sequence of
SEQID NG: 2.

[0062] Insomeembodiments according to any of the engineered RN A-editing systems described
above, the DKCI proteimn comprises a DKC1 protein fragment corresponding to ammo acid
residues 1 to 419 of a full-length human DKCT isoform 1 protein, wheremn the amino acid
numbering 1s according to SEQ ID NG: 1,

{8063] Insome embodiments according to any of the engineered RN A-editing systems described
above, the gsnoRNA comprises a scaffold sequence 1s derived from ACAZ2b. In some embodiments
according to any of the engineered RNA-editing systems described above, the gsnoRNA comprises
a scaffold sequence derived from ACA36. In some embodiments, the gsnoRNA comprises a
mutation in the 37 hairpin of the ACA36 seaffold.

{0664] Insome embodiments according to any of the engineered RNA-editing systems described
above, the gsnoRNA comprises a scaffold sequence derived from ACAT9.

{0665] Insome embodiments according to any of the engineered RNA-editing systems described
above, the gsnoRNA comprises one or more guide sequences each located in a region
corresponding to a hairpin structure of the wildtype H/ACA-snoRNA. In some embodiments, at
least one of the one or more guide sequences is located in a hairpin structure at the 37 terminal part
of the wildtype H/ACA-snoRNA. In some embodiments, at least one of the one or more guide

sequences 15 located in a hawrpin structure at the 57 termunal part of the wildtype H/ACA-~snoRNA.

13



CA 03219203 2023-11-06

WO 2022/247896 PCT/CN2022/095172

In some embodiments, the gsnoRNA comprises a single guide sequence. In some embodiments,
the gsnoRMNA comprises two or more {e.g., 2, 3, 4, S, 6, or more} guide sequences.

{0066] Insome embodiments according to any of the engineered RNA-editing systems described
above, the gsnoRINA comprises one or more mutations {e.g., substitution, insertion and/or deletion)
in one or more hairpin structures {e.g., the 3 and/or 5” hairpin structures} of the wildtype ACA19.
{0067] Insome embodiments according to any of the engineered RNA-editing systems described
above, the engineered gsnoRNA comprises one or more substitution mutations in nucleotides of a
polyU sequence n the wildtype H/ACA-snoRNA, wherein the polyU sequence comprises at least
4 consecutive U residues.

[0068] Insomeembodiments according to any of the engineered RNA-editing systems described
above, the engineered gsnoRNA comprises one or more insertion or deletion mutations positioned
between the nucleotide residue in the guide region that hybridizes to the target unidine and an
H/ACA box of the wildtype H/ACA snoRNA, whereby the engineered gsnoRNA comprises 14 or
15 nucleotides between the nucleotide residue m the guide region that hybridizes to the target
uriding and the H/ACA box.

[8069] In some embodiments of the engimeered RNA-editing system, the DK protein s part

of a ribonucleoprotein (RNP) complex that associates with the gsnoRNA. In some embodiments,

the nibonuclecprotein complex comprises NOP10, GARI, and/or NHP2.

{8078] Insome embodiments, the one or more mutations are selected from the group consisting
of the one or more mutations are selected from the group consisting of substitution of residues 26~
29 with UUCU, substitution of residues 26-29 with UGUU, addition of G to the 37 hairpin structure
after residue 115, and addition of a dinuclestide sequence (XX, e.g., CU)} to the 57 hairpin after
residue 8, wherein X is a nucleotide selected from A, U, C, and G, and wherein the numbering is
according to SEQ D NO: 37.

{0671} Insomeembodiments according to any of the engineered RNA-editing systems described
above, the gsnoRNA comprises a nucleotide sequence selected from the group consisting of SE(
D NOs: 3-12, 15-19, 22-36, and 177-179. In some embodiments, the gsnoRNA comprises a
nucleotide sequence selected from the group consisting of SEQ ID NOs: 15-19.

{0072] Insome embodiments according to any of the engineered RNA-editing systems described
above, the gsnoRNA comprises a nucleotide sequence selected from the group consisting of SEQ

1D NQOs: 20-21 and 145-150.
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{0073} In some aspects, provided herein is a pharmaceutical composition comprising any of the
esnoRMNA, the nucleic acid molecules, or the engineered RNA-editing systems described above,
and a pharmaceutically acceptable carrier.
{0074] In some aspects, provided herein is a host cell comprising any of the gsnoRNA, the
nucleic acid molecules, or the engineered RNA-editing systems described above.
{0075] In some aspects, provided herein is a kit for editing a target RNA in a host cell,
comprising any of the gsnoRNA, the nucleic acid molecules, or the engineered RNA-editing
systems described above,
[0076] Also provided are compositions, kits and articles of manufacture for use in any one the
methods described above.

BRIEF DESCRIPTION OF THE DRAWINGS
[0077]  FIGS. 1A-1F show readthrough of premature termunation codon mediated by engineered
guide snoRNA. FIG. 1A provides schematics of the “RESTART” method design. The snoRNP
complex s indicated in dashed box. FIG, 1B provides schematics showing the structure of
Reporter-1 and guide snoRNA constructs. In the Reporter-1, 15 bases are inserted into the position
between the codons of 154™ and 155® amino acids. The DNA sequences of 15 bases are shown,
and the premature termunation codon (PTC) site (TAG) 15 indicated. A positive control (Venus-
GGT) 1s included. FIGS. 1C-1B, HEK293T cells were co-transfected with Reporter-1 and guide
snoRNA constructs. Venus expression was detected by high-content imaging system. FIG. 1C
shows representative fluorescence images of cells showing the expression levels of Venus. Bar,
200 pm. FIG. 1D shows a dot plot showing the relative fraction of Venus positive cells. FEG. 1E,
Western blot analysis showing expression levels of DKCT proteins upon DK C1 stable knockdown.
FIG. 1F, Bar plot showing the relative fraction of Venus positive cells in shControl and DK{1
stable knockdown cells co-transfected with Reporter-1 and gsnoRNA constructs.
{BE78]  FIGS, 2A-2C show the PTCreadthrough effects mediated bv gsnoRNAg of different
construcis. Dot plots showing the relative fraction of Venus positive cells co-transfected with
Reporter-1 and gsnoRNAs within the host intron {FHG, 243, gonoRNAs within B8 mitron
(FIG. 2B), or esnoRNAg transcribed from small RNA promoter (FHs, 2C). The structure of

osnoRMNA constructs were indicated 1 botiom of each panel.



CA 03219203 2023-11-06

WO 2022/247896 PCT/CN2022/095172

{0079] FIGS. 3A-3F show predicted secondary structure of gsnoRNA scaffolds used in
Figs. 1A-1F. The secondary structures and base pair probabilities are predicted using the RNAfold
server, as described in Gruber et al. (The Vienna RNA websuite. Nucleic Acids Res 36, W70-4
{2008}), the contents of which are herein incorporated by reference in their entirety.

{0080] FIGS. 4A-4F show optimization of gsnoRNA scaffolds improves the efficiency of PTC-
readthrough. ¥iG, 44, Predicted secondary structure of gACA19, ¢ACAZb, and gACA36
scaffolds. The secondary structures and base pair probabilities are predicted using the RNAfold
server. In the structure of gACA19 scaffold, seven mutations are indicated. FIG., 48, Structure of
the gsnoRNA construct. ¥FIG. 4, Dot plot showing the relative fraction of Venus positive cells
co~-transfected with Reporter-1 and gsnoRNAs of (Fifz. 4B) constructs. Fils, 413, Representative
fluorescence 1mages of cells co-transfected with Reporter-1 and gsnoRNAs of (FiG. 4B)
constructs. Bar, 200 um. FIG, 4F, Dot plot showing the relative fraction of Venus positive cells
co-transfected with Reporter-1 and engineered gACA19 scatfolds with different mutations. The
engineered positions of gACAI9 are annotated in (FIG. 44) FIG. 4F, Representative
fluorescence images of (FIG. 4E). Bar, 200 um.

[6081] FIGS. SA-8D show predicted secondary structure of gsnoRNA scaffolds used i FIGS,
4A-4F The secondary structures and base pair probabilities are predicted using the RNAfold
SETVET.

[8082] FIGS. 6A-6B show engineering of gACA306 scaffolds. Fifs. 64, Predicted secondary
structure of engineered g ACA36 scaffolds. The secondary structures and base pair probabilities
are predicted using the RNAfold server. FIG. 6B, Dot plot showing the relative fraction of Venus
positive cells co-transfected with Reporter-1 and different gsnoRINAs constructs.

{0083] FIGS. TA-T1 show that exogenous DKCl-isoform3 protein improves the efficiency of
PTC-RT. Fifz 7A, Structure of two isoforms of human DKC/ transcripts. Exons are numbered
on top, coding regions are represented by filled boxes, and UTRs are represented by white boxes.
NLS, nuclear localization signal. ¥ifs. 7B, Schematic showing the structure of Reporter-3
construct, in which gsnoRNA 1s arranged in tandem with reporter. The sequences surrounding the
PTC sites and the PTC sites (TAA/TAG/TGA) are shown. ¥i(. 7, Western blot analysis showing
expression levels of DKC1 proteins in HEK293T DKC1 stable overexpression cells. Santa Cruz
and Abcam anti-DKC1 antibodies target the C-terminal and N-termunal region of DKC1 protein,

respectively. FEGS, 7D-7F, Indicated Reporter-3 constructs were transfected mto control
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HEK293T, DKCl-isoform! stable overexpression, and DKC1-isoform3 stable overexpression
cells, respectively. Fi(z. 7i¥, Representative fluorescence images of cells. Bar, 200 um. FiG. 7E,
Bar plot showing the relative fraction of EGFP positive cells. ¥¥G. 7F, Bar plot showing the
relative fraction of EGFP intensities. ¥FiG. 74, Bar plot showing the relative fraction of EGFP
positive cells in HEK293T cells transfected with different Reporter-3 constructs, and co-
transfected with different Reporter-3 and DK 1-1soform3 (200 ng) constructs. ¥1G. 7H, Bar plot
showing the relative fraction of EGFP mtensities in HEK293T cells transfected with different
Reporter-3 constructs, and co~transfected with different Reporter-3 and DKC1-1soform3 (200 ng)
constructs. FIG. 71, Locus-specific ¥ modifications in Reporter-3 transcripts were detected by a
radiolabeling-free, qPCR-based method. The curves were obtained by high-resolution melting
analysis. ¥ site 15 specifically labeled by CMC chemical; after reverse transcription, the W-CMC
adduct cause a mutation/deletion at or around ¥ site in ¢cDNA, thus giving rise to a shift in the
melting temperature. HEK293T cells were co-transfected with different Reporter-3 and DEC1-
isoform3 (200 ng) constructs.

[0084] FIGS. 8A-8D show that exogenous DRCl-isoform3 protein improves the efficiency of
PTC-RT. FIGS. 8A-8C, Reporter-1 and gsnoRNA constructs were co-transfected nto control
HEK293T, DKCl-isoform! stable overexpression, and DECl-isoform3 stable overexpression
cells, respectively. FIG. 8A, Representative fluorescence images of cells. Bar, 200 um. FIG. 8B,
Bar plot showing the relative fraction of Venus posttive cells. FiIG. 8C, Bar plot showing the
relative fraction of Venus intensities. FI1G. 8D, Dot plot showing the relative fraction of EGFP
positive cells co-transfected with Reporter-3 together with empty vector (Vec), DKC1-isoform1
(BK.C1 1s01) or DKC1-1soform3 (BKC1 1503) constructs. The statistical analyses of bar plots are
unpaired Student’s {-tests.

{0085] FIG, 9 shows readthrough efficiency of different truncation of DKC1-1soform3. Dot plot
showing the relative fraction of EGFP positive cells co-transfected with Reporter-3 and different
DEKC1-1soform3 truncation constructs.

{0086] FIGS, 10A-10K show comparison of readthrough efficiencies on different stop codons.
FIG. 10A, Representative fluorescence images of cells transfected with different Reporter-3
constructs. Bar, 200 um. FIG. 108, Representative fluorescence images of cells co-transfected
with indicated Reporter-3 and DEC1-1s0form3 (200 ng) constructs. Bar, 200 pm. FIGS. 10C-10E,

Bar plots showing the relative fraction of the EGFP positive cells co-transfected with Reporter-3-
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TAA (FIG. 160), Reporter-3-TAG (FIG. 188), or Reporter-3-TGA (FIG. 16K) together with
decreasing amount of DKC1-isoform3 constructs.

{0087] FIGS. 11A-11C show detection of locus-specific ¥ modifications. HEK293T cells were
co-transfected with different Reporter-3 and DK.C1-isoform3 (200 ng) constructs. Locus-specific
Y modifications in Reporter-3 transcripts (FEG, 11A) and 1045 sites in 185 rRNA (FIGS. 11B-
11C) were detected by a radiolabeling-free, gPCR-based method. The curves were obtained by
high-resolution melting analysis.

[0088] FIG. 12 Guide snoRNAs target genetic disorders caused by nonsense mutations.
Schematic of the PTC-disease reporter and gsnoRNA constructs. Complementarity regions
between gsnoRNAs (top) and target sites in PTC-disease gene (bottom).

[008%] FIG. 13 Complementarity regions between gsnoRNAs (top) and target sites in PTC-
disease gene {bottom).

[0090] FIGS. 14A-C show that RESTART corrects nonsense mutations that can cause genetic
disorders. FIGK. 14A-B, Dot plots showing the relative fraction of EGFP positive cells co-
transfected with imdicated gsnoRNA and RESTART vl PTC-disease reporter constructs {FIG.
144A) and RESTART v2 DRCl-isoform3 constructs (FIG. 14B). FIG. 14C, Bar plot showing the
relative fraction of EGFP positive cells co-transfected with indicated gsnoRNA and PTC-disease
reporter with or without DKC1-1soform3 constructs.

[8091] FIGS. 153A-F show the delivery of RESTART by RNA oligonucleotides. FIG. 18A-C,
The structures of gsnoRINAs prepared by in vitre transcription. FEG. 15D, Bar plots showing the
relative fraction of EGFP positive cells transfected with the indicated gsnoRNA constructs, in vitro
transcribed gsnoRNA oligonucleotides, or chemically synthesized gsnoRNA oligonucleotides.

FIG. 18K, The structures of chemically synthesized gsnoRNA sligonucleotides.

DETAILED DESCRIPTION

{6092] The present application provides methods and compositions for editing a target RNA in
a host cell, comprising introducing an engineered guide small nucleolar RNA (gsnoRNA) into the
host cell, wherein the gsnoRNA comprises a guide sequence that hybridizes to a sequence
comprising a target uridine residue in the target RNA, and wherein the gsnoRNA recruits a DKC1
protein to modify the target uridine residue into a pseudouniding residue in the target RNA. In

some aspects, the gsnoRNA is an engineered gsnoRNA comprising one or more mutations
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compared to a wildtype H/ACA scaffold In some embodiments, the one or more mutations
mcrease the editing efficiency of the gsnoRNA. In some aspects, the method further comprises
ncreasing the cellular levels of a DKC1 protein with cytoplasmic localization, whereby the editing
efficiency of the gsnoRNA/DKC1 protein complex is increased. In some aspects, the methods and
composttions provided herein can be used to edit a premature termination codon (PTC) in a target
gene mRNA, thereby suppressing nonsense-mediated decay of the mRNA and promoting
translation of the full-length protein. In some embodiments, the methods disclosed herein can be
used to treat a disease associated with a PTC 1o a target gene.

[0093] In some aspects, the present disclosure provides engineered gsnoRNAs and gsnoRNA
scaffolds, or nucleic acid molecules encoding the gsnoRNAs In some embodiments, the
engineered gsnoRNA scaffolds are based on wildtype H/ACA snoRNA scaffolds identified by the
present inventors as having higher editing efficiency compared to other scaffolds. In some
embodiments, the engineered gsnoRNA scaffolds comprise mutations that mncrease thewr editing
efficiency.

[8094] The methods and compositions described in the present application are based at least in
part on the unexpected discovery that expression of an isoform of DKCI with cytoplasmic
localization {e.g., 1soform 3 of human DKC1) significantly increases the editing efficiency of a
target RNA using a gsnoRNA/DKCT systern. In one aspect, the present inventors realized that by
mtroducing an exogenous DECT tsoform with cytoplasmuc localization, the editing efficiency of
a gsnoRNA could be increased. In another aspect, the present inventors identified truncation and
deletion vanants of the DKC1 protein that can be used to increase the editing efficiency of a
gsnoRNA.

{0695] In some aspects, provided herein are nucleic acid constructs encoding gsnoRNA for use
according to the methods described herein. In some embodiments, the present inventors identified
promoters and construct configurations for gsnoRNA expression that provide increased editing
efficiency of the gsnoRNA.

L Definitions

{0096] Terms are used herein as generally used in the art, unless otherwise defined as follows.
{0097] The terms “polynucleotide,” “nucleic acid,” “nucleotide sequence,” and “nucleic acid
sequence” are used interchangeably. They refer to a polymeric form of nucleotides of any length,
either deoxyribonuclectides or ribonucleotides, or analogs thereof.
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{0098] As used herein, “complementarity” refers to the ability of a nucleic acid to form hydrogen
bond(s} with another nucleic acid by traditional Watson-Crick and Wobble base-pairing. A percent
complementarity indicates the percentage of residues in a nucleic acid molecule which can form
hydrogen bonds (i.e., Watson-Crick and Wobble base pairing} with a second nucleic acid (e.g.,
about 5, 6,7, 8,9, 10 out of 10, being about 50%, 60%, 70%, 80%, 90%, and 100% complementary
respectively). "Perfectly complementary” means that all the contiguous residues of a nucleic acid
sequence form hydrogen bonds with the same number of contiguous residues in a second nucleic
acid sequence. "Substantially complementary” as used herein refers to a degree of
complementarity that is at least about any one of 70%, 73%, 80%, 85%, 90%, 95%, 97%, 98%,
99%, or 100% over a region of about 40, 50, 60, 70, 80, 100, 150, 200, 250 or more nucleotides,
or refers to two nucleic acids that hybridize under stringent conditions.

{0099] References to “hybrnidization” typically refer to specific hybridization, and exclude non-
specific hybridization. Specitic hybridization can occur under experimental conditions chosen,
using techniques well known 1 the art, to ensure that the majority of stable mteractions between
probe and target are where the probe and target have at least 70%, preferably at least 80%, more
preferably at least 90% sequence identity.

{8188] The term “mismatch”™ 15 used herein to refer to opposing nucleotides 1 a double stranded
RNA complex which do not form perfect base pawrs according to the Watson-Crick and Wobble
base paring rules. Mismatching nucleotides are G-A, C-A, U-C, A-A, G-G, C-C, U-U pairs.
Waobble base pairs are: G-U, I-U, I-A, and I-C base pairs.

{0101] The present disclosure provides several types of compositions that are polynucleotide
or polypeptide based, including variants and derivatives. These include, for example,
substitutional, insertional, deletion and covalent varianis and derivatives. The term “derivative”
1s synonymous with the term “variant” and generally refers to a molecule that has been modified
and/or changed i any way relative to a reference molecule or a starting molecule.

{0102] As such, polynucleotides encoding peptides or polypeptides containing substitutions,
msertions and/or additions, deletions and covalent modifications with respect to reference
sequences, in particular, the polypeptide sequences disclosed herein, are included within the
scope of this disclosure. For example, sequence tags or amino acids, such as one or more lysines,
can be added to peptide sequences {e.g., at the N-terminal or C-terminal ends). Sequence tags

can be used for peptide detection, purification or localization. Lysines can be used to increase
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peptide solubility or to allow for biotinylation. Alternatively, amino acid residues located at the
carboxy and amino terminal regions of the amino acid sequence of a peptide or protein may
optionally be deleted providing for truncated sequences. Certain amino acids {e.g., C-terminal
residues or N-terminal residues) alternatively may be deleted depending on the use of the
sequence, as for example, expression of the sequence as part of a larger sequence that is soluble,
or linked to a solid support.

{0103] The term “identity” refers to the overall relatedness between polymeric molecules, for
example, between polynuclectide molecules {(e. g. DNA molecules and/or RNA molecules) and/or
between polypeptide molecules. Calculation of the percent identity of two polynucleic acid
sequences, for example, can be performed by aligning the two sequences for optimal comparison
purposes {e.g., gaps can be introduced 1n one or both of a first and a second nucleic acid sequences
for optimal alignment and non-identical sequences can be disregarded for comparison purposes).
In certain embodiments, the length of a sequence aligned for comparison purposes s at least 30%,
at least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 93%, or
100% of the length of the reference sequence. The nucleotides at corresponding nucleotide
posifions are then compared. When a position 1n the first sequence 1s occupied by the same
nucleotide as the corresponding position in the second sequence, then the molecules are identical
at that position. The percent dentity between the two sequences s a function of the number of
identical positions shared by the sequences, taking into account the number of gaps, and the length
of each gap, which needs to be imtroduced for optimal alignment of the two sequences. The
comparison of sequences and determination of percent identity between two sequences can be
accomplished using a mathematical algorithm. For example, the percent identity between two
nucleic acid sequences can be determined using methods such as those described in Computational
Molecular Biology, Lesk, A M., ed, Oxford University Press, New York, 1988; Biocomputing:
Informatics and Genome Projects, Smith, D. W, ed., Academic Press, New York, 1993, Sequence
Analysis in Molecular Biology, von Heinje, G., Academic Press, 1987, Computer Analysis of
Sequence Data, Part I, Griffin, A, M., and Gniffin, H G, eds, Humana Press, New Jersey, 1994;
and Sequence Analysis Primer, Gribskov, M. and Devereux, J., eds., M Stockton Press, New York,
1991; each of which s incorporated herein by reference. For example, the percent identity between
two nucleic acid sequences can be determined using the algorithm of Meyers and Miller (CABIOS,

1989, 4:11-17), which has been incorporated into the ALIGN program (version 2.0} using a PAM
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120 weight residue table, a gap length penalty of 12 and a gap penalty of 4. The percent identity
between two nucleic acid sequences can, alternatively, be determined using the GAP program in
the GCG software package using an NWSgapdna CMP matrix. Methods commonly employed to
determine percent identity between sequences include, but are not limited to those disclosed in
Carillo, H., and Lipman, D, SIAM J Applied Math., 48:1073 (1988}, incorporated herein by
reference. Techniques for determining identity are codified in publicly available computer
programs. Exemplary computer software to determine homology between two sequences include,
but are not limited to, GCG program package, Devereux, [, et al, Nucleic Acids Research, 12(1},
387 (1984)), BLASTP, BLASTN, and FASTA Altschul, 8. F. et al., J Molec. Biol, 215, 403
(1990)).

[0104] “Percent (%) amino acid sequence wdentity” with respect to the polypeptide sequences
identified herein 1s defined as the percentage of amino acid residues 1 a candidate sequence that
are identical with the amino acid residues in the polypeptide being compared, after aligning the
sequences considering any conservative substitutions as part of the sequence identity. Alignment
for purposes of determuning percent amino acid sequence wdentity can be achieved in various ways
that are within the skill 1n the art, for 1nstance, using publicly available computer software such as
BLAST, BLAST-2, ALIGN, Megalign (DNASTAR), or MUSCLE software. Those skilled in the
art can determune appropriate parameters for measuring alignment, including any algorithms
needed to achieve maximal alignment over the full-length of the sequences being compared. For
purposes herein, however, % amino acid sequence identity values are generated using the sequence
comparison computer program MUSCLE (Edgar, R.C., Nucleic Acids Research 32(5}:1792-1797,
2004; Edgar, R.C., BMC Biomformatics 5(1):113, 2004, each of which are incorporated herein by
reference in their entirety for all purposes).

{0105] The terms “non-naturally occurring” or “engineered” are used mterchangeably and
indicate the involvement of the hand of man. The terms, when referring to nucleic acid molecules
or polypeptides mean that the nucleic acid molecule or the polypeptide is comprises at least one
modification {e.g., at least one mutation, such as a substitution, insertion, or deletion, or at least
one non-naturally occurring chemical modification) compared to a naturally-occurring nucleic
acid molecule or polypeptide, or 1s at least substantially free from at least one other component

with which they are naturally associated in nature and as found i nature.
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{0106] The term “wildtype” as used herein in reference to an ACA scaffold sequence refers to
the sequence of a naturally occurring box H/ACA small nucleolar RNA.

{0107] As used herein, “expression” refers to the process by which a polynucleotide is
transcribed from a DNA template (such as into and mRINA or other RNA transcript) and/or the
process by which a transcribed mRNA is subsequently translated into peptides, polypeptides, or
proteins. Transcripts and encoded polvpeptides may be collectively referred to as “gene product”
If the polynucleotide 1s dertved from genomic DNA, expression may include splicing of the mRNA
in a eukaryotic cell.

[0108] The terms “polypeptide” or “peptide” are used herein to encompass all kinds of naturally
occurring and synthetic proteims, including protein fragments of all lengths, fusion proteins and
modified proteins, including without limitation, glycoproteins, as well as all other types of
modified proteins {e.g., proteins resulting from phosphorylation, acetylation, myristoylation,
palmitoylation, glvcosylation, oxidation, formylation, amidation, polyglutamylation, ADP-
ribosylation, pegylation, biotinylation, efc.).

{0109] The term “pharmaceutical composition” refers to a preparation which 1s 1 such form as
to permit the biological activity of an active ingredient contained therein to be effective, and which
contains no additional components which are unacceptably toxic to a subject to which the
formulation would be admunstered.

{8118] A “pharmaceutically acceptable camrier” refers to one or more ingredients in a
pharmaceutical formulation, other than an active ingredient, which is nontoxic to a subject. A
pharmaceutically acceptable carrier includes, but 13 not limited to, a buffer, excipient, stabilizer,
cryoprotectant, tonicity agent, preservative, and combinations thereof Pharmaceutically
acceptable carriers or excipients have preferably met the required standards of toxicological and
manufacturing testing and/or are included on the Inactive Ingredient Guide prepared by the U.S.
Food and Drug administration or other state/federal government or listed in the U.S. Pharmacopeia
or other generally recognized pharmacopeia for use in mammals, and more particularly in humans.
{63111} The term “package insert” is used to refer to instructions customartly included in
commercial packages of therapeutic products, that contain information about the indications, usage,
dosage, administration, combination therapy, contraindications and/or warnings concerning the

use of such therapeutic products.
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{0112] An “article of manufacture” 1s any manufacture {e.g., a package or container) or kit
comprising at least one reagent, ¢.g., a medicament for treatment of a disease or condition (e.g.,
coronavirus infection), or a probe for specifically detecting a biomarker described herein. In certain
embodiments, the manufacture or kit is promoted, distributed, or sold as a unit for performing the
methods described herein.

{0113] It 15 understood that embodiments described herein include “consisting” and/or
“consisting essentially of” embodiments.

{0114] Reference to “about” a value or parameter herein includes (and describes) variations that
are directed to that value or parameter per se. For example, description referring to “about X7
includes description of “X”.

{8115} As used herein, reference to “not” a value or parameter generally means and describes
"other than" a value or parameter. For example, the method 15 not used to treat disease of type X
means the method is used to treat disease of types other than X.

