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(57) Abstract: Disclosed herein are modified niRNAs and modified non-coding RNAs with poly(A) tails containing modified nu-
cleotides and/or secondary structures, which may be made by ligation of a tailing nucleic acid onto the 3' terminal end of an RNA. Also
provided are compositions comprising one or more modified mRNAs or modified non-coding RNAs provided herein, and methods of
using said compositions for therapeutic or agricultural applications.
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MODIFIED MRNA, MODIFIED NOX-CODING RNA, AND USES THEREOF

CROSS REFERENCE TO RELATED APPLICATIONS
[1] This application claims the benefit under 35 US.C. § 119%e) of U.S. Provisional Application No.
63/187,752, filed May 12, 2021, entitled “MODIFIED MRNA AND USES THEREQGF” and
U.S. Provisional Application No. 63/288 522, filed December 10, 2021, entitled “MODIFIED
MRNA AND USES THEREQOF” the entire disclosures of each of which are hereby incorporated

by reference in thewr entiveties.

REFERENCE TO A SEQUENCE LISTING SUBMITTED AS
ATEXT FILE VIAEFS-WEBRB
[2] The instant application contains a Sequence Listing which has been submitted m ASCH format
via EFS-Web and 1s hereby incorporated by reference in its entirety. Said ASCH copy, created

on May 10, 2022, 15 named B119570130WQO00-SEQ-JQM, and 15 9,854 bytes in size.

BACKGROUND

31 Messenger RNA (mRNA} technology 1s an emerging alternative to conventional small molecule
therapeutics and vaccing approaches because it 1§ potent, programmable, and capable of rapid
production of mRNAs with desired sequences. mRNA therapeutics is a rapidly developing field
and has been used for the expression of therapeutic proteins, ranging from vascular regeneration
factors to vaccines for COVID-19, influenza, and Zika virus. Despite recent clinical successes,
mRNA therapeutics still faces challenges of mstability, toxictty, short-term efficacy, and
potential allergic responses. Increasing the stability of mRNAs to enhance their efficacy in vive
remains an important problem that must be solved to increase the feasibility of mRNA

therapeutics for clinical applications.

SUMBMARY
[4] Provided herein are modified mRNAs with modified nucleotides and/or structural features to
improve stability in cells and thereby enhance protein production, as well as methods of making
and using such modified mRNAs. Conventional mRNAs comprise poly-A tails with multiple
adenosine nucleotides at the 3" end, which can be degraded by cellular exonucleases, which
remove 3’ nucleotides. Onee exonucleases remove the poly-A tail and begin removing

nucleotides of the open reading frame, the mRNA 1s unable to be translated into an encoded
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protein. mRNAs that are more resistant to 3’ exonuclease activity are degraded more slowly and
are thus more stable, having increased half-hives in cells, and more protein can be produced from
a given mRNA molecule. Modified nucleotides containing one or more structural modifications
to the nuclecbase, sugar, or phosphate linkage of the mRNA can interfere with 3’ exonuclease
activity, rendering the mRNA more stable. However, the same structural modifications that
inhibit 3' exonucleases can also hinder the ability of polyvadenylating enzymes to incorporate
them into a poly-A tail, making 1t difficult to incorporate modified nucleotides into a poly-A tail.
Surprisingly, ligating an oligonucleotide contaning as few as three modified nucleotides onto the
3" end of an mRNA containing a pre-existing poly-A tail resulis in a marked improvement 1o
mRNA stability, compared to ligation of an ohigonucleotide with no modified nucleotides other
than a blocking 3" terminal nucleotide to prevent oligonucleotide self-ligation (FIG. 5). Sumilar
improvements i stability were observed by ligation of an oligonucleotide contairung structural
sequences capable of fornung a secondary structure, such as a G-quadruplex or aptamer. Such
structural sequences are thought to prevent exonucleases from accessing 3’ termimal nucleotides.
Multiple types of modified nucleotides and structural sequences, both alone and 1 combination
with each other, imparted improved stabibity to mRNAs when added to the 37 terminus, rendering
the modified mRNAs more resistant to RNase-mediated degradation, which resulted 1n mereased
protein production from these modified mRNAs relative to control mRNAs. These results
indicate that this approach of modifying the poly-A tail of mRINAs to hinder exonuclease activity
provides broad utility in the production of modified mRNAs. Additionally, modified mRNAs
produced by the methods provided herein may be circularized by ligating the terminal ends of a
linear mRNA to produce a circular mRNA. The techniques described herein for improving the
stability of a mRNA may also be suitable for improving the stabulity of a nen-coding RNA, for

the reason that non-coding RNA 15 also vuinerable to 3’ exonuclease activity.

IS5} Accordingly, the present disclosure provides, in some aspects, a modified mRNA comprising

(1} an open reading frame {ORF) encoding a protein; and
(it} a poly-A region,

wherein the poly-A region 1s 3' to the open reading frame and comprises 10 or more

nucleotides, wherein 196 1o 90% of the nucleotides of the poly-A region are modified nucleotides,

and wheremn 3 or more of the 10 last nucleotides of the poly~-A region are modified nucleotides .

[6] In some embodiments, the poly-A region comprises 23 or more adenosine nucleotides, wherein

% 10 90% of the nucleotides of the poly-A region are modified nucleotides, and 3 or more of

the 25 last nucleotides of the poly-A region are modified nucleotides.
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[71 In some embodiments, 4 or more of the 25 last nucleotides of the poly-A region are modified
nuclectides.

[8] In some embodiments, 2 or more consecutive nucleotides of the 25 last nucleotides of the poly-A
region are linked by a modified internucleotide linkage.

[9] In some embodiments, 3 or more consecutive nucleotides of the 25 last nucleotides of the poly-A
region are modified nucleotides independently selected from a deoxyribonucleotide, a 2'-
madified nucleotide, and a phosphorothicate-linked nucleotide.

[0} In some emboduments, the 3 or more modified nucleotides are consecutive nucleotides
located at the 3’ terminus of the poly-A region.

[} Insome embodiments, 6 or more consecutive nucleotides of the 25 last nucleotides of the
poly-A region comprise the same type of nucleotide or internucleoside modification.

[12]  Insome embodiments, 3 or more of the 10 last nucleotides of the poly-A region are modified
nucleotides.

[13]  Insome embodiments, at least 2%, at least 3%, at least 4%, at least 5%, at least 6%, at least
7%, at least 8%, at least 9%, at least 10%, at least 12%, at least 14%, at least 16%, at least 18%%,
at Teast 20%, at least 25%, at least 30%, at lsast 35%, at least 40%, at least 45%, or at least 50%
of the nucleotides of the poly-A region are modified nucleotides.

[14]  Insome embodiments, atleast 4, 5, 6,7, 8,9, 10, 15, 20, or 25 of the 25 last nucleotides of
the poly-A region are modified nuclectides.

[15] In some embodiments, the modified mRNA comprises a 5’ untranslated region (5 UTR) and
a 3’ untransiated region (3" UTR), wherein the ORF s between the 5" UTR and the 3' UTR,
wherein the 3" UTR is between the ORF and the poly-A region.

[16]  In some embodiments, the modified mRNA 1s a circular mRNA, wherein the poly-A region
is between the 3' UTR and the 5" UTR.

[171  Insome aspects, the present disclosure provides a modified mRNA comprising;

(1} an open reading frame {ORF) encoding a protein;

(it} a poly-A region;

(11} one or more copies of a structural sequence comprising at least two nucleotides that are
capable of forming a secondary structure,
wherein the poly-A region is 3’ to the open reading frame and comprises 10 or more nucleotides,
wherein the one or more copies of the structural sequence are 3" to the poly-A region, and
wherein the modified mRNA comprises a secondary structure, wheremn the secondary structure

comprises one of more copies of the structural sequence.

SUBSTITUTE SHEET (RULE 26)



WO 2022/241045 PCT/US2022/028849

(18] In some embodiments, the poly-A region is 3’ to the open reading frame and comprises 25 or
more nucleotides, wherein the one or more copies of the structural sequence are 3’ to the poly-A
region, and wherein the modified mRNA comprises a secondary structure, wherein the secondary
structure comprises one or more copies of the structural sequence.

(191  In some embodiments, the modified mRNA comprises a 5’ untranslated region (5 UTR} and
a 3" untransiated region (3" UTR), wherein the ORF is between the 5" UTR and the 3' UTR,
wheretn the 3" UTR is between the ORF and the poly-A region.

(201 Insome emboduments, the modified mRNA 13 a circular mRNA, wheren the one or more
copies of the structural sequence are between the poly-A region and the ' UTR.

(211 Insome embodiments, the structural sequence 1s a G-quadruplex sequence.

221  Insome embodiments, the G-quadruplex 1s an RNA G-quadruplex sequence.

(23]  Insome embodiments, the RNA G-quadruplex sequence comprises the nucleic acid sequence
of SEQ 1D NO: 2.

{241  In some embodiments, the modified mRNA comprises at least 3 copies of the nucleic acid
sequence of SEQ 1D NG: 2.

(251 Insome embodiments, the G-quadruplex i1s a DNA G-guadruplex sequence.

261 Insome embodiments, the DNA G-quadruplex sequence comprises the nucleic acid sequence
of SEQ 1D NG: 3.

(271 Insome embodiments, the modified mRNA comprises at least 3 copies of the nucleic acid
sequence of SEQ ID NG 3.

281  In some embodiments, the structural sequence i3 a telomeric repeat sequence.

(297 Insome embodiments, the telomeric repeat sequence comprises the nucleic acid sequence of
SEQID NO: 4.

[30] Insome embodiments, the modified mRNA comprises at least 3 copies of the nucleic acid
sequence of SEQ D NO: 4.

311  In some embodiments, the secondary structure of the mRNA is an aptamer that is capable of
binding to a target molecule.

321 Insome embodiments, the poly-A region of the modified mRNA comprises at least one
modified nucleotide.

331 Insome embodiments, at least one modified nucleotide comprises a modified nucleobase.

[34]  Insome embodiments, the modified nucleobase 1s selected from the group consisting of
xanthine, allyaminouracii, allyanunothymidine, hypoxanthine, digoxigeninated adenine,

digoxigenmated cyiosine, digoxigeninated guanine, digoxigeninated uracil, 6-
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chloropurineriboside, N6-methyladenime, methylpseudouracil, 2-thiocytosing, 2-thiouracil, 5-
methyluracil, 4-thicthymidine, 4-thiouracil, 5,6-dihydro-5-methyluracil, 5,6-dihydrouracii, 5-{{3-
Indolyhpropionanmide-N-allyuracil, S-amingallylcytosine, S-aminoaliyvluracd, S-bromouracil, S-
bromocytosine, S-carboxycytosine, S-carboxymethylesteruracil, S-carboxyuracil, S-fluorouraci,
S-formyicytosine, S-formyluracil, 5-hydroxyeytosine, S-hydroxymethylcyviosineg, 5-
hydroxymethyluracil, S-hydroxyuracil, S-iodocytosine, S-iodouraci, S-methoxyeytosine, 5-
methoxyuracil, S-methylcviosine, S-methyluracii, 5-propargylammocyiosine, 5-
propargylaminouracil, 3-propynyicviosine, S-propynyluraci, 6-azacytosine, G-azauracil, 6-
chloropurine, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-
propargylanunocadenine, 7-deaza-7-propargylarninoguanine, 8-azaadenine, 8-azidoadenine, 8-
chlorcadenine, 8-oxoadenine, 8-oxoguanine, araadenine, aracytosine, araguanine, arauracil,
biotin-16-7~-deaza-7-propargylaminoguanime, biotin-16-amunocallyicytosine, biotin-16-
aminoallyluracil, cyamne 3-S-propargylaminocytosine, cyanine 3-6-propargylaminouractl,
cyanine 3-aminoallyleyiosine, cvaning 3-ammnoallyluraci, cyvanine 5-6-propargylaminocytosine,
cyamine S-6-propargylaminouract], cyanine S-aminoallyicytosine, cyamine S-aminoaliyluraci,
cyanine 7-ammoaliviuracil, dabeyi-3-3-amuncallyluracil, desthiobiotin-16-ammoallyt-uraci,
desthiobistin-G-ammoalivicytosine, isoguanine, Ni-ethylpseudouraci, N1-
methoxymethyipseudouracil, Ni-methyiadenine, Nl-methylpseudouracid, Ni-
propylpseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosing, Nd-methylcytosine, No-
methyladenine, O6-methylguanine, pseudoisocyiosine, pseudouracil, thienocytosing,
thienoguanine, thienouracil, xanthosine, 3-deazaadenine, 2 6-diaminoadenine, 2,6-
daminoguanine, S-carboxamide-uraci, S-ethynyluracil, No-isopentenyladenine (16A}, 2-methyl-
thio-No-1sopentenyladenine (ms2i6A}), 2-methylthio-N6-methyladenine {msZmoA)}, N6-{cis-
hydroxyisopentenylladenine (106A), 2-methylthio-N6-{cis-hydroxyisopentenyljadenine
{ms2i00A), No-glycinylcarbamoyladenine {g6A), No-threonvicarbamovladenine (16A), 2-
methylthio-Né-threonyl carbamoyladenine {msZt0A}, N6-methyl-Né-threonylcarbamoyladenine
{m6t6A), No-hydroxynorvalylcarbamoyladenine (hndoA), 2-methylthio-N6-hydroxynorvalyl
carbamoyladenine {ms2hnoA}, N6, N6-dimethyladenine (m62A), and N6-acetyladenine (ac6A).

[351 Insome embodiments, at least one modified nucleotide comprises a modified sugar.

[36] Insome embodiments, the moditied sugar 15 selected from the group consisting of 2'-
thiorihose, 2',3"-dideoxyribose, 2'-amino-2'-deoxyribose, 2’ deoxyrihose, 2'-azido-2'-
deoxyribose, 2'-fluoro~-2'-deoxyribose, 2'-O-methylribose, 2'-0O-methyldeoxyribose, 3'-amino-

2" 3'-dideoxyribose, 3'-azido-2", 3 -dideoxyribose, 3'~-deoxyribose, 3'-0-(2-rutrobenzy )-2'-
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deoxyribose, 3'-O-methyiribose, 5'-aminoribose, 5'-thioribose, S-mitro-1-indolyl-2'-deoxyribose,
S'-biotin-ribose, 2'-0,4'-C-methylene-linked, 2'-0 4'-C-amino-linked ribose, and 2'-0 4'-C-thio-
iinked ribose.

[371  Insome embodiments, at least one modified nucleotide comprises a 2" modification.

[38] Insome embodiments, the 2" modification s selected from the group consisting of a locked-
nucleic acid (LNA) modification (7.e., a nucleotide comprising an additional carbon atom bound
to the 2’ oxygen and 4’ carbon of ribose}, 2'-fluoro (2'-F) , 2'-O-methoxy-ethyl (2-MOE}, and 2'-
O-methylation (2-0Me). In some embodiments, at least one modified nucleotide comprises a
maodified phosphate.

(391 In some emboduments, the modified phosphate 15 selected from the group consisting of
phosphorothioate (PS), phosphorodithicate, thiophosphate, 5'-O-methylphosphonate, 3'-0O-
methylphosphonate, 5'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,
selenophosphate, phosphoramidate, carbophosphonate, methyiphosphonate, phenylphosphonate,
sthyiphosphonate, H-phosphonate, gunamidinium ring, tnazole ring, boranophosphate (BF},
methylphosphonate, and guanidinopropyl phosphoramudate.

(401 In some embodiments, the poly-A region comprises at least 3, at least 4, at least 5, or at least
6 phosphorothicates.

(411 In some embodiments, the poly-A region comprises at least 6 phosphorothicates.

(421 In some embodiments, the poly-A region comprises at least 3 guanine nucleotides and least 3
phosphorothioates.

431  In some embodiments, the poly-A region comprises at least 6 nucleotides comprising a 2'
modification.

441  In some embodiments, the poly-A region comprises at least 3 deoxyribose sugars.

(451  In some embodiments, the poly-A region comprises at least 5, at least 10, at least 15, at least
20, or at least 23 deoxyribose sugars.

[46] In some embodiments, the poly-A region comprises at least 23 deoxyribose sugars.

1471 Insome embodiments, the 3’ terminal nucleotide of the mRNA does not comprise hydroxy at
the 3’ position of the 3' ternunal nucleotide.

[481  Insome embodiments, the 3' terminal nucleotide of the mRNA comprises an inverted
nucleotide.

(491 In some embodiments, the 3’ terminal nucleotide of the mRNA comprises a
dideoxyadenosine, dideoxyceytidine, dideoxyguanosine, dideoxythyrmidine, dideoxyundine, or

inverted-deoxythymidine,
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[S0]  In some embodiments, the 3’ terminal nucleotide of the mRNA comprises a dideoxyeytidine.

(511 Insome embodiments, the mRNA comprises a peptide-binding sequence. In some
embodiments, the peptide-binding sequence 1s a poly-A binding protein (PABP)-binding
sequence

[52} In some embodiments, the moditied mRNA comprises a first modified nuclectide and a
second modified nucleotide, wherein the first and second modified nucleosides comprise
different structures.

[S31  Insome embodumnents, the poly-A region comprises at least 25-500 nucleotides.

(541 Insome embodiments, the poly-A region comprises at least 50, at least 100, at least 150, or at
feast 200 nucleotides.

331 o some embodiments, at least 25%, at least 30%, at least 40%, at least S0%, at least 60%, at
feast 70%, at teast 80%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, or at
least 99% of nucleotides of the polv-A region are adenosine nucleotides.

(561 In some embodiments, the modified mRNA 15 2 hnear mRNA, wherem the linear mRNA
comprises 3 8 cap.

(571 In some embodiments, the 5’ cap comprises a 7-methylguancsine.

581 Insome embodiments, the 5' cap further comprises one or more phosphates connecting the 7-
methylguanosine to an adjacent nucleotide of the modified mRNA.

(591  In some embodiments, the 5’ cap comprises a 3 -0-Me-m 7G5 Jppp(5)G.

[60]  Insome embodiments, one or more phosphates of the 5 cap 1s a modified phosphate selected
from the group consisting of phosphorothioate, triazole ring,
dihalogenmethylenebisphosphonate, imidodiphosphate, and methylenebis{phosphonate}.

(611 In some embodiments, the modified mRNA comprises a 5" UTR comprising 1 or more
modified nucleotides. In some embodiments, the modified mRNA comprises an ORF comprising
1 or more modified nucleotides.

[621 In some aspects, the present disclosure provides a modified non-coding RNA comprising:

{1} a non-coding RNA sequence; and

(11} a poly-A region,

wherein the poly-A region is 3' to the non-coding RNA sequence and comprises 10 or more
nucleotides, wherein 1% to 90% of the nucleotides of the poly-A region are modified
nucleotides, and wherein 3 or more of the 10 last nucleotides of the poly-A region are modified

nucleotides.
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(631  Insome embodiments, the poly-A region is 3’  to the open reading frame and comprises 25
or more adenosine nucleotides, wherein 1% to 90% of the nucleotides of the poly-A region are
modified nucleotides, and wherein 3 or more of the 25 last nucleotides of the poly-A region are
modified nucleotides.

[64]  Insome embodiments, 4 or more of the 25 last nucleotides of the poly-A region are modified
nucleotides.

(651  Insome embodiments, 2 or more consecutive nucleotides of the 25 last nucleotides of the
poly-A region are hinked by a modified mnternucleotide hinkage.

(661  Insome embodiments, 3 or more consecutive nucleotides of the 25 last nucleotides of the
poly-A region are modified nucleotides independently selected from a deoxyribonucleotide, a 2'-
modified nucleotide, and a phosphorothioate-linked nucleotide.

671  Insome embodiments, the 3 or more modified nucleotides are consecutive nucleotides
located at the 3' terminus of the poly-A region.

(681 In some embodiments, 6 or more consecutive nucleotides of the 25 ast nucleotides of the
polv-A region comprise the same type of nucleotide or internucleoside modification.

1691 Insome embodiments, at least 2%, at least 3%, at least 4%, at least 5%, at least 6%, at least
7%, at least 8%, at least 9%, at least 10%., at least 12%, at least 14%, at least 16%, at least 18%,
at least 20%. at least 25%, at least 30%, at least 353%6, at least 40%, at least 45%, or at least 50%
of the nucleotides of the poly-A region are modified nucleotides.

[701  Insome embodiments, atleast4, 5, 6,7, 8,9, 10, 15, 20, or 25 of the 25 last nucleotides of
the poly-A region are modified nuclectides.

[711  Insome embodiments, the modified non-coding RNA s a circular non-coding RNA, wherein
the poly-A region 1s 5 to the non-coding RNA sequence.

{721 Insome embodiments, the modified non-coding RNA further comprises one or more copies
of a structural sequence comprising at least two nucleotides that are capable of forming a
secondary structure, wherein the one or more copies of the structural sequence are 37 to the poly-
A region, and wherein the modified non-coding RNA comprises a secondary structure, and
wherein the secondary structure comprises one or more copies of the structural sequence.

(731  Insome embodiments, the modified non-coding RNA 1s a circular mRNA, wherein the one
or more copies of the structural sequence are between the poly-A region and the non-coding
RNA sequence.

[74]  Insome embodiments, the structural sequence is a G-quadruplex sequence.

(751 Insome embodiments, the G-quadruplex 1s an RNA G-quadruplex sequence.
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(761 Insome embodiments, the RNA G-quadruplex sequence comprises the nucleic acid sequence
of SEG 1D NG: 2.

(777 In some embodiments, the modified non-coding RNA comprises at least 3 copies of the
nucleic acid sequence of SEQ 1D NG 2

[78] Insome embodiments, the G-quadruplex 1s a DNA G-quadruplex sequence.

[791  Insome embodiments, the DNA G-quadruplex sequence comprises the nucleic acid sequence
of SEQ 1D NO: 3.

(801  In some emboduments, the modified non-coding RNA comprises at least 3 copies of the
nucleic acid sequence of SEQ ID NG: 3,

(811  Insome embodiments, the structural sequence is a telomeric repeat sequence.

821 Insome embodiments, the telomeric repeat sequence comprises the nucleic acid sequence of
SEQID NG 4.

831 Insome embodiments, the moditied non-coding RNA comprises at least 3 copies of the
nucleic acid sequence of SEQ 1D NG 4.

(841 In some embodiments, the secondary structure of the non-coding RNA is an aptamer that s
capable of binding to a target molecule.

851 Insome embodiments, at least one modified nuclectide comprises a modified nucleobase.

(361  In some embodiments, the modified nacleobase 15 selected from the group consisting of
xanthine, allyaminouraci, allvaminothymidine, hypoxanthine, digoxigeninated adenine,
digoxigenimated cytosine, digoxigeninated guanine, digoxigeninated uracil, -
chloropurineriboside, N6-methyladenine, methylpseudouracil, 2-thiocytosine, 2-thiouracil, 5-
methyluractl, 4-thiothymidine, 4-thiouracil, 5,6-dihydro-S-methyluracil, 5,6-dihydrouracii, 5-{(3-
Indolybypropionamide-N-allyHuracil, S-aminoallylcytosine, 5-aminoalivluraci], S-bromouracil, 5-
bromocytosine, S-carboxyeyiosine, S-carboxymethyviesteruracil, S-carboxyuracil, 3-fluorouracil,
S-formyicytosine, S-formyluracil, S-hydroxycytosine, S-hydroxymethyicytosine, 5-
hydroxymethyluracil, S-hydroxyuract, 5-iodocytosine, S-iodouracil, 5-methoxycytosing, 5-
methoxyuractl, S-methyicytosine, 5-methyluract, S-propargylaminocytosine, 5-
propargylaminouracil, S-propynylcytosine, S-propynyluracil, 6-azacytosine, 6-azauracil, 6-
chloropurine, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-
propargylaminoadenine, 7-deaza-7-propargylanunoguanine, 8-azaadening, 8-azidoadernne, 8-
chloroadenine, 8-oxoadenine, §-oxoguanine, araadenine, aracytosine, araguanine, arauracil,
biotin-16-7-deaza-7-propargylaminoguanine, biotin-16-aminoallvicytosine, biotin-16-

aminoallyluracil, cyanine 3-5-propargylaminocytosine, cyanine 3-6-propargylamuinouracil,
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cvanine 3-amincallylcytosine, cvanine 3-aminocallyluracil, cvanine 5-6-propargylaminocytosing,
cyanine S-6-propargylaminouracil, cvanine S-aminocallvicytosine, cyamine S-aminoaliyluracil,
cvamne 7-aminoallyluraci, dabeyl-5-3-aminoallyluracil, desthiobiotin-16-amincalivi-uract],
desthiobiotin-G-anmincallylcytosine, 1soguanine, Ni-ethvipseudouract, N1-
methoxymethyipseudouracil, Ni-methyladenine, N1-methylpseudouracil, Ni-
propyipseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosine, Nd-methylcytosine, N6-
methyladenine, 06-methylouanine, pseudoisocytosine, pseudouracil, thienocytosine,
thienoguanine, thienouracil, xanthosine, 3-deazaadenine, 2,6~-diavuncadenine, 2,6-
daminoguanine, S-carboxamude-uraci, S-ethynyluracil, N6-isopentenyladenine (16A), 2-methyl-
thio-N6-1sopentenyladenine (ms2i0A), 2-methylthio-N6-methyladenine (ms2m6A), N6-(cis-
hydroxyisopentenyladenine (1064}, 2-methylhio-No-{cis-hydroxyisopentenyadenine
(821064}, N6-glyeinylcarbamoyladenine {(g6A), No-threonylcarbamoyladenine (16A), 2-
methylthio-No-threonyl carbamoyladenine (ms2t6A), N6-methyl-No-threonylcarbamovladenine
{m6toA), No-hydroxynorvalylearbamoviadenine (hn6A), 2-methylthio-Ne-hydroxynorvalyl
carbamoviadenine {(msZhutA}, No,No-dimethyladenine (mo2A), and Né-acetyladenine {ac6A}.