{0116] The term “about X-Y” used herein has the same meaning as “about X to about ¥Y.”
{8117] As used herein and i the appended claims, the singular forms “a,” “an,” or “the” include
plural referents unless the context clearly dictates otherwise.

{0118] The term “and/or” as used herein a phrase such as “A and/or B” 15 intended to include
both A and B; A or B, A (alone}; and B (alone). Likewise, the term “and/or” as used herem a
phrase such as “A, B, and/or C7 15 intended to encompass each of the following embodiments: A,
Band O, A B,orC;AorC,AorB; Bor G Aand C; A and B; B and C; A (alone); B (alone};

and C {(alone).

i, Compositions and systems

{0119] In some aspects, provided herein 15 an engingered gsnoRNA comprising a guide
sequence that hybridizes to a sequence comprising a target uridine residue in a target RNA ina
host cell, wherein the gsnoRNA comprises a nucleotide sequence selected from the group
consisting of SEQ 1D NOs: 4-6, 9-12, 15-19, 22-36, and 177-179, and wherein the gsnoRNA is
capable of recruiting a DKC1 protein in the host cell to modify the target uridine residue into a
pseudouridine residue in the target RNA. In some embodiments, the gsnoRNA comprises one or
more nucleosides having 2°-OMe or 2°-MOE modifications. In some embodiments, the
engineered gsnoRNA comprises no more than 10, no more than 8, no more than 6, or no more

than 4 chemically modified nucleosides. In some embodiments, the engineered gsnoRNA
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comprises one or more phosphorothioate inter-nucleosidic linkages. In some embodiments, the
osnoRMNA comprises no more than 10, no more than 9, no more than §, or no more than 6
phosphorothioate inter-nucleosidic linkages. In some embodiments, the gsnoRNA comprises a 5’
cap modification {e.g, 3 7-methylguancsine (m’G) cap modification). In some embodiments, the
5” cap modification is introduced by in vitro transcription using an m’G(5)ppp(5")G cap analog.
{0126] In some embodiments, the engineered gsnoRNA is produced by in vitro transcription.
In some embodiments, the engineered gsnoRNA produced by in vitro transcription 1s a full-
length gsnoRNA (e.g, comprising a 3™ hatrpin, a 57 hawrpin, an H box, and an ACA box). In
some embodiments, the engineered gsnoRNA produced by m vitro transcription comprises a S
cap modification {e.g, a 7-methylguanosine (m’G) cap modification).

[0121] Insome embodiments, the engineered gsnoRNA comprises a single hairpin and an H
box, but does not comprise an ACA box. In some embodiments, the engineered gsnoRNA
comprises the sequence of SEQ ID NO: 179, In some embodiments, the engineered gsnoRNA
comprises a single hairpin and an ACA box, but does not comprise an H box. In some
embodiments, the engineered gsnoRNA comprises the sequence of SEQ 1D NG 180 In some
embodiments, the gsnoRNA comprises one or more nucleosides having 2°-0OMe or 27-MOE
modifications. In some embodiments, the engineered gsnoRNA comprises no more than 10, no
more than 8, no more than 6, or no more than 4 chemically modified nucleosides. In some
embodiments, the engineered gsnoRNA comprises one or more phosphorothioate inter-
nucleosidic linkages. In some embodiments, the gsnoRNA comprises no more than 10, no more
than 9, no more than 8, or no more than 6 phosphorothioate inter-nucleosidic hinkages.

{0122] In some aspects, provided herein 1s an engineered gsnoRNA comprising a guide
sequence that hybridizes to a sequence comprising a target uridine residue in a target RNA ina
host cell, wherein the gsnoRNA comprises a scaftold sequence derived from wildtype ACA2b or
ACA36, and whergin the gsnoRNA 15 capable of recruiting 3 BKC1 protein in the host cell to
modify the target uridine residue into a pseudouridine residue in the target RNA. In some
embodiments, the gsnoRNA comprises a scaffold sequence derived from the sequence of SEQ
ID NOs: 11 or 12, In some embodiments, the gsnoRNA comprises one, two, three, or four
substitution, deletion, and/or msertion mutations compared to SEQ ID NOs: 11 or 12. In some
embodiments, the gsnoRINA comprises one or more nucleosides having 2’-OMe or 2”-MOE

modifications. In some embodiments, the engineered gsnoRNA comprises no more than 10, no
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more than 8, no more than 6, or no more than 4 chemically modified nucleosides. In some
embodiments, the engineered gsnoRNA comprises one or more phosphorothiocate inter-
nucleosidic linkages. In some embodiments, the gsnoRNA comprises no more than 10, no more
than 9, no more than 8, or no more than 6 phosphorothioate inter-nucleosidic linkages. In some
embodiments, the gsnoRNA comprises a 5’ cap modification (e.g., a 7-methylguanosine (m'G)
cap modification). In some embodiments, the 3" cap modification 1s introduced by in vitro
transcription using an m’ G{5")ppp(5")G cap analog.

{0123] In some aspects, provided herein is an isolated nucleic acid molecule comprising a
sequence encoding a gsnoRNA provided herem. In some embodiments, the gsnoRNA comprises
a scatfold sequence derived from a wildtype H/ACA-snoRNA selected from the group consisting
of ACAL9, ACAZb, ACARG, ACA44, ACAZ7, B2, ACA3, and ACA17. In some embodiments,
the gsnoRNA comprises a scaffold sequence derived from a wildtype H/ACA-snoRNA selected
from the group consisting of ACAZb, ACA36, ACA44, ACA27, E2, ACA3, and ACAL7. In
some embodiments, the gsnoRNA comprises a scaffold sequence derived from ACA36. In some
embodiments, the gsnoRNA comprises a scaffold sequence derived from ACAZb. In some
embodiments, the gsnoRNA comprises a scaffold sequence derived from ACA19. In some
embodiments, the nucleic acid molecule further comprises a sequence encoding an agent that
promotes expression of 1soform 3 of a DKC1 protemn (e.g., a splice-switching antisense
ohigonucleotide (AS(), wherein the ASO enhances expression of a DKC1 protein that 1s an
endogenous DKCT 1soform with cytoplasmic localization in the host cell). In some
embodiments, the nucleic acid molecule further comprises a sequence encoding a BKC1 isoform
or DKC1 protein variant, wherein the 1soform or variant has cytoplasmic localization. Exemplary
DKC1 proteins are described in Section I A below.

{0124} In some aspects, provided herein 15 an engineered RNA-editing system comprising: (a)
a gsnoRNA {such as any one of the gsnoRNAs described in Section Il B below) comprising a
guide sequence that hybridizes to a sequence comprising a target uridine residue in a target RNA
m a host cell, or a nucleic acid molecule encoding the gsnoRNA; and (b} a DKC1 protein (such
as any one of the DK proteins described in Section IT A below), or a nucleic acid molecule
encoding the DKC1 protein, wherein the gsnoRNA 1s capable of recruiting the DKC1 protein to
modify the target uridine residue into a pseudouridine residue in the target RNA. In some

embodiments, the DKC1 protein s a DKC1 isoform with cytoplasmic localization.
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{0125] In some aspects, provided herein is a host cell comprising any of the gsnoRNAs,
nucleic acid constructs/molecules, or engineered RNA-editing systems described herein.

{0126] In some aspects, provided herein 1s a kit for editing a target RNA 1n a host cell,
comprising any of the gsnoRNAs, nucleic acid constructs/molecules, or engineered RNA-editing
systems described herein.

A, DKC1 protein

{0127} The present application in some embodiments provides engineered DKC1 proteins or
nucleic acid constructs encoding a DKC1 protein.

{0128] Dyskerin (DKC1) 1s a highly conserved multifunctional protein that acts as RNA-
guided pseudouridine synthase, directing the enzymatic conversion of specific uridines to
pseudouridines. It concentrates in the nucleoli and the Cajal bodies (CBs) where, 1 association
with three other highly conserved proteins (Nopl 0, Nhp2, Garl), DKC1 composes a tetramer
able to enter in the composition of different nuclear RINPs plaving key biological functions.
Within the nucleolus, the tetramer associates with H/ACA small nucleolar RNAs (suoRNAs) to
compose the H/ACA snoRNPs, that regulate rRNA processing and pseudouridylate RINA targets
by snoRNA-guided base complementarity. Within the CBs, it associates with CB specific smail
RNAs (scaRNAs} to compose the scaRINPs, that direct pseudouridylation of sphicessomal
snoRNAs.

{0129] There are two DKC/ 1soforms in human cells: DKCT 1soform 1 1s the canonical DKC/
form contaiming the bipartite N- and C-terminal nuclear localization signals (NLSs); DK/
isoform 3 15 an alternative splicing vartant, which 1s produced by retention of the intron 12 and
lacks C-terminal NLS (FIG. 9A). The endogenous mRNA expression level of isoform1 is
approximately 20-fold greater than that of isoform 3°. Surprisingly, the present inventors found
that increasing the level of DKC1 isoform 3 enhances the target pseudouridylation editing
efficiency {e.g., editing efficiency of target mRNAs} guided by gsnoRNAs.

{0130] In some aspects, compositions of the present disclosure comprise nucleic acid
constructs for expression of a DKC1 protein. In some aspects, compositions of the present
disclosure comprise a DKC1 protein {e.g., a DKC1 protein in complex with a gsnoRNA). In
some embodiments, the DKC1 protem 1s 1soform 3 of a mammalian DKC1 protein. In some
embodiments, the DKC1 protein 1s homologous to 1soform 3 of a human DKC1 protein. In some
embodiments, the DKC1 protein has at least 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or
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99% sequence identity to isoform 3 of human BKCI protein. In some embodiments, the DKC1
protein 15 isoform 3 of human DKC1 protein. In some embodiments, the DKC1 protemn
comprises an amino acid sequence having at least 85% (e.g., at least any of 90%, 95%, 96%,
7%, 98%, 99%, or 100%) sequence identity to SEQ ID NO: 2. The sequence of full-length
DKC1 (isoform 1) and isoform 3 DKC1 are shown in Table 1 below.

{0131] In some embodiments, the DKC1 protein is part of a ribonucleoprotein (RNP) complex
that associates with the gsnoRNA. In some embodiments, the ribonucleoprotein complex
comprises NOP10, GARI, and/or NHP2.

[0132] In some aspects, provided herein are truncated DKC1 protein variants and nucleic acid
constructs encoding the same. In some embodiments, the DKC1 protein comprises a deletion of a
nuclear localization signal (NLS) relative to a wildtype DKC1 protein of the same species. In
some embodiments, the DKC1 protein comprises a deletion of amino acid residues 9-21 of
DEC?1 soform 3, wherein the amino acid numbering 1s based on SEQ ID NG: 2. In some
embodiments, the DK protein comprises amino acid residues 22-420 of DKC1 soform 3,
wherein the amino acid numbering 15 based on SEQ ID NO: 2. In some embodiments, the DKC1
protein comprises aming acid residues 35-420 of DKCI isoform 3, wherein the amino acid
numbering 1s based on SEQ 1D NG: 2. In some embodiments, the DKCT protein comprises
amino acid residues 41-420 of DKC1 1soform 3, wherein the amino acid numbering 1s based on
SEQ 1D NGO: 2. Although the DKC1 sequence 1in SEQ IB NO: 2 1s 1soform 3 of human DKCH,
the person of ordinary skill in the art will understand how to generate corresponding truncation
and deletion variants of homologous DK{C1 proteins based on sequence alignments {e.g.,
corresponding deletion/truncation variants of BDKC1 proteins from other mammalian species).
{8133] In some embodiments, the DKC1 protein comprises an amino acid sequence having at
least 85% {e.g., at least any of 90%, 95%, 96%, 97%, 98%, 99%, or 100%) sequence identity to
SE(Q ID NO: 83, In some embodiments, the DKC1 protein comprises an aming acid sequence
having at least 85% (e.g., at least any of 90%, 95%, 96%, 97%, 98%, 99%, or 100%:} sequence
identity to SEQ D NO: 86. In some embodiments, the DKC1 protein comprises an amino acid
sequence having at least 5% (e.g., at least any of 90%, 95%, 96%, 97%, 98%, 99%, or 100%)
sequence wdentity to SEQ 1D NO: 87. In some embodiments, the DKC1 protein comprises an
amino acid sequence having at least 85% {e.g., at least any of 90%, 95%, 96%, 97%, 98%, 99%,

or 100%) sequence identity to SEQ ID NO: 83,
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Table 1. DR protein sequences

DKC1 Seruenoe SEQID
protein quence NO.

MADAEVIILPKKHKKKKERKSLPEEDVAETQHAREFLIKPESKVAKLD TSOWPL
LLKNFDKLNVRTTHYTPLACGSNFPLKREIGDY IRTGFINLDKPSNPSSHEVVARW
. IRRILRVEKTGHSGTLDPRVTGCLIVCIERATRLVKSCOSAGKEYVGIVRLANA
tull-length EGGTOLSRALETLTGALFORPPLIAAVKRQLRVRTIYESKMIEYDEPERRLGIF

human WVSCEAGTYIRTLCVHLGLLLGVGGOMOELRRVRSGVMSEKDHMY TMEDVLDAC

DEC] WLYDNHKDESYLRRVVYPLEKLLTSHKRLVMKDSAVNAICYGAKIMLPGVLRYE
DGIEVNQEIVVITTKGEAICMAIALMTTAVISTCDHGIVAKIKRVIMERDTYPR
KWGLGPKASQORKLMIKOGLLDKHGKP TDSTPATWKQEYVDYSESAKKEVVAEVY
KAPQVVAEAAKTAKRKRESESESDETPPAAPQLIKKEKKKSKKDKKAKAGLESG

AEPGDGDSDTTRRKKKKKKAKEVELVSE

protein

MADAEVIILPKKHKKKKERKSLPEEDVAEIQHAREFLIKPESKVAKLDTSOWPL
LLERN UKdeR THYTPLACGSNPLKREIGDY IRTGFINLDKP SNPSSHEVVAW
human IRRILRVEKTGHSGTLDPRVIGCLIVCIERATRLVKSCOSAGKEY VG IVRLENA
DKC1 I“bF?QLSP 'E.u uALzQKPPHIAAVKWQLRVRTiYEoKﬂ;mYDPizzLuiF
) WYSCEAGTYIRTLCVHLGLLLGVGGOMOELRRVRSGVMSEKDHMV TMADVLDAQD
isoform 3 WLYDNHKDESYLRRVVYPLEKLLTSHKRLVMKEDSAVNAICYGAKIMLPGVLRYE
DGIEVNQEIVVITIKGEAICMATALMITAVIS TCDqC1Vﬁh.Rﬁv1MEMLLYPR

i'r‘

=3

3
KWGLGPKASQKKLMIKOGCLLDKHGKPTDSTPATWKQEYVDYR
MADAEVIILPKKHKKKKERKSLPEEDVAET ﬂZEEF*LYPEQKJAKL)TSQWPH
) LLENFDKINVRTTHY TPLACGSNPLKRETIGDY IRTGF INLDKP SNPSSHEVVAW
Aming I??ILAVEKTCUSCTLD?K ITGCLIVCIERATRLVKSCOSAGKEYVGIVRLHENA
actds 1-419 | IRGGTOLSRALETLTGALFQRPPLI AAVKROLRVRT IYESKMIEYDPERRLGLF
of human WVSCEAGTYIRTLOVELGLLLGVGGOMOELRRVRSGVMS EKDHMY TMEDVLOAQ
DKC1 WLYDNHKDESYLRRVVYPLEKLLTSHEKRLVMKDSAVNAICYCAKIMLPGVLRYE
DGIEVNQEIVVITTRKGEATICMATALMI TAVISTCDHEGIVAKIKRVIMERDTYPR
KWGLEPKASQKKLMIKQGLILDKHGKPTDSTPATWKOEYVDY

=

MADAEVIILPEEDVAEIQHAEEFLIKPESKVAKLDTSOWPLLLENFDKLNVRTT
HYTPLACGSNPLKREIGDYIRTGFINLDKE DBPSSH‘VVAW.leLm‘ZITGHC
human GTLDPEVIGCLIVCIERATRLVKSQQSAGKEYVGIVRLENAIEGGTOLSRALET
DKL LTGALFORPPLIAAVKRQLRVRTIYESKMIE Y“UWRR_GI”W”\CZAbLY ‘RTL
isoform 3 | CVHLGLLLGVGGQOMQELRRVRSGVMSEKDEMVTMEDVLDAQWLYDNHKDESYLR 86
AG-T1 RVVYPLEKLLTSHKRLVMKDSAVNAICYGAKIMLPGVLRYEDGIEVNQEIVVIT

TKGEAICMAIATMITAVISTCDHGIVAKIKRVIMERDTYPRRWGLGP KASQKKL
MIKQGLLDRKHAGRKPTDSTPATWEKQEYVDYR

MLPEEDVAEIQHAEEFLIKPESKVAKLDTSOWPLLLKNFDRLNVRTTHYTPLAC
Truncation | GSNPLKREIGDYIRTGEF INLDKPSNPSSHEVVAWIRRILRVEKTGHSGTLDEPKV

272420 of | TOCLIVCIERATRLVKSQOSAGKEYVGIVRLANATEGGTQLSRALETLTGALEQ
) RPPLIAAVRKROLRVRTIYESKMIEYDPERRLGIFWVSCEAGTYIRTLCVHLGLL .
human 13

o LEVGGOMQELRRVRSGVMSEKDHMVIMHDVLDAQWLYDNHKDESYLRRVVYPLE
DKC1 KLLTSHEKRLVMKDSAVNAICYGAKIMLPGVLRYEDGIEVNQ NITTKGEAIC
tsoform 3 MATALMITAVISTCDHGIVAKIKRVIMERDTYPREWGLGPKASQKKLMIKQGLL:
DEKHGKPTDSTPATWKQOEYVDYR

MEFLIKPESKVAKLDTSOWPLLLKNFDKLNVRTTHY TPLACGSNPLKRETGDYT
Truncation | RTGFINLDKPSNPSSHEVVAWIRRILRVEKTGHSGTLDPKVTGCLIVCIERATR

35-420 of LVKSQQSAGKEYVGIVRLANAIEGGTQLSRALETLTGALFQRPPLIAAVKROLR

hi VRTIYESKMIEYDPERRLGIFWVSCEAGTYIRTLCVHLGLLLGVGGOMORELRRY 87

u?%ﬁ’ REGVMSERDHMVIMHDVLDAQWLYDNHKDESYLRRVVYP LEKLLTSHKRLVMKD !
DKC SAVNAICYGAKIMLPGVLRYEDGIEVNQEIVVITTKGEAICMATATMTTAVIST
1soform 3 CDHGIVAKIKRVIMERDTYPRKWGLGPRASQKKLMIKCGLLDKHEGKPTDSTPAT

WKQEYVDYR

28



CA 03219203 2023-11-06

WO 2022/247896 PCT/CN2022/095172

MESKVAKLDT SQWP LLLKNFDKLNVRTTHYTPLACGSNPLKREIGDY IRTGF Ib
‘ LDKPSNPSSHEVVAWIRRILRVEKTGHSGTLDPKVTGCLIVCIERATRLVKSGQ
Truncation | sacKEYVGIVRLHNATEGGTQLSRALETLTGALFORPPLIAAVKRQLRVRTIVE

41-420 of | SKMIEYDPERRLGIFWVSCEAGTYIRTLCOVHLGLLLGVGGOMOELRRVRSGVMS 83
DKC1 EKDHMVTMHDVLDAQWLYDNHKDESYLRRVVYPLEKLLT SHKRLVMKDSAVNAT ;
isoform 3 | CYGAKIMLPGVLRYEDGIEVNGEIVVITTKGEAICMATIALMTTAVISTCDHGIV
AKIKRVIMERDTYPREWGLGEKASCKKLMIKOGLLDKHGKPTDSTPATWKQEYV
DYR

{0134] In some embodiments, amino acid sequence variants of the DKC1 proteins provided
herein are contemplated. For example, it may be desirable to improve the stability and/or other
biological properties of DKC1 (e g, of the catalytic domain of DXC1) or of its interaction with
other proteins in a ribonucleoprotein complex. Structures of DKC1 and other proteins in the
ribonucleoprotein complex have been described, for example 1n Rashid et al. (Molecular Cell
(2006} 21(2): 249-260) and Czekay et al. (Front. Microbiol. (2021} 12:654370), the contents of
which are herein incorporated by reference m their entirety. Anuno acid sequence varianis of a
DKC1 protein may be prepared by introducing appropriate modifications into the nucleotide
sequence encoding the target-binding moiety, or by peptide synthesis. Such modifications
include, for example, deletions from, and/or insertions into and/or substitutions of residues
within the anmuno acid sequences of the target-binding moiety. Any combination of deletion,
msertion, and substitution can be made to arrive at the final construct, provided that the final
construct possesses the desired charactenstics.

{0135] In some embodiments, BKC1 protein variants having one or more amino acid
substitutions are provided. Amino acid substitutions may be introduced mto a DKC1 protemn and
the products screened for a desired activity

{0136] Conservative substifutions are shown n Table A below.

TABLE A: CONSERVATIVE SUBSTITITIONS

Original Exemplary Preferred
Residue Substitutions Substitutions
Ala (A) Val;, Leu; lle Val

Arg (R} Lys; Gln; Asn Lys

Asn (N} Gln; His; Asp, Lys; Arg Gln

Asp (D) Glu; Asn Glu

Cys () Ser; Ala Ser

Glo (Q) Asn; Glu Asn

Glu (B} Asp; Gln Asp




CA 03219203 2023-11-06

WO 2022/247896 PCT/CN2022/095172
Gly (G) Ala Ala
His (H} Asn; Gln; Lys; Arg Arg
He () Leu; Val; Met; Ala; Phe; Norleucine | Leu
Leu (L) Norleucine; Tle; Val; Met; Ala; Phe Ile
Lys {(K) Arg; Gl Asn Arg
Met (M) Leu; Phe; Ile Leu
Phe (F) Trp; Leu; Val; lle; Ala; Tyr Tyr
Pro (P} Ala Ala
Ser (8) Thr Thr
Thr (T) Val; Ser Ser
Trp (W) Tyr; Phe Tyr
Tyr (Y) Trp; Phe, Thr; Ser Phe
Val (V) Ile; Leu; Met; Phe; Ala; Norleucine Leu

10137} Amino acids may be grouped into different classes according to common side-chain
properties:

a. hydrophobic: Norleucine, Met, Ala, Val, Leu, lle;

b. neutral hydrophilic: Cys, Ser, Thr, Asn, Gin;

c¢. acidic: Asp, Gly;

d. basic: His, Lys, Arg;

e. residues that influence chain orientation: Gly, Pro;

f aromatic: Trp, Tyr, Phe.
[0138] Non-conservative substitutions will entail exchanging a member of one of these classes
for another class.
{8139] Also contemplated are fusion proteins comprising a fragment of a naturally occurring
DKC1 protemn or a functional varant thereof and a heterclogous amimo acid sequence, e.g., at the

N-terminus, the C-terminus, or an internal location of the DKC1 fragment.

B, Nucleic acid constructs and engineered gsnoRNA

{01408] In some aspects, provided herein are engineered gsnoRNA based on H/ACA snoRNAs.
In some embodiments, the gsnoRNA comprises a single gutde sequence. In some embodiments,
the gsnoRNA comprise two guide sequences. In some embodiments, the engineered gsnoRNA

comprises more than two {e.g., 3, 4, 5, 6, or more) guide sequences. For example, H/ACA
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snoRNAs contain two hairpins foliowed by the H and ACA box moufs. In some embodiments,
both hairpins of the engineered gsnoRNAs provided herein contain guide sequences that are
capable of targeting the target pseudouridylation site. In other embodiments, only one hairpin of
an engineered gsnoRNA contains a guide sequence capable of targeting the target
pseudouridylation site. Exemplary engineered gsnoRINA sequences are provided in Tables 2 and
3 below.

{0141} In some aspects, gsnoRNAs disclosed herein are synthetic oligonucleotides, which can
be synthesized according to methods known in the art. In some embodiments, gsnoRNAs
according to the present disclosure are oligoribonucleotides (full RNA). However, in some
embodiments, gsnoRNAs of the present disclosure may comprise DNA. In some embodiments,
especially when exclusively consisting of nucleotides or linkages that can be expressed ina
biological system, gsnoRNAs may be expressed in situ, e.g from a plasmid or a viral vector.
[8142] Insome aspects, the gsnoRNA comprises a scaffold sequence derived from a wildtype
H/ACA-snoRNA selected from the group consisting of ACA2b and ACA36. In some aspects,

the editing effictency of a gsnoRNA dertved from a wildtype H/ACA scaffold 1s at least 5%
{e.g., between or between about 5%-15% or 5-10%) 10 mammalian cells (e.g., in human cells
such as HEK293T cells). In some embodiments, the gsnoRNA comprises a scaffold sequence
dertved from ACAZb. Tn some embodiments, the gsnoRNA comprises a scaffold sequence
derived from ACA306. In some embodiments, the gsnoRNA comprises a scaffold sequence
dertved from ACAILS.

{0143] In some aspects, disclosed herein are engineered gsnoRNA and engineered gsnoRNA
scaffolds derived from wildiype H/ACA-snoRNA (eg., from ACAZL, ACA36, or ACA19),
wherein the gsnoRNA are capable of modifving a PTC in an RNA encoding a protein, whergin
said modification results in expression of the full-length protein. In some embodiments, the
engineered gsnoRNA is capable of causing expression of the full-length protein m the host cell of
at least 4% {e.g., at least 5%, at least 6%, at least 7%, at least 8%, at least 9% or at least 10%) of
the expression level of the full-length protein without a premature termination codon. In some
embodiments, the engineered gsnoRNA is capable of causing expression of the full-length protein,
wherein the expression of the protein 1s detectable without enrichment {e g., without enrichment
by immunoprecipitation). In some embodiments, the protein 15 detected via a tag (eg, via a

fluorescent tag). In some embodiments, the protein is detected by immo-staining according to
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methods known in the art. In some embodiments, the engingered gsnoRNA is capable of causing
expression of the full-length protein in at least 209 of host cells (e.g., at least 25%, at least 30%,
at least 35%, at least 40%, at least 45%, or at least 50% of host cells).

{0144] In some embodiments, the gsnoRNA comprises one or more guide sequences each
located 1n a region corresponding to a hairpin structure of the wildtype H/ACA-snoRNA In
some embodiments, the gsnoRNA comprise one or more guide sequences located in a hairpin
structure at the 3° terminal part of the wildtype H/ACA-snoRNA. In some embodiments, the
gsnoRNA comprise one or more guide sequences located in a hairpin structure at the 5° terminal
part of the wildtype H/ACA-snoRNA.

[0145] In some embodiments, the gsnoRNA comprises one or more mutations {e.g.,
substitution, insertion and/or deletion) in one or more haurpin structures {(e.g., the 3" and/or §°
hairpin structures) of the wildtype ACA19. In some embodiments, the gsnoRNA comprises one
or more mutations that alter the distance between the nucleotide residue in the guide region that
hybridizes to the target uridine and the H/ACA box compared to a wildtype scaffold. In some
embodiments, the one or more mutations comprise msertion or deletion of one or more
nucleotide residues. Tn some embodiments, the engineered gsnoRNA comprises 14 nucleotides
between the nucleotide residue 10 the guide region that hybridizes to the target uridine and the
H/ACA box. In some embodiments, the engineered gsnoRNA comprises 15 nucleotides between
the nucleotide residue in the guide region that hybridizes to the target vridine and the H/ACA
box. In some embodiments, sard mutations increase the efficiency of pseudounidylation {(e.g., the
efficiency of PTC-readthrough) by at least 1.2-, 1.3+, 1.4~ 1.5-, or 1.6~ fold compared to the
wildtype scaffold.