(8371  In some embodiments, at least one modified nucleotide comprises a modified sugar.

881  In some embodiments, the modified sugar 15 selected from the group consisting of 2'-

!

thioribose, 2',3'~dideoxyribose, 2 -amino-2'-deoxyribose, 2’ deoxyribose, 2'-azido-2'-
deoxyribose, 2'-fluoro-2'-deoxyribose, 2°-C-methylribose, 2'-O-methyldeoxyribose, 3"-amino-
2" 3'-dideoxyribose, 3'-azido-2',3'-dideoxyribose, 3'-deoxyribose, 3'-0-{2-nitrobenzyl}-2'-
deoxyribose, 3'-O-methylribose, 5'-aminoribose, 5'-thioribose, S-nitro-1-indolyl-2'-deoxyribose,
S-biotin-ribose, 2'-0O,4'-C-methylene-linked, 2'-0,4'-C-amino-finked ribose, and 2'-0,4'-C-thio-
iinked ribose.

(891 In some embodiments, at least one modified nucleotide comprises a 2' modification.

1901 Insome embodiments, the 2' modification 1s selected from the group consisting of a locked-
nucleic acid (LNA) modification {(i.e., a nucleotide comprising an additional carbon atom bound
to the 2’ oxygen and 4’ carbon of ribose), 2'-fluoro (2'-F) |, 2'-O-methoxy-ethyl (2'-MOE), and 2'-
O-methylation (2'-OCMe).

[911  Insome embodiments, at least one modified nucleotide comprises a modified phosphate.

(921 Insome embodiments, the moditied phosphate s selected from the group consisting of
phosphorothicate (P8}, phosphorodithioate, thiophosphate, 3'-O-methylphosphonate, 3'-0-
methylphosphonate, 5-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,

selenophosphate, phosphoranudate, carbophosphonate, methviphosphonate, phenyiphosphonate,
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ethylphosphonate, H-phosphonate, guanidinium ring, triazole ring

&0

boranophosphate (BP),
methviphosphonate, and guanidinopropyi phosphoramidate.

931 Insome embodiments, the poly-A region comprises at least 3, at least 4, at least S, or at least
6 phosphorothioates.

[94] Insome embodiments, the poly-A region comprises at least 6 phosphorothioates.

[951  Insome embodiments, the poly-A region comprises at least 3 guanine nucleotides and least 3
phosphorothioates.

(961 In some embodiments, the poly-A region comprises at least 6 nucleotides comprising a 2/
modification.

(971  Insome embodunents, the polv-A region comprises at least 3 deoxyribose sugars,

98] Insome embodiments, the poly-A region comprises at least 5, at least 10, at least 15, at least
20, or at least 23 deoxyribose sugars.

(991  Insome embodiments, the poly-A region comprises at least 23 deoxyribose sugars.

[100] In some embodiments, the 3’ termunal nucleotide of the non-coding RNA does not comprise
hydroxy at the 37 position of the 3" termmnal nucleonide.

{1011 In some embodiments, the 3’ termunal nucleotide of the non-coding RNA comprises an
mverted nucleotide.

[102] In some embodiments, the 3’ termunal nucleotide of the mRNA comprises a
dideoxyadenosine, dideoxycyvtiding, dideoxyguanosine, dideoxythynudine, dideoxyunidine, or
nverted-deoxythymidine.

(1031 In some embodiments, the 3' terminal nucleotide of the mRNA comprises a dideoxycytidine.

[104] In some embodiments, the modified non-coding RNA comprises a first modified nucleotide
and a second modified nucleotide, wherein the first and second modified nucleosides comprise
different structures.

[105] Insome embodiments, the poly-A region comprises at least 25-500 nucleotides.

[106] Insome embodiments, the poly-A region comprises at least 50, at least 100, at least 150, or at
ieast 200 nucleotides.

[107] Insome embodiments, at least 25%, at least 30%, at least 40%, at least S0%, at least 60%, at
feast 70%, at least 80%, at least 9%, at least 95%, at least 96%, at least 97%. at least 98%, or at
least 99% of nucleotides of the poly-A region are adenosine nucleotides.

[108] In sorme aspects, the present disclosure provides a method of producing a modified mRNA,
the method comprising higating a first RNA comprising an open reading frame encoding a

protein to a ailing nucleic acud comprising one or more modified nucleotides, in the presence of
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an RNA ligase, whereby the RNA ligase forms a covalent bond between the 3’ nucleotide of the
RNA and the 5 nucleotide of the tailing nucleic acid to produce the modified mRNA.
10971 In some embodiments, the modified mRNA comprises a 5’ untranslated region (5 UTR) and
_ i {

a 3’ untransiated region (3" UTR), wherein the ORF is between the 5" UTR and the 3' UTR,
wherein the 3" UTR is between the ORF and the poly-A region.

[110] Insome embodiments, the method further comprises circularizing the modified mRNA in the
presence of a ribozyme, wherein the modified mRNA comprises a 3' intron and a 5 intron,
wherein the 3" intron 15 5" to the 5 UTR, wherein the 3 intron s 3’ to the poly-A region, whereby
the ribozyme forms a covalent bond between a nucleotide that 18 3" to the 3" mtron and a
nucleotide that 1s 5" to the S’ intron to produce a circular mRNA that does not comprise the §7
intron or the 3’ intron, wherein the poly-A region is between the 3’ UTR and the 5 UTR of the
circular mRNA.

[111] Insome embodiments, the method further comprises the steps of!

(1) mtroducing a 5’ terminal phosphate group onto the first nucleotide of the modified
mRNA,;

(11} cleaving one or more 37 terminal nucleotides of the modified mRNA to produce a
modified mRNA with a 3" terminal hydroxyl group; and

(111} circularizing the modified mRNA produced in step (11} in the presence of 8 circularizing
ligase;

whereby the circularizing ligase forms a covalent bond between the 3’ nucleotide of the
modified mRNA and the 5’ nucleotide of the modified mRNA to produce a circular modified
mRINA, wherein the poly-A region is between the 3' UTR and the 5 UTR.

[112] Insome aspects, the present disclosure provides a method of producing a modified mRNA,
the method comprising ligating an RNA comprising an open reading frame encoding a protein to
a tatling nucleic acid comprising one or more copies of a structural sequence in the presence of
an RNA ligase, whereby the ligase forms a covalent bond between the 3' nucleotide of the RNA
and the 5 nucleotide of the tailing nucleic acid to produce the modified mRNA.

(1131 In some embodiments, the modified mRNA comprises a 5’ untranslated region (5 UTR} and
a 3’ untransiated region (3" UTR), wherein the ORF is between the 5" UTR and the 3' UTR,
wherein the 3" UTR 1s between the ORF and the poly-A region, wherein the poly-A region is
between the 3" UTR and the one or more copies of the structural sequence.

[114] Insome embodiments, the method further comprises circularizing the modified mRNA in the

presence of a ribozyre, wherein the modified mRNA comprises a 3’ intron and a 5" intron,
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wherein the 3" intron is 5" to the 5 UTR, wherein the 5" intron 15 3’ to the one or more copies of
the structural sequence, whereby the ribozyme forms a covalent bond between a nucleotide that
18 3’ to the 3’ mtron and a nucleotide that 1s 3’ to the 5’ intron to produce a circular mRNA that
does not comprise the 5" intron or the 3’ intron, wherein the one or more copies of the structural
sequence are between the poly-A region and the §' UTR of the circular mRNA.
[115] Insome embodiments, the method further comprises the steps of:
(1) introducing a 5’ terminal phosphate group onto the first nucleotide of the modified
mRNA:
{u} cleaving ove or more 3" termmnal nucleotides of the modified mRNA to produce a
modified mRNA with a 3" termunal hydroxyl group; and
{u1} circulanizing the modified mRNA produced 1n step {11} in the presence of a circularizing
ligase;
whereby the circularizing higase forms a covalent bond between the 3’ nucleotide of the
modified mRNA and the 5 nuclestide of the modified mRNA 1o produce a circular modified
mRNA, wherein the one or more copies of the structural sequence are between the 3’ UTR and the §

UTR.

[116] Insome embodiments, the modified mRNA 1s circularized m the presence of a scatfold
nucleic acid, wherein the scaffold nucleic acid 1s a nucleic acid that 1s capable of hybridizing
with the modified mRNA, wheremn the modified mRNA forms a circular secondary structure
when bound to the scaffold nucleic acid,

[117] Insome embodiments, the scaffold nucleic acid comprises:

(a) a first hybridization sequence comprising 5 or more nuclestides, wherein the first
hybridization sequence is complementary to at least the first five (5} nucleotides of the modified
mRINA; and

{b} a second hvbridization sequence comprising 5 or more nucleotides, wherein the second
hybridization sequence is complementary to at least the last five (5} nucleotides of the modified
mRNA;

wherein at least the first five (5) nucleotides of the modified mRNA hybridize with the first
hybridization sequence, and at least the last five (5) nucleotides of the modified mRNA hybridize

with the second hybridization sequence.
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[118] Insome embodiments, a last nucleotide of the first hybridization sequence and a first
nucleotide of the second hybridization sequence are adjacent in the scaffold nucleic acid and not
separated by any other nucleotides.

[119] Insome embodiments, the modified mRNA comprises:

(1} a first self-hybridization sequence that 1s 5’ to the open reading frame;

{11} a second self-hybridization sequence that is 3 to the open reading frame;

(u1} a first non-hybridization sequence that i1s 5’ to the first self-hybridization sequence; and

{1v} a second non-hybridization sequence that 15 3’ to the second self-hvbridization sequence,

wherein the first and second self~hybridization sequences are capable of hybridizing with
each other,

wherein the first and second self~hybridization sequences are not capable of hybridizing with

each other.

[120] Insome embodiments, hybridization of the first and second self-hybridization sequences
forros a secondary structure in which the 53" terminal nucleotide and the 37 ternunal nucleotide of
the modified mRNA are separated by a distance of less than 100 A

(1211 In some embodiments, the §' terminal nucleotide and the 3" termuinal nucleotide are separated
by a distance of less than 90 A, less than 80 A, less than 70 A, less than 60 A, less than 50 A,

less than 40 A, less than 30 A, less than 20 A, or less than 10 A

(1221 Insome embodiments, the circulanizing ligase 1s T4 RNA hgase.

[123] Insome embodiments, the structural sequence is a G-quadruplex sequence.

[124] Insome embodiments, the G-quadruplex is an RNA G-quadruplex sequence.

(1251 In some embodiments, the RNA G-quadruplex sequence comprises the nucleic acid sequence

of SEG 1D NG: 2.

[126] Insome embodiments, the tailing nucleic acid comprises at least 3 copies of the nucleic acid
sequence of SEQ 1D NG: 2.

(1271 Insome embodiments, the G-quadruplex is a DNA G-quadruplex sequence.

[128] Insome embodiments, the BDNA G-quadruplex sequence comprises the nucleic acid sequence
of SEQ 1D NO: 3.

[129] Insome embodiments, the tailing nucleic acid comprises at least 3 copies of the nucleic acid
sequence of SEQ ID NO: 3.

[130] Insome embodiments, the structural sequence is a telomeric repeat sequence.
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[131] Insome embodiments, the telomeric repeat sequence comprises the nucleic acid sequence of
SEQID NO: 4.

(1321 Insome embodiments, the tatling nucleic acid comprises at least 3 copies of the nucleic acid
sequence of SEQ D NO: 4.

[133] Insome embodiments, the structural sequence is an apiamer sequence comprising at least
two nucleotides that are capable of interacting to form an aptamer, wherein the aptamer is a
secondary structure that is capable of binding to a target molecule.

[134] In some emboduments, the talling nucleic acid comprises at least one modified nucleotide.

[135] Insome embodiments, the 5’ nucleotide of the RNA does not comprise a 5 terminal
phosphate group;

wherein the 3' nucleotide of the RNA comprises a 3 ternunal hydroxyl group;

wherein the 8’ nucleotide of the tatling nucleic acid comprises a 5’ terminal phosphate group; and

wherein the 3' nucleotide of the tatling nucleic acid does not comprise a 3’ ternunal hydroxyl group.

[136] Insome embodiments, the §' nuclestide of the RNA does not comprise a 5" termunal hydroxyl
Sroup;

wherein the 3" nucleotide of the RNA comprises a 3’ termunal phosphate group;

wherein the 53’ nucleotide of the tailing nucleic acid comprises a §' terminal hydroxyl group,

wherein the 3" nucleotide of the taithing nucleic acid does not comprise a 3" terminal phosphate group;

and

wherein the RNA ligase 1s an RicB ligase.

[137] Insome embodiments, at least 2%, at least 3%, at least 4%, at least 5%, at least 6%, at least
7%, at least 8%, at least 9%, at least 10%, at least 12%, at least 14%0, at least 16%, at least 18%,
at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, or at least 50%
of the nuclectides of the tailing nucleic acid are modified nucleotides.

[138] Insome embodiments, atleast4, 5, 6,7, 8,9, 10, 15, 20, or 25 of the 25 last nucleotides of
the tatling nucleic acid are modified nucleotides.

[139] Insome embodiments, at least one modified nucleotide comprises a modified nucleobase.

[140] Insome embodiments, the modified nucleobase is selected from the group consisting of
xanthine, allyaminouracil, allvaminothymidine, hypoxanthine, digoxigeninated adenine,
digoxigenmated cytosine, digoxigenmated guanine, digoxigemnated uraci, 6-
chloropurineriboside, No-methyladenine, methylpseudouraci, 2-thioeytosine, 2-thiouracd, S-
methyluracil, 4-thuothyoudine, 4-thiouraci, 5,6-dihydro-5-methyluraci, 5,6-dihydrouracii, 5-{(3-

Indolybpropionamide-N-allyuracil, S-aminocallyleviosine, S-amincaliviuracil, S-bromouracil, 3-
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bromocytosine, S-carboxyeyiosine, S-carboxymethyviesteruracil, S-carboxyuracil, 3-fluorouracil,
S-formyleytosine, 5-formyhuraci, S-hydroxycvtosine, S-hydroxymethyicytosine, 5-
hydroxymethyluracil, S-hydroxyuract, 5-iodocytosine, S-iodouracil, 5-methoxycytosing, 5-
methoxyuractl, S-methyicytosine, 5-methyluract, S-propargylaminocytosine, 5-
propargylaminouracil, S-propynylcytosine, S-propynyluracil, 6-azacytosine, 6-azauracil, 6-
chloropurine, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-
propargylaminoadenine, 7-deaza-7-propargylanminoguanine, 8-azaadenine, 8-azidoadenine, 8-
chloroadenine, 8-oxoadenine, §-oxoguanine, araadenine, aracytosine, araguanine, arauracil,
biotin-16-7-deaza-7-propargylaminoguanine, biotin-16-aminoallvicytosine, biotin-16-
aminoallyluracil, cyanine 3-5-propargylaminocytosine, cyanine 3-6-propargylamunouracil,
cyanine 3-anunoallyleytosing, eyanine 3-anuncallyluracil, cyvanine S-6-propargylanmunocytosine,
cyanine 3-6-propargylaminouraci], cyanine S-anuncallyleviosine, cyanine S-ammoaliyluraci,
cyamine 7-anunoallyluracil, dabeyl-S-3-ammnoallyviuracil, desthiobiotin-16-amimoallyl-uracil,
desthiobiotin-6-anmunoaliylcytosine, isoguanine, Ni-ethyvipseudouracii, N1-
methoxymethyipseudouracil, Nt-methyladenine, N1-methylpseudouracil, Ni-
propylpseudouraci), N2-methyiguaning, Nd-biotm-OBEA-cytosine, N4-methylcytosing, N6~
methyladenine, O6-methylguanine, pseudoisocytosing, pseudouraci, thienocyiosine,
thienoguanine, thignouracil, xanthosine, 3-deazaadening, 2 6-diaminoademne, 2,6~
daminoguanine, S-carboxamide-uraci, S-ethvayluracil, N6-isopentenyladenine (i6A), Z-methyl-
thio-N6-1sopentenyladenine {(ms2i6A), Z-methylthio-N6-methyladenine {(ms2m6A}, No-(cis-
hydroxyisopentenyljadening (i06A)}, Z-methylthio-No-{cis-hydroxyisopentenyliadenine
{(ms2i06A), N6-glycmylearbamovladenine (g6A), N6-threonylcarbamoyladenine (16A}, 2-
methylthig-No-threonvl carbamoyladenine (ms2t6A), N6-methyl-No-threonvicarbamovladenine
(m6toA), No-hydroxynorvalylcarbamoviadenine (hn6A), Z-methylthio-No-hydroxynorvalyl
carbamoyladenine {msZhnoA), No,No-dimethyladenine (m62A), and N6-acetyladenine {(ac6A).

[141] Insome embodiments, at least one moditied nucleotide comprises a modified sugar.

[142] Insome embodiuments, the modified sugar is selected from the group consisting of 2'-
thioribose, 2’ 3'-dideoxyribose, 2'-amine-2'-deoxyribose, 2' deoxyribose, 2'-amdo-2'-
deoxyribose, 2'-fluore-2'-deoxyribose, 2'-O-methylribose, 2'-O-methyldeoxyribose, 3'-amino-

2" 3 -dideoxyribose, 3'-azido-2' 3 -dideoxyribose, 3'-deoxyribose, 3'-0-(2-nirobenzyl}-2'~
deoxyribose, 3'-O~methylribose, 5'-anunoribose, 3'-thioribose, S-nitro-1-indolyl-2'-deoxyribose,
S-biotin-ribose, 2'-0.4'-C-methylene-linked, 2'-0,4'-C-avuno-hinked ribose, and 27-0,4'-C-thio-

finked ribose.
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[143] Insome embodiments, at least one modified nucleotide comprises a 2' modification.

{1441 In some embodiments, the 2’ modification is selected from the group consisting of a locked-
nucleic acid (LNA) modification {(i.e., a nucleotide comprising an additional carbon atom bound
to the 2’ oxygen and 4’ carbon of ribose), 2'-fluoro (2'-F) |, 2'-O-methoxy-ethyl (2'-MOE), and 2'-
O-methylation (2'-CMe}).

[145] Insome embodiments, at least one modified nucleotide comprises a modified phosphate.

[146] Insome embodiments, the modified phosphate is selected from the group consisting of
phosphorothicate (P8}, phosphorodithioate, thiophosphate, 3'-O-methylphosphonate, 3'-0-
methylphosphonate, 5-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,
selenophosphate, phosphoranudate, carbophosphonate, methviphosphonate, phenyiphosphonate,
ethyiphosphonate, H-phosphonate, guanidinium ring, triazole ring, boranophosphate (BP),
methylphosphonate, and guanidinopropyl phosphoramidate.

[147] Insome embodiments, the tatling nucleic acid comprises at least 3, at least 4, at least S, orat
ieast 6 phosphorothioates.

[148] Insome embodiments, the tathing nucleic acid comprises at least 6 phosphorothioates.

[149] In some embodiments, the tailing nucleic acid comprises at least 3 guanine nucleotides and

ieast 3 phosphorothicates.

[150] In some embodiments, the tailing nucleic acid comprises at least 6 nucleotides comprising a
2" modification.

[151] Insome embodiments, the tailing nucleic acid comprises at least 3 deoxyribose sugars.

[1521 Insome embodiments, the tailing nucleic acid comprises at least 5, at least 10, at least 15, at
least 20, or at least 23 deoxyribose sugars.

[153] Insome embodiments, the tailing nucleic acid comprises at least 23 deoxyribose sugars.

[154] Insome embodiments, the 3’ terminal nucleotide of the tatling nucleic acid comprises a
dideoxyadenosine, dideoxycytidine, dideoxyguanosine, dideoxythymidine, dideoxvuridine, or
mverted-deoxythymidine.

[155] Insome embodiments, the tailing nucleic acid comprises a first modified nucleotide and a
second modified nucleotide, wherein the first and second modified nucleotides comprise
different structures.

[156] Insome embodiments, at least 25%, at least 30%, at least 40%, at least S0%, at least 60%, at

feast 709, at least 80%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, or at

least 99% of the poly-A region of the modified mRNA are adenosine nucleotides.
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[157] Insome embodiments, the poly-A region of the modified mRNA comprises at least 25-500
nuclectides.

[158] In some embodiments, the poly-A region of the modified mRNA comprises at least 50, at
feast 100, at least 150, or at least 200 nucleotides.

[1539] Insome embodiments, the modified mRNA s a linear mRNA, wherein the linear mRNA
comprises a 3’ cap.

[160] Insome embodiments, the 5 cap comprises a 7-methylguanosine.

[161] In some emboduments, the 5’ cap further comprises one or more phosphates connecting the 7-
methylguanosine to an adjacent nuclectide of the modified mRNA.

[162] In some embodiments, the 8’ cap comprises a 37 -O-Me-m7G{5 )ppp(5NG.

[163] Insome embodiments, one or more phosphates of the 5" cap 1s a modified phosphate selected
from the group consisting of phosphorothioate, tniazole ting,
dihalogenmethylenebisphosphonate, unudodiphosphate, and methylenebis{phosphonate}.

[164] In some embodiments, the RNA ligase 1s T4 RNA higase.

[165] In some aspects, the present disclosure provides 8 method of producing a modified non-
coding RNA, he method comprising ligating a first RNA comprising a non-coding RNA
sequence to a talling nucleic acid comprising one or more modified nucleotides, in the presence
of an RNA hgase, whereby the RNA ligase forms a covalent bond between the 3" nucleotide of
the RNA and the 5" nucleotide of the tailing nucleic acid to produce the modified non-coding
RNA.

[166] In some embodiments, the modified non-coding RNA comprises a poly-A region that is 3’ to
the non-coding RNA sequence.

(1671 In some embodiments, the method further comprises circulanizing the modified non-coding
RNA i the presence of a ribozyme, wherein the modified non-coding RNA comprises a 3' intron
and a 5" intron, wherein the 3' intron s 3 to the non-coding RNA sequence, wherein the 5' intron
18 3’ to the poly-A region, whereby the ribozyme forms a covalent bond between a nucleotide
that 15 3’ to the 3" intron and a nucleotide that 1s 5 to the 5" intron to produce a circular non-
coding RNA that does not comprise the 5 intron or the 37 intron, wherein the poly-A region is
between the 3’ and 5’ nucleotides of the non-coding RNA.

[168] Insome embodiments, the method further comprises steps of!

{1} introducing a 5’ ternunal phosphate group ounto the first nucleotide of the modified non-

coding RNA;
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(1) cleaving one or more 3" terminal nuclestides of the modified non-coding RNA to produce
a modified non-coding RNA with a 3' terminal hydroxyl group; and

(u1} circularizing the modified non-coding RNA produced in step (11} in the presence of a
circularizing ligase;

whereby the circularizing ligase forms a covalent bond between the 3’ nucleotide of the
modified non-coding RNA and the 5' nucleotide of the maodified non-coding RNA to produce a
circular modified non-coding RNA, wherein the poly-A region is between the 3' and 5§
nucleotides of the non-coding RNA.

[169] Insome embodiments, the tatling nucleic acid further comprises one or more copies of a
structural sequence.

[170] Insome embodiments, the moditied non-coding RNA comprises a poly-A region 15 between
the non-coding RNA sequence and the one or more copies of the structural sequence.

[171] Insome embodiments, the method further comprises circularizing the modified non-coding
RNA i the presence of a ribozyme, wherein the modified non-coding RNA comprises a 3" intron
and a 5" intron, wherem the 3" itron 13 § to the non-coding RNA sequence, wherein the 5" intron
1s 3’ to the one or more copies of the structural sequence, whereby the ribozyme forms a covalent
bond between a nucleotide that 15 3" to the 3" intron and a nucleotide that 13 5 to the 5 intron to
produce a circular non~-coding RN A that does not comprise the 5 intron or the 3" mtron, wherein
the one or more copies of the structural sequence are between the poly-A region and the non-
coding RNA sequence of the circular non-coding RNA.

(1721 Insome embodiments, the method further comprises the steps of!

(1) mtroducing a 5’ terminal phosphate group onto the first nucleotide of the modified non-
coding RNA,;

(1) cleaving one or more 3" terminal nuclestides of the modified non-coding RNA to produce
a modified non-coding RNA with a 3" terminal hydroxyl group; and

(u1} circularizing the modified non-coding RNA produced in step (11} in the presence of a
circularizing ligase;

whereby the circularizing ligase forms a covalent bond between the 3’ nucleotide of the
modified non-coding RNA and the 5' nucleotide of the maodified non-coding RNA to produce a
circular modified non~coding RN A, wherein the one or more copies of the structural sequence
are between the poly-A region and the non-coding RNA sequence.