{0146] In some embodiments, the one or more mutations comprise substitutions in a small
polvU sequence {e.g., a sequence of 4 or more, or 5 or more consecutive uridine (U) residues). In
some embodiments, the one or more mutations comprise altering a small polyU sequence so that
it comprises no more than two consecutive U residues. In some embodiments, the one or more
mutations comprise a single base mutation in a “UUUU” sequence. In some embodiments, the
mutation 1s a “UUCU” mutation or a “UGUU” mutation. In some embodimenis, the mutated
polyU sequence 1s located in a loop region of the gsnoRNA scaffold. In some embodiments, the
engineered gsnoRNA comprises the sequence of SEQ ID NO. 49 or 50 In some embodiments,

the engineered gsnoRNA comprises the sequence of SEQ ID NO. 15 or 16, In some
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embodiments, said mutations increase the efficiency of pseudounidylation {(e.g., the efficiency of
PTC-readthrough) by at least 1.2-, 1.3-, 1.4-, 1.5, or 1.6- fold compared to the wildtype scaffold.
10147} In some embodiments, the one or more mutations comprise mutations that increase the
openness of a guide region compared to the guide region of a wildtype scaffold. In some
embodiments, the one or more mutations reduce the base-pairing probability of one or more
residues within a guide region of the gsnoRNA scaffold (e g., the 5° guide region of the gACA19
scaffold). In some embodiments, the one or more mutations comprise insertion or one or More
nucleotides. In some embodiments, the one or more mutations comprise the addition of CU after
residue 8, wherein the numbering 1s according to SEQ ID NO: 37 In some embodiments, the
engineered gsnoRNA is the gsnoRNA of SEQ ID NO: 533, The predicted secondary structure of
gACA19-5addCU (SEQ ID NO: 53) 1s shown in FIG, 3D. In some embodiments, said mutations
increase the efficiency of pseudounidylation {e.g., the efficiency of PTC-readthrough) by at least
1.2-, 1.3~ 1.4~ 1.5-, or 1.6~ fold compared to the wildtype scaffold.

{0148] In some embodiments, the one or more mutations are selected from the group
consisting of substitution of residues 26-29 with UUCU, substitution of residues 26-29 with
UGUU, addition of G to the 37 hairpin structure after residue 115, and addition of a dinucleotide
sequence (XX, e.g., CU} to the 57 hairpin after residue 8, wherein X 18 a nucleotide selected from
A, U, C, and G, and wherem the numbering 1s according to SEQ 1D NG: 37

{0149] In some embodiments, ganoRNA comprises a nucleotide sequence selected from the
group consisting of SEQ ID NOs: 17-19 and 22-29.

{0156] In some embodiments, the gsnoRNA comprises a nucleotide sequence selected from
the group consisting of SEQ ID NOs: 4-6, 9-12, 15-19, 22-36, and 177-179.

{0151} In some embodiments, the gsnoRNA comprises a nucleotide sequence selected from
the group consisting of SEQ ID NOs: 15-19.

{0152] In some embodiments, the gsoRNA comprises a nucleotide sequence selected from the
group consisting of SEQ ID NOs: 20-21 and 145-150.

{0153] In some embodiments, the gsnoRNA is a disease-targeting gsnoRNA (e.g., any of the
gsnoRNA sequences provided in Table 4).

{0154] In some embodiments, the gsnoRNA comprises one or more chemically modified
nucleosides and/or inter-nucleosidic linkages. In some embodiments, the gsnoRNA comprises

one or more nucleosides having 2° O-methyl (27-OMe) or 2°-O-methoxyethyl (27-MOE)
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modifications. In some embodiments, a gsnoRNA according to the present disclosure may be
chemically modified almost in its entirety, for example by providing nucleotides with a 2°-O-
methylated sugar moiety {(2°-OMe} and/or with a 2°-O-methoxyethyl sugar moiety (2°-MOE). In
some embodients, the gsnoRNA comprises no more than 20, no more than 15, no more than 10,
no more than 8, no more than 6, or no more than 4 2°-0OMe or 2°-MOE modifications. In some
embodiments, the gsnoRNA comprises between about 2 and about 6 2°-OMe or 2°-MOE
modifications. In some embodiments, the gsnoRNA comprises about 4 2°-OMe or 2°-MOE
modifications. In some embodiments, the gsnoRNA comprises no more than 3 modified sugars.
In some embodiments, the gsnoRNA comprises two nucleosides comprising modified sugar
moieties (e g, 2’-0OMe} at the 57 end and two nucleosides comprising modified sugar moieties
(e.g., 2-OMe) at the 37 end of the gsnoRNA. In some embodiruents, the gsnoRNA coruprises no
more than four, three, or two nucleosides comprising modified sugar moieties {e.g., 2°-OMe) at
the 5° end and no more than four, three, or two nucleosides comprising modified sugar moieties
{e.g., 2°-0OMe) at the 37 end of the gsnoRNA. In some embodiments, the gsnoRNA comprises
one or more phosphorothioate inter-nucleosidic linkages. In some embodiments, the gsnoRNA
comprises no more than 20, no more than 13, no more than 10, no more than 8, or no more than
6 phosphorothioate linkages. In some embodiments, the gsnoRNA comprises between about 2
and about 10 phosphorothicate linkages. In some embodiments, the gsnoRNA comprises about 6
phosphorothioate linkages. In some embodiments, the gsnoRNA comprises about three
phosphorothioate linkages at the 5° end and about three phosphorothioate linkages at the 3” end
of the gsnoRNA. In some embodiments, the gsnoRNA comprises no more than five, four, or
three phosphorothicate hinkages at the 5” end and no more than five, four, or three
phosphorothioate linkages at the 3” end of the gsnoRNA. Example 7 provides results
demonstrating that a limited number of modifications is sufficient for stability and function of
gsnoRNA ohigonucieotides.

{0155] In some embodiments, the gsnoRNA comprises one or more chemically modified
nucleosides and/or inter-nucleosidic linkages. In some embodiments, the gsnoRNA comprises
one or more nucleosides having 2° O-methyl (27-OMe) or 2°-O-methoxyethyl (2°-MOE)
modifications. In some embodiments, a gsnoRNA according to the present disclosure may be
chemically modified almost in its entirety, for example by providing nucleotides with a 2°-0O-

methylated sugar motety (2°-OMe) and/or with a 2°-O-methoxyethy! sugar moiety (2°-MOE). In
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some embodientsIn some embodiments, the gsnoRNA comprises a 57 hairpin, an H box
{consensus sequence ANANNA}, a 3’ hairpin, and an ACA box {consensus sequence ANA). In
some embodiments, the gsnoRNA comprises a single hairpin and an H box (referred to herein as
a gHS or tHS for 57 half gsnoRNA encoding sequence or gsnoRNA oligonucleotide,
respectively), and lacks an ACA box. In some embodiments, the gsnoRNA comprises a single
hairpin and an ACA box (referred to herein as a gH3 or rH3 for 37 half gsnoRNA encoding
sequence or gsnoRNA oligonucleotide, respectively), and lacks an H box. In some embodiments,
the gsnoRNA comprising a single hairpin 1s between 60 and 70 nucleotides in length. In some
embodiments, the gsnoRINA comprising a single hairpin 1s about 65 nucleotides in length.

[0156] Insome embodiments, the gsnoRINA is prepared by 1n vitro transcription. In some
embodiments, the gsnoRNA prepared by in vitro transcription comprises the sequence of any one
of SEQ ID NOs: 4-6, 9-12, 15-19, 22-36. In some embodiments, the gsnoRINA prepared by in
vitro transcription comprises a S cap modification or a 5" hairpin {e.g., of a U6+U27 expression
cassette). In some embodiments, the gsuoRNA prepared by n vitro transcription comprises a 57
cap modification. In some embodiments, the 57 cap modification is is a m’G modification {e.g., a
cap 0, cap 1, or cap 2 modification) or an m® Ay modification. Suttable methods for adding a 57
cap to an RNA ohgonucleotide have been described, for example, in UK. Patent No. 10,494,399,
the contents of which are herein incorporated by reference 1 thewr entirety. In some
embodiments, the gsnoRNA further comprises a 37 haupin {e.g., the gsnoRNA comprises the
sequence of any one of SEQ ID NQOs: 4-6,9-12, 15-19 and 22-36 and a 3” hairpin}. In some
embodiments, the gsnoRINA comprises a 5° cap modification and does not comprise a 37 hairpin
{(e.2., as shown i FIG. 15A). In some embodiments, the 5° cap modification is introduced by in
vitro transcription using an m G{5)ppp(5YG cap analog.

{0157} Various chemuistries and modification are known in the field of oligonucleotides that
can be readily used in accordance with the disclosure. The regular internucleosidic linkages
between the nucleotides may be altered by mono- or di-thivation of the phosphodiester bonds to
vield phosphorothioate esters or phosphorodithicate esters, respectively. Other modifications of
the internucleosidic linkages are possible, including amidation and peptide linkers. In a preferred
aspect the gsnoRNAs of the present disclosure have one, two, three, four, five, six or more
phosphorothioate linkages between the most terminal nucleotides of the gsnoRNA (hence,

preferably at both the 57 and 3” end), which means that in the case of three phosphorothioate
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linkages, the ultimate four nucleotides are hinked accordingly. It will be understood by the skilled
person that the number of such linkages may vary on each end, depending on the target
sequence, or based on other aspects, such as toxicity. However, it is some embodiments of the
disclosure that the gsnoRINA does comprise one or more PS linkages between any position at its
terminal seven nucleotides.

{0158] The ribose sugar may be modified by substitution of the 2'-0 motety with a lower alkyl
(Cl -4, such as 27-OMe}, alkenyl (C2-4), alkynyl {(C2-4), methoxyethyl (2’ -methoxyethoxy; or
2’-O-methoxyethyl; or 2-MOE), or other substituent. In some embodiments, substituents of the
2> OH group are a methyl, methoxvethyl or 3,3 -dimethylallyl group. The latter is known for its
property to inhibit nuclease sensitivity due to its bulkiness, while improving efficiency of
hybridization. Alternatively, locked nucleic acid sequences (L. NAs), comprising a 2' -4’
intramolecular bridge (usually a methylene bridge between the 2' oxvgen and 4' carbon) linkage
inside the ribose ring, may be applied. Purine nucleobases and/or pyrimidine nucleobases may be
modified to alter their properties, for example by amination or deamination of the heterocyclic
rings. Other modifications that may be present in the gsnoRNAs of the present disclosure are 27-
F modified sugars, BNA and cEt. The exact chemistries and formats may depend from
oligonucleotide construct 1o oligonucleotide construct and from application to application, and
may be worked out 1n accordance with the wishes and preferences of those of skill in the art.
{81539] Examples of chemical modifications 1o the gsnoRNAs of the present disclosure are
modifications of the sugar moiety, including by cross-linking substituents within the sugar
{ribose} moiety {e.g. as in LNA or locked nucleic acids, BNA, cEt and the like}, by substitution
of the 2 '-O atom with alkyl {e.g. 2’-O-methyl), alkynyl (27-C-alkynyl), alkenyl (27 -O-alkenyl),
alkoxyalkyl (e.g. 2°-O-methoxvethyl, 2’-MOE) groups, having a length as specified above, and
the like. In the context of the present disclosure, a sugar ‘modification” also comprises 2
deoxyribose {as in DNA). In addition, the phosphodiester group of the backbone may be
modified by thication, dithication, amidation and the like to yield phosphorothicate,
phosphorodithioate, phosphoramidate, etc |, internucleosidic linkages. The internucleosidic
linkages may be replaced in full or in part by peptidic linkages to yield in peptidonucleic acid
sequences and the like. Alternatively, or in addition, the nuclecbases may be modified by

(deyamination, to vield mosine or 2’6 -diaminopurines and the like. A further modification may

[
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be methylation of the 5 1n the cytidine motety of the nucleotide, to reduce potential
mmunogenic properties known to be associated with CpG sequences.

10160} In some embodiments, the gsnoRNA does not comprise one or more chemically modified
nucleosides and/or inter-nucleosidic linkages. In some embodiments, the gsnoRNA does not
comprise any non-natural inter-nucleosidic linkages.

{0161] Mammalian H/ACA snoRNAs are generally embedded {positioned) within pre-mRNA
mtronic regions of protein-coding genes. During transcription elongation, several proteins with a
functional role 1o pseudouridylation, such as NOP10, dyskerin (DKC1) or NHP2 bind to the
nascent H/ACA snoRNA sequences. Following splicing, the guide RNAs are processed through
debranching and exonucleolytic processing, resulting 1n a RNA-protein complex called “small
nuclear ribonucleoproteins’ (snRNPs, or snRNP complex). Box H/ACA snoRNAs have no
preference for localization relative to the 57 or 37 ends of the miron and can be present in small or
very large introns, as opposed to box C/D snoRNAs, which are usually localized 60-90 nucleotides
upstream the 3 -sphice site and are encoded n relatively small introns. It has been suggested by
Kiss and Filipowicz (1995, Genes Dev 9 (11} 141 1-1424) that a given snoRNA sequence could
be excised and fully processed from an intronic region of any given actively spliced mRNA. To
show the feasibility of this snoRNA processing independently from the host intron context, Kiss
and Filipowtcz artificially imbedded several snoRNAs (11T 7a, Ul7b and U19) wnto the second
mtron of the human B-globin gene and expressed the resulting vector in fibroblast-hike cells. After
transfection, they found that the artificial, intronically delivered snoRINAs were properly processed
from the human B-globin intron and the f-globin pre-mRNA was correctly spliced. Darzacq et al.
(2002, EMBO J 21(11),2746-2756) corroborated that other guide RNAs could be inserted into the
second intron of the human B-globin gene using an expression vector under the control of the
cytomegalovirus ({CMV) promoter and be delivered to mammalian cells via transfection.

{0162] The inventors of the present application unexpectedly identified divergent host intron
context-dependent effects on the pseudouridylation editing efficiency of different gsnoRINAs {as
discussed in Example 1). For example, the present inventors tested the PTC readthrough
efficiency of gsnoRNAs based on wildtype ACA19 {embedded in the host intron of E{fF54),
ACA-44 (embedded in the host mtron of SNHG2), ACA2Z7 (embedded in the host intron of
RPL21), and E2 (embedded 1 the host intron of RPSA) host genes, and embedded 1 a non-host

intron of the HBB gene (FIGs, 2A and 2B). Surprisingly, the present inventors found that the
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editing efficiency of gsnoRNAs based on an E2 scaffold was lower when the gE2 was embedded
m an HBB mtron compared to the host RPSA mtron, whereas the editing efficiency of gACA1I9S
was stmilar when embedded in an HBB mtron compared to the host E{F3A intron. Based on this
observation that host gene sequences have divergent effects on different gsnoRNAs, the
mventors envisioned that directly expressing the gsnoRNAs without host gene effects might
further increase the efficiency of PTC-readthrough. Therefore, the inventors designed a series of
gsnoRNA expression constructs wherein the nucleic acid molecule encoding the gsnoRNA is not
embedded 1in an intron. As discussed in Example 1, the present inventors demonstrated enhanced
pseudouridylation activity of gsnoRNAs not embedded 1n an intron, wherein the nucleic acid
molecule encoding the gsnoRNA 15 driven by hU6 (type TII RNA polymerase Il promoter) and
hU1 (snRNA-type RNA polymerase Il promoter) promoters. Thus, in one aspect, provided
herein 15 a nucleic acid molecule encoding a gsnoRNA, wherein the nucleic acid molecule s
under the control of a small RNA promoter (e g, a U6 or Ul promoter). In some embodiments,
the nucleic acid encoding the gsnoRNA 1s not embedded m an miron sequence.

[8163] In some aspects, provided herein 15 a nucleic acid construct encoding the gsnoRNA . In
some embodiments of the methods described herem, the method comprises introducing a nucleic
acid molecule encoding the gsnoRNA mto the host cell. In some embodiments, the nucleic acid
molecule encoding the gsnoRNA 15 under the control of a small RNA promoter. In some
embodiments, the small RNA promoter is a U6 {transcribed by Polymerase HI) or Ul
(transcribed by Polymerase 11} promoter. In some embodiments, the expression of the gsnoRNA
from the small RNA promoter according to the methods disclosed herein provides an increased
pseudouridylation efficiency (e.g., an increased PTC-read-through efficiency) compared to the
same gsnoRNA embedded in a host intron sequence or other intron sequence. In some
embodiments, the pseudoridylation efficiency of the gsnoRNA expressed from a nucleic acid
under the control of the small RNA promoteris 1.2-, 1.3~ 1.4-, 1.5+, 1.6~ 1.7-, 1.8+, 1.9- or 2~
fold higher compared to the same gsnoRNA embedded in a host intron. Example 1 (FIGS. 1A~
1K and FIGS, 2A-2C) provides results demonstrating enhanced PTC-read-through by a
gsnoRNA expressed from a nucleic acid under the control of a small RNA promoter compared to
an intron-embedded gsnoRNA.

[0164] In some embodiments, the nucleic acid molecule encoding the gsnoRNA is emnbedded

in an intron sequence located between a first exon sequence and a second exon sequence. In
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some embodiments, the first exon sequence, the iniron sequence and the second exon sequence
are derived from a naturally-occurring gene. In some embodiments, the intron may comprise
{besides the nucleic acid molecule of the present disclosure, comprising the gude region)
additional nucleotides. Since the guide region 1s expressed from the intron sequence, such
additional nucleotides may be selected to render the most efficient expression from the intron. In
some embodiments, the exon A / intron / exon B sequence 1s present in a vector, such as a
plasmid or a viral vector. Such a vector can be used to deliver the exon-intron-exon sequence to
the cell. Additional introns and exons may be present in such a vector. In some embodiments, the
exon A sequence {upstream of the intron that carries the nucleic acid encoding the gsnoRNA
{which 1s expressed after transcription)) comprises or consists of exon I of the human B-globin
gene, and the exon B sequence (downstream of the intron that carries the nucleic acid encoding
the gsnoRNA (which is expressed after transcription}) comprises or consists of exon 2 of the
human B-globin gene. In some embodiments, the exon A sequence (upstream of the intron that
carries the nucletc acid encoding the gsnoRNA {which 1s expressed after transcription))
comprises or consists of exon 2 of the human Hemoglobin subunit B (HARB) gene, and the exon B
sequence {(downstream of the intron that carries the nucleic acid encoding the gsnoRNA (which
15 expressed after transcription)) comprises or consists of exon 3 of the human Hemoglobin
subunit § (HBRB) gene. In some embodiments, the nucleic acid molecule encoding the gsnoRNA
15 embedded m an mtron sequence between a first exon sequence and a second exon sequence,
wherein the iniron sequence, first exon sequence, and second econ sequence correspond to the
sequences of a naturally-occurring snoRNA-carrying host gene. In some embodiments, the
construct comprising the intron-embedded gsnoRNA encoding sequence 1s under the control of a
UMYV promoter.

{0165] In some aspects, provided herein are engineered gsnoRNA targeting disease-associated
PTCs. In some embodiments, the engineered gsnoRNA targeting disease-associated PTCs
comprise one or more mutations to enhance the editing efficiency and/or expression of the
osnoRMNAs. In some embodiments, the engineered gsnoRNA targeting disease-associated PTCs
are selected from SEQ ID NOs: 71-84 (shown in FiGs. 14-18). Sequences of exemplary
engineered gsnoRNAs targeting disease-associated PTCs are shown in Table 4 below.

[0166] In some embodiments, the gsnoRNA may be adminustered in a free form (or ‘naked’,

without the context of a vector), or being delivered to a cell by other means, such as liposomes,
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or nanoparticles, or by using iontophoresis. In some embodiments, the gsnoRNA can be
administered in a ribonucleoprotein complex (e.g , in a complex comprising DKC1, HNPZ,
NOP10, and/or GAR1). In some embodiments, the free gsnoRNA comprises one or more
chemically modified nucleosides and/or inter-nucleosidic hinkages as described above.

{0167} In some aspects, provided herein 1s a nucleic acid construct encoding DKC1 (e g, any
of the DKC1 proteins described in Section L A above}. In some embodiments of the methods
described herein, the method comprises introducing a nucleic acid molecule encoding the DKC1
protein into the host cell. In some embodiments, the nucleic acid molecule comprises a promoter
operably hinked to a nucleotide sequence encoding the DKC1. In some embodiments, the
promoter 1s a Pol IT promoter. In some embodiments, the promoter is a CMV promoter.

[0168] As disclosed herein, vectors may carry DNA or RNA, and are generally used to express
the gsnoRNA and/or DKC1 protein constructs of the present disclosure after the vector is
processed in the cell in which it is introduced. Such 1s generally through transcription of the
DNA or RNA present in the vector. In some embodiments, vectors are viral vectors {that may be
used to mfect target cells to be treated), or plasmids, that may be introduced into the cell in a
vartety of ways, known to the person skilled in the art.

[0169] In some embodiments, the nucleic acid molecule encoding the DKCI protetn and/or the
nucleic acid molecule encoding the gsnoRNA are present in a viral vector. In some
embodiments, the method comprises introducing into the host cell a vector (e.g., a plasmd or
viral vector) comprising a first nucleic acid sequence encoding the DKC1 protein and a second
nucleic acid sequence encoding the gsnoRNA. In some embodiments, the vector is an adeno-
associated viral (AAV) vector.

{0176] Exemplary engineered ACA scaffold sequences are shown in Table 2 below. The guide
sequence is indicated as (Xn) and underlined, wherein Xn 1s a sequence of X nucleotides of
length n, wherein X isanyof A, U, G,orCandnis 4,5 6,7, 8,9,10, 11, or 12. The guide
sequence {Xn} can be modified to target the gsnoRNA to the desired target site, as will be
understood by one of ordinary skill in the art. In some embodiments, n ts an integer of a suitable
length for the guide region. In some embodiments, ni1s 4,5, 6,7, 8, or 9.

{0171} Exemplary engineered gsnoRINA sequences, including exemplary guide sequences are

shown m Table 3 below,
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{0172] Exemplary engineered gsnoRINA sequences targeting exemplary disease-associated

PTCs are shown in Table 4 below.

Table 2. ACA scaffold sequences.

Name

Sequence

SEQ ID
NO.

gACALS

GUGCACA K\X"I) GACCUGCUUUC UUJUZ—\:GUGAw JAGUGUU {X]") =L
CUAUACAAAUAAUUGCAAGGC (3 AGUAUAACUAUAAAUAGUA U
GCUGC ( Y CCUUCACACAANT

pACA44

CAGCA {(Xn) GGGCUGUGGCUGGUCAUAGCCAUGGGAUC (Xn) GCAUG
CAAGAGCAACCUGGAAAGA {(Xn) ACAGCGC A.G\:LCAG:A”AAJACCU

GCAAGCUGC {Xn) AGCUUUCCUAUAAUG

gACA27

UACCCC {(Xn) GCCAGUUGGACUUAUGUCUUUAUUGGU {(Xn ) AGUGGG
GCAAAGGAAAUAUCCUU {(Xn) UCAGGCAAACUGGGUGUUUGUCUGUA
(Xn) GAGGAAACAAAU

gb2

UGUGCACA (Xn) GCUUGGAGUUGAGGCUACUGACUGGCCGAUGAACY

CGCAAGU (2n ) GUGCUACAUGAG LJ(J SCAAGU (Xn ) ACACCACAAGS
UCUCUGGCCCAAUGAGUGGAGUUUGA (Xn) AUUCUUGCUAC A"&(«‘J"&

gAC/\] 9.5

CACA (¥n) GACCUGCUUUCUUUUAUGUGAGUAGUGUU {(Xn ) UGUGCU
AUAL, AAAUAAUUGAAGGC (Xn) GCAGUAUAACUAUAAAUAGUAAUGC
1GC {(An )} CCUUCAGACAAAA

gACA19-L

UCAGUAUUUGUGCACA (Xn) GACCUGCUUUCUUUUAUGUGAGUAGUG
UUngLGUC”UAUACAAAUAAJUGAA 3GC (Xn) GCAGUAUAACUAUA

AAUAGUAAUGCUGC (¥n) CCUUCAGACAMAAAUUCUAUAA

gACA3

AUCGA (Xn) ACGCUUGGGUAUCGGCUAUUGCCUGAGUGU (Xn) CCUC
GRAGAGUAACUGCUGAC (Xn) ACUGGCUGUGGGCCUVAUGGCACAGY

CAGU (Xl’i\‘ CAGGUUAGAGACAUGC

sACALT

ACUGCCCCU (Xn) GCAGCUGUGGCUGCCGUGUCACAUCUGY (Xn) GU
GGCAGAGAUUAGAGAGGCUAUGU (Xn) CAAGCGUUCUGCCCCGUGAA
CGUUUG (Xn) GUCUCACACUC

10

gACA2b

UUGGCUCU (¥n) GGCCAGCAGUUUGCUGAAGCUGUUGGee {Xn) CAG

GAGCCUAAAGAAUUGUCUUUCUA {Xn) UUGL;C”‘A”JUCAUPuTLCUUUG-
GAAAUGUAAUGGUCAA {(Xn ) AGAAAGAARCAUG

L

11

gACA36

UU’”CAAA( n ) UCAGUCCAGGGCAGCUUCCCUGUUCUGA (¥Xn ) UUUG
GACAUUAARAAUGGGCUAAGGGAG {(Xn) GGGUAG AA_’&(JJ’&UUAU iCU
AUUC {(Xn} CCUCCCAGCCUACAAAA