(1731 Insome embodiments, the moditied non-coding RNA 1s circularized in the presence of a

scaffold nucleic acid, wherein the scaffold nucleic acid 15 a nucleic acid that 1s capable of
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hybridizing with the modified non-coding RNA, wherein the modified non-coding RNA forms a
circular secondary structure when bound to the scaffold nucleic acid.

[174] In some embodiments, the scaffold nucleic acid comprises:

{(a) a first hybridization sequence comprising 5 or more nucleotides, wherein the first
hybridization sequence is complementary to at least the first five {5} nucleotides of the modified
non-coding RNA; and

(b} a second hybridization sequence comprising 5 or more nucleotides, wherein the second
hybridization sequence 1s complementary to at least the last five (§) nucleotides of the modified
non-~coding RNA;

wherein at least the first five (5) nucleotides of the moditied non-coding RNA hybnidize with
the first hybridization sequence, and at least the last five (5) nucleotides of the modified non-
coding RNA hybridize with the second hybnidization sequence,

[175] Insome embodiments, a last nucleotide of the first hybridization sequence and a first
nucleotide of the second hybridization sequence are adjacent 1n the scaffold nucleic acid and not
separated by any other nucleotides.

[176] In some embodiments, the modified non-coding RNA comprises:

{1} a first self-hybridization sequence that 13 57 to the open reading frame;

(11} a second self-hybridization sequence that 1s 3" to the open reading frame;

(111} a first non-hybridization sequence that s §' to the first self-hybridization sequence; and

(iv} a second non-hybridization sequence that 13 3' to the second self-hybridization sequence,

wherein the first and second self-hybridization sequences are capable of hybridizing with
each other, and wherein the first and second self-hybridization sequences are not capable of
hybridizing with each other.

(1771 Insome embodiments, hybridization of the first and second self-hybridization sequences
forms a secondary structure in which the 5 terminal nucleotide and the 3’ ternunal nucleotide of
the modified non-coding RNA are separated by a distance of less than 100 A

[178] Insome embodiments, the 5' terminal nucleotide and the 3" terminal nucleotide are separated
by a distance of less than 90 A, less than 80 A, less than 70 A, less than 60 A, less than 50 A,
less than 40 A, less than 30 A less than 20 A, or less than 10 A

[179] Insome embodiments, the circulanizing ligase 1s T4 RNA higase.

[180] Insome embodiments, the structural sequence is a G-quadruplex sequence.

[181] Insome embodiments, the G-quadruplex 1s an RNA G-quadruplex sequence.
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(1821 Insome embodiments, the RNA G-quadruplex sequence comprises the nucleic acid sequence
of SEG 1D NG: 2.

[1831 Insome embodiments, the tatling nucleic acid comprises at least 3 copies of the nucleic acid
sequence of SEQ D NO: 2.

[184] Insome embodiments, the G-quadruplex is a DNA G-quadruplex sequence.

[185] Insome embodiments, the DNA G-quadruplex sequence comprises the nucleic acid sequence
of SEQ 1D NO: 3.

[186] Insome embodiments, the talling nucleic acid comprises at least 3 copies of the nucleic acid
sequence of SEQ ID NO: 3.

[187] Insome embodiments, the structural sequence is a telomeric repeat sequence.

[188] Insome embodiments, the telomernic repeat sequence comprises the nucleic acid sequence of
SEQID NG 4.

[189] Insome embodiments, the tathing nucleic acid comprises at least 3 copies of the nucleic acid
sequence of SEQ ID NG 4.

[190] Insome embodiments, the structural sequence 15 an aptamer sequence comprising at least
two nuclestides that are capable of interacting to form an aptamer, wherein the aptamer is a
secondary structure that 1 capable of binding to a target molecule.

{1911 In some embodiments, the §' nucleotide of the RNA does not comprise a 5" terminal
phosphate group;
wherein the 3" nucleotide of the RNA comprises a 3' termuinal hydroxyl group;
wherein the 5’ nucleotide of the tailing nucleic acid comprises a 5" terminal phosphate group; and
wherein the 3" nucleotide of the tathing nucleic acid does not comprise a 3’ termunal hydroxyl
group.

[192] Insome embodiments, the 5’ nucleotide of the RNA does not comprise a 5" terminal hydroxyl
oroup;
wherein the 3" nucleotide of the RNA comprises a 3' terminal phosphate group;
wherein the 5’ nucleotide of the tathing nucleic acid comprises a & terminal hydroxyl group;
wherein the 3" nucleotide of the tailing nucleic acid does not comprise a 3’ termunal phosphate
eroup; and
wherein the RNA ligase 15 an RicB ligase,

(193] Insome embodiments, at least 2%, at least 3%, at least 4%, at least 5%, at least 6%, at least

7%, at least 8%, at least 9%, at least 10%, at least 129, at least 14%, at least 16%, at least 18%,
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at least 20%, at least 25%., at least 30%, at least 35%, at least 40%, at least 45%, or at least 50%
of the nucleotides of the tailing nucleic acid are modified nucleotides.

[194] Insome embodiments, atleast4, 5, 6,7, 8 9, 10, 15, 20, or 25 of the 25 last nucleotides of
the tailing nucleic acid are modified nucleotides.

[1951 In some embodiments, at least one modified nucleotide comprises a modified nuclechase.

[196] In some embodiments, the modified nuclechase is selected from the group consisting of
xanthine, allyanunouracii, allyamunothymidine, hypoxanthine, digoxigeninated adenine,
digoxigenmated cyiosine, digoxigeninated guanine, digoxigeninated uracil, 6-
chloropurineriboside, N6-methyladenine, methylpseudouracil, 2-thiocytosine, 2-thiouracil, 5-
methyluracil, 4-thiothyrmadine, 4-thiouracil, 5,6-dibydro-S-methyluracil, 3,6-dihydrouracy, S-{(3-
Indolyhypropionanide-N-allyHuraci, S-aninoallyleytosine, S-amimnoaliyvluracil, S-bromouracil, 5-
bromocytosine, S-carboxycytosine, S-carboxymethylesteruracil, S-carboxvuracil, S-fluorouraci],
S-formyicytosine, S-formyluraci, S-hydroxyeytosine, S-hydroxymethyleyiosine, S-
hydroxymethyluracil, S-hydroxyuracil, S-1odocytosine, 5-1odouracd, S-methoxyceytosing, 5-
methoxyuracil, S-methyicytosine, S-methyluracii, S-propargylammocytosine, 5-
propargylaminouracil, S-propynylcviosine, S-propynyluraci, 6-azacytosme, G-azauracil, 6-
chloropuring, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-
propargylamincadenine, 7-deaza-7-propargylaminoguanine, 8-azaadenine, 3-azidoadenine, 8-
chlorocadenine, 8-oxoadenine, 8-oxoguaning, araadenine, aracytosing, araguanine, arauracil,
biotin-16-7-deaza-7-propargylaminoguanine, biotin-16-amingallyicytosine, biotin-16-
amingallviuracil, cyanine 3-S-propargyiaminecytosine, cvanine 3-6-propargylaminousacil,
cvanine 3-amincallylcytosine, cvanine 3-aminocallyluracil, cvanine 5-6-propargylaminocytosing,
cyanine S-6-propargylaminouracil, cvanine S-aminocallvicytosine, cyamine S-aminoaliyluracil,
cyanine 7-amincallviuracil, dabevi-3-3-aminoallyluracil, desthiobiotin-16-aminoaliyl-uraci,
desthiobiotin-G-anmincallylcytosine, 1soguanine, Ni-ethvipseudouract, N1-
methoxymethyipseudouracil, Ni-methyladenine, N1-methylpseudouracil, Ni-
propyipseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosine, Nd-methylcytosine, N6-
methyladenine, 06-methylouanine, pseudoisocytosine, pseudouracil, thienocytosine,
thienoguanine, thienouracil, xanthosine, 3-deazaadenine, 2 6-diamincadenine, 2,6-
daminoguanine, S-carboxamude-uraci, S-ethynyluracil, N6-isopentenyladenine (16A), 2-methyl-
thio-N6-1sopentenyladenine (ms2i0A), 2-methylthio-N6-methyladenine (ms2m6A), N6-(cis-
hydroxyisopentenyladenine (1064}, 2-methylhio-No-{cis-hydroxyisopentenyadenine

(821064}, N6-glyeinylcarbamoyladenine {(g6A), No-threonylcarbamoyladenine (16A), 2-
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methylthio-N6-threonyl carbamoyladenine {msZt0A}, No-methyl-Noé-threonylcarbamoyladenine
{mo6t6A), N6-hydroxynorvalylcarbamoyladenine (hntA), 2-methylthio-N6-hydroxynorvaiyl
carbamoyladenine (ms2hn6A}), N6, N6-dimethyladenine (mG2A), and Né-acetyladenine (acOA).

[197] Insome embodiments, at least one modified nucleotide comprises a modified sugar.

[1981 In some embodiments, the moditied sugar 1s selected from the group consisting of 2'-
thioribose, 2’3 ~-dideoxyribose, 2'-amino-2'-deoxyribose, 2’ deoxyribose, 2'-azido-2'-
deoxyribose, 2'-fluoro-2'-deoxyribose, 2'-O-methylribose, 2'-O-methyldeoxyribose, 3’ -amino-
2" 3'-dideoxyribose, 3'-azido-2", 3 -dideoxyribose, 3'~-deoxyribose, 3'-0-(2-rutrobenzy )-2'-
deoxyribose, 3'-O-methylribose, §'-aminoribose, S'-thioribose, S-nitro~1~-indolyl-2'~-deoxyribose,
S-biotin-ribose, 2'-0,4'-C-methyiene-linked, 2'-0,4'-C-amino-tinked ribose, and 2'-0,4'-C-thio-
Iinked ribose.

[199] In some emboduments, at least one modified nucleotide comprises a 2" moditication.

[200] Insome embodiments, the 2" modification is selected from the group consisting of a locked-
nucleic acid {LNA} modification {7.e., a nucleotide comprising an additional carbon atom bound
to the 2" oxygen and 4’ carbon of ribose), 2'-fluoro (2'-F} | 2'-O-methoxy-ethyl (2-MOE), and 2'-
G-methylation {27-0OMe).

[201] Insome embodiments, at least one modified nucleotide comprises a modified phosphate.

(2021 In some embodiments, the modified phosphate 13 selected from the group consisting of
phosphorothicate (PS), phosphorodithioate, thiophosphate, 5'-O-methylphosphonate, 3'-0O-
methylphosphonate, 3'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,
selenophosphate, phosphoramidate, carbophosphonate, methylphosphonate, phenylphosphonate,

ethyiphosphonate, H-phosphonate, guamidinium ring, triazole ring

&0

boranophosphate (BP),
methviphosphonate, and guanidinopropyi phosphoramidate.

[203] Insome embodiments, the tailing nucleic acid comprises at least 3, at least 4, at least 5, or at
ieast 6 phosphorothioates.

[204] In some embodiments, the tatling nucleic acid comprises at least © phosphorothioates.

[205] Insome embodiments, the tailing nucleic acid comprises at least 3 guanine nucleotides and
ieast 3 phosphorothioates.

[206] Insome embodiments, the tailing nucleic acid comprises at least & nucleotides comprising a

2" madification.

(2071 In some embodiments, the tailing nucleic acid comprises at least 3 deoxyribose sugars.
[208] Insome embodiments, the tatling nucleic acid comprises at least 5, at least 10, at least 15, at

feast 20, or at least 23 deoxyribose sugars.
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[209] In some embodiments, the tailing nucleic acid comprises at least 23 deoxyribose sugars.

[210] In some embodiments, the 3' terminal nucleotide of the tailing nucleic acid comprises a
dideoxyadenosine, dideoxyeytidine, dideoxyguanosine, dideoxythymidine, dideoxyuridine, or
mverted-deoxythymidine.

2111 Insome embodiments, the tatling nucleic acid comprises a first modified nucleotide and a
second modified nuclectide, wherein the first and second moditied nucleotides comprise
different structures.

[212] Insome embodiments, at least 25%, at least 30%, at least 40%, at least 50%, at least 60%, at
feast 70%, at least 80%, at least 90%, at least 95%, at least 96%, at least 979, at least 98%, or at
feast 99% of the poly-A region of the modified non-coding RNA are adenosine nucleotides.

2131 Iosome embodiments, the poly-A region of the modified non-coding RNA comprises at least
25-500 nucleotides.

[214] Yo some embodiments, the poly-A region of the modified non-coding RNA comprises at least
50, at least 100, at least 150, or at feast 200 nucleotides.

2151 Insome embodiments, the RNA ligase 13 T4 RNA ligase.

[216] In some aspects, the present disclosure provides a modified mRNA produced by any one of
the methods provided herein.

[217] In some embodiments, the mRNA encodes an antigen or a therapeutic protemn.