12

gACA19-
UUCU

GUGCACA {(Xn ) GACCUGCUUUCUUCUALUGUGAGUAGUGUU {Xn) GUG
U7‘" AMLnAU”GAﬁG 3 (3{1’1) GCAGUAUAACUAUAAAUAGUAAU

15

42
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ACALo. | GUGCACA (Xn. ) GACCUGCUUUCUGUUAUGUGAGUAGUGUU (Xn) GUG
gU(Kﬁj CUAUAC AAALAA*"GAAGGC(Ku)GCAGJA"AA””AUAAAU“uUAAU 16
GCUGC ( YCCUUCACACAARA
ACALo. | GUGCACA (Xn) GACCUGCUUUCUUUUAUGUGA ~UAGUGUUJEQLGUP
g3,5d¢ CUAUACAAAUAAUUGAAGGC (Xn) GCAGUAUAACUAUAAAUAGUAAU 17
AT CeUGE (Xn) GOCULCAGACAAAA
JACALS. | GUGCACA (3n) GACCUGCUUUCUUUUAUGUGAGUAGUGUU (Xn) GUG
s - r—— .
C; dd{j(y CUAUACAAAUAAUUGARAGGCU ‘\>S 1} y GCAGUAUAACUAUAAATUAGUAA 18
JRCGVM ) UGCUGE (Xn) CCUUCAGACAARR
ACALg. | GUGCACAUCU (Xn) GACCUGCUUUCUUUUAUGUGAGUAGUGUU (Xn)
%&é&CU’ GUGCUAUACAAAUAAUUGAAGGC (1) GCAGUAUAACUAUAAAUAGU 19
A0OLY 1 AAUGCUGE (Xn) CCUUCAGACARAA
ACA3G. | JUCCARA (Xn) UCAGUCCAGGGCAGCUUCCCUGUACUGA (Xn) UUUG
A/ -
‘%QLTYHA GGACAUUAAAAUGGGCUAAGGGAG ( ) GGGUAGAAAGUAUUAUUCU 22
- AUUC {(¥Xn) CCUCCCAGCCUACAARA
CACASG. | JUCCAAA (Xn) UCAGUCCAGGGCAGCUUCCCUGGACUGA (Xn) UUUG
;}Hin%”x GGACAUUAAAAUG GGCUAAGGG G (Xn) GGCUAGAAAGUAUUAUUCU 23
- P AUUC (Xn) CCUCCCAGCCUACAARA
CACA3G. | DUCCAAG () UCAGUCCAGGGCAGCUUCCCUGUUCUGA (Xn) CUUG
Gl | GGACAUUARARUGGGCUAAG bGAbQXﬂ)bdeA SAAAGUAUUAUUCU 24
PWVPP 1 AUUC (Xn) CCUCCCAGCCUACARAR
ACAzG. | VUCCARRA (Xn) UCAGUCCAGGGCAGCUUCCCUGUUCUGA (Xn) UUUG
g%(nﬁj GGACAUUAARAUGGGCUAAGGGA (Xn) GGGUAGAAAGUAUUAUUCUA 25
o UUC (Xn) CCUCCCAGCCUACARAA
gACA36- | UUCCAAA (Xn) UCAGUCCAGGGCAGCUUCCCUGUUCUGA (Xn) UUUG
3GmU- GGﬁCAUWAAAAUGGGCUGCGAAKELGuGJAGAAﬁGJA"UAU” UAUU 26
delAA C (Xn) CCUCCCAGCCUACAAARA
DACAZG. | UUCCARA (Xn) UCAGUCCAGGGCAGCUUCCCUGUUCUGA (Xn) UUUG
3?ﬁﬁ3édA GGACAUUAARAUGGGCUAGGGA (Xn) GGGUAGARAGUAUUAUUCUAU 27
T 1 UC (Xn) CCUCCCAGCCUACAARA
ACA36. | UUCCABA (Xn) UCAGUCCAGGGCAGCUUCCCUGUUCUGA (Xn) UUUG
éét%ﬁ: GGACAUUAAAAUGGGCUAAGGGAG (X QLGQJJR GAAAGUAUUAUUCU 28
' AUCC (X1} CCUCCCAGCCUACARRA
o ACA36-
bééﬁﬁj UUCCAAA (Xn) UCAGUCCAGGGCAGCUUCCCUGUUCUGA (Xn) UUUG
JelAA juACALUﬁAﬁFUwGG”L?GCAihzchGJAGAAAGJAUJAU:CL UC 29
Uﬁﬁ? CCUCCCAGCCUACAAAR

43
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sACA3ZG- o -
g%géﬁ{j GGACAUUAARAUGGCUAAGGGAG (Xn) GGGUAGARAGUAUUAUUCUA a0
) UUC (Xn) CCUCCCAGCUACAAAA
ACAIGS UUCCAAA (Xn) UCAGUCCAGGGCAGCUUCCCUGUUCUGA {(Xn) UUUG
&3dfc GqﬁCAU:AAAAUCG:vDﬁAwGuAG( (n) GGGUAGARAAGUAUUAUUCU
e AUUC (Xn) CUCCCAGCCUACAARL 31
sACA3G UUCCAAA (Xn) UCAGUCCAGGGCAGCUUCCCUGUUCUGA {(Xn) UUUG
3%%ﬂ}deﬁf GGACAUUAAAAUGGGCUAAGGGA (Xn) GGGUAGAAAGUAUUAUUCUA
| UUC (Xn) CUCCCAGCCUACARAA 17
gACA19- | GUGCACA (Xn} GACCUGCUUUCUUCUAUGUGAGUAGUGUU {(Xn ) UGU
Uy (j{,] - GCUAUACAAAUAAUUGAAGEC (2(0} GCAGUAUAACUAUAARAUAGUAA
3addG UGCUGC (Xn) CCUUCAGACARAA 33
gACALS- GUWCACAU!Xr)GA*”L@ "UUUCUUCUAUGUGAGUAGUGUU (Xn) GU
JUCy- GCUAUACAAAUAAUUGAAGGC (Xn) GCAGUAUAACUAUAAAUAGUAA
SaddCuU UGCUGC (Xn) CCUUCAGACARAA a4
gACA19- | GUGCACAU (¥n) GA “LG”U”UCUUUUHUCUGA*”ACUGUL( n)GU
3addG- GCUAUACAAAUAAUUGAAGGC (Xn) GCAGUAUAACUAUARAUAGUAA
SaddCU UGCUGC (Xn) CCUUCAGA CA;\&A a5
cACA19- -
EﬂJCET GUGCACAUC (Xn) GA ””JGCVUUCJUCUFUGJGAGJAGJ 20U (Xn) 6
KaddC UGCUAUACARAUAAUUGAAGGC (Xn) GCAGUAUAACUAUAAAUAGUA
R F7 o e £ N N AT T R e
AUGCUGC X*‘”LUdpPC? CARAR
SaddCU {3n) CCUUCAGACAS 36
ACAZE UUGGCUCUCA§ELGGCCAGCAGUUUCC:GAAGﬁLGJUGGChAWHL CA
giléﬁﬁ GGAGCCUAAAGAAUUGUCUUUCUA (Xn) UUGGCCAUUUCAUAACUUU 20
Jaedt SGAAAUGUAAUGGUCAA (Xn) AGARAGAAACAUGA
SACAZD UUGGCU (¥n) GGCCAGCAGUUUGCUGAAGCUGUUGG e (Xn) CAGGA
A/ - _—
%CUﬂéﬁ‘ GCCUAAAGAAUUGUCUUUCUA (Xn ) UUGGCCAUUUCAUAACUUUGGA 21
o © | AAUGUAAUGGUCAA (Xn) AGAAAGAAACAUGA
ACAZE UUGGCUCU (¥n) GGCCAGCAGUUUGCUGAAGCUGUUGGee {Xn) GGA
‘?(‘/‘: UG GCCUAAAGAAUUGUCUUUCUA (Xn ) UUGGCCAUUUCAUAACUUUGGA 145
PEATAM L AAUGUAAUGGUCAR (Xn) AGAAAGAAACAUGA
gACAZb- | UUGGCUCUC (Xn) GGCCAGCAGUUUGCUGAAGCUGUUGGe e (Xn) GG
SaddC- AGCCUAAAGﬁAUUGJﬁUUU””Ai§£LU"GCCpAU”UuAJAﬁCJU" 146
S5CAmUG | AAAUGUAAUGGUCAA {Xn) AGAAAGAAACAUGA
gACAZb- | UUGGCU (Xn) GGCCAGCAGUUUGCUGAAGCUGUUGGe e (Xn) GGAGC
S5CUmMGC- | CUAAAGAAUUGUCUUUCUA (Xn) UUGGCCAUUUCAUAACUUUGGAAA 147
SCAMUG | UGUAAUGGUCARA {Xn) AGARAGAAACAUGA

44
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gACAZb-
3delA

UUGGCUCU {(¥n) GGCCAGCAGUUUGCUGAAGCUGUUGGec {Xn) CAG
GAGCCUAAACGAAUUGUCUUUCU (Xn) UUGGCCAUUUCAUAACUTUGS

AAAUGUAAUGGUCAA (X1 ) AGAAAGAAACAUGA

148

gACAZb-
3 deLAk-
GCbp-2

UUGGCUCU {Xn) GGCCAGCAGUUUGCUGAAGCUGUUGGaC {(Xn) CAG
GAGCCUAAAGAAUUGUCGUUCU (¥Xn) UUGGCCAUUUCAUAACULUGE

AAAUGUAAUGGUCAA {Xn) AGAACGAAACAUGA

149

oACA2b-
GCbp

UUGGCUCU {Xn) GGCCAGCAGUUUGCUGAAGCUCUUGGee {Xn) CAG

GAGCCUAAAGAAUUGUCUUUCUA (Xn) GUGGCCAUUUCAUAACUUUG
GAAAUGUAAUGGUCAC {(Xn) AGARAGAAACAUGA

1530

rACA1O-
3 hairpin

GUGCACAU {Xn) GACCUGCUUUCUUCUAUGUGAGUAGUGUU {Xn)} GU

GCUAUACAAAUAAUUGAAGGT (Xn) GCAGUAUAACUAUAAAUAGUAA

UGCUGC {(Xn) CCUUCAGACAAAAUCUAUCUAUCUAGAGCGGACUUCG

GUCCGCUUUU

177

rACA19-
Ue+27

GUGCUCGCUUCGGCAGCACAUAUACUAGUGCACAT (Xn) GACCUGCU
UUCUUCUAUGUGAGUAGUGUU (Xn) GUGCUAUACAAAUAAUUGAAGG

C{Xn) GCAGUAUAACUAUAAAUAGUAAUGCUGC {Xn) CCUUCAGACA

AAAUCUAGAGCGGACUUCGGUCCGCUULIU

178

rHS

GUGCACAU (Xn) GACCUGCUUUCUUCUAUGUGAGUAGUGUU {Xn) GU

GCUAUACAA

178

rH3

GGAAUUGAAGGC (
} CCUUCAGACAAAZ

AUAACUAUAAAUAGUAAUGCUGC (Xn

180

Table 3. Exemplary gsnoRNA constructs (guide sequences are underiined)

Name

Sequence

SEQID
NO.

ZACAL9

GUGCACAUGAUCCCGACCUGCUUUCUUTUAUGUGAGUAGUGUUUCLG
CUGAUGUGCUAUACAAAUAAUTUGAAGGCCAUCCCGCAGUAUAACTUAU
AAAUAGUAAUGCUGCUCCGGUCCUUCAGACAAAA

37

cACA44

CAGCAGCUGAUCCCGGECUGUGGCUGGUCAVAGCCAUGGCAUCUCLG
CUGGCAUGCAAGAGCAACCUGGAAAGAAUCCCACAGCGCAGGUCAGU
ACAAUACCUGCAAGCUGCUCCGGAGCUUUCCUAUAAUG

38

gACA27

UACCCCCGGCUGAUCCCGCCAGUUGGACUUAUGUCUUTAUUGGUUCT
GGUAGUGGGGCAAAGGAAAUAUCCUUUGAUCCCUCAGGCAAACTUGEG
GUUUGUCUGUAUCCGGUGAGAGGAAACAAAT

35
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CUUGCUACAAGUA
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40

oACA19-8

CACAUGAUCCCGACCUGCUUUCUUUUAUGUGAGUAGUGUUUCCGGUG
FUG:CC:AUALAAAJAﬁJU AZ 'GCGAUCCCGCAGJAUAACUFUAAA

41

oACAIO-L

CAGUAUUUGUGCACAUGAUCCCGACCUGCUUUCUUUCAUGUGAGUA
Uu JUUCCGGUGCAUGUCCUAUACAAAUAAUUGAAGGCGAUCCCGCAG
UAUAACUAUAAATAGUAAUGCUGCUCCGGUCCUUCAGACAAAAATUC
UAUAA

42

gACA3

AUCGAGGCUGAUCCCACGCUUGGGUAUCGGCUAUUGCCUGAGUGUUL
CGGUGACCUCGAAGAGUAACUGCUGACUGAUCCCACUGECUGUGGGE
CUUVAUGGCACAGUCAGUUCCGCAGGUUAGAGACAUGC

43

oACALT

CUGCCCCUCUGAUCCCGCAGCUGUGECUGCCGUGUCACAUCUGUUC
C\J("UGZ‘\G\_ GGCAGAGAUUAGAGAGGCUAUGUUGAUCCCCAAGCGUUC
UGCCCCGUGAACGUUUGUCCGGUGAUAGUCUCACACUC

44

gACAZb

UJUGGCUCUUGAUCCCGECCAGCAGUUUGCUGAAGCUGUUGGcUCCE
g'\ AGGAGCCUAAAGAAUUGUCUUUCUAUGAUCCCU J\,(JC"Z\UJLJC"&U
ACUUUGGAAAUGUAAUGGUCAAUCCCGUAGAAAGAAACATIGA

45

cACA36

UUCCARAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGAUCT
GGUGAUUUGGGACAUUAAAALIGGGCUAAGGGAGGAUCCCGGGUAGAA
AGUAUUAUUCUAUUCUCCGCCUCCCAGCCUACARRAA

46

2ACALS-
Sm

GUGCACAUGUGCUAGACCUGCUUUCUUUUAUGUGAGUAGUGUUGCUG
UUAAUGUGCUAUACAAAUAAUUGAAGGCCAUCCCGCAGUAUAACTUAU
AAAUAGUAAUGCUGCUCCGGUCCUUCAGACAAAA

47

gACALS-
3m

GUGCACAUGAUCCCGACCUGCUUUCUUTUAUGUGAGUAGUGUUUCC
GUGAUGUGC [_)] JAC ,’&_[3&1 \\_]ﬁu.‘xu UGAAGGCGACCGGGECAGUAUAACUA U
AAAUAGUAAUGCUGCAGCUAUCCUUCAGACAAARA

48

gACA19-
UUCU

GUGCACAUGAUCCCGACCUGCUUUCUUCUAUGUGAGUAGUGUUUCCG
GUCAUCGUGCUAUACAAAUAAUUGCAAGCGCGAUCCCGCAGUAUAACUAU
AAAUVAGUAAUGCUGCUCCGGUCCUUCAGACAAAA

48

gACA19-
UGUU

GUGCACAL CCGACCUGCUUUCUGUUAUGUCAGUAGUGUUU
GUCGAUGU ACAAAUAAUUGAAGGCG UC\:CGCZ\GUZ\LZ&AQVL
AAAUVAGUAAUGCUGCUCCGGUCCUUCAGACAAAA

LU

SACAL9-
3addG

GUGCACAUGAUCCCGACCUGCUUUCUUUUAUGUGAGUAGUGUUUCCG

GUGAUGUGCUAUACAAAUAAUUGAAGGCGAUCCCGCAGUAUAACUAU

AAAUACUAAUGCUGCUCCGCUGCCUUCAGACARAA

46
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52

gACA19-
5addCU

GUGCACAUCUGAUCCCGACCUGCUUUCUUUUAUGUGAGUAGLIGUUUC
CGGUGAUGUGCUATACARATUAAUUGAAGGCGAUCCCGCAGUAUAACU
AUAAAUAGUAAUGCUGCUCCGGUCCUUCAGACAARAA

53

cACA30-
Sm

UUCCAAAGCUCUAAGAUCAGUCCAGGGCAGCUUCCCUGUUCUGAGUA
AUUGAUUUGGGACAUUAAAAUGGGCUAAGCGAGGAUCCCGGGUAGAA

Z\GUAUUAUUCUAUUCUCCGCCUCCCAGCCUACAAAA

54

sACA36-
3m

UUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGALCT
GGUGAUUUGGGACAUUARAAUGGGCUAAGCGAGGUAAGAGGGUAGAA

Z\GUAUUAUUCUAUUCGUAUCCUCCCAGCCUACAAAA

55

gACA36-
5UmA

UUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUACUGAUCLT
GGCUGAUUUGGGACAUUAAAAUGGGCUAAGGCGAGGAUCCCGGGUAGAA
AGUAUUAUUCUAUUCUCCGCCUCCCAGCCUACARAA

56

gACA3G-
SUUmMGA

TUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGGACUGAUCT
GGUGAUUUGGGACAUUAARAAUGGGCUAAGEGAGGAUCCCGGGUAGAA

AGUAUUAUUCUAUUCUCCGCCUCCCAGCCUACAAAA

UUCCAAGGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGAUCT
GGUGACUUGGGACAUUAAAATGGGCUAAGGGAGGAUCCCGGGUAGAA
AGUAUUAUUCUAUUCUCCGCCUCCCAGCCUACAAAR

58

gACA36-
3GmU

UUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGAUCT
GGUGAUUUGGGACAUUAAAAUGGGCUAAGGCGAUCAUCCCGGGUAGAA
AGUAUUAUUCUAUUCUCCGCCUCCCAGCCUACAARAA

55

gACA36-
3GmU-
delAA

UUCCAAA UCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGALUCS
GGUGAUUUGGGACAUUAARAUGGGCUGGGAUGAUCCCGGGUAGRAAAG

UAUUAUUCUAUUCUCCGCCUCCCAGCCUACAAAA

&0

gACA36-
3GmU-delA

UUCCARAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGALCT
GGUGAUUUGGGACAUUAARAUGGGCUAGGGAUGAUCCCGGGUAGAAA

CCGCCUCCCAGCCUACAAAA

61

gACA306-
3UmC

UUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGALUCT
GGUGAUUUGGGACAUUARAAAUGGGCUAAGGGAGGAUCCCGGGUAGAA

62

2A{A36-
3GmU-
delAA-
Um(C

UUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGAULCT
GGUGAUUUGGGACAUUAAAALIGEGCUGGGAUGAUCCCGGCUAGARAG
UAUUAUUCUAUCCUCCGCCUCCCAGCCUACAARA

63
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64

oACA36-
3delC

UUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGAUCT
GGUGAUUUGGGACAUUAAAAUGGGCUAAGGGAGGAUCCCGGGUAGAA
AGUAUUAUUCUAUUCUCCGCUCCCAGCCUACAAAA

65

gACA36-
3GmU-delC

UUCCAAAGCUGAUCCCUCAGUCCAGGGCAGCUUCCCUGUUCUGAUCT
GGUGAUTUGGGACAUUARAAUGGGCUAAGGGAUGAUCCCGGGUAGAA

AGUAUUAUUCUAUUCUCCGCUCCCAGCCUACAAAA

66

gACA19-
UUCuU-
3add(GG

GUGCACAUGAUCCCGACCUGCUUUCUUCUAUGUCGAGUAGUGUUUCTC
GUGAUGUGCUA UZ-\CA_AI VUJAALUUGAAGG CGZXUCC CGCAGUAUAA {.,v"&U
AAAUAGUAAUGCUGCUCCGGUGCCUUCAGACAAAA

67

SACA19-
UUCU-
5addCU

CCZIGTZIUUCU\ CUFUGZIGAGJACU ;rLUJ\,

68

gACA19-
3addG-
SaddCU

GUGCACA U’“LuRLCCu« CCCGCUUU"‘”UU”AUGCGRGJRCUGU”IJ\,

\ZCGGU LJC SUUCAGACAAMA

69

gACA19-
UuCy-
3addG-
SaddCU

GUGCACAUCUGAUCCCGACCUGCUUUCUUCUAUGUGAGUAGUGUTUUC

CGGUGAUGUGCUAUACAAAUAAUUGAAGGCGAUCCCGCAGUAUAACT
AUAAAUAGUAAUGCUGCUCCGGUGCCUUCAGACAAAA

70

gACAZb-
Sm

UUGGCUCUUGUAAGAGGCCAGCAGUUUGCUGAAGCUGUUGGCCGUAL

UCAGGAGCCUAAAGAAUUGUCUUUCUAUGAUCCCUUGGCCAUUUCAU
AACUUUGGAAAUGUAAUGGUCAAUCCGGUAGAAAGAAACAUGA

gACAZb-
3m

TUGGCUCUUGAUCCCGGCCAGCAGUUUGCUGAAGCUGUUGGecUCCG
GCAGGAGCCUAAAGAAUUGUCUUUCUAUGUAGGAUUGGCCAUUUCAD
AACUUUGGAAAUCUAAUGGUCAAGUGAGUAGAAAGARACAUGA

gACATb-
SaddCC

UUGGCUCUCUGAUCCCGGCCAGCAGUUUGCUGAAGCUGUUGGecUCT
GGCAGGAGCCUAAAGAAUUGUCUUUCUAUGAUCCCUUGGLICAUUUCA
UAACUUUGGAAAUGUAAUGGUCAAUCCGGUAGAAAGARACAUGA

153

gACAZb-
SCUmGC

UUGGECUGe U SAUCCCGGCCAGE T&GJUUGCULJAI\ CUGUUGGCCU" -G
C’r\/[\G\Jz/\G UAAAGAAUUGUCUUUCUALIGA CCUUGGCCAUUUCAU
A]—n,:UUGUAAnUCUAAUGQUCnA"”ﬁ’ GJAGA]—E\GnAAk,RLGA

154

gACAZb-
SCAmUG

gusaee LCJU SAUCCCGGCCAGT T&GJUUGCULJAJ\ ;CUGUUGGecUCCo
GUGGGAGCCUAAAGAALUUGUCUUUCUAUGALICCCUUGGCCAUUUCAU
AAL,VULGKJAAAUCUF AlJ :\JDC‘AAZI"TCGJAGF AAGAAACAUGA

156
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gACAZb- UUGGCUCUCUGAUCCCGGCCAGCAGUUUGCUGAAGCUGUUGGecUCT
SaddC- GGUGGGAGCCUAAAGAAUUGUCUUUCUAUGAUCCCUUGGCCAUUUCA 157
SCAmUG | UAACUUUGGAAAUGUAAUGGUCAAUCCGGUAGAAAGAAACALIGA
gACAZb- | UUGGCUGCUGAUCCCGECCAGCAGUUUGCUGARAGCUGUUGGECUCCS
SCUmGC- | GUGGGAGCCUAAAGAAUUGUCUUUCUAUGAUCCCUUGGCCAUUUCAU 158
SCAmUG | AACUUUGGAAAUGUAAUGGUCAAUCCGGUAGAAAGAAACAUGA
UUGGCUCUU’?AU’TC‘CGC"”AGC AGJUDG& UGAA JCUJ\, -ccUCCG
gACA2b- e N ce
3del A 159
T ACUUUGGAAAUGUAAUGGUCAAUC CCGUAagzu’{j\ ZLZ\J-&CAUGA
gACAZb- UUGGCUCUUGAUCCCGGCCAGCAGUUUGCUGAAGCUGUUGGecUCCE
delA- GCAGGAGCCUAAAGAAUUGUCGUUCUUGAUCCCUUGGCCAUUUCAUA 160
GCbp-2 | ACUUUGGAAAUGUAAUGGUCAAUCCGGUAGAACGAAACAUGA
ACAZb UUGGCUCUUGAUCCCGGCCAGCAGUUUGCUGAAGCUGUUGGecUCCE
£ b GCAGGAGCCUAAAGAAUUGUCUUUCUAUGAUCCCGUGGCCAUUUCAU 170
~OP AACUUUGGAAAUGUAAUGGUCACUCCCGUAGAAAGAAACAUGA
GUGCACAUCUGAUCCUGACCUGCUUUCUUCUAUGUGAGUAGUGUUUC
rACA19 CGGUGAUGUGCUAUACAAAUARUUGAAGGUGAUCCUGCAGUAUAACU i71
AUAAAUAGUAAUGCUGCUCCGGUCCUUCAGACAAAA
GUGCACAUCUGAUCCUGACCUGCUUUCUUCUAUGUGAGUAGUGUUUC
rACA19- CGCGUGAUGUGCUAUACAAAUAAUUGAAGGCGAUCCUGCAGUAUAALCU 172
3 hairpin AUAAAUAGUAAUGCUGCUCCGGUCCUUCAGACAAAAUCUAUCUAUCU
AGAGCGGACUUCGGUCCGCUUUU
GUGCUCGCUUCGGCAGCACAUAUACUAGUGCACAUCUGAUCCUGACS
rACA19- UGCUUUCUUCUADGUG AuUAGJCU‘JUa,CGCUGRLGJQCJAUACAAnU 173
U6+27 ARUUGAAGGCGAUCCUGCAGUAUAACUAUAAAUAGUAAUGCUGCUCC
GGUCCUUCAGACAAAAUCUAGAGCGGACUUCGGUCCECUUUT
S GUGCACAUCUGAUCCUGACCUGCUUUCUUCUAUGUGAGUAGUGUUUC 174
o CGGUGAUGUGCUAUACAA
3 GGAAUUGAAGGCGAUCCUGCAGUAUAACUAUAAAUAGUAALUGCZUGCU 175
S CCGGUCCUUCAGACAAAA
Table 4. Disease-associated PTC targeting gsnoRNA (guide sequences are underlined)
SEQ ID
MName Sequence i
quence NO.
gACAI1G- GUGCACAUCGgcacgUGACCUGCUUUCUUCUAUGUGAGUAGUGUUCU
ALDOB- UchdA’*GU -CUAUACAAAUAAUUGAAGGCgcacgUGCAGUAUAACTU 71
WI4RX AUAAAUAGUAAUGCUGCcUUccUCCUUCAGACAARAA
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72

SACAL9-
SMNI-
W190X

UGCACAUaagagUUUGACCUGCUUUCUUCUAUGUGAGUAGUGUUUY

UaAUGUGCUAUACAAAUAAUUGAAGGC gagUUUGCAGUAUAACY
AUAGUAAUGCUGCUYgagUCCUUCAGACAAAA

-3
|98

gACA36-
SMN1-
W190X

UUCCAAAGaagagUUUACAGUCCAGEGCAGCUUCCCUGUUCUGUUYY
agUagUUUGGGACAUUAAAAUCGGCUGGUGagagUUUGGACUAAGAR

AGUAUUAUUCAUAGUCCUggagcGACCAGCCUACAAAA

gACA19-
C8orf37-
WIRSX

GUGCACAUUGGUUCUUGACCUGCUUUCUUCUAUGUGAGUAGUGUUgC
UalacAUGUGCUAUACAAAUAAUUGAAGGagUUCUUGCAGUAUAACY

AUAAAUAGUAAUGCCUGCgcUaUaCCUUCAGACAAAR

~3
LA

gACA306-
C8orf37-
WIRSX

UUCCAAACUagUUcUUUCAGUCCAGGGCAGCUUCCCUGUUCUGAgCU
acacAUUUGGGACAUUAAAAUGGGCUAAGGGUaglUcUUGGGUAGAA
AGUAUUAUUCUAUUCycUalUaUCCCAGCCUACAAAR

3
[@))

gACA19-
CBS-
C275X

GUGCACAUCalUUcUUGACCUGCUUUCUUCUAUGUGAGUAGUGUUUC
cgggGAUGUGCUAUACAAAUAAUUGAAGGgaUUcUUGCAGUAUAACU
AUAAAUAGUAAUGCUGCUccgggCCUUCAGACAAAA

~3
~3

gACA36-
CBS-
C275X

UUCCAAAUUgaUcUUUUCAGUCCAGGGCAGCUUCCCUGUUCUGAUCT
gggacUUUGGGACAUUAAAALICGGCUGGUGgalUUcUUGGACUAAGAA
AGUAUUAUUCAUAGUCCUccgggaACCAGCCUACARAA

~3
o«

gACA19-
CBS-
W390X

GUGCACAUgUagUgUUGACCUGCUUUCUUCUAUGUGAGUAGUGUUC
UgUcCAUGUGCUAUACAAAUAAUUGAAGGUagUgUUGCAGUAUAACT
AUAAAUAGUAAUGCUGCccUgUcCCUUCAGACAAAR

79

oACA36-
CBS-
W390X

UUCCAAUGgUggUgUUUCAGUCCAGGGCAGCUUCCCUGUUCUGACCU
gUcgAAUUGGGACAUUAAAAUCGCGECUGGUgUagUgUUGGACUAAGAA
AGUAUUAUUCAUAGUCCccUgUcgACCAGCCUACARAA

&0

gACA19-
PCCB-
R111X

GUGCACAUUUcgygccUGACCUGCUUUCUUCUAUGUGAGUAGUGUUUC
UagUgalUGUGCUAUACAAAUAAUUGAAGUUcgygccUGCAGUAUAACT
AUAAAUAGUAAUCCUGCUcUagUACUUCAGACAAAR

gACA36-
PCCB-
RI111X

UUCCAAAUAUCggcecUUCAGUCCAGGGCAGCUUCCCUGUUCUGAUUU
agUUCUUUGGAACAUUAAAAUCGGCUGGAAUCgyccUGGACUAAGAA
AGUAUUAUUCAUAGUCCUUcagUgUCCAGCCUACARAA

gACA19-
PEX7-R232
X

GUGCACAUcUgyUUgUGACCUGCUUUCUUCUAUGUGAGUAGUGUCUA
UaUUGAUGUGCUAUACAAAUAAUUGAAGGUgyUUGUGCAGUAUAACU
AUAAAUAGUAAUGCUGCUaUAUULCU

UCAGACAAAA

&3
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gACA36-

UUCCAAAUCUggUUgUUCAGUCCAGGGCAGCUUCCCUGUUCUGAUAU

PEXT7- aUUUcUUUGCGACAUUAAAAUCGGCUGGUCUgyUUgUGGACUAAGAA &4
R232X AGUAUUAUUCAUAGUCC J;i[_)C"\_]U ACCAGCCUACAAAAN
gACAL9- GUGCA” AUCCAUUAGUGCCCUGCUUUCUUCUAUGUGAGUAGUGGUGS
LMINA- CUCGAUGUGCUAUACAAAUAAUUGAAGGCAUUAGUGGAGUAUAACU 131
R225X AU[\}\A[J}\KJU \AUGCUUUGGUCUCCCUUCAGACAAAR
BACA3E- | UUC CAVJ\QZEHREEHCCGCUCvAGGGCA-CJU CCUGUUCUGUGRU
LMNA- UGGGACAUUAARAUCGGCUGGUCCAUUGGUUGACUAAGAA | 182
R225X z uLzAU UAUUCAUAGUUGGGUCUCAACCAGCCUACAAAA
ACA19-FO- GUGCACAT CG GUAGCGACCUGCUUUCUUCUAUGUGAGUAGUGUUUC
5 29% CUGAGAUGUGCUAUACAAAUAAUUGAAGCGAGUAGCGCAGUAUAACU | 183
AUAMAUAG UAAU" CUGCUCCUGAGCUUCAGACAAAA
ACA36.F0. | DUCCAARGUGAGUAGCUCAGUCCAGGGCAGCUUCCCUGUUCUGAUL
& Y27% UGAAAUUUGGGACAUUAAAAUCGGCUGGUUGAGUAGCGGACUAAGAA 184
nqLAULAJUuAUﬁGJ“”mggggééékuC GCCUACAAAA
s ACAL9-FG- GUGCACAUCUAGAUAUGACCUGCUUUCUUCUAUGUGAGUAGUGUUUA
& Gﬁix ) AAAUGAUGUGCUAUACAAAUAAUUGAAGCUAGAUAUGCAGUAUAACT 185
AUAAAUAGUAAUGCUGCUAAAAUGCUUCAGACAAAA
oA ARG UUCCAAAGGUAGAUAUUCAGUCCAGGGCAGCUUCCCUGUUCUGAUAA
AL ADD- ; +
;:9 I AAGGAUUUGGGACAUUAAAALICGGCUGGUGUAGAUAUGGACTUAAGAA 186

AGUAUUAUUCAUAGUCCUAAAAGGAACCAGCCUACAARA

gACA19-
ABCA4-
R40D8X

GUCGCACAUC AU(,CJU ACCUGCUUUCUUCUAUGUGAGUAGUGUUUG
CUGCGAUGUGCUAUACAAAUAAUUGAAGCUAUCCUUGCAGUATAACT
AUAAAUAGUAAUGCT TGC UGCUGCGCUUCAGACAARA

187

gACA36-
ABCA4-

UJUCCAAAGAUAUCCUUUCAGUCCAGGGCAGCUUCCCUGUUCUGAUGT
UGCAGUUUGGGACAUUAAAAUCCGCUGCUGUAUCCUUGGACUAAGAA

188

R408Y | AGUAUUAUUCAUAGUCCUGCUGCAGACCAGCCUACARAA
acale. | GUS CACAU“”UUCUGVHACCUGCUUUCU'CUAUGUGAGJ%CUGLC&:
§;1Y65X GGUUGAUGUGCUAUACARAUAAUUGAAGGCUUGUGCGCAGUAUAACT | 189
- "XU;\M; LMGUZ\] U( C\_]w\,\_ wu JJU( CU[JC"&\"}\CZX \M}{
AcA3s. | UUCCAGRUCCUUGUGCUGAGUCCAGGGCAGCUUCCCUGUUCUCAUGE
§;1Y65X GUAACUCUG UAARAUCGGCUGGUCUUUGUGCGGACUARGAA | 190
AGUAUUAUUCAUAGUCCUGCGUGAACCAGCCUACAAAA
ACAlg. | GUGCACRUGGUUACAUGACCUGCUUUCUUCUAUGUGAGUAGUGUUGA
Rgssfwﬁx GGAGAUAUGUGCUAUACAAAUAAUUGAAGGUUUACAUGCAGUAUAAC | 191
pedo- UAUAAAUAGUAAUGCUGUGAGCGUCCUUCAGACAAAA
GACA36- JULCAﬁﬁuAVJUACFUw Aw:CT?uu CPGCUUCCCUGUUCU:LGFQ
JU CAUGGACUAAGAA | 192
RPEGS-RAAX | T e n e A p o m e pr

ACAAAA

S
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{0173} In one aspect, the present inventors discovered that the editing efficiency of a gsnoRNA
was surprisingly higher when the gsnoRINA was encoded in tandem with its target RNA.
Example 3 provides results demonstrating the increased editing efficiency using a reporter
construct encoding a gsnoRNA and a target RNA in tandem.

{0174} Thus, in some aspects, provided herein is a nucleic acid molecule comprising a
nucleotide sequence encoding the guide small nucleolar RNA (gsnoRNA) in tandem with a
nucleotide sequence encoding the target RNA. In some embodiments, the nucleotide sequence
encoding the gsnoRNA 15 driven by a U6 or Ul promoter. In some embodiments, the nucleotide
sequence encoding the target RNA 15 driven by the same or a different promoter. In some
embodiments, the gsnoRNA encoded in tandem with a nucleotide sequence encoding the target
RNA provides at least 1.1, 1.2- 1.3~, 1.4~ 1.5-, 1.6-, 1.7, 1.8-, 1.9-, or 2-fold greater editing
efficiency of the target RNA compared to the same gsnoRNA encoded in a separate nucleic acid

molecule from the target RNA

{ii. Methods

[0173] Insome embodiments, provided herein 1s a method for editing a target RNA in a host
cell, comprising introducing an engineered guide small nucleolar RNA {gsnoRNAj and a nucleic
acid molecule encoding a BKC1 protemn into the host cell, wherein the gsnoRNA comprises a
guide sequence that hybridizes to a sequence comprising a target uridine residue in the target
RNA, and wherem the gsnoRNA recrunts the DKC1 protein to modify the target uridine residue
mto a pseudoundine residue 1 the target RNA. In some embodiments, the DKCI protemn s a
DEC1 isoform {e.g., 1soform 3} with cytoplasmic localization. In some embodiments, the DRC1
protein is part of a rbonucleoprotein (RNP) complex that associates with the gsnoRNA. In some
embodiments, the DKC1 protein comprises a deletion of a nuclear localization signal (NLS)
relative to a wildtype DKC1 protein of the same species. In some embodiments, the DKC1
protein is a truncated DKC1 variant or a DKC1 variant comprising a deletion, such as any of the
truncation or deletion variants described in Section II A above. In some embodiments, the
gsnoRNA recruits NOP10, GARI, and NHPZ in the host cell.

{0176] In some embodiments, the method comprises mtroducing a nucleic acid {(e.g., a nucleic
acid vector) encoding the gsnoRNA into the cell. In other embodiments, the method comprises
mtroducing a gsnoRNA oligonucleotide into the cell. In some embodiments, the gsnoRNA
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comprises a first hairpin and H box and a second hairpin and ACA box. In some embodiments,
the gsnoRNA 15 prepared by in vitro transcription. In some embodiments, the gsnoRNA prepared
by in vitro transcription comprises the sequence of any one of SEQ ID NOs: 4-6, 9-12, 15-19 and
22-36. In some embodiments, the gsnoRNA prepared by in vitro transcription comprises a 57 cap
modification or a 57 hairpin {e.g., of a U6+U27 expression cassette). In some embodiments, the
esnoRNA prepared by in vitro transcription comprises a 57 cap modification. In some
embodiments, the 5* cap modification is is a m'G modification {e.g., a cap 0, cap I, or cap 2
modification) or an m®An modification. Suitable methods for adding a 3 cap to an RNA
oligonucleotide have been described, for example, in U.S. Patent No. 10,494,399, the contents of
which are herein incorporated by reference m theiwr entirety. In some embodiments, the gsnoRNA
further comprises a 37 hairpin {e.g., the gsnoRNA comprises the sequence of any one of SEQ ID
NOs: 4-6, 9-12, 15-19 and 22-36 and a 37 hairpin). In some embodiments, the gsnoRNA
comprises a 57 cap modification and does not comprise a 37 hairpin {e.g, as shown in FIG. 18A)
In some embodiments, the in vitro transcripbed gsnoRNA 15 capable of guiding targeted
pseudournidylation n the cell. In some embodiments, the 57 cap modification 1s mtroduced by in
vitro transcription using an m G(5)ppp(3")G cap analog,

{81771 Insome embodiments, the method comprises introducing a nucleic acid (e.g., a nucleic
acid vector) encoding a gsnoRNA that 1s a half gsnoRNA {e.g., comprising a single hairpin and
an H box, or comprising a single hairpin and an ACA box} into a cell. In other embodiments, the
method comprises introducing a gsnoRNA that is a half gsnoRNA {e.g., comprising a single
hairpin and an H box, or comprising a single hairpin and an ACA box} into a cell. In some
embodients, the gsnoRNA comprises no more than 20, no more than 15, no more than 10, no
more than 8, no more than 6, or no more than 4 2°-OMe or 2°-MOE modifications. In some
embodiments, the gsnoRINA comprises between about 2 and about 6 2°-OMe or 2°-MOE
modifications. In some embodiments, the gsnoRNA comprises about 4 2°-OMe or 2°-MOE
modifications. In some embodiments, the gsnoRNA comprises no more than S modified sugars.
In some embodiments, the gsnoRNA comprises two nucleosides comprising modified sugar
moieties (e.g, 2’-0OMe) at the 5” end and two nucleosides comprising modified sugar moieties
{e.g., 2-OMe) at the 3” end of the gsnoRNA. In some embodiments, the gsnoRNA comprises no
more than four, three, or two nucleosides comprising modified sugar moieties (e.g., 2°-0OMe) at

the 5” end and no more than four, three, or two nucleosides comprising modified sugar moieties
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{e.g., 2’-OMej} at the 37 end of the gsnoRNA. In some embodiments, the gsnoRNA comprises
one or more phosphorothioate inter-nucleosidic linkages. In some embodiments, the gsnoRNA
comprises no more than 20, no more than 15, no more than 10, no more than 8, or no more than
6 phosphorothioate linkages. In some embodiments, the gsnoRNA comprises between about 2
and about 10 phosphorothioate linkages. In some embodiments, the gsnoRNA comprises about 6
phosphorothioate linkages. In some embodiments, the gsnoRNA comprises about three
phosphorothioate linkages at the 57 end and about three phosphorothioate linkages at the 37 end
of the gsnoRNA. In some embodiments, the gsnoRNA comprises no more than five, four, or
three phosphorothioate linkages at the 5° end and no more than five, four, or three
phosphorothicate linkages at the 37 end of the gsnoRNA. In some emmbodiments, the gsnoRNA
comprises a 57 hairpin, an H box (consensus sequence ANANNA), a 37 hairpin, and an ACA box
{consensus sequence ANA). In some embodiments, the gsnoRNA comprises a single hairpin and
an H box (referred to herein as a gHS or rHS for 57 half gsnoRNA encoding sequence or
gsnoRNA oligonucieotide, respectively), and lacks an ACA box. In some embodiments, the
gsuoRNA comprises a single hairpin and an ACA box (referred to herein as a gH3 or tH3 for 37
half gsnoRNA encoding sequence or gsnoRNA oligonucleotide, respectively), and lacks an H
box. In some embodiments, the gsnoRNA comprising a single hatrpin 1s between 60 and 70
nucleotides m length. In some embodiments, the gsnoRNA comprising a single hairpin 1s about
65 nucleotides 1 length.

{0178} The present disclosure s exemplified by, but not limited to, reversing the effect of
nonsense stop mutations that usually lead to translation termination and mRNA degradation (via
Nonsense Mediated Decay, see below}. In another aspect, targeted pseudouridylation can act as a
means to recode uriding-containing codons as a mean to modulate protein function via amino
acid substitution, for instance in crucial protein regions such as protein kinase active centers.
{0179] One of the consequences of mutations leading to PTCs in the coding sequence of a gene
1s the decrease of the mRINA levels. This 1s due to a mechanism known as the Nonsense -
Mediated Decay (NMD}, which is a cellular surveillance mechanism that degrades aberrant
mRNA transcripts, preventing transcripts that were not correctly processed from being
translated. It is estimated that one-third of genetic disorders are a result of a mutation leading to a
PTC (such as for mstance in CF, retiniti pigmentosa {RP), and beta-thalassemia). In a normal

scenario, exon-junction complexes (EJCs) are formed during splicing. Then, during the first

54



CA 03219203 2023-11-06

WO 2022/247896 PCT/CN2022/095172

translation round, ribosomes displace these EJCs. On the other hand, when a PTC 1s located
more than 50-54 nucleotides upstream of the last EJC, the NMD pathway is triggered by
formation of a termmation complex consisting of EJC-associated NMD factors. When this
happens during the first pioneer round of translation and the ribosomes co-exist with at least one
EIC downstream their location, this triggers the de capping and 5’-t0-3’ exonuclease activity and
also de-adenylation of the tail and 3’-t0-5” exonuclease-mediated transcript decay. In order to
tackle the aforementioned genetic disorders, or any disorder that is due to a similar mutation,
inhibition of this pathway 10 a gene-specific and sequence-specific manner 1s therefore crucial.
{0180] In some aspects, provided herein are methods for recoding a PTC, which results in an
increase of mRNA levels, and in translational read-though of the recoded mRNA wnto a full-
length protein. In some embodiments, the methods and compositions provided herein allow for
PTC read-through of more than 4%, more than 5%, more than 10%, more than 12%, more than
15%6, more than 20%, or more than 30%. In some embodiments, the methods and compositions
herem allow for suppression of nonsense-mediated decay (NMD) by more than 10%, more than
12%, more than 15%, more than 20%, or more than 30%. PTC read-through can be assayed by
evaluating protein levels, either by directly quantifying the protein expression or by assaying an
activity of the expressed protein. Methods for assessing NMD suppression are also known 1o the
art. For example, to assess NMD suppression, a known NMD- inhibition reporter assay {Zhang
et al. 1998, RNA 4(7}:801-815) can be used, and translational read-through of a gene carrying a
PTC can also be assessed. As exemplified herein, fluorescent reporter genes carrying nonsense
mutations were used as the target sequence. Without correction, this nonsense mutation leads to a
lower abundance of mRNA {as a result of NMD) as well as to a truncated protein, resulting in
the absence of fluorescent signal. As shown herein, correction of the mutation via targeted
pseudourtdylation allows the full length protein to be translated from the mRINA. The skilled
person understands that the PTC region of the fluorescent reporter constructs described herein
can be exchanged by any other model or therapeutically relevant target RNA of interest.

{0181] In some embodiments, provided herein are methods for recoding a PTC in an RNA
encoding a protein, wherein the method results in expression of the full-length protein in the host
cell of at least 4% (e.g., at least 5%, at least 6%, at least 7%, at least 8%, at least 9% or at least
10%) of the expression level of the full-length protein without a premature termination codon. In

some embodiments, the method results in expression of the full-length protein, wheremn the
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expression of the protein is detectable without enrichment (e.g., without enrichment by
mmunoprecipitation). In some embodiments, the protein is detected via a tag {eg, via a
fluorescent tag). In some embodiments, the protein is detected by immeo-staining according to
methods known in the art. In some embodiments, the method results in expression of the full-
length protein in at least 20% of host cells (e g, at least 25%, at least 30%, at least 35%, at least
40%, at least 45%, or at least 50% of host cells).

{0182] In some aspects, provided herein are methods for treating, preventing, and/or blocking
nonsense-mediated RNA decay of a target mRNA, the methods comprising introducing a guide
small nucleolar RNA (gsnoRNA) and a nucleic acid molecule encoding a DEC1 protein into the
host cell, wherein the gsnoRNA comprises a guide sequence that hybridizes to a premature
termination codon (PTC) sequence comprising a target uridime residue in the target mRNA, and
wherein the gsnoRNA recruits the DKC1 protein to modify the target uridine residue into a
pseudouridine residue 1n the target RNA, whereby the pseudouridylation of the target uridine
promotes read-through of the PTC. In some embodiments, the DKCI protein 1s a DKC1 soform
with cytoplasmic localization. In some embodiments, the DKC1 protein s part of a
ribonucleoprotein {RNP) complex that associates with the gsnoRNA. In some embodiments, the
DEKC1 protein comprises a deletion of a nuclear localization signal (NLS) relative to a wildtype
DK proten of the same species. In some embodiments, the DKC1 protein s a truncated
DEKC1 varant or a DKC1 varant comprising a deletion, such as any of the truncation or deletion
variants described in Section I A above.

{0183] In some embodiments, the DKC1 protein 1s an endogenous protein of the host cell. In
some embodiments, the DKCI protemn is an endogenous, naturally expressed DKC1 isoform of
the host cell, wherein the DKC1 isoform has cytoplasmic localization in the host cell. In some
embodiments, the DKC'1 protein corresponds to isoform 2 of a human DKC1 protem.

{0184] In some embodiments, the DKC1 and snoRNA can be delivered into the cell together
{e.g., as part of a ribonucleoprotein (RNP) complex). In some embodiments, the snoRNP
comprises the gsnoRNA and DKC1, NHP2, GAR1, and/or NOP10.

{0185] In some embodiments, provided herein 1s a method for editing a target RNA in a host
cell, comprising introducing an engineered gsnoRNA into the host cell, wherein the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target unidine residue in

the target RNA (e.g., mRNA), wherein the host cell expresses a DKC1 isoform with cytoplasmic
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localization, and wherein the gsnoRNA recruuts the DKC1 1soform to modify the target uriding
residue 1nto a pseudouridine residue in the target RNA. In some embodiments, the method
comprises introducing a splice-switching antisense oligonuclectide (ASQO) into the host cell,
wherein the ASO enhances expression of a DKC1 protein that is an endogenous DKC1 soform
with cytoplasmic localization in the host cell.

{0186] Splice-switching antisense oligonucleotides (ASOs) alter splicing by directing splice
site selection. Splice-switching ASOs can modulate pre-mRNA splicing by binding to target pre-
mRINAs and blocking access of the splicing machinery to a particular splice site, and can be used
to produce novel splice varants, correct aberrant splicing or manipulate alternative splicing,
Methods for the design and delivery of splice-switching antisense oligonucleotides to cells have
been described, for example in U.S. Patent Publications US20180334677 and US20120040017,
U.S. Patent No. 10,190,117, and Disterer et al. Hum Gene Ther. 2014 Jul;25(7):587-98, the
contents of which are herein incorporated by reference in their entirety.

{0187} In some embodiments, the splice~switching ASO binds to a pre-mRNA of a DECT gene
and directs sphicing of DKCT isoform 3. In some emboduments, introducing the splice-switching
ASQO increases expression of a DKL protein that 15 an endogenous BKCT 1soform with
cytoplasnuic localization m the host cell by at least 1.1+, 1.2-, 1.3+ 1.4~ 1.5, 1.6~ 1.7-, 1.&-, 1.9,
2-, 3-, 4-, 5-, or 10~ fold compared to the expression of the same 1soform in the host cell 1 the
absence of the ASQ. In some embodiments, adminstering the splice-switching ASO mcreases
expression of DKC1 isoform 3 by at feast 1.1, 1.2+, 1.3-, 1.4-, 1.5- 1.6-, 1.7-, 1.8-, 1.9, 2-, 3-,
4-, 5-, or 10- fold compared to the expression of DKC1 isoform 3 in the host cell in the absence
of the ASG.

{0188] In some embodiments, the sphice-switching ASOs may be delivered via aptamers,
Inverse Molecular Sentinel nanoprobes, ASO encapsulated hiposome-DNA-polycation or ASQO
encapsulated liposome-protamine-hyluronic acid nanoparticles and the like. Suitable methods of
delivering aptamers can be found in Kotula, J. W, et al | Aptamer-mediated delivery of splice-
switching oligonucleotides to the nucler of cancer cells. Nucleic Acid Ther, 2012, 22(3). p. 187-
95, the contents of which are incorporated by reference in their entirety.

{0189] In some embodiments, provided herein is a method for editing a target RNA in a host
cell, comprising introducing an engineered gsnoRNA into the host cell, wherein the gsnoRNA

comprises a guide sequence that hybridizes to a sequence comprising a target uridine residue in
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the target RNA, wherein the gsnoRNA comprises a scaftold sequence derived from wildtype
ACAT9, ACA44, ACA27 B2, ACA3, ACA17, ACAZb or ACA36, and wherein the gsnoRNA
recruits a DKC1 protein in the host cell to modify the target uridine residue into a pseudouridine
residue in the target RNA {e.g., mRNA}. In some embodiments, the gsnoRNA comprises a
scaffold sequence derived from wildiype ACA2b or ACA36. In some embodiments, the DKC1
protein 15 a DKC1 soform with cytoplasmic localization. In some embodiments, the DKC1
protein i1s part of a ribonucleoprotein (RNP) complex that associates with the gsnoRNA.

[0198] In some embodiments, provided herein is a method for editing a target RNA in a host
cell, comprising introducing an engineered gsnoRNA into the host cell, wherein the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target unidine residue in
the target RNA, wherein the gsnoRNA comprises a scaffold sequence derived from wildtype
ACALS, ACA44, ACA27, B2, ACA3, ACAY7, ACAZb or ACA36, and wherein the gsnoRNA
recruits a DKC1 protein in the host cell to modify the target uridine residue into a pseudouridine
residue in the target RNA {e.g., mRNA}. The engineered gsnoRNA can be any one of the
engineered gsnoRNAs described in Section H B. In some embodiments, the gsnoRNA comprises
a nucleotide sequence selected from the group consisting of SEQ 1D NGs: 4-6, 9-12, 15-19, 22-
36, and 177-179. In some embodiments, the BKC1 protein 1s a DKL isoform with cytoplasmic
focalization. In some embodiments, the DKC1 protein 1s part of a ribonucleoprotein (RNP)
complex that associates with the gsnoRNA. In some embodiments, the BKCH protein comprises
a deletion of a nuclear localization signal (NLS) relative to a wildtype DKC1 protein of the same
species. In some embodiments, the DKC1 protein 1s a truncated DKC1 vanant or a BKC1
variant comprising a deletion, such as any of the truncation or deletion variants described in
Section I A above.

{0191} In some embodiments, provided herein 1s a method for editing a target RNA in a host
cell, comprising introducing an engineered gsnoRNA into the host cell, wherein the gsnoRNA
comprises a guide sequence that hybridizes to a sequence comprising a target uridine residue in
the target RNA, wherein the gsnoRINA comprises a nucleotide sequence selected from the group
consisting of SEQ 1D NOs: 4-6, 9-12, 15-19, 22-36, and 177-179, and wherein the gsnoRNA
recruits a DKC1 protein in the host cell to modify the target uridine residue into a pseudouridine
residue 1n the target RNA. In some embodiments, the DKC1 protein 15 a DKC1 1soform with

cytoplasmic localization. In some embodiments, the DKC1 protein comprises a DKC1 protein
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fragment corresponding to amino acid residues 1 to 419 of a full-length human DKC1 protein,
wherein the amino acid numbering 1s according to SEQ ID NO: 1. In some embodiments, the
DKC1 protein 1s part of a ribonucleoprotein (RNP) complex that associates with the gsnoRNA.
In some embodiments, the DKC1 protein comprises a deletion of a nuclear localization signal
(NLS) relative to a wildtype DK.C1 protein of the same species. In some embodiments, the
DKC1 protemn is a truncated DKC1 variant or a DKC1 variant comprising a deletion, such as any
of the truncation or deletion vanants described in Section I A above.

[0192] In some embodiments, the methods provided herein comprise introducing a nucleic
acid molecule comprising a nucleotide sequence encoding the guide small nucleolar RNA
{gsnoRNA} in tandern with a nucleotide sequence encoding the target RNA into a host cell In
some embodiments, the nucleotide sequence encoding the gsnoRNA 15 driven by a U6 or Ul
promoter. In some embodiments, the nucleotide sequence encoding the target RNA 1s driven by
the same or a different promoter. In some embodiments, the gsnoRNA encoded in tandem with a
nucleotide sequence encoding the target RNA provides at least 1.1, 1.2- 1.3, 1.4~ 1.5- 1.6,
1.7-, 1.8, 1.9+, or 2-fold greater editing efficiency of the target RNA compared to the same
gsnoRNA encoded in a separate nucleic acid molecule from the target RNA.

{8193] In some embodiments, the methods provided herein comprise introducing the guide
small nucleolar RNA (gsnoRINA) to an endogenous nucleic acid molecule of a host cell, wherein
the endogenous nucleic acid molecule comprises a nucleotide sequence encoding the target
RNA. In some embodiments, the itroducing comprises inserting a nucleotide sequence
encoding the gsnoRNA into a region of the endogenous nucleic acid molecule that is directly or
mdirectly adjacent to the region encoding the target RNA. In some embodiments, the nucleotide
sequence encoding the gsnoRNA 1s driven by a U6 or Ul promoter. Methods for inserting
nucleotide sequences into endogenous nucleic acid molecules are known in the art, such as
cuided-nuclease {e.g., CRISPR/Cas) editing and homology-directed repair. In some
embodiments, the gsnoRNA mserted into a region of an endogenous nucleic acid molecule that
is directly or indirectly adjacent to a nucleotide sequence encoding the target RNA provides at
least 1.1-, 1.2~ 1.3-, 1.4- 1.5- 1.6-, 1.7-, 1.8~ 1.9-, or 2-fold greater editing efficiency of the
target RNA compared to the same gsnoRNA encoded in a separate nucleic acid molecule from

the target RNA.
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{0194] In some embodiments, the degree of recruiting and redirecting the pseudouridyiation
entities resident in the cell may be regulated by the dosing and the dosing regimen of the
gsnoRNA. This 1s something to be determined by the experimenter {e.g., in vitro} or the
clinician, usually in phase T and/or i1 chinical trials.