[218] Insome embodiments, the antigen 1s a viral antigen, bacterial antigen, protozoal antfigen, or
fungal antigen.

[219] Insome embodiments, the therapeutic protein 1s an enzyme, transcription factor, cell surface
receptor, growth factor, or clotting factor.

[220] In some embodiments, the open reading frame is codon-optimized for expression i a cell

2211 In some embodiments, the modified mRNA 15 codon-optimized for expression in a
mammalian cell.

(2221 In some embodiments, the modified mRNA s codon-optimized for expression in a human
cell.

[2231 In some aspects, the present disclosure provides a modified non-coding RNA produced by
any one of the methods provided herein.

[224] Insome embodiments, the moditied non-coding RNA 13 a guide RNA {(gRNA)}, a prime
editing guide RNA {pegRNA}, or a long non-coding RNA (IncRNA).

[225] In some aspects, the present disclosure provides a lipid nanoparticle comprising any one of

the modified mRNAs or modified non-coding RNAs provided herein.
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[226] Insome aspects, the present disclosure provides a cell comprising any one of the modified
mRNAs or modified non-coding RNAs provided hereimn.

[227]1 1Insome embodiments, the cell 15 a mammalian cell

[228] Insome embodiments, the cell is a human cell

[229] In some aspects, the present disclosure provides a composition comprising any of the
modified mRNAs, modified non-coding RNAs, hipid nanoparticles, or cells provided herein

[230] In some aspects, the present disclosure provides a pharmaceutical composition comprising
any of the modified mRNAs, modified non-coding RNAg, hipid nanoparticles, or cells provided
herein, and a pharmaceutically acceptable excipient.

[231] Insome aspects, the present disclosure provides a method comprising introducing any of the
modified mRNAs, modified non-coding RNAs, or lipid nanoparticles provided herein mto a cell.

[232] Insome aspects, the present disclosure provides a method comprising intruding any of the
modified mRNAs, modified non-coding RNAs, lipid nanoparticles, cells, or compositions
provided heremn, into a subject.

2331 Insome aspects, the present disclosure provides a method of vaccnating a subject, the
method comprising mtruding any of the modified mRNAs, lipid nanoparticles, cells, or
compositions provided herein, nto a sebject, wherein the open reading frame of the mRNA
encodes an antigen.

[234] In some aspects, the present disclosure provides a method of replacing an enzyme ina
subject, the method comprising mtrading any of the modified mRNAs, lipid nanoparticles, cells,
or compositions provided herein, into a subject, wherein the open reading frame of the mRNA
encodes an enzyme.

[235] Insome aspects, the present disclosure provides a method of modifving the genome of a
subject, the method comprising mitroducing any of the modified non-coding RNAs or
compositions provided herein into a subject.

[236] Insome embodiments, the subject is a mammal.

[237] Insome embodiments, the subject 15 a human,

[238] In some aspects, the present disclosure provides any of the modified mRNAs, modified non-
coding RNAs, hipid nanoparticles, cells, or compositions provided herein, foruseas a
medicarnent.

[239] Insome aspects, the present disclosure provides a kit coraprising an RNA and a tatling
nucleie acid of any of the methods provided herein.

[240] In some emboduments, the kit further comprises an RNA ligase,
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[241] In some aspects, the present disclosure provides a kit comprising any of the pharmaceutical
compositions provided herein and a delivery device.

[2421 In some aspects, the present disclosure provides a method for purifying a modified mRNA or
a modified non-coding RNA, comprising comtacting a mixture comprising a modified mRNA or
a modified non-coding RNA with a purification medium, wherein the modified mRNA or
modified non-coding RINA interacts with the purification medium to form a modified RNA-
purification medium conjugate, separating the modified RNA-purification medum conjugate
froro the mixture, and eluting the modified mRNA or modified non-coding RNA from the
moditied RNA-purtfication medium conjugate with a solvent.

[243] In sore embodunents, the purification medium comprises a paramagnetic bead.

BRIEF DESCRIPTION OF THE DRAWINGS

[244] FIG, 1 shows the structures of naturally occurnng modified nucleosides, including
m®Am, m'A, psenadouriding, m®A, m’G, ac*C, Nm, and m°C, which can be used in the rodified
mRNAs or methods of making modified mRNAs provided heremn

(2453 FIG. 24 shows the design of modified hinear mRNAs (Design A} and modified
circular mRNAs (Design B). Filled circles represent modified nucleotides in the open reading
frame that mmprove protem production. Open circles represent modified nucleotides in the
poly{A} region that improve RNA stability. FIG, 28 shows the arrangement of elements ina
typical mRNA, which contains, in 5'-to-3" order, a 5' UTR, an open reading frame, a 3' UTR, and
a polyv-A tail.

(246} FIG. 3 shows data relating to the relative efficiency of protein production from
modified mRNAs relative to unmodified mRNAs. Modified mRNAs encoding green fluorescent
protein {GFP) were synthesized and polyadenylated to add polv{A) tails, with the
polvadenylation reactions including limited amounts (5% or 25%) of modified adenosine
triphosphates, as mndicated. Unmodified mRNAs encoding mCherry were synthesized and
polvadenviated using canonical nucleotides. Mixtures of modified and unmodified mRNAs were
transfected into cells, and the ratio of GFP/mCherry was measured at days 1-3 post-transfection.

1247} FIG. 4A shows an overview of the experimental scheme used for specific poly{A) tall
maodifications that leave the coding sequence unaltered. Cellular exonucleases deadenylate the
polv{A} tail, but random ncorporation of modified nucleoside triphosphates (NTPs) by polv{A)
polymerase may slow degradation of the 3" end of the mRNA. (SEQ 1D NO: 1) FIG. 4B shows

an overview of the experimental scheme used for installation of chemically defined structures at
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the 3" end of the mRNA. Chenucally synthesized oligonucleotides with defined compositions
were figated to the 3’ end of GFP-encoding mRNAs contaiing a template-encoded poly(A)
sequence. Ligation of chemically synthesized oligonucleotides allowed for the production of
unnatural internucleotide linkages and incorporation of defined quantities of modified
nucleotides to the end of each mRNA,

(248} FIG. 5 shows barplots of the abundance of GFP, which was encoded by modified
mRMNAs, normalized to the abundance of mCherry, which was encoded by unmodified mRNA, at
24, 48, and 72 hours post-transfection of both mRNAs nto Hela cells. Mean+/- ST3. 7 values
were calculated with unpaired ¢-test without assuming consistent 8D by Graphpad Prisio 7.01.
*P <001, ¥EP <0001, FEEP < Q.0001, ¥EEEP < 000001

[249] FIG, 6A shows a representative RNase H assay showing RNase H activity on
mRNAs hgated to sorne RNA or DNA nucleotides. Ligations were performed on in vitro
transcribed mRNA, which was then purified by AMPure bead cleanup as described in the
methods section. All samples were characterized for integrity on a separate gel. Samples that are
shown n the gel were all treated using the RNase H assay protocol deseribed i the methods
section. Ladder shown 13 400 ng of Century-Plas RNA Markers. FIG. 68 shows an . coli
RNase R digestion assay performed on select RNA/DNA oligos used as substrates in higations,
Chamn-termmnating nucleotides do not prevent RNase R digestion, but an mRNA contaiming 23
deoxyadenosine nucleotides and a termuinal dideoxycytidine exhibited robust stability against
RNase R degradation. Ladder contains ssDNA primers with lengths histed to the left.

1250} FiG. 7TA shows a schematic of messenger-oligonucleotide conjugated RNA
{mocRINA) synthesis, with an overview of chemical modifications and structures of synthetic
oligos used for ligations. Chemically synthesized oligos with defined composition were ligated
to the 3' end of humanized Monster Green Fluorescent Protein (GFP) mRNAs contaming a
template-encoded 60 nt poly(A) sequence (GFP-G0A), to produce translatable mocRNAs. FIG.
7B shows schematics of the RNase H assay used to quantify higation reaction efficiency of
mocRNAs. Oligonucleotides used for ligations were 30 nt. DNA probes target the 3’ UTR of
mRNA such that the 5’ end of the probe is 106 nt upstream of the poly(A) tail. This generates a
5" mRNA fragment {824 nt) and a 3' mRNA fragment (166 nt including the 60 nt polv(A)} tadl for
unligated mRNA; ~200 nt for higated mRNA). The 3’ cleavage product displays a band shifton a
denaturing gel upon ligation. M, Marker, Century-Plus RNA Markers.

251} FIG, 8A shows barplots of GFP tluorescence signal normalized to maCherry

fluorescence signal and the mock ligation control at 24 hours, 48 hours, and 72 hours post-
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transfection. Gray dash lines, y = 1. mean + s.d, n fields of view (FOV) indicated under
respective bars. Fach condition had at least 3 biological replicates, of which 4 FOV were imaged
from each. P values were calculated by ordinary two-way ANOVA (Dunnett’s multiple
comparisons test, comparison of means across timepoints), with multiple comparisons to the
sample 20rA ddC. ***P < (001, ¥*¥**P < 0 0001, FIG. 8B shows representative separate and
overlay images of mCherry fluorescence, GFP fluorescence, and Hoechst nuclet staining in Hela
cells 48 hours after transfection of the indicated RNA construct under the same confocal imaging
setting. Scale bar, 25 um. FIG. 8C shows correlation of the means of bulk GFP/mCherry RNA
ratios (RT-gPCR, mean £+ s.e.m., also see Table 7) and bulk GFP/mCherry fluorescence ratios
{roean % s.d.} 48 hours after transfection. FIG. 81 shows representative tmages of STARmap
amplicons representing GFP RNA and mCherry RNA in siri in HeLa cells fixed 48 hours after
transfection with mdicated mRNA vectors, acquired under the same confocal imaging setting.
Nuclei are mdicated with DAPI staining. Colocabized GFP and mCherry amplicons {(shown in
msets; right column} were potentially lipid transfection vesicles (white arrows), and thus
excluded from downstream STARmap quantification of RNA species.

2523 FIG. 84 shows knetic characterization of Firefly luciferase~-degron compared to an
uniagged luciferase. mRNAs encoding each protemn were transfected mto Hela cells, which were
treated with cycloheximide (CHX) at time = 0. Resulting relative luminescent umits (RLU} were
measured in cells at 2 hr intervals following CHX treatment, to estimate a decay half-life for
proteins. K16, 98 shows Firefly luciferase-degron RLU normalized to mock ligation signal (8 hr
post-transfection}. Corresponding normalized Firefly RLU values at each timepoint were tested
for significance using an ordinary one-way ANOVA test, compared to mock ligation for each
timepoint. *P < 0.05, ¥¥P < 001, ¥F*P < 0.001, #FFFP < 0.0001. FIG. 9C shows representative
STARmap images {channel overlay) taken at 24, 48, and 72 hr timepoints from mocRNA-
transfected Hela cells. Images were taken as single slices from Z-stacks obtamed from each
field of view. White arrows 1n mock ligation, 24 hr sample, show representative transfection
vesicles {regions of large size and overlapping GFP/mCherry signal} Gray puncta indicate GFP
mRMNA or mCherry mRNA. Nuclet are indicated by DAPT staining. Image contrast was adjusted
equally among images in Imaged. FEG, 9D shows a time course of STARmap mRNA counts and
quantification in mocRNA-transfected Hel.a cells. GFP and mCherry mRNA species are
counted, with the exclusion of large aggregates (1.e., transfection vesicles). Three biological
rephicates for each expermmental condition, with 4 FOVs taken from each sample. Violin plot

elerents: hines, lower/upper adjacent values; bars, interquartile ranges; white dot, median. Single
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cell numbers are listed above corresponding distributions. Statistical testing is performed using
Welch's t test with companisons to 29rA_ddC at each respective timepoint. *P < 0.05, ¥*pP <
0.01, #¥FP < 0.001, ¥***¥P < (.0001.

1253} FIG. 10A shows schematics of general chemical strategies to increase mRNA exo-
and endonuclease resistance through the incorporation of modified nucleotide triphosphates
{(NTPs). X, modified nucleoside. FIG, 188 shows chenucal structure of adenosine-5-0(1-
thiotriphosphate) (8-ATP) used in E-PAP and IVT spike-in reactions. Sulfur modification of
alpha phosphate, when incorporated mto RNA, 15 wdentical to a phosphorothioate (PS) linkage
{shown 10 FIG. 7B). FIG. 16C shows schematics depicting the different strategies of
incorporation of phosphorothucate (PS) linkages into mRNA. RNA polymerase (i e, co-
transcriptional) and poly{A) polymerase incorporation of adenosine-5'-0-(I-thiotriphosphate} (S-
ATP) was used to mstall nuclease-resistant PS linkages nto mRNA. Insets: denaturing gel
showing the effects of each modification strategy on the length distribution of mRNAs. Gray
A’s: chemically modified adenosines, black A’s: unmodified adenosines. M, Marker, Century-
Plus RNA Markers. FIG. 10D shows barplots of GFP protem abundance from modified GFP
mBNA generated various strategies, normalized to mCherry and the average of the untreated
mRNA control at each time pomt (24 hours, 48 hours, and 72 hours) after transfection into Hela
cells. Mean 4+ s.d.; n, number of FOVs indicated under respective bars. Bach condition consisted
of at least 3 biological replicates, of which 4 FOVs were imaged from each. Dashed linery =1. P
values are calculated by ordinary two-way ANOVA (Dunnett’s multiple comparisons test,
comparison of means across timepoints), with multiple comparisons to untreated mRNA unless
specified in the figure. **P < Q.01, #***P < 0.0001.

(254} FiG. 11 A shows barplots of GFP protein abundance normalized to mCherry and the
“untreated” control in neurons 24 hours and 48 hours after transfection. mean £ s.d., n{(FOV) =
18 Fach condition consisted of at least 3 biological replicates, of which 6 FOV/stacks were
imaged from each. Gray dash line: v = 1. P values were calculated with ordinary two-way
ANCVA (Dunnett’s multiple comparisons test) compared to the untreated sample for each
separate time point. *¥¥¥P < §.0001. FiG. 118 shows representative images of GFP and
mCherry fluorescence in neurons 24 hours after transfection imaged under the same confocal
mucroscopy setting. Nuclel are indicated by Hoechst staining. Scale bar, 25 pm.

[255] FIG. 12 shows representative RNase H assays showing mocRNA vectors prepared by
the ligation of TVT GFP-60A mRNAs and synthetic oligos. DNA probe targets the 3" UTR of

mRNA such that the 5 end of the probe 15 106 nt upstream of the poly{A) tail. This generates a
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5" mRNA fragment {824 nt} and a 3' mRNA fragment (106 nt including 60 nt poly(A), Lanes 1
& 23 The 3’ cleavage product displays a band shift on a denaturing gel upon ligation. M, Marker
which is Century-Plus RNA Markers. Ligated and unligated tails are labeled accordingly.

[256] FIG. 13A shows violin plots of single-cell guantification of GFP and mCherry
fluorescence ratios (Inf1 + ratio]) 1n Hela cells 24 hours, 48 hours, and 72 hours after transfected
with indicated mRNA vectors. Violin plot elements, lines, lower/upper adjacent values; bars,
interquartile ranges; white dot, median. n indicated in parentheses. P values are calculated by
Welch’s t test {unpared, two-tatled), with comparisons 1o the sample 29vA_ddC as a control
FEP < Q.01, P < Q.001, FFFFP < (.0001. FIG. 13B shows representative image stack
maximum projection of STARmap characterization of GFP and mCherry RNA 11 Hela cells 48
hours after lipofectanune~-mediated transfection. GFP and mCherry mRNA species trapped 1o
hipofectamune~-mediated vesicles appeared overlapped and formed large, merged foci mRNA
species released from the vesicle appeared as individual dots in the cytosol, each representing a
single mRNA molecule. Scale bar, 20 um. FIG, 13C shows single-cell analysis of GFP/mCherry
mRNA copy numbers {amplicons) quantified by STARmap. Violin plot elements: lines,
fower/upper adjacent values; bars, mterquartife ranges; white dot, median. Number of cells in
parentheses. Gray dash hine, median of the sample 2% A_ddC. P values are calcolated by
Welch’s t test (unpaired, two-tatled), with comparisons to the sample 29vA_ddC as a control. *P
< (.08, ¥*¥P <Q.01, #FFP < 0,001, ¥¥¥FP < 00001, FIG. 13D shows correlation of the medians
of single-cell GFP/mCherry RNA ratios and single-cell GFP/mCherry fluorescence ratios 48
hours after transfection.

2571 FIG., 14A shows GFP-60A mocRNAs ligated to length-adjusted PS+G4 oligos
{Z6rA G4 (9orf72 RNA 6x85:G, 26rA G4 C90rf72 DNA 6x8G, and
26rA (4 telo DNA 6x8G). Fluorescence time-course measurements were performed
following transfection of GFP mocRINAs into Hela cells, along with an mCherry mRNA
internal control. Resulting GFP/mCherry fluorescence values for each sample were further
normalized to the average value for 6x5r{AG) at each time point. Statistical testing was
performed using ordinary two-way ANOVA (Dunnett’s multiple comparisons test, comparison
of means across timepoints), with comparisons performed to 6xSr{AG). ****P < (.0001. FiG.
14B shows i vifro translation of Firefly-PEST mocRNA constructs. Rabbit reticulocyie lysates
were used as mn vitro translation systerns tor Fuefly-PEST mocRNA constructs, along with an
unmodified mternal Renilla luciferase control. Firefly RLU / Renilla RUU were measured from

each reaction to compare possible modes of translational enhancement afforded by different
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mocRINAS. Statistical testing was performed using one-way ANOVA {nonparametric, Kruskal-
Wallis, Dunn’s multiple comparisons test}, with comparisons made to the “mock higation”
sample. *P < 0.05. FIG. 14C shows kinetic characterization of Firefly-degron encoding
mocRNA constructs. Rentila (internal control) RLU normalized to mock ligation value at § hours
post-transfection. Corresponding mocRNA values at each timepoint were tested for significance
using a one-way ANOVA (Kruskal-Wallis test, Dunn’s multiple comparisons test), compared to
mock ligation. The internal control signal appeared to be consistent between different samples.

[258] FIG. 18 shows GFP mRNAs subjected to poly{A) tatling by £, coli polv(A)
polymerase (E-PAP), with varying amounts of chenucally moditied ATP derivatives spiked m.
Tail-modified GFP mRNAs were transfected into Hela cells, along with tail-unmodified
mCherry transfection control (E-PAP tailed, 100% ATP) Bars represent GFP/mCherry
fluorescence normalized by the average of the 100% ATP, E-PAP tailed GFP mRNA sample at
each corresponding time point. The percentages indicate the relative molar ratio used between
modified and unmodified ATP m each reaction. Chemucally modified GFP mRNAs were co-
transfected with unmodified mCherry mRNA, and the resulting GFP/mCherry fluorescence
ratios were measured at 24, 48, and 72 hours post transfection m Hella cell culture. ATP:
adenosme 5" triphosphate; moATP: No-methvladenosing 8" triphosphate, 2-0O-me ATP: 2" (-
methyladenosine-5'-triphosphate; S-ATP: adenosmne-5-0-(1-thiotriphosphate);, JATP: 2'-
deoxyadenosine 5'-triphosphate; amino-dATP: 2'-amino-2'-deoxvadenssine-5'-triphosphate.
mean + s.d. n =4 Gray dash ling: v = 1. P values are calculated by ordinary two-way ANOVA
{Dunnett’s mukhtiple comparisons test, comparison of means across timepoints}, with comparisons
performed to E-PAP tatling {100% ATP). ****P < 0.0001.

[259] FiG. 16A shows quantification of Hela cell numbers from confocal microscopy
images in FEG. 8. Hoechst-stained nucler were segmented in CellProfiler, and cell numbers in
each field of view (FOV) were calculated for each mocRNA condition and time point. Cell
numbers were normalized to average cell number for the mock ligation condition at every time
point. Comparisons were performed to the “no higation” sample using an ordinary two-way
ANOVA (Dunnett’s multiple comparisons test, comparison of means across timepoints), ¥P <
0.05, **P < 0.01. FIG. 168 shows RT-gPCR gquantification of innate unmune response in
transfected Hel.a cells, RT-qPCR of IFNB1 mRNA n samples transtected with each GFP-G0A
higation construct, normalized to human ACTB mRNA and normalized again to the mock
higation sample. Values were further logl0 transformed prior to significance testing and

graphing. Each condition consists of at least 3 hiological replicates, with 3 technical replicates
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per biological sample. Averages of 3 technical replicates (for gach biological condition) are
shown as individual points, such that each data point corresponds to a specific biological
replicate {mean + s.e.m of biological replicates). Unmodified GFP mRNA refers to IVT hMGFP
mRNA (E-PAP poly(A} tailed} without N1 -methylpseudouridine substitution {1.e., contains
100% urnidine}. Logl O-normalized samples were analyzed tor significance using Welch’s t test
{unpatred, two-tatled, parametric). Samples were referenced to 29rA  ddC mocRNA for pairwise
comparisons. Number of biclogical replicates used for each condition {n) indicated in
parentheses above the corresponding sample. *P < (.05, ¥**P < 0.01, ¥*4P < (.001, ¥*¥*P <
0.0001. FIG. 16T shows fraction of dead rat cortical neurons determined from mocRNA
transtections. Primary rat cortical neuron cultures were transfected with 250 ng GFP-60A
mocRNA with a 250 ng roCherry mRNA internal control. Cells were then imaged at 24- or 48-
hours posi-transtfection, using Hoechst fo stain hive and dead nucler, and NucRed Dead (647} to
stain dead nucler. The relative nurobers of dead to total nucler were calculated to provide
percentage dead cells i each transfection condition. Poly(E:() at 50 ng was used as a positive
control for toxicity. Comparisons were performed using ordinary two-way ANOVA (Dunnett’s
multiple comparisons test, comparison of means across timepoints), with comparisons to the
transfection only sample. **P < 0.01.

(2607 FIG. 17 shows 72-hour Firefly REU / Renilla RLU, normalized to the average of
“mock ligation” sample values. For each condition, n = 9, except for 29 A ddC with n = 18 This
corresponds to 3 biological replicates x 3 technical replicates {per biological replicate}, or 6
biological replicates x 3 technical replicates for 29vrA ddC. MocRNA constructs were prepared
using Firefly luciferase-encoding mRNA. Firefly luciferase mRNA (250 ng) and unligated
Renilla luciferase mRNA (250 ng) were co-transfected mto HeLa cells using Lipofectamine
MessengerMax (LMRNAOOL}, according to the manufacturer’s protocol. Hela cells were
reseeded after 6 hour incubation, and luminescence was measured at 72 hours post-transfection
using the Promega Dual-Glo Luciferase Assay System (E2920).

(261} FIG. 18A shows expernimental procedure of in vive bioluminescence timaging.
Untreated or 6x8:{AG) invdT conjugated Firefly luciferase mRNA (2 ug) was intramuscularly
mjected into either the left thigh or right thigh using in vivo-jetRNA (Polyplus: 101000013},
according to the manufacturer’s protocol. Luciferin (150 mg/kg, VivoGlo™) was mjected
intraperitoneally 6 hours after mRNA 1gjection. 15 mn later, m-vivo bioluminescence imaging
was performed. “ug” refers to ug. FIG. 18B shows in vivo bicluminescence was measured under

the 3 nun of exposure time. The injection sides of unireated and 6xSr{AG) 1ovdT conjugated
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Firefly luciferase mRNA are indicated at the bottom of the image. FEG. 18C shows statistical
results of iz vive bioluminescence produced by unireated or 6x81{AG) nvdT conjugated Firefly

fuciferase mRNA. * p < 0.03. Paired T-test.

DETAILED DESCRIPTION

262} Provided herein are modified mRNAs with modified nucleotides and/or structural
features 1n or downstream of the poly-A tail of the mRNA to improve stability in cells and
thereby enhance protein production. Also provided are methods of making modified mRNAs by
higating a tatling nucleic acid onto the 3 terminus of an mRNA 1o mitroduce a defined number of
modified nucleic acids or structural sequences at the 37 of the modified mRNA produced by the
higation. Additionally, the present disclosure provides pharmaceutical compositions comprising
one or more of the modified mRNAs provided herein, and kits containing reagents to produce the
modified mRNAs described herein. Conventional mRNAs comprise poly-A tails with multiple
adenosine mucleotides at the 3" end, which can be degraded by cellular exonucleases, which
remove 3’ nucleotides. Once exonucleases remove the poly-A tail and begin removing
nucleotides of the open reading frame, the mRNA 15 unable to be translated into an encoded
protein. As one of the primary determinants of mRNA stability 1n a cell 1s the time required to
degrade the poly-A tail, mRNAs that are more resistant to 37 exonuclease activity are degraded
more siowly. Modified mRNAs of the present disclosure have longer half-lives, and are thus
more stable, in cells. The more stable an mRNA 15 in a cell, the longer it will take to be
degraded, and thus more protein can be translated from a given RNA molecule with a longer
half-life. Modified nucleotides containing one or more structural changes to the nucleobase,
sugar, and/or phosphate linkage of the mRNA can interfere with 3' exonuclease activity,
rendering the mRNA more stable. However, the same structural modifications that inhibit 3/
exonucleases can also interfere with the ability of polyadenylating enzymes to incorporate them
into a poly-A tail, hindering the addition of modified nucleotides to a poly-A tail through
conventional polyadenvlation methods. Surprisingly, higating an oligonucleotide containing as
few as three modified nucleotides onto the 3’ end of an mRNA containing a pre-existing poly-A
tail resulted in a marked improvement in mRNA stability. The ligation of an oligonucleotide
contamning structural sequences capable of forming a secondary structure, such as a G-
quadruplex or aptamer, which prevent exonucleases from accessing 3’ terminal nucleotides, also
markedly improved mRNA stability relative to RNAs without such secondary structures.