{0195} In some embodiments, the methods provided herein comprise modification of target RNA
{e.g., mRNA) sequences in eukaryotic, {e.g., metazoan or mammalian cells, such as human
cells). In some aspects, the methods and compositions provided herein can be used with cells
from any organ e.g. skin, lung, heart, kidney, liver, pancreas, gut, muscle, gland, eve, brain,
blood and the like. The cell can be located in vitro or in vivo. One advantage of the methods,
compositions, systems, kits, and articles of manufacture of the present disclosure 1s that they can
be used with cells m situ in a hiving organism, but can also be used with cells 10 culture. In some
embodiments cells are treated ex vivo and are then introduced nto a hiving organism {e.g. re-
ntroduced into an organism from whom they were originally derived). The methods,
compositions, systems, kits, and articles of manufacture of the present disclosure can also be
used to edit target RNA sequences tn cells within a so-called organoid. Organoids can be thought
of as three-dimensional in vitro-derived tissues but are driven using specific conditions to
generate individual, 1solated tissues (e.g. see Lancaster and Knoblich. 2014, Science 345
(61943:1247125). In a therapeutic setting they are useful because they can be derived 1n vitro
from a patient’s cells, and the organoids can then be re~ntroduced to the patient as autologous
material, which is less likely to be rejected than a normal transplant. The cell to be treated will
generally have a genetic mutation. The mutation may be heterozygous or homozygous. In some
embodiments, the methods and composttions provided herein can be used to modify point
mutations. In some embodiments, the methods and compositions provided herein are suitable for
modifying sequences in cells, tissues or organs implicated in a diseased state of a subject {e.g., a
human subject), for instance when the human subject suffers from a disease associated with a
PTC.

{03196] The present disclosure provides methods that can be used to make a change
{pseudouridylation) in a target RNA sequence in a eukaryotic cell through the use of an
oligonucleotide {e.g., any of the gsnoRNAs described in Section II B above, or any gsnoRNA
based on the engineered scaffolds described in Section 11 B above) that is capable of targeting a

site to be edited and recruiting RNA editing proteins (e g, DKC1} to bring about the editing
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reaction{s). In some embodiments, the DKC1 1s endogenous DKC1. In some embodiments, the
DKC1 1s exogenously delivered. In some embodiments, the method comprises increasing the
relative proportion of DKC1 1soform 3 or a DKC1 protein with cytoplasmic localization. The
target RNA sequence may comprise a mutation that one may wish to correct or alter, such as a
point mutation {a transition or a trans version). The target RNA may be any cellular or viral RNA
sequence, but 15 more usually a pre-mRNA or an mRNA with a protein coding function. In some
embodiments, the target sequence is endogenous to the eukarvotic, (e.g., mammalian, e g,
human) cell.

[0197] In some embodiments, the methods provided herein are suitable for promoting read-
through of a PTC, wherein the PTC is an opal codon (UGA), an amber codon (UAG), or an
ochre codon (UAA). In some embodiments, the PTC 1s an opal codon, and the method results at
least 10%, at least 15%, at least 20%, or at least 25% read-through efficiency, wherein read-
through efficiency 15 assaved as the percent of protein expression or activity {e.g., fluorescent
mtensity) compared to a control that lacks the PTC. In some embodiments, the PTC 15 an amber
codon {LJAG), and the method results in at least 2%, at least 5%, at least 10%, at least 12%, or at
ieast 14% read-through efficiency, wherein read-through efficiency 1s assaved as the percent of
protein expression or activity (e g., fluorescent mtensity} compared to a control that lacks the
PTC. In some smbodiments, the method results in at least 20%, 25%, 30%, 35%, 40%, 45%,
30%, 55%, 60%, 65%, or 70% of cells expressing detectable levels of the full-length protem
encoded by a target gene comprising the PTC.

{0198] In some embodiments, the target uriding in the target RNA 1s a premature termination
codon in a sequence encoding a protein, wherein the method results in expression of the full-length
protein in the host cell at at least 4% (e.z., at least 5%, at least 6%, at least 7%, at least 8%, at least
9%, at least 10%, or higher} of the expression level of the full-length protein without a premature
termination codon.

{0199] In some embodiments, the target uridine 1n the target RNA is a premature termination
codon in a sequence encoding a protein, wherein the method results in expression of the full-
length protein, and wherein the expression of the protein is detectable without enrichment {e g,
without enrichment by immunoprecipitation}. In some embodiments, the protein is detected via a
tag {e.g., via a fluorescent tag). In some embodiments, the protein s detected by immo-staining

according to methods known i the art.
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{0200] In some embodiments, the target uridine 1in the target RNA is a premature termination
codon in a sequence encoding a protein, wherein the method results in expression of the full-length
protein in at least 20% of host cells, e g, at least 25%, at least 30%, at least 35%, at least 40%, at
least 45%, at least 50%, or higher percentage of host cells.

10201} Also provided are engineered gsnoRNA compositions or engineered RNA editing
systems described herein for use in any one of the methods described herein, such as a method of
editing a target RNA or a method of treatment. Use of any one of the engineered gsnoRNA
composttions or engineered RNA editing systems described herein in the preparation of a
medicament for treating a disease or condition.

A. Methods of treatment

[0202] In some aspects, the methods provided herein comprise moditying a target RNA using
a gsnoRNA that recruits a DKC1 protem to modify the target RNA. In some embodiments, the
gsnoRNA hybridizes to a target a sequence comprising a target undine residue, and the
modification of the RNA comprises modification of the target unidine to pseudouridine.
[0203] In some embodiments, the target RNA s an endogenous RNA of a cell{e.g, a
eukaryotic cell such as a mammalian or human cell). In some embodiments, the target RNA 15 an
endogenously transcribed RNA of the cell {e.g., transcribed from an endogenous nucleic acid
sequence of the cell}. In some embodiments, the target RNA 15 transcribed from a nucleic acid
sequence that has been introduced into the cell (e.g., an RNA transcribed from an exogenously
added nucleic acid molecule). In some embodiments, the target RNA is a ribosomal RNA. In
some embodiments, the target RNA 15 2 messenger RNA {mRNA).
10204] In some embodiments, the sequence comprising the target uridine in the target RNA 1
a stop codon, and modification of the target uridine fo pseudouridine causes the stop codon to be
translated as a coding codon. In some embodiments, the stop codon 1s a premature termination
codon {(PTC). In some embodiments, the PTC s associated with a genetic disease or condition.
Converting the target uridine in such a PTC to a pseudouridine, by using the means and methods
of the present disclosure, then results in proper read-through of the reading frame during
translation, thereby providing a (partly or fully) functional full length protein.
{0205] In some embodiments, provided herein is a method of treating a disease or condition
associated with a PTC 1n a target RNA 1in a subject, comprising editing the target RNA m a cell
of the subject using any of the RNA editing methods described herein, wherein the gsnoRNA
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comprises a guide sequence that hybridizes to the PTC in the target RNA, and wherein
modification of the uridine residue in the PTC to a pseudouridine residue causes translation read-
through of the PTC in the target RNA, thereby treating the disease or condition in the subject.
{0206] In some embodiments, the method of treating a disease or condition associated with a
PTC in a target RNA in a subject comprises introducing an engineered gsnoRNA into a host cell
of the subject, wherein the gsnoRNA comprises a guide sequence that hybridizes to the PTC
comprising the uridine residue in the target RNA, wherein the gsnoRNA comprises a scaffold
sequence denived from wildtype ACAZb, ACA36, ACA44, ACA27, E2, ACA3, or ACALT7, and
wherein the gsnoRINA recruits a DKC1 protein in the host cell to modity the target uridine residue
into a pseudouridine residue in the target RNA. In some embodiments, the DKC1 protein is an
endogenous DRC1 protein of the host cell. Tn some embodiments, the method further comprises
introducing a nucleic acid encoding the DKC1 protein into the host cell. Tn some embodiments,
the DEC1 protein has cytoplasmic localization in the host cell. In some embodiments, the DKCH
protein comprises a DRC1 protemn fragment corresponding to amino acid residues 41 to 420 of a
human DKC1 1soform 3 protemn, wherein the amuno acid numbering 1s according to SEQ 1D NO:
2. Tnsome embodiments, the BKC1 protein comprises an amino acid sequence having at least 85%
{e.g., at least about any one of 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or more)
identity to SEQ ID NO: 88, In some embodiments, the DKC1 protemn comprises the amino acid
sequence of SEQ 1D NG: 88,

{0207} In some embodiments, the method of treating a disease or condition associated with a
PTC in a target RNA 1n a subject comprises introducing an engineered gsnoRNA into a host cell
of the subject,, wherein the gsnoRINA comprises a guide sequence that hybridizes to the PTC
comprising the target uridine residue in the target RNA, wherein the gsnoRNA comprises a
nucleotide sequence selected from the group consisting of SEQ 1D NOs: 4-6, 9-12, 15-19, 22-36,
and 177-179, and wherein the gsnoRNA recruits a DKC1 protein in the host cell to modify the
target uridine residue into a pseudouridine residue in the target RNA. In some embodiments, the
DKC1 protein 1s an endogenous DKC1 protein of the host cell. In some embodiments, the method
further comprises introducing a nucleic acid encoding the DKC1 protein into the host cell. Insome
embodiments, the DKC1 protein has cytoplasmic localization in the host celll In some
embodiments, the DKC1 protein comprises a DKC1 protein fragment corresponding to anuno acid

residues 41 to 420 of a human DKC1 isoform 3 protein, wherein the amino acid numbering is
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according to SEQ ID NO: 2. In some embodiments, the DKC1 protein comprises an amino acid
sequence having at least 85% (e.g., at least about any one of 90%, 91%, 92%, 93%, 94%, 95%,
96%, 7%, 98%, 99%, or more} identity to SEQ ID NO: 88. In some embodiments, the DKC1
protein comprises the amino acid sequence of SEQ 1D NO: 88,

{0208] Insome embodiments, the gsnoRNA is a half gsnoRNA, e.g., comprising a single hairpin
and an H box, or a single hairpin and an ACA box. In some embodiments, the gsnoRNA comprises
or consists of any one of the sequences set forth in SEQ ID NOS: 83-100 and 113-128, as shown
in FIG. 12B and FIG. 13

[0209] In some embodiments, the method of treating a disease or condition associated with a
PTC in a target RNA in a subject comprises introducing an engineered gsnoRNA into a host cell
of the subject, wherein the gsnoRNA comprises a sequence selected from SEQ 1D NOs: 71-84.
Sequences of exemplary engineered gsnoRNAs targeting uridine residues of exemplary disease-
associated PTCs are shown in Table 4.

{0210] In some embodiments the method of treating a disease or condition associated with a
PTC in a target RNA 11 a subject comprises introducing (a) an engineered gsnoRNA and (b a
splice-switching antisense oligonucleotide (ASO) mto a host cell of the subject, wherein the
gsnoRNA comprises a guide sequence that hybridizes to a sequence comprising a target uniding
residue in the target RNA, wherein the ASQO enhances expression of a DKCI protein that 1s an
endogenous DKC1 soform with cytoplasmic localization in the host cell, and wherein the
gsnoRNA recruits the DKC1 protein to modify the target uridine residue into a pseudouridine
residue in the target RNA. In some embodiments, the sphice-switching ASO binds to a pre-
mRNA of a DKC/ gene and directs sphicing of DKC/ isoform 3. In some embodiments,
mtroducing the sphice-switching ASQO mcreases expression of a DKC1 protein that is an
endogenous DKCT 1soform with cytoplasmic localization in the host cell by at least 1.1-, 1.2-,
13-, 1.4~ 1.5- 1.6-,1.7-, 1.8-, 1.9-, 2-, 3-, 4-, 5-, or 10~ fold compared to the expression of the
same 1soform in the host cell 1n the absence of the ASQO. In some embodiments, administering
the splice-switching ASO increases expression of DKC1 isoform 3 by at least 1.1-, 1.2-, 1.3,
1.4-,1.5- 16~ 1.7-, 1.8-, 1.9-, 2-, 3~ 4~ 5- or 10- fold compared to the expression of DKC1
isoform 3 in the host cell in the absence of the ASQ. In some embodiments, the gsnoRNA
comprises a scaffold sequence derived from a wildtype H/ACA-~snoRNA selected from the group

consisting of ACA19, ACA2b, ACA36, ACA44, ACA27, B2, ACA3, and ACA17. In some
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embodiment, the gsnoRNA comprises a scaffold sequence derived from ACA2b. In some
embodiments, the gsnoRNA comprises a scaffold sequence derived from ACA36. In some
embodiments, the gsnoRNA comprises a scaffold sequence derived from ACA19. In some
embodiments, the gsnoRNA comprises a nucleotide sequence selected from the group consisting
of SEQ 11> NQOs: 3-12, 15-19, 22-36, and 177-179. In some embodiments, the gsnoRNA
comprises a nucleotide sequence selected from the group consisting of SEQ 1D NQOs: 15-19,
{0211} In some embodiments, the disease or condition is selected from the group consisting of
Cystic fibrosis, Hurler Syndrome, alpha-1-antitrypsin (A1 AT) deficiency, Parkinson’s disease,
Alzhemmer's disease, albinism, Amyotrophic lateral sclerosis, Asthma, 8-thalassenua, Cadasil
syndrome, Charcot-Marie-Tooth disease, Chronic Obstructive Pulmonary Disease (COPD),
Distal Spinal Muscular Atrophy (DSMA), Duchenne/Becker muscular dystrophy, Dystrophic
Epwdermolysis bullosa, Epidermolysis buliosa, Fabry disease, Factor V Leiden associated
disorders, Famihal Adenomatous Polyposis, Galactosemia, Gaucher's Disease, Glucose-6-
phosphate dehydrogenase, Haemophilia, Hereditary Hemochromatosis, Hunter Syndrome,
Huntington's disease, Inflammatory Bowel Disease (IBD), Inherited polyagglutination syndrome,
Leber congenital amaurosis, Lesch-Nyhan syndrome, Lynch syndrome, Marfan syndrome,
Mucopolysaccharidosis, Muscular Bystrophy, Myotonic dystrophy types [ and 11,
neurcfibromatosis, Niemann-Pick disease type A, B and C, NY-esol related cancer, Peutz-
Jeghers Syndrome, Phenylketonuria, Pompe’s disease, Primary Ciliary Disease, Prothrombin
mutation related disorders, such as the Prothrombin G20210A mutation, Pulmonary
Hypertension, (autosomal dominant) Retinitts Pigmentosa, Sandhoff Disease, Severe Combined
Immune Deficiency Syndrome (SCID}, Sickle Cell Anemua, Spinal Muscular Atrophy,
Stargardt’s Dhsease, Tay-Sachs Dhsease, Usher syndrome, X-linked immunodeficiency, Sturge-
Weber Syndrome, and cancer. Exemplary diseases or conditions associated with PTCs in target
RNAs are listed i the Human Gene Mutation Database (HGMD®, available at hgmd. cf ac uk)
and ClinVar database (see Landrum et al. ClinVar: improvements to accessing data. Nucleic
Acids Res. 2020; 48(D1): D835-D844; available at ncbi.nlm.nih.gov/clinvar/intro). In some
embodiments, threonine or serine 1s mcorporated at the WAA and WAG codons, and
phenylalanine or tyrosine at the WGA codons.

[0212] Insome embodiments, the present disclosure provides for the use of a nucleic acid

molecule (encoding an engineered gsnoRNA as described herein) in the manufacture of a
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medicament for the treatment of one or more of the diseases listed herein. In some embodiments,
provided herein are engineered gsnoRNA for use in the treatment of cystic fibrosis (CF).
Exemplary PTCs associated with CF are known 1n the art, for example as described in
mternational patent publication W(02019191232, the contents of which are herein incorporated
by reference in their entirety. Exemplary cystic fibrosis-associated PTC mutations include, but
are not limited to, GS42X (UGA), W1282ZX (UGA), RS53X (UGA), R1162X (UGA), Y122X
(UAA), WI089X, WE46X, and W401X mutations, which can be modified through
pseudouridylation to amino acid encoding codons, thereby allowing the translation to full length
proteins. It has for instance been well established in the art that YA A and WAG codons are both
translated to serine or threonine, whereas a WGA 1s translated to tyrosine or phenylalanine,
instead of being seen as a stop codon (Karyjolich and Yu, 2011). In some emboduments, the host
cell is an archaeal or eukaryotic cell. In some embodiments, the host cell s a mammalian cell In
some embodiments, the host call 1s a human cell. In some embodiments, the method 1s carried
out in vive. In other embodiments, the method 15 carried out ex vivo.

{8213] The methods of the present disclosure can be applied to suppress NMD and/or promote
PTC read-through of a disease-associated PTC for a wide range of known disease-associated
PTCs. There are a large number of human diseases that result from nonsense mutations in the
respective disease genes. For instance, Usher syndrome 15 an inherited retinal dystrophy (IRD)
that 1s the principal cause of combined deafness and blindness. Nonsense mutations occur in
12% of Usher syndrome patients and have been described in different genes, such as

the USH2A gene. Some Hurler Syndrome patients, suffering from skeletal abnormalities and
cognitive impairment, carry a nonsense muitation in the /DUA gene that prevents the production
of a functional full-length IDUA protein in these patients. A substantial fraction of cystic fibrosis
(CF) cases, a chronic disease affecting the hungs and the digestive system, 1s due to nonsense
mutations in the CFTR gene. The PTCs resulting from these nonsense mutations are identified in
the coding region at several different sites, each of which leads to total lack of functional full-
length CFTR protein. Nonsense mutations are also found in some relevant oncogenes of many
cancer patients, resulting in complete lack of full-length protein products. Given the deleterious
role of nonsense mutations in gene expression and disease, nonsense suppression becomes an

attractive strategy and the ultimate goal in combating these diseases.
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C. Delivery to target cells

{0214} In some aspects, the methods provided herein comprise delivering (e.g., administering} a
gsnoRNA and/or BKC1 protein, or a nucleic acid encoding the gsnoRNA and/or DKC1 protein,
to a host cell comprising the target RNA. The amount of nucleic acid encoding a gsnoRNA
and/or DKC1 protein to be administered, the dosage and the dosing regimen can vary from cell
type to cell type, the disease to be treated, the target population, the mode of administration (e.g.
systemic versus local), the severity of disease and the acceptable level of side activity, but these
can and should be assessed by trial and error during in vitro research, in pre-clinical and clinical
trials. The trials are particularly straightforward when the modified sequence leads to an eastly-
detected phenotypic change.

[0215] In some embodiments, the method comprises delivering one or more nucleicacids {e.g., a
gsnoRNA or a nucleic acid encoding the gsnoRNA and/or DKC1 protein) and/or a pre-formed
gsnoRNA protein complex (which may comprise the gsnoRNA, DKCI protein, NOP10 protein,
GARI protein, and/or NHP2 protein) to a cell (e g., a mammalian or human cell). Exemplary
intracellular delivery methods, include, but are not limated to: viruses or virus-like agents;
chemical-based transfection methods, such as those using calcium phosphate, dendrimers,
liposomes, or cationic polymers {e.g., DEAE-dextran or polyethylenimine}; non-chemical
methods, such as microinjection, electroporation, cell squeezing, sonoporation, optical
transfection, impalefection, protoplast fusion, bacterial conjugation, delivery of plasmids or
transposons; particle-based methods, such as using a gene gun, magnectofection or magnet
assisted transfection, particle bombardment; and hybrid methods, such as nucleofection. In some
embodiments, the present application further provides cells produced by such methods, and
organisms {e.g., non-human mammals) comprising or produced from such cells.

{0216] Methods of non-viral delivery of nucleic acids include lipofection, nucleofection,
microinjection, biolistics, virosomes, hiposomes, immunoliposomes, polycation or hipid:nucleic
actd conjugates, naked DNA artificial virions, and agent-enhanced uptake of DNA. Lipofection
is described ine.g., U.S. Pat. Nos. 5,049,386, 4,946,787, and 4,897 355, and hipofection reagents
are sold commercially (e g, TRANSFECTAMINE™ and LIPOFECTAMIN®). In some
embodiments, LIPOFECTAMINE® 2000 is used to transfect a nucleic acid encoding the
gsnoRNA and/or the DKC1 protein (e.g., a nucleic acid vector encoding the gsnoRNA and/or the

DKC1 protein).
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{0217} One suitable trial technique involves delivering the nucleic acid molecule according to
the present disclosure to cell extracts, cell lines, or a test organism and then taking biopsy
samples at various time points thereafier. The sequence of the target RNA can be assessed in the
biopsy sample and the proportion of cells having the modification can easily be followed. After
this trial has been performed once then the knowledge can be retained and future delivery can be
performed without needing to take biopsy samples. A method of the present disclosure can thus
mnclude a step of identifying the presence of the desired change in the cell’s target RNA
sequence, thereby venfying that the target RNA sequence bas been modified. The change may be
assessed on the level of the protein (length, glycosylation, function or the like), or by some
functional read-out, such as a(n} (inducible) current, when the protein encoded by the target
RNA sequence 15 an ion channel, for example. In the case of CFTR function, an Ussing chamber
assay or an NPD test in a marmamal, including humans, are well known to a person skilled in the
art to assess restoration or gain of function.

[0218] After pseudounidylation has occurred 1 a cell, the modified RNA can become diluted
over time, for example due to cell division, limited half-life of the edited RNAs, etc. Thus, in
practical therapeutic terms a method of the present disclosure may mvolve repeated delivery of
an ohigonucleotide until enough target RNAs have been modified to provide a tangible benefit to
the patient and/or to maintain the benefits over time.

{0219] In some embodiments, gsnoRNAs can be delivered to cells in the form of a naked
nucleic acid. One sther way by which such constructs (a gsnoRNA and/or DKCI protein, or a
nucleic acid encoding the gsnoRNA and/or DKC1 protein) can be delivered to the cell (either in
vitro, ex vivo Of in vive) 1s by using a delivery vehicle such as a viral vector.

{0228} Conventional viral based systems for nucleic acid delivery include retroviral, lenti virus,
adenoviral, adenc-associated and herpes simplex virus vectors. Integration in the host genome 13
possible with the retrovirus, fentivirus, and adeno-associated virus methods, often resulting in
long term expression of the inserted transgene. Additionally, high transduction efficiencies have
been observed in many different cell types. The tropism of a retrovirus can be altered by
mncorporating foreign envelope proteins, expanding the potential target population of target cells.
Lentiviral vectors are retroviral vectors that are able to transduce or infect non-dividing cells and
typically produce high viral titers. Retroviral vectors are comprised of cis-acting long terminal

repeats with packaging capacity for up to 6-10 kb of foreign sequence. The minimum cis-acting

68



CA 03219203 2023-11-06

WO 2022/247896 PCT/CN2022/095172

LTRs are sufficient for replication and packaging of the vectors, which are then used to integrate
the nucleic acids mto the target cell to provide permanent transgene expression. Widely used
retroviral vectors include those based upon murine leukemia vims (MuLV}, gibbon ape leukemia
virus (GalV), Simian Immuno deficiency vims (81IV), human immuno deficiency vims (HIV),
and combinations thereof. In applications where transient expression is preferred, adenoviral
based systems may be used. Adenoviral based vectors are capable of very high transduction
efficiency in many cell types and do not require cell division. With such vectors, high titer and
levels of expression bave been obtained. This vector can be produced in large quantities in a
relatively simple system.

{0221] Packaging cells are typically used to form virus particles that are capable of infecting a
host cell. Such cells include 2937 cells, which package adenovirus, and w2 cells or PA317 cells,
which package retrovirus. Viral vectors are usually generated by producing a cell line that
packages a nucleic acid vector into a viral particle. The vectors typically contain the minimal
viral sequences required for packaging and subsequent integration mto a host, other viral
sequences being replaced by an expression cassette for the polynucieotide(s) to be expressed.
The missing viral functions are typically supplied in trans by the packaging cell line. For
example, AAV vectors used in gene therapy typically only possess I'TR sequences from the AAY
genome which are required for packaging and mtegration into the host genome. Viral DNA i3
packaged in a cell line, which contains a helper plasmid encoding the other AAV genes, namely
rep and cap, but lacking I'TR sequences. The cell line may also be infected with adenovirus as a
helper. The helper virus promotes replication of the AAV vector and expression of AAV genes
from the helper plasmid. The helper plasmid 13 not packaged in significant amounts due to a lack
of ITR sequences. Contamination with adenovirus can be reduced by, e.g., heat treatment to
which adenovirus 1s more sensitive than AAV.

{0222] In some embodiments, the viral vector is based on Adeno-Associated Virus (AAV). In
some embodiments, the viral vector is for instance a retroviral vector such as a lentivirus vector
and the like. Also, plasnuds, artificial chromosomes, and plasmids usable for targeted
homologous recombination and integration m the human genome of cells may be suitably
applied for delivery of a gsnoRNA as described herein. In some embodiments, when the
gsnoRNA 1s delivered by a viral vector, it 15 1 the form of an RNA transcript that comprises the

sequence of an oligonucleotide according to the present disclosure i a part of the transcript. In
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some embodiments, an AAV vector according to the present disclosure is a recombinant AAY
vector and refers to an AAV vector comprising part of an AAV genome comprising an exon-
miron-exon sequence according to the present disclosure encapsidated in a protein shell of capsid
protein derived from an AAV serotype. Part of an AAV genome may contain the inverted
terminal repeats (ITR} derived from an adeno-associated virus serotype, such as AAVL, AAV2,
AAV3, AAV4 AAVS, AAV6, AAVT, AAVE, AAV9 and others. Protein shell comprised of
capsid protein may be derived from an AAV serotype suchas AAVL, 2,3, 4,5,6,7, 8, 9and
others. A protein shell may also be named a capsid protein shell. AAV vector may have one or
all wild type AAV genes deleted, but may still comprise functional TTR nucleic acid sequences.
Functional ITR sequences are necessary for the replication, rescue and packaging of AAV
virions. The [TR sequences may be wild type sequences or may have at least 80%, 85%, 90%,
95, or 100% sequence identity with wild type sequences or may be altered by for example in
nsertion, mutation, deletion or substitution of nucleotides, as long as they remain functional In
this context, functionality refers to the ability to direct packaging of the genome mto the capsid
shell and then allow for expression n the host cell to be infected or target cell. In the context of
the present disclosure a capsid protemn shell may be of a different serotype than the AAV vector
genome [TR. An AAYVY vector according to the present disclosure may thus be composed of a
capsid protein shell, 1.e. the icosahedral capsid, which comprises capsid protens (VP1, VP2,
and/or VP3} of one AAV serotype, e.g. AAV serotype 2, whereas the ITRs sequences contained
in that AAVZ vector may be any of the AAV serotypes described above, including an AAV2
vector. An “AAVZ vecior” thus comprises a capsid protein shell of AAV serotype 2, while e g.
an“AAVS vector” comprises a capsid protein shell of AAV serotype 5, whereby either may
encapsidate any AAV vector genome [TR according to the present disclosure. In some
embodiments, a recombinant AAV vector according to the present disclosure comprises a capsid
protein shell of AAV serotype 2, 5, 8 or AAV serotype 9 wherein the AAV genome or I'TRs
present in satd AAV vector are derived from AAVY serotype 2, 5, 8 or AAVY serotype 9; such
AAV vector is referred to as an AAV2/2, AAV 2/5, AAV2/S, AAV2/9, AAVS/2, AAVS/S,
AAVS/R, AAV 5/9, AAVS/2, AAV 8/5, AAVR/S, AAVR/S, AAVY/2, AAVY/S, AAVY/S, or an
AAVY/9 vector,

[0223] In some embodiments, a recombinant AAV vector according to the present disclosure

comprises a capsid protein shell of AAY serotype 2 and the AAV genome or ITRs present in
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said vector are derived from AAV serotype 5; such vector is referred to as an AAV 2/5 vector. In
some embodiments, a recombinant AAY vector according to the present disclosure comprises a
capsid protein shell of AAV serotype 2 and the AAY genome or I'TRs present in said vector are
derived from AAV serotype §; such vector is referred to as an AAV 2/8 vector. In some
embodiments, a recombinant AAV vector according to the present disclosure comprises a capsid
protein shell of AAV serotype 2 and the AAV genome or [TRs present in satd vector are derived
from AAV serotype 9; such vector 1s referred to as an AAY 2/9 vector. In some embodiments, a
recombinant AAV vector according to the present disclosure comprises a capsid protein shell of
AAV serotype 2 and the AAV genome or ITRs present in said vector are derived from AAV
serotype 2; such vector 15 referred to as an AAV 2/2 vector. In some embodiments, a nucleic acid
molecule harboring an exon-intron-guide RNA-ntron-exon sequence according to the present
disclosure represented by a nucleic acid sequence of choice s inserted between the AAV genome
or ITR sequences as 1dentified above, for example an expression construct comprising an
expression regulatory element operably linked to a coding sequence and a 37 termination
sequence. “AAYV helper functions” generally refers to the corresponding AAV functions required
for AAV replication and packaging supplied to the AAV vector in trans. AAV helper functions
complement the AAV functions which are missing in the AAV vector, but they lack AAV [TRs
{which are provided by the AAV vector genome). AAV helper functions include the two major
ORFs of AAV, namely the rep coding region and the cap coding region or functional
substantially identical sequences thereof. Rep and Cap regions are well known in the art. The
AAV helper functions can be supplied on an AAV helper construct, which may be a plasmid.
{0224} Introduction of the helper construct into the host cell can occur e.g. by transformation,
transfection, or transduction prior to or concurrently with the introduction of the AAV genome
present in the AAV vector as identified herein. The AAV helper constructs of the present
disclosure may thus be chosen such that they produce the desired combination of serotypes for
the AAY vector’s capsid protein shell on the one hand and for the AAV genome present in said
AAV vector replication and packaging on the other hand. “AAV helper virus” provides
additional functions required for AAV replication and packaging.

{0225] Suitable AAV helper viruses include adenoviruses, herpes simplex viruses (such as
HSV types 1 and 2} and vaccinia viruses. The additional functions provided by the helper virus

can also be intreduced into the host cell via vectors, as described in US 6,531,456, In some
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embodiments, an AAY genome as present in a recombinant AAV vector according to the present
disclosure does not comprise any nucleotide sequences encoding viral proteins, such as the rep
{(replication) or cap {capsid) genes of AAV. An AAV genome may further comprise a marker or
reporter gene, such as a gene for example encoding an antibiotic resistance gene, a fluorescent
protein {e.g. gfp ) or a gene encoding a chemically, enzymatically or otherwise detectable and/or
selectable product (e.g. lacZ, aph, etc) known in the art. In some embodiments, an AAV vector
according to the present disclosure is an AAVZ/S, AAV2/8, AAV2/9 or AAVZ/2 vector.

{0226] In some embodiments, the gsnoRNA and DKC1 are delivered to the cell as a
ribonucleoprotein complex (e.g., a complex comprising the gsnoRNA. DKC1, NOP10, GARI,
and/or NHPZ). Methods for intracellular dehivery of protein or protein complexes, such as pre-
formed gsnoRNA-DKCI/NOPIU/GARI/NHPZ complex, include, but are not liumited to,
mechanical methods, such as microingection, electroporation and mechanical deformation of
cells using a microfluidic device; carrier-based methods, such as cell-penetrating peptides
(CPPs), virus-like particles, supercharged proteins, nanocarriers, supramolecular carrier-based
delivery systems, and nanoparticle-stabilized nanocapsules. See, for example, Fu ef al.
Bivconjugate Chem. 2014, 25, 1602-1608. Some mechanical methods, such as microingjection
and electroporation, can be mvasive, and low-throughput. In some embodiments, the
ribonuclesprotein complex is debivered mto the cell by inserting the complex through the cell
membrane while passing cells through a microfluidic system, such as CELL SQUEEZE® (see,
for example, U.S. Patent Application Publication No. 20140287509).

{0227 As described above, introduction of the nucleic acid molecule according to the present
disclosure into the cell is performed by general methods known to the person skilled i the art.
After pseudouridylation, the read-out of the effect {(alteration of the target RNA sequence} can be
monitored through different ways in an optional identification step. Hence, the identification step
of whether the desired pseudouridylation of the target uridine has indeed taken place depends
generally on the position of the target uridine in the target RNA sequence, and the effect that is
meurred by the presence of the undine (point mutation, PTC). Hence, in some embodiments,
depending on the ultimate effect of U to ¥ conversion, the identification step comprises:
assessing the presence of a functional, elongated, full length and/or wild type protein; assessing
whether sphicing of the pre-mRNA was altered by the pseudouridylation; or using a functional

read-out, wherein the target RNA after the pseudounidylation encodes a functional, full length,
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elongated and/or wild type protein. The functional assessment for each of the diseases mentioned
herein will generally be according to methods known to the skalled person.

{0228} The nucleic acid molecule, such as a gsnoRNA expression construct or vector according
to the present disclosure 1s suitably administrated in aqueous solution, e.g. saline, or in
suspension, optionally comprising additives, excipients and other ingredients, compatible with
pharmaceutical use. Administration may be by mhalation (e.g. through nebulization),
mtranasally, orally, by injection or infusion, intravenously, subcutaneously, intra-dermally, intra-
cramally, intravitreally, intramuscularly, intra-tracheally, intra-peritoneally, intra-rectally, and
the like. Administration may be 1o solid form, in the form of a powder, a pill, or in any other
form compatible with pharmaceutical use in humans. The present disclosure 1s particularly
suttable for treating genetic diseases, such as CF.

{0229] In some embodiments the nucleic acid molecule, such as a gsnoRNA, expression
construct or vector can be delivered systemically. In some embodiments, the nucleic acid
molecule, such as a gsnoRNA, expression construct or vector can be delivered to cells or
delivered locally to a tissue in which the target sequence’s phenotype 18 seen. For instance,
mutations in CFTR cause CF which 1s primarily seen in lung epithehal tissue, so with a CFTR
target sequence in some embodiments the deliver the cligonucleotide construct specifically and
directly to the lungs. This can be conveniently achigved by inhalation e.g. of a powder or aerosol,
typically via the use of a nebuliser. In some embodiments, the nebulizer 15 a nebulizer that uses a
so-called vibrating mesh, including the PARI eFlow (Rapid) or the 1-neb from Respironics. It is
to be expected that inhaled delivery of oligonucleotide constructs according to the present
disclosure can also target these cells efficiently, which in the case of CFTR gene targeting could
lead to amelioration of gastrointestinal symptoms also associated with CF. In some diseases the
mucus layer shows an increased thickness, leading to a decreased absorption of medicines via the
fung. One such a disease 1s chronical bronchitis, another example is CF. A variety of mucus
normalizers are available, such as DNases, hypertonic saline or mannitol, which 1s commercially
available under the name of Bronchitol. When mucus normalizers are used in combination with
pseudouridylating oligonucleotide constructs, such as the gsnoRNA constructs according to the
present disclosure, they might increase the effectiveness of those medicines. Accordingly,
administration of an ohigonucleotide construct according to the present disclosure to a subject,

such as a human subject, may be combined with mucus normalizers. In addition, administration
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of the oligonucleotide constructs according to the present disclosure can be combined with
administration of small molecule for treatment of CF, such as potentiator compounds for
example Kalydeco (ivacaftor; VX-770), or corrector compounds, for example VX-809
(lumacaftor) and/or VX-661. Alternatively, or in combination with the mucus normalizers,
delivery in mucus penetrating particles or nanoparticles can be applied for efficient delivery of
pseudournidylating molecules to epithelial cells of for example lung and intestine. In some
embodiments, administration of an oligonucleotide construct according to the present disclosure
to a subject, such as a human subject, is combined with antibiotic treatment to reduce bacterial
infections and the symptoms of those such as mucus thickening and/or biofilm formation. The
antibiotics can be adnunistered systemically or locally or both. For application in CF patients the
oligonucleotide constructs according to the present disclosure, or packaged or complexed
oligonucleotide constructs according to the present disclosure may be combined with any mucus
normalizer such as a DNase, mannitol, hypertonic saline and/or antibiotics and/or a small
molecule for treatment of CF, such as potentiator compounds for example ivacattor, or corrector
compounds, for example lumacaftor and/or VX-661. To increase access to the target cells,
Broncheo-Alveolar Favage (BAF} could be applied to clean the lungs before admimstration of

the oligonucleotide according to the present disclosure.

IV, Pharmaceutical compositions, Kits, and articles of manufacture

{0230] In some aspects, provided herein 15 a pharmaceutical composition comprising any of
the ganoRNAs, nucletc acid constructs/molecules, or engineered RNA-editing systems described
heren, and a pharmaceutically acceptable carrier,

{6231] Pharmaceutical compositions can be prepared by mixing the therapeutic agents described
herem having the desired degree of purity with optional pharmaceutically acceptable carmers,
excipients or stabilizers {(Remington's Pharmaceutical Sciences 16th edition, Osol, A. Ed. (1980}},
in the form of lyvophilized formulations or aqueous solutions. Acceptable carriers, excipients, or
stabilizers are nontoxic to recipients at the dosages and concentrations employed, and include
buffers, antioxidants including ascorbic acid, methionine, Vitamin E, sodium metabisulfite;
preservatives, isotonicifiers {e.g. sodium chloride), stabilizers, metal complexes (e.g. Zn-protein

complexes); chelating agents such as EDTA and/or non-ionic surfactants.
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{0232} In some embodiments, the pharmaceutical composition 1s contained in a single-use vial,
such as a single-use sealed vial. In some embodiments, the pharmaceutical composition is
contained in a multi-use vial In some embodiments, the pharmaceutical composition is contained
m bulk 1n a container. In some embodiments, the pharmaceutical composition 1s cryopreserved.
{10233] In some embodiments, the pharmaceutical composition comprises a gsnoRNA. In other
embodiments, the pharmaceutical composition comprises a nucleic acid construct (e.g., a vector
such as a plasmud or viral vector) encoding the gsnoRNA. In some embodiments, the
pharmaceutical composition comprises free gsnoRNAs (‘naked’ gsnoRNAs), or gsnoRNAs
conjugated to other components, such as higands for targeting, for uptake and/or for intracellular
trafficking. gsnoRNAs may be used in aqueous solutions {generally pharmaceutically acceptable
carriers and/or solvents), or formulated using transfection agents, liposomes or nanoparticulate
forms (e.g. SNALPs, LNPs and the like). Such forrulations may comprise functional ligands to
enhance bioavailability and the like.

{0234] The present application further provides kits and articles of manufacture for use n any
embodiment of the treatment methods described herein. The kits and articles of manufacture may
comprise any one of the formulations and pharmaceutical compositions described heremn.

{0235] In some aspects, provided herein 15 a kit for editing a target RNA 1 a host cell,
comprising any of the gsnoRNA or nucleic acid molecules described in Section I B. In some
embodiments, the kit further comprises an agent for enhancing expression of an endogenous
DK soform 3 in the host cell. In some embodiments, the kit comprises a sphice-switching
antisense oligonucleotide {ASQO), wherein the AS(O enhances expression of a DKC1 protein that
1s an endogenous DKC1 isoform with cytoplasmic localization in the host cell. In some
embodiments, the kit further comprises a DKC1 protem or nucleic acid encoding a DKC1
protein. In some embodiments, the DKC1 protein 1s a DKC1 isoform {e g., isoform 3} with
cytoplasmic localization. In some embodiments, the DKC1 protein is part of a ribonucleoprotein
(RNP) complex that associates with the gsnoRNA. In some embodiments, the DKC1 protein
comprises a deletion of a nuclear localization signal (NLS) relative to a wildtype DKC1 protein
of the same species. In some embodiments, the DKC1 protein is a truncated DKC1 variant or a
DKC1 variant comprising a deletion, such as any of the truncation or deletion variants described
in Section Il A above. In some embodiments, the kit further 1ncludes instructions for editing the

target RNA according to any of the methods described herein.
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{0236} In some aspects, provided herein is a kit for editing a target RNA in a host cell,
comprising an engineered RNA-editing system, wherein the engineered RNA editing system
comprises: (a) a gsnoRNA comprising a guide sequence that hybridizes to a sequence
comprising a target uridine residue in a target RNA in a host cell, or a nucleic acid molecule
encoding the gsnoRNA; and (b) a DKC1 protein, or a nucleic acid molecule encoding the DKC1
protein, wherein the gsnoRNA is capable of recruiting the DKC1 protein to modify the target
uridine residue into a pseudouridine residue in the target RNA. In some embodiments, the

DKC1 protein 1s a DKC1 soform with cytoplasmic localization. In some embodiments, the
DEKC1 protein 1s a DKC1 isoform (e.g., isoform 3} with cytoplasmic localization. In some
embodiments, the DKC1 protein is part of a ribonucleoprotein (RNP) complex that associates
with the gsnoRNA. In some embodiments, the DKC1 protein comprises a deletion of a nuclear
localization signal (NLS) relative to a wildtype DKCT protein of the same species. Tn some
ernbodiments, the DKC1 protein 1s a truncated DKC1 variant or a DKC1 vanant comprising a
deletion, such as any of the truncation or deletion vanants described in Section I A above. In
some embodiments, the kit further includes mstructions for editing the target RNA according to
any of the methods described herein,

{82371 The kits of the present disclosure are n suitable packaging. Suitable packaging includes,
but 1s not limited to, vials, bottles, jars, flexible packaging (e.g., sealed Mylar or plastic bags}, and
the fike. Kits may optionally provide additional components such as buffers and imterpretative
mformation. The present application thus also provides articles of manufacture, which include
vials (such as sealed vials), bottles, jars, flexible packaging, and the like.

{0238] The instructions relating to the use of the compositions generally include information as
to dosage, dosing schedule, and route of admuinistration for the intended treatment. The containers
may be unit doses, bulk packages (e.g., multi-dose packages) or sub-unit doses. For example, kits
may be provided that contain sufficient dosages of the gsnoRNA and/or DKC1 protein, or nucleic
actd molecules encoding the gsnoRNA and/or DKC1 protein as disclosed herein to provide
effective treatment of an individual or of many individuals. Additionally, kits may be provided
that contain sufficient dosages of the gsnoRNA and/or DKC1 protein, or nucleic acid molecules
encoding the gsnoRNA and/or DKC1 protein to allow for multiple admunistrations to an

mdividual. Kits may also include multiple unit doses of the pharmaceutical compositions and
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mstructions for use and packaged in quantities sufficient for storage and use in pharmacies, for
example, hospital pharmacies and compounding pharmacies.

{0239] In some embodiments, the kit comprises a delivery system. The delivery system may be
a unit dose delivery system. Delivery systems for these various dosage forms can be syringes,
dropper bottles, plastic squeeze units, atomizers, nebulizers or pharmaceutical aerosols in either
unit dose or multiple dose packages. In some embodiments, there 1s provided a delivery system of
any one of the gsnoRNA and/or DKC1 protein, or nucleic acid molecules encoding the gsnoRNA
and/or DKCT protein described herein, comprising the gsnoRNA and/or DKC1 protein, or nucleic
acid molecules encoding the gsnoRNA and/or DKC1 protein and a device for delivering the
gsnoRNA and/or DKC1 protein, or nucleic acid molecules encoding the gsnoRNA and/or DKCH
protein.

[0246]  All of the features disclosed in this specification may be combined 1n any combination.
Each feature disclosed in this specification may be replaced by an alternative feature serving the
same, equivalent, or similar purpose. Thus, unless expressly stated otherwise, each feature

disclosed 1s only an example of a generic series of equivalent or similar features.

EXAMPLES

[0241] The present disclosure will be more fully understood by reference to the following
examples. They should not, however, be construed as limiting the scope of the present disclosure.
It 1s undersiood that the examples and embodiments described herein are for tHustrative purposes
only and that various modifications or changes 1n light thereof will be suggested to persons skilled
m the art and are to be included withim the spirit and purview of this application and scope of the

appended claims.

Example 1. Exploiting engineered guide snoRNA for readthrough of premature
termination codon

[0242] This example demonstrates the efficiency of pseudouridylation of target RNAs (e.g,,
mRNA pseudoundylation evidenced by pseudournidylation-dependent PTC-read-through} by
engineered gutde snoRNAs, and provides different expression systems for guide snoRNAs.
{0243} To achieve site-specific pseudouridylation in mRNA in vivo, artificial guide snoRNAs
{gsnoRNAs} were engineered to target specific mRNAs for modification (FIG. 1A). H/ACA

snoRNAs contain two hairping followed by the H and ACA box motifs, and both hairpins of the
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engineered snoRINAs provided herein contained the guide sequences that are capable of targeting
the PTC site. To assess the efficiency of PTC-read-through, a Venus reporter (Reporter-1) was
designed, which expresses the Venus fluorescent reporter gene with an amber codon (TAG)
inserted between the 154" and 155® amino acid codons, to prematurely terminate the Venus
translation. Such a reporter allows measurement of the efficiency of PTC-read-through by
monitoring the expression level of Venus. A positive control with a glycine codon (GGT) mnto
the same position was included (FIG, 1B). The Reporter-1 (Venus-TAG) or control (Venus-
GGT) was co-transfected with gsnoRNA expression constructs (gCtrl (SEQ D NG 14)gACAT9
(SEQ ID NO: 37), gACA44 (SEQ 1D NO: 38), ¢ACA27 (SEQ ID NO: 39), gE2 (SEQ ID NO:
40y, cACAT9-5 (SEQ ID NO: 41), or gACA19-L (SEQ ID NO: 42) into HEK293T cells in order
to assay PTC-read-through as a result of modifying the corresponding stop codon with snoRNA-
guided pseudouridylation. The effects of PTC-read-through were measured by a high content
imaging system and quantified by comparing with the positive control group (FIGS. 1C, 1),
The relative Venus expression 1s reported as the percent (%) of Venus detected compared to
control (Venus-GGT). These gsnoRNAs served as the first-generation RESTART (RESTART
vi).

{0244] The sequence of the control gsnoRNA {gCtrl) 15 provided below, with guide regions
underlined (SEQ ID NO: 14):

CAGCAAGCAUCGAGGGGCUGUGGCUGGUCAUAGCCAUGGGAUCGUACUCCGCAUGCAAGAGCAA
CCUGGAAAGACAGUGACAGCGCAGGUCAGUACAAUACCUGCAAGCUGCAUGCCAGCUUUCCUAU
ARUG

{0245] In the human genome, more than 90% of snoRNA genes are encoded in pre-mRNA
introns'. The present inventors first evaluated the effect of PTC-read-through mediated by
several gsnoRNAs located in host gene mtrons (RESTART v1.0). The present mnventors first
selected 4 endogenous snoRNAs that have high expression levels in human?, mmcluding ACA19,
ACA44, ACA27, and E2 (within EIF3A, SNHG12, RPL2T, RPSA host genes, respectively)
(FEIGS, 2A-2C and FIGS, 3A-3F), and engineered gsnoRNAs based on these scaffolds to target
the Venus reporter PTC. The host gene fragments comprising the snoRNAs were cloned into a
construct driven by a UMV promoter. After co-transfecting the Reporter-1 with these gsnoRNA
expressing constructs, (host-gCtrl; host-gACA19, host gACA-44, host-gACA27, and host-gE2)

evidence of PTC-read-through indicated by the Venus expression was observed: 5.2% and 5.0%
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Venus positive cells {compared to the control Venus-GGT reporter) were detected from cells
transfected with host-gACA19 and host-gE2, respectively, while others displayed negligible
signals (FIG. 2A). The Venus expression was clearly sequence-dependent because the control
esnoRNA (gCtrl) could not activate Venus expression. The present inventors realized that the
gACAYY and gF2 scaffolds, which displayed higher activity that the other scaffolds, were
predicted to have more stable secondary structures than gACA44 and cACAZ7 (FIGS, 3A-3D),
suggesting that the higher efficiency of target modification evidenced by the PTC read-through
may be correlated with stability of secondary structures. To test the effects of gsnoRINA-~carrying
host genes sequences on PTC-read-through efficiencies, the present inventors carried out further
comparison by cloning the different gsnoRNAs mnto the intron between Exon2 and Exon3 of
Hemoglobin subunit B (HBB) gene. The gACA19 again showed the highest efficiency (relative
Venus positive cells: 7.3%) in mediating PTC-read-through for Reporter-1, and gE2 showed the
second highest efficiency (relative Venus positive cells: 1.8%) (FIG. 2B).

[{6246] Based on the present inventors’ observation that host gene sequences have divergent
effects on different gsnoRNAs {as shown m FIGS. 24-2B), the present inventors envisioned that
directly expressing the gsnoRNAs without host gene effects might further increase the efficiency
of PTC-read-through. Therefore, the present inventors designed a series of gsnoRNA expression
constructs driven by hU6 {type I RNA polymerase I promoter) and hUT (snRNA-type RNA
polymerase 11 promoter} promoters {(RESTART v1.1) (FIGS. 1C-1B and FIG. 2C), and co-
transfected them together with Reporter-1 mto HEK293T cells. The PTC-read-through efficiency
of hU6 promoter-driven gACA19 increased for 1.9- and 1.3~ fold compared to that of host gene
mtron- and HBB intron- embedded gACA19, respectively (FIGS, 1C-1D and FIGS. 24-28B).
The efficiency of hU6 promoter-driven gsnoRINAs are similar {o that of hU1 promoter-driven
gsnoRNAs (FIG. 2C). The effects of PTC-read-through were further characterized by extending
or truncating gsnoRNA: no obvious effects were observed from extending the gACAILS
(sACA19-L, 9 nton 5 and 9 nt on 3’} while the shortened gACA19 (cACA19-§, 3 nton 57)
reduced the Reporter-1 PTC read-through efficiency to 35% compared to full-length gACA19
(FIG. 1D and FIGS, 2E-2F). Since gsnoRINAs driven by a small RNA promoter displayed
higher efficiency in mediating PTC-read-through compared to intron-embedded gsnoRINAgs, the

present inventors selected gsnoRNAs driven by hU6 promoter to conduct subsequent analysis.
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{0247} To determine whether endogencus DKC1 proteins are responsible for the above
observation, the present inventors carried out RESTART v1.1 on DKC1 stably knockdown
(DKC1 KD} HEK293T cells (FEG. 1E). No PTC-read-through was observed for gsnoRNAs
from DKC1-KD cells, while these gsnoRINAs activated the expression of Venus in control
groups (FIG. 1¥), supporting the role of endogencus DKC1 in mediating PTC-read-through of
Reporter-1 (FIG. 1A). Collectively, these observations demonstrated that the gsnoRNAs can

induce the PTC-read-through of targeted transcripts.

Example 2: Optimization of gsnoRNA scatfolds improves the efficiency of PTC-read-

through

[0248] To identify optimal gsnoRNA scaffolds, the present inventors selected five snoRNAs
(cACA3, gACALT, gACAITS, gATA2b, and gACA36) with stable secondary structures predicted
by RNAfold" as candidate scaffolds for further characterization (RESTART v1.2) (FIG. 4A and
FIG. 3A). The present inventors designed a snoRNA expression construct conststing of hiJ6
promoter-driven gsnoRNA and CMV promoter-driven BFP gene which was utilized to
normalize the transfection efficiency (FIG. 4B). Among them, gACA36 and gACA2b
outcompeted gACAT9, and displayed the highest efficiencies of PTC-read-through {relative
Venus positive cells: 13.7% and 12.2%, respectively) (FIGS., 4C-4B). gACAT19 has a nunimum
free energy of -37.10 kcal/mol, gACA2b has a minmmum free energy of -34.90 kcal/mol, and
gACA36 has a minimum free energy of -43.50 kcal/mol. There does not seem to be a direct
relationship between the stability of gsnoRNA scaffolds and editing efficiency.
{0249] To investigate the roles of the two hairpins of gsnoRNAs, the present inventors
mtroduced mutations in 5 and 3° guide elements, respectively (FIG. 44, FIG. 5A, and FIG.
6A). The editing efficiency of gACA19 57 hatrpin mutation {gACA19-5m) was comparable to
that of g ACA19, while gACA19-3m displayed reduced efficiency (FIGS, 4E-4F}). For gACA30,
the editing efficiency of gACA36-3m was comparable to that of gACA36, while gACA36-5m
displayed negligible signals (FIG. 6B). These results indicated that only one hairpin of
sACAI9/gACA3G6 plays a leading role, and the two hairpins of gsnoRNA targeting the same site
might not compete with each other.
102508] The present inventors next sought to further improve the PTC read-through efficiency by
engineering the gsnoRNA scaffolds (RESTART v1.3) (FIG, 4E-4F and FIGS, 3-4). Given that
8¢
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RNA polymerase [l terminates transcription at small polyUs stretch, the present inventors
mtroduced a single base mutation to “UUUU” sequence in the apical loop of gACA19 (FIG. 4A
and FIG. 5C). Notably, both gACA19-UUCU and gACA19-UGUU showed improvements
(FIGS. 4E-4F). Without being bound by theory, the present inventors realized that altering the
distance in the gsnoRNA hairpin so that the distance between the nucleotide in the guide region
that hybridizes to the target uridine and the H/ACA box 1s 14 nucleotides increased the editing
efficiency of the gsnoRNA. In an example, the present inventors inserted a single base after
U115 of gACA19, so that the distance between the nucleotide in the guide region that hybridizes
to the target uridine and the H/ACA box 1s 14 nucleotides (FIG. 4A and FIG. SB): gACATY-
3addG increased the efficiencies to 1 .4-fold compared to unmodified gACA19 (FIGS, 4E-4F).
Furthermore, without being bound by theory, the present inventors discovered that making the
guide elements of the gsnoRNA hairpin more open {(e.g., decreasing the base-pairing probability
of the secondary structure within the guide region) could increase the editing efficiency of a
gsnoRNA. To make the guide elements more open, the present inventors mserted dinucleotide
after U8 in the 5™ hairpin of gACA19 (FIG. 4A and FIG. 51). Notably, gACA19-5addCU
mereased the PTC-read-through efficiencies for 60% (FIGS. 4E-4F). However, engineered
gACA36 scaffolds did not further improve the efficiency of PTC-readthrough (FIGS. 6A-6B).
The present inventors also combined optimized mutations of gACA19 and expressed two tandem
gsuoRNAs, but they did not further improve the efficiency either.

Example 3: The spatial proximity effect of gsnoRNA and target PTC site

{0251] The present inventors next asked if spatial proxinuties of gsnoRNA and target PTC site
have impacts on the efficiency of PTC-readthrough. The inventors designed two new reporters:
{1) the Report-2 contains a PTC site in between m{Cherry and EGFP coding regions, and
activated by gsnoRNAs from RESTART v1.3. mCherry was utilized to normalize the
transfection efficiency. {2) in Reporter-3 (RESTART v1.4), the gsnoRNA is arranged 1n tandem
with the PTC reporter, which is the same PTC reporter as Reporter-2. The gsnoRNAs have
comparable efficiencies in suppressing PTC of both Reporter-2 and Reporter-1, indicating
gsnoRNAs work for different reporters. Unexpectedly, gsnoRNAs had increased PTC-read-
through efficiencies in Reporter-3 {relative EGFP positive celis: ~30%, ~2-fold compared to

RESTART v1.3}.
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Example 4. RESTART enables PTC-read-through in multiple cell lines

{0252} The present inventors tested RESTART v1.4 in four different cell lines that originated
from distinct tissues, including three human cell lines and one murine cell line. Efficient PTC-
read-through events were observed for all cell lines tested, suggesting that the gsnoRNA design
of the present disclosure 1s a versatile strategy to suppress PTC in different mammalian cell
types.

Example 5, Increasing BKCl-isoform3 expression significantly improves PTC-read-

through

{0253} Notably, neither combining of optimized mutations nor increasing the gsnoRNA
expression level by transfecting construct of two tandem gsnoRNAs further increased the PTC-
read-through, suggesting RESTART v1.3 offers gsnoRNAs with optimal structure and
expression levels. Based on the present inventor’s realization that the engineered gsnoRNAs of
the present disclosure provided optimized gsnoRNA structure and expression levels, the present
iventors wondered whether enzyme levels and accessibility, rather than gsnoRNA stability and
expression, might be rate-limiting factors. DKC1 1s responsible for snoRNA-guided deposition
of pseudourtdine and the accompanied PTC read-through in RESTART (FIGS. 1A, 1F). There
are two DKCT isoformas in human cells: DECT 1soform? is the canonical DKC7 form containing
the bipartite N- and C-terminal nuclear localization signals (NLSs), DKCJ 1soform3 1s an
alternatively splicing vanant, which 1s produced by retention of the ntron 12 and lacks C-
terminal NLS (FIG. 7A). The endogenous mRNA expression level of isoforml 15 approximately
20-fold greater than that of isoform3*,

{0254] First, the present inventors generated DKC1 stable overexpressing cell lines, and
transfected said DK Cl-1soforml overexpressing cells with Reporter-3 (FIGS. 7B-7C). DKCi-
isoformi overexpression only slightly increased the relative fraction of EGFP positive cells and
the relative EGFP intensities to 1.2- and 1.3~ fold compared to that of control cells, respectively
(FIGS, 7D-7F). Surprisingly, in 1soform3 overexpressed cells, the relative fraction of EGFP
positive cells and relative EGFP intensities were greatly increased to 2.5- and 5.2- fold,
respectively (FIGS. 7TDB-7F). These observations were further confirmed by co-transfecting
Reporter-1 and gsnoRNA constructs into DKC1 stable overexpressing cells (FIGS. 8A-8C). To
further investigate DKC1 transient roles, Reporter-3 was co-transfected together with DKC1

expressing constructs. Again, isoform3 transient overexpressing greatly increased the PTC-
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readthrough (FI1G. 8D). We also deleted the N-terminal NLS of DKC1-isoform3, and these
truncations had similar efficiency of PTC-read-through as isoform3 (FiG. 9). These unexpected
results demonstrate that exogenous DKC1-1soform3 can significantly improve the efficiency of
PTC-read-through, achieving 61 4% EGFP positive cells (relative to control reporter) and 13.2%
EGYFP mtensities {relative to control reporter). The gsnoRNAs and DKC1-1soform 3 served as
the second-generation RESTART (RESTART vZ).

{0255} To better characterize RESTART, an additional set of Reporter-3s was constructed to
include all three types of stop codons, and the resulting reporter constructs were transfected into
HEK293T with and without exogenous DEC1-isoform3 (FIG. 7B). The efficiency of
RESTART-mediated read-through correlated positively with that of basal or drug-induced
translational readthrough®, with the highest read-through at opal codon (UGA), followed by
amber codon {UAG) and then ochre codon (UAA) (FIGS. 7G-7H, and FIGS. 10A-10D). For the
UGA (opal) codon, the relative fraction of EGFP posttive cells and relative EGFP intensities
were 45.3% and 5.8% (RESTART 1.4}, and 72.3% and 28.6% (RESTART v2}, respectively;
while UAA codon displayed neghgible signals without exogenous DKC1 {RESTART v1.4), and
relative 2.9% EGFP positive cells and relative 0.2% EGFP tensities with DK 1-1soform3
overexpressing (RESTART v2) (FIGS. 7G-7TH, and FIGS. 16A-10B). Increasing the amount of
DK Cl-isoform3 expressing constructs improved the PTC-readthrough of UAA (ochre) codon to
relative 14.8% EGFP positive cells, whale still 25% and 19% compared to UAG (amber) and
UGA (opal), respectively (FIGS, 18C-10E). Together, RESTART promoted read-through of all
three nonsense codons.

{0256] Next, Reporter-3 constructs of each of the three stop codons were individually co-
transfected together with 200 ng DK 1-1soform3 expression construct into HEKZ93T cells. The
locus-specific pseudouridine modification of the target was detected by a radiolabeling-free,
gPCR-based method® (FIG. 71 and FIGS. 11A-11C). Alterations to the melting curves were
observed for all three stop codons (FEG. 71), while negligible alteration was observed for the
otrl group that was devoid of ¥ modification (FIG. 11A). In contrast, melting-curve alterations
for W1045 sites in 185 rRNA were comparable between gACA19 and oCtrl groups (FIGS, 11A-
11C). Collectively, these results demonstrate that gsnoRNA-guided pseudouridylation by DKC1-

isoform3 can efficiently faciditate the read-through of all three PTC codons.
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Example 6. RESTART suppresses disease-relevant PTCs

{0257} This Example demonstrates correction of disease-relevant premature termination codons
(PTCs) using RESTART. RNA-guided pseudouridylation of disease-relevant PT(s by the
RESTART system resulted in expression of full-length gene products. Furthermore, restoration
of protein function using RESTART was demonstrated for a CFTR gene containing a disease-
relevant PTC. In the following example, “X” indicates a stop codon mutation. Sequences of the
gsnoRNAs tested are provided in Table 4.
{0258] PTC-disease reporters were constructed in which a disease gene containing the PTC site
was followed by EGFP (as shown in FIG. 12A). gACA19- and gACA36-based gsnoRNAs were
designed and tested targeting seven disease-relevant nonsense mutations from six pathogenic
genes, PEX7, SMNI, ALDOB, CSorf37, PCCB, and CBS (FiGs. 12B-13). By co-expressing
gsnoRNA/PTC-disease gene patrs in HEKZ93T cells (RESTARTv1), PTC-readthrough was
achieved at all sites: 6.7% (cells expressing ALDOB-WI48X), 25.2% (SMNI-WI90X}, 33.8%
(PEX7-R232X), 1. 7% (C8orf37-WI85X), 38.8% (PCCB-RIT1X), 22.1% (CBS-C275X), and 8.0%
(CBS-W390X)y EGFP positive cells were detected compared to positive controls, respectively
(FIG. 144A). Next, PTC-readthrough of disease genes was tested for RESTARTvZ (DKC1-
isoform3 overexpression) (FIG. 14B). DKCl-soform3 overexpression (RESTARTVZ) increased
the relative fraction of EGFP positive cells {indicating PTC-readthrough) by an average of ~2.8-
fold compared to RESTARTv]. For cells expressing ALDOB-WI48X and CBS-W390X, the
relative fraction of EGFP positive cells were greatly increased with DK C1-1soform3
overexpression {(by 4.8- and 6.3- fold, respectively}, as shown 1n FIGS, 14A-14B).
{0259] RESTART was further validated for suppression of disease-relevant PTCs LMNA-
R225X {associated with familial dilated cardiomyopathy (BCM) with conduction disease (BCM-
CD)), FO-Y22X and FO-G21X {associated with hemophelia B}, ABUA4-R408X (associated with
Starfardt disease), RS1-Y65X (associated with X-linked retinoschisis), and Rpe65-R44X
{associated with leber congenital amaurosis), as shown in FiG, 14C.
{0260] Finally, restoration of protein function using RESTART was demonstrated for a CFTR
CFTR (cystic fibrosis transmembrane conductance regulator) gene containing a disease-relevant
PTC. Mutations in CFTR cause the monogenetic disease cystic fibrosis, which affects
approximately 1:2500 live births in caucasians. The ability of RESTART to repair the CFTR.
RSS3IX{CGA-TGA) and W1282X {TGG-TGA) PTC sites and restore protein function was
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tested by electrophysiclogical assays, which is the “gold standard” for evaluating CFTR
functional rescue. After delivery of RESTART, the function of CFTR containing PTC could be
rescued to about 30% of WT CFTR level, indicating the therapeutic potential of RESTART in
targeting certain monogenetic diseases.

Example 7, Delivery of RESTART by clinically relevant formats of gsnoRRNAs

{0261} This example demonstrates the design and synthesis of functional oligonucleotides for
gsnoRNA delivery to cells.

{0262} Full-length gsnoRINA oligonucleotides were prepared by in vitro transcription (IVT). To
ncrease the stability of the gsnoRNA oligonucleotides in cells, a 57 Cap modification

(" G(5")ppp(5"YG cap analog) was added to the gsnoRNA oligonucleotides. The 5™ Cap
modification is not present in endogenous intronic snoRNA. As an example, a 5” Cap modified
full-length ¢ACA19 oligonucleotide targeting Reporter-2 (rACA19) was prepared by in vitro
transcription {FIG. 153A-C). Of note, rtACA 19 increased the efficiency of PTC-readthrough for
both RESTARTvI and RESTARTVZ, compared to a gACA 19 expression construct vector)
(FIG. 151, data shown as mean = standard deviation).

{0263] Chemically synthesized half rACA19 oligonucleotides with 2°-C-methyl and
phosphorothioate linkage modifications were prepared and tested for thewr ability to achieve
efficient PTC-readthrough tn cells, as shown 1 FIG. 1SE (P mdicates phosphorothioate
hinkages and “27 O-methyl” indicates 27 O-methyl modified nucleosides). The gsnoRNAs were
delivered to cells by transfection.

{0264] Advantageously, the half gsnoRNA oligonucleotides facilitate chemical synthesis
compared to the full-length gsnoRNA (~130 nt}, which 1s too long synthesized efficiently.
Furthermore, the rHS and rH3 oligonucleotides were synthesized with only six phosphorothicate
linkages and four 2° G-methyl modifications per oligonuclesotide, indicating that a small number
of modifications 1s sufficient to promote stability and function of the chemically synthesized half
gsnoRNAs. The $™ hairpin (gHS, with H box) and 37 hairpin (gH3, with ACA box) constructs
reduced the efficiency of PTC-readthrough compared to the gACA19 oligonucleotide prepared
by IVT. However, both the tHS and rH3 oligonucleotides, which have the same sequences as
oHS5 and gH3, exhibited comparable efficiency with the full-length gACA19 construct (FIG,
15D).
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{0265] These results indicate that a gsnoRINA can be effectively delivered to cells as a full-
length RNA oligonucleotide prepared by in vitro transcription {e.g., with a 5° cap to increase
stability), or as a half oligonucleotide comprising the 5” hawrpin or the 3’ hairpin prepared by
chemical synthesis. Moreover, the data demonstrate that chemically synthesized rH3 or rHS with
six phosphorothioate linkages and only four 27 O-methyl modifications are stable and functional
m cells. Advantageously, the use of chemically synthesized rH3 and rH5 oligonucleotides with a
small number of modifications can reducing the cost of preparing the chemically synthesized
oligonucleotides. The delivered RNA oligonucleotides can function better than the same

construct delivered to cells as a DNA vector encoding the same gsnoRNA construct.
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CLAIMS
What is claimed is:
1. A method for editing a target RNA in a host cell, comprising introducing an engineered
guide small nucleolar RNA (gsnoRNA) and a nucleic acid molecule encoding 3 DKC1 protein
mto the host cell, wherein the gsnoRNA comprises a guide sequence that hybridizes to a
sequence comprising a target uridine residue 1n the target RNA, and wherein the gsnoRNA

recrutts the DKC1 protein to modify the target uridine residue into a pseudouridine residue in the

target RNA

2. A method for editing a target RNA in a host cell, comprising introducing an engineered
gsnoRNA into the host cell, wherein the gsnoRINA comprises a guide sequence that hybridizes to
a sequence comprising a target uridine residue in the target RNA, wherein the gsnoRNA
comprises a scaffold sequence dertved from a wildtype H/ACA-snoRNA selected from the group
consisting of ACA2b, ACA36, ACA44, ACA27 E2, ACA3, and ACA17, and wherein the
gsnoRNA recrutis a DKC1 protein in the host cell to modify the target uridine residue into a

pseudouridine residue in the target RNA.

3 A method for editing a target RNA 1n a host cell, comprising introducing an engineered
esnoRMNA into the host cell, wherein the gsnoRNA comprises a guide sequence that hybridizes to
a sequence comprising a target uridine residue in the target RNA, wherem the gsnoRNA
comprises a nucleotide sequence selected from the group consisting of SEQ ID NGs: 4-6, 9-12,
15-19, 22-36, and 177-179, and wherein the gsnoRNA recruits a DKC1 protein in the host cell to

modify the target unidine residue into a pseudouridine residue in the target RNA

4. The method of claim 2 or 3, further comprising 1ntroducing a nucleic acid encoding the

DKC1 protein 1nto the host cell.

3. The method of claim 2 or 3, wherein the DK.C1 protein is an endogenous DKC1 protein

of the host cell.

6. The method of any one of claims 1-5, wherein the DKC1 protein has cytoplasmic

focalization m the host cell
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7. The method of any one of claims 1-6, wherein the DKC1 protein comprises a DKC1
protein fragment corresponding to amino acid residues 41 to 420 of a human DKC1 1soform 3

protein, wherein the amino acid numbering is according to SEQ 1D NO: 2.

& The method of any one of claims 1-7, wherein the BKC1 protein comprises an amino

acid sequence having at least 85% 1dentity to SEQ 1D NO: 88,

9. The method of any one of claims 1-8, wherein the BKC1 protein comprises a naturally

occurring DK isoform with cytoplasmic localization in the host cell.

10, A method for editing a target RNA in a host cell, comprising introducing: {(a) an
engineered gsnoRNA and (b) a splice-switching antisense ohigonucleotide {ASQO) into the host
cell, wherein the gsnoRNA comprises a guide sequence that hybridizes to a sequence comprising
a target unidine residue in the target RNA, wherein the ASO enhances expression of a DKC1
protein that is an endogenous DKC1 soform with cytoplasmic localization in the host cell, and
wherein the gsnoRNA recruits the DKC1 protein to modify the target uridine residue into a

pseudouridine residue in the target RNA.

11 The method of claim 9 or 10, wherein the DK isoform corresponds to isoform 3 of

human DKC1 protein,

12. The method of any one of claims 1-11, wherein the DKC1 protein comprises an amino

actd sequence having at least 85% identity to SEQ ID NO: 2.

13. The method of any one of claims 1-12, wherein the target RNA 1s not a ribosomal RNA
{(rRNA).
14, The method of any one of claims 1 and 4-13, wherein the gsnoRNA comprises a scaffold

sequence derived from a wildtype H/ACA-snoRNA selected from the group consisting of

ACA19, ACAZb, ACA36, ACA44, ACAZT, F2, ACA3, and ACA1T.

1. The method of claim 2 or 14, wherein the gsnoRNA comprises a scaffold sequence

dertved from ACAZb.

16. The method of claim 2 or 14, wherein the gsnoRNA comprises a scaffold sequence

derived from ACAZ36.
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17. The method of claim 16, wherein the gsnoRNA comprises a mutation in the 37 hatrpin of

the ACA36 scaffold.

18. The method of claim 14, wherein the gsnoRNA comprises a scaffold sequence derived
from ACAI19.
19. The method of any one of claims 14-18, wherein the gsnoRINA comprises one or more

guide sequences each located in a region corresponding to a hairpin structure of the wildtype

H/ACA-snoRNA.

20. The method of claim 19, wherein at least one of the one or more guide sequences is

located in a hairpin structure at the 37 terminal part of the wildtype H/ACA-snoRNA.

~5

21 The method of claim 19 or 20, wherein at least one of the one or more guide sequences 18

located in a hairpin structure at the 57 terminal part of the wildtype H/ACA-snoRNA.

22, The method of any one of claims 17-21, wherein the gsnoRNA comprises one or more

mutations in one or more hairpin structures of the wildtype ACA19.

~5

23. The method of any one of claims 1-22, wherein the engineered gsnoRNA comprises one
or more substitution mutations in nucleotides of a polyU sequence in the wildtype H/ACA-

snoRNA, wherein the polylU sequence comprises at least 4 consecutive U residues.

24, The method of any one of claims 1-23, wherein the engineered gsnoRNA comprises one
or more insertion or deletion mutations positioned between the nucleotide residue m the guide
region that hybridizes to the target uridine and an H/ACA box of the wildtype H/ACA snoRNA,
whereby the engineered gsnoRNA comprises 14 or 15 nucleotides between the nucleotide

residue in the guide region that hybridizes to the target uridine and the H/ACA box.

25. The method of claim 22, wherein the one or more mutations are selected from the group
consisting of substitution of residues 26-29 with UUCU, substitution of residues 26-29 with
UGUU, addition of G to the 37 hairpin structure after residue 115, and addition of CU to the §°

hairpin after residue §, and wherein the numbering is according to SEQ 1D NG: 37.

26. The method of any one of claims 3-4 and 14-25, wherein the gsnoRNA comprises a
nucleotide sequence selected from the group consisting of SEQ 1D NOs: 3-12, 15-19, 22-36, and

177-179.
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27. The method of claim 4 or 26, wherein the gsnoRNA comprises a nucleotide sequence

selected from the group consisting of SEQ ID NOs: 15-19.

28. The method of any one of claims 1-27, wherein the method comprises introducing a

nucleic actd molecule encoding the gsnoRNA into the host cell

29. The method of claim 28, wherein the nucleic acid molecule encoding the gsnoRNA is

under a promaoter selected from the group consisting of U6 promoter and Ul promoter.

30. The method of claim 28 or 29, wherein the nucleic acid molecule encoding the gsnoRNA
is embedded m an intron sequence located between a first exon sequence and a second exon
sequence, and wherein the first exon sequence, the intron sequence and the second exon

sequence are derived from a naturally-occurring gene.

31 The method of any one of claims 1, 4 and 28-30, wherein the nucleic acid molecule
encoding the DKC1 protein and/or the nucleic acid molecule encoding the gsnoRNA are present

in a viral vector.

32. The method of claim 1 or 4, wherein the method comprises introducing into the host cell
a vector comprising a first nucleic acid sequence encoding the DKC1 protein and a second

nucleic acid sequence encoding the gsnoRNA.

33 The method of claim 32, wherein the vector is a viral vector.

34, The method of claim 32 or 33, wherein the vector is an adenc-associated viral (AAV)
vector.

35. The method of any one of claims 1-27, wherein the gsnoRNA comprises one or more

chemically modified nucleosides and/or inter-nucleosidic hinkages.

36. The method of claim 35, wherein the gsnoRNA comprises one or more nucleosides
having 2°-OMe or 2’-MOE modifications.

37 The method of claim 35 or 36, wherein the gsnoRNA comprises no more than 10, no

more than 8, no more than 6, or no more than 4 chemically modified nucleosides.

38, The method of any one of claims 35-37, wherein the gsnoRINA comprises one or more
phosphorothioate mter-nucleosidic linkages.
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39. The method of any one of claims 35-38, wherein the gsnoRNA comprises no more than

10, no more than 9, no more than 8, or no more than 6 phosphorothicate inter-nucleosidic

linkages.

40, The method of any one of claims 1-39, wherein the gsnoRNA comprises a 57 cap
modification.

41 The method of claim 40, wherein the 5” cap modification is a 7-methylguanosine (m'G)
cap.

42, The method of any one of claims 1-38, wherein efficiency of editing the target RNA 1s at

least 10%.
43. The method of any of claims 1-42, wherein the target RNA 1s mRNA.

44, The method of any one of claims 1-43, wherein the sequence comprising the target
uridine in the target RNA 1s a stop codon, and wherein modification of the target uridine to

pseudouridine causes the stop codon to be translated as a coding codon.

45, The method of claim 44, wherem the stop codon 1s a premature termination codon (PTC).
46. The method of claim 45, wherein the PTC s associated with a genetic disease or
condition.

47. The method of any one of claims 1-46, wherein the BKC1 protein is partof a

ribonucleoprotein (RNP} complex that associates with the gsnoRNA.

48, The method of any one of claims 1-47, wherein the host cell is an archaeal or eukaryotic
cell.

49, The method of claim 48, wherein the host cell 15 a mammalian cell.

50. The method of claim 49, wherein the host cell 1s g human cell.

51 The method of any one of claims 1-50, wherein the method is carried out in vivo.

52. The method of any one of claims 1-51, wherein the method 15 carried out ex vivo.
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53. A method of treating a disease or condition associated with a PTC ma target RNA mna
subject, comprising editing the target RNA in a cell of the subject using the method of any one of
claims 1-52, wherein the gsnoRNA comprises a guide sequence that hybridizes to the PTC in the
target RNA, and wherein modification of the uridine residue in the PTC to a pseudouridine
residue causes translation read-through of the PTC in the target RNA, thereby treating the

disease or condition in the subject.

54, The method of claim 53, wherein the disease or condition is selected from the group
consisting of Cystic fibrosis, Hurler Syndrome, alpha-1-antitrypsin (A1AT)} deficiency,
Parkinson’s disease, Alzheimer's disease, albinism, Amyotrophic lateral sclerosis, Asthma, 8-
thalassernia, Cadasil syndrome, Charcot-Marie-Tooth disease, Chronic Obstructive Pulmonary
Disease {COPD), Distal Spinal Muscular Atrophy (DSMA), Duchenne/Becker muscular
dystrophy, Dystrophic Epidermolysis bullosa, Epidermolysis bullosa, Fabry disease, Factor V
Letden associated disorders, Famihal Adenomatous Polyposis, Galactosemua, Gaucher's Disease,
Glucose-6-phosphate dehydrogenase, Haemophilia, Hereditary Hemochromatosis, Hunter
Syndrome, Huntington's disease, Inflammatory Bowel Disease (IBD), Inhernited
polyvagglutination syndrome, Leber congenital amaurosis, Lesch-Nvyhan syndrome, Lynch
syndrome, Marfan syndrome, Mucopolysaccharidosis, Muscular Dystrophy, Myotonic dystrophy
types I and I, neurofibromatosis, Niemann-Pick disease type A, B and C, NY-esol related
cancer, Peutz-Jeghers Syndrome, Phenylketonuria, Pompe’s disease, Primary Ciliary Disease,
Prothrombin mutation related disorders, such as the Prothrombin G20210A mutation, Pulmonary
Hypertension, (autosomal dominant) Retinitts Pigmentosa, Sandhoff Disease, Severe Combined
Immune Deficiency Syndrome (SCID}, Sickle Cell Anemua, Spinal Muscular Atrophy,
Stargardt’s Dhsease, Tay-Sachs Dhsease, Usher syndrome, X-linked immunodeficiency, Sturge-

Weber Syndrome, and cancer.

55. An engineered gsnoRNA comprising a guide sequence that hybridizes to a sequence
comprising a target uridine residue in a target RNA in a host cell, wherein the gsnoRNA
comprises a nucleotide sequence selected from the group consisting of SEQ ID NQs: 4-6, 9-12,
15-19,22-36, and 177-179, and wherein the gsnoRNA 15 capable of recruiting a DKC1 protein in

the host cell to modify the target uridine residue into a pseudouridine residue in the target RNA.
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56. An engineered gsnoRNA comprising a guide sequence that hybridizes to a sequence
comprising a target uridine residue in a target RNA 1n a host cell, wherein the gsnoRNA
comprises a scaffold sequence dertved from a wildtype H/ACA-snoRNA selected from the group
consisting of ACA2b, ACA36, ACA44, ACA27 E2, ACA3, and ACA17, and wherein the
gsnoRNA is capable of recruiting a DKC1 protein in the host cell to modify the target uridine

residue 1nto a pseudouridine residue in the target RNA

57, The engineered gsnoRNA of any one of claims 55-56, wherein the gsnoRNA comprises a

5" cap modification.

58. The engineered gsnoRNA of claim 57, wherein the 5° cap modification 1s a 7-

methylguanosine {m’G) cap.

59, The engineered gsnoRNA of any one of claims 55-38, wherein the gsnoRNA comprises

one or more chemically modified nucleosides and/or inter-nucleosidic linkages.

60. The engineered gsnoRNA of any one of claims 55-39, wherein the gsnoRNA comprises

one or more nucleosides having 2”-OMe or 2°-MOE modifications.

61. The engineered gsnoRNA of any one of claims 55-60, wherein the gsnoRNA comprises
no more than 10, no more than 8, no more than 6, or no more than 4 chemically modified

nucleosides.

62. The engineered gsnoRNA of any one of claims 55-61, wherein the gsnoRNA comprises

one or more phosphorothicate mter-nucleosidic linkages.

63. The engineered gsnoRNA of claim 62, wherein the gsnoRNA comprises no more than
10, no more than 9, no more than 8, or no more than 6 phosphorothioate inter-nucleosidic

linkages.

64. An isolated nucleic acid molecule comprising a sequence encoding the gsnoRNA of any

one of claims 55-632.

65, An engineered RNA-editing system comprising:
(a) a gsnoRINA comprising a guide sequence that hybridizes to a sequence comprising a
target uridine residue in a target RNA in a host cell, or a nucleic acid molecule encoding

the gsnoRNA; and
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(b} a BK.C1 protein, or a nucleic acid molecule encoding the DKC1 protein,
wherein the gsnoRINA is capable of recruiting the DKC1 protein to modify the target

uridine residue into a pseudouridine residue in the target RNA.

60, A pharmaceutical composition comprising the gsnoRNA of any one of claims 55-63, the
nucleic acid molecule of claim 64, or the engineered RNA-editing system of claim 65, and a

pharmaceutically acceptable carrier.

67. A host cell comprising the gsnoRNA of any one of claims 55-63, the nucleic acid

molecule of claim 64, or the engineered RNA-editing system of claim 65.

68. A kit for editing a target RNA 1n a host cell, comprising the gsnoRNA of any one of
claims 55-63, the nucleic acid molecule of claim 64, or the engineered RNA-editing system of

claim 65.
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