Multiple classes of modified nucleotides and structural sequences, both alone and in combination
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with each other, increased the stability of mRNAs when added to the 3' terminus, suggesting that
modifying the poly-A tail of an mRNA 1o hinder exonuciease activity provides broad utility in
the production of modified mRNAs. Modified mRNAs with increased stability in cells, and thus
the ability to produce more of an encoded protein from a given RNA molecule, are useful for use
in vaccines and other RN A-based therapies, such as the delivery of mRNAs encoding essential

enzymes, clotting factors, transcription factors, or cell surface receptors.

Definitions

[263] A “messenger RNA” (“mRNA™), as used herein, refers to a nucleic acid comprising
au open reading frarue encoding a protewn, and a poly-A region. An roRNA rmay also coroprise a
5" untranslated region (3" UTR) that 1s 5 to {(upstream of) the open reading frame, and a 3’
untransiated region that 1s 3" to {(downstream of) the open reading frame.

[204] An “open reading frame encoding a protein,” as used herein, refers to a nuclewc acid
sequence comprising a coding sequence, that leads to the production of the protein when the
open reading frame 1s translated. The nucleic acid sequence may be an RNA sequence, in which
case translation of the RNA sequence produces a polypeptide with the amino aaid sequence of
the protein. The nucleic acid sequence may be a DNA sequence, in which case the protein s
produced when an RNA polymerase uses the BNA sequence to transcribe an RNA molecule
comprising an RNA sequence that 13 complementary to the DNA sequence, and translation of the
RNA sequence produces a polypeptide with the amino acid sequence of the protemn. An open
reading frame typically begins with a START codon, such as AUG in the RNA sequence (ATG
in the DNA sequence), and ends with a STOP codon, such as UAG, UAA, or UGA in the RNA
sequence {TAG, TAA, or TGA in the DNA sequence}, with the number of bases between the &
of the START codon and the T or U of the STOP codon being a multiple of 3 (e.g., 3, 6, 9).

[265] An RNA molecule that can be translated is referred to as a messenger RNA| or
mRMNA. An DNA or RNA sequence encodes a gene through codons. A codon refers to a group of
three nucleotides within a nucleic acid, such as DNA or RNA, sequence. An anticodon refers to a
group of three nucleotides within a nucleic acid, such as a transfer RNA (tRNA), that are
complementary to a codon, such that the codon of a first nucleic acid associates with the
anticodon of a second nucleic acid through hydrogen bonding between the bases of the codon
and anticodon. For example, the codon 5-AUG-3" on an mRNA has the corresponding anticodon
3-UAC-3 on a tRNA. During translation, a tRNA with an anticodon complementary to the

codon to be translated associates with the codon on the mRNA, generally to deliver an amino
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acid that corresponds to the codon to be translated, or to facilitate termination of translation and
release of a translated polypeptide from a nibosome.

[2661 Translation is the process in which the RNA coding sequence is used to direct the
production of a polypeptide. The first step in translation s inttiation, 1n which a ribosome
associates with an mRNA, and a first transfer RNA ({(RNA} carrving a first amino acid associates
with the first codon, or START codon. The next phase of translation, elongation, involves three
steps. First, a second tRNA with an anticodon that s complementary to codon following the
START codon, or second codon, and carrying a second amno acid, associates with the mRNA.
Second, the carbon atom of termoinal, non-side chain carboxylic acid motety of the first amino
acid reacts with the nitrogen of the termunal, non-side chain amino moiety of the second amino
acid carried, forming a peptide bond between the two anuno acids, with the second amino acid
being bound to the second tRNA, and the first ammo acid bound to the second amino acid, but
not the first t(RNA. Third, the first tRNA dissociates from the mRNA, and the ribosome advances
along the mRNA, such that the position at which the first (RNA associated with the ribosome 1
now occupied by the second tRNA, and the position previously occupied by the second tRNA 13
now free for an additional {RNA carrying an additional amino acid to associate with the mRNA.
These three steps of 1) association of a tRNA carrving amino acid, 2} formation of a peptide
bond, which adds an additional amino acid to a growing polypeptide, and 3) advancement of the
ribosome along the mRNA | continue until the ribosome reaches a STOP codon, which results in
termination of translation. Generally, tRNAs that associate with STOP codons do not carry an
aming acid, so the association of a (RNA that does not carry an ammno acid during the elongation
step results in cleavage of the bond between the polypeptide and the tRNA carrying the final
aming acid in the polypeptide, such that the polypeptide is released from the ribosome.
Alternatively, ribosomes may dissociate from the mRNA and release the polypeptide if no tRNA
associates with the STOP codon.

[2671 A “nucleic acid,” or “polynucleotide,” as used herein, refers to an organic molecule
comprising two or more covalently bonded nucleotides. A “nucleotide,” as used herein, refers 1o
an organic molecule comprising a 1) a nucleoside comprising a sugar covalently bonded toa
nitrogenous base (nucleobase}; and 2) a phosphate group that is covalently bonded to the sugar
of the nucleoside. Nucleotides in a polynucleotide are typically joined by a phosphodiester bond,
10 which the 37 carbon of the sugar of a first nucleotide 15 hnked to the 5’ carbon of the sugar of a
second nucleic acid by a bridging phosphate group. Typically, the bridging phosphate comprises

two nov-bridging oxygen atoms, which are bonded only to a phosphorus atom of the phosphate,
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and two bridging oxygen atoms, each of which connects the phosphorus atom to either the 3’
carbon of the first nucleotide or the 5 carbon of the second nuclectide. In a nucleic acid
sequence describing the order of nuclectides in a nucleic acid, a first nucleotide 1s said to be 5 to
{upstream of) a second nucleotide if the 3' carbon of furst nucleotide 15 connected to the 5" carbon
of the second nucleotide. Similarly, a second nucleotide is said to be 3' to (downstream of} a first
nucleotide if the 5’ carbon of the second nucleotide s connected to the 37 carbon of the first

ol

nucleotide. Nucleic acid sequences are typically read in 5'->3' order, starting with the 5’

nucleotide and ending with the 3" nucleotide.

[268] A “modified nucleotide,” as used herem, refers to a nucleotide with a structure that 1s

not the canonical structure of an adenosine nucleotide, cviidine nucleotide, guamine nucleotide,
or uraci nucleotide. A canomnical structure of a molecule refers to a structure that 1s generally
known 1 the art to be the structure referred to by the name of the molecule. As used herein, a
“modified nucleotide” may also refer to a nucleotide which comprises a nucleobase or sugar
{ribose or deoxyribose) that 1s not canonical. A “modified nucleotide” may also refertoa
nucleotide that 1s covalently hoked to a second nucleotide through an mternucleoside linkage
that 13 not a canonical iternucleoside hinkage (7.e., not a phosphodiester internucleoside linkage,
e.g., a phosphorothioate internucleoside linkage}. A canonical structure of an adenosine
ribonucleotide, which comprises an adenine base, nbose sugar, and one or more phosphate

eroups, 1s shown below, in the form of adenosine monophosphate:

O oM {AMP).

[269] The canonical structure of AMP also refers to structures in which one or more

hydroxyl groups of the phosphate and/or one or more hydroxyl groups of the sugar are
deprotonated, and structures in which an oxygen atom of the phosphate and/or the 3" oxygen

atom of the sugar are bound to an adjacent nucleotide mn a nucleic acid sequence.

[270] The canonical structure of a cytosine nucleotide which comprises a cytosine base,

ribose sugar, and one or more phosphate groups, 13 shown below, 1 the form of cytidine

monophosphate:
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OHOH {CMP). The canonical structure of CMP also refers to structures in which one or
more hydroxyl groups of the phosphate and/or one or more hydroxyl groups of the sugar are
deprotonated, and structures in which an oxygen atom of the phosphate and/or the 3" oxygen atom of
the sugar are bound to an adjacent nucleotide 1 a nucleic acid sequence.
(2713 The canonical structure of a guanine nucleotide which comprises a guanine base,
rihose sugar, and one or more phosphate groups, 1s shown below, n the form of guanosine

monophosphate:

O On {GMP). The canonical structure of GMP also refers to structures in
which one or more hydroxyl groups of the phosphate and/or one or more hydroxyl groups of the
sugar are deprotonated, and structures 1 which an oxygen atom of the phosphate and/or the 3’
oxygen atom of the sugar are bound to an adjacent nucleotide in a nucleic acid sequence.

272} The canonical structure of a uracil nucleotide which comprises a uraci base, ribose
sugar, and one or more phosphate groups, 18 shown below, 1n the form of unidine

monophosphate:

OH OH {(UMP)}. The canorucal structure of UMP also refers to structures m whuch one or
more hydroxyl groups of the phosphate and/or one or more hydroxy! groups of the sugar are
deprotonated, and structures 1n which an oxygen atom of the phosphate and/or the 3" oxygen atom of
the sugar are bound to an adiacent nucleotide in a nucleic acid seguence.

(273} The structure of a modified nucleotide may differ from the structure of a canonical
nucleotide due to one or more modifications i the sugar, nitrogenous base, or phosphate of the
nucleotide. In some embodiments, the modified nucleotide comprises a modified nucleoside that

is not the canonical structure of an adenine nucleoside, cytosine nucleoside, guanine nucleoside,

or uracil nucleoside. As used herein
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(274} An example of a canonical structure of adenosineg, an adenine nucleoside, s

reproduced below:

{adenosine}. The canonical stracture of adenosine aiso refers to structures in
which one or more hydroxyl groups of the phosphate and/or one or more hydroxyl groups of the
sugar are deprotonated, structures in which the §' carbon 1s bound to a 5" phosphate in 2 nucleic acid
sequence, and structures in which a 3" oxygen atom 13 bound to a $' phosphate group of an adjacent
nucleotide in a nucleic acid sequence.

[275] An example of a canonical structure of cytiding, a cytosine nucleoside, is reproduced

below:

oM s {cytidine}. The canonical structure of cyvtidine also refers to structures in which one or
more hydroxyl groups of the phosphate and/or one or more hydroxyl groups of the sugar are
deprotonated, structures in which the 5’ carbon s bound to a 5’ phosphate 1n a nucleic acid sequence,
and structures in which a 3’ oxygen atom s bound to a 5’ phosphate group of an adjacent nucleotide
in a nucleic acid sequence.
[276] An example of a canorucal structure of guanosine, a guanine nucleoside, is

reproduced below:

{guanosine). The canonical structure of guanosine also refers to structures in

which one or more hydroxyl groups of the phosphate and/or one or more hydroxyi groups of the
sugar are deprotonated, structures i whuch the 8’ carbon is bound to a 5" phosphate i a nucleic acid
sequence, and structures in which a 3’ oxygen atom 1s bound to a 5’ phosphate group of an adjacent
nucleotide 1 a nucleic acid sequence.

[277] An example of a canomcal structure of unidine, a uracd nucleoside, 1s reproduced

below:
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GH OH (uridine}. The canonical structure of uridine also refers to structures in which one or
more hydroxyl groups of the phosphate and/or one or more hydroxyl groups of the sugar are
deprotonated, structures in which the 5" carbon 1s bound to a 3 phosphate n a nucleic acid sequence,
and structures in which a 3’ oxygen atom s bound to a 8’ phosphate group of an adjacent nucleotide
in a nucleic acid sequence.

[278] A “structural sequence,” as used bherein, refers 1o a vucleic acid sequence comprising
at least two nucleotides that are capable of nteracting with each other to form a secondary
structure m a nucleic acid comprising the structural sequence.

[279] An “aptamer,” as used herein, refers to a nucleic acid comprising a secondary
structure that 15 capable of binding to a target molecule.

{2801 A “higase,” as used herein, refers to an enzyme that 1s capable of forming a covalent
bond between two nucleotides, and the process of “ligation” refers to the formation of the
covalent bond between the two nuclectides.

[281] A “tatling nucleic acid,” as used herein, refers to a nucleic acid that is ligated onto the

3" end of another nucleic acid.

Maodified mRNAs

[282] In some aspects, the present disclosure provides modified mRNAs comprising 1) one
or more modified nucleotides; and/or 11} one or more copies {repeating units) of a structural
sequence, with the modified nucleotides and/or structural sequence being part of or 3 to the
poly-A region of the mRNA. The poly-A region, also called the polv(A) region or poly{A) tail,
of an mRNA 15 a region of an mRNA that is 3' to (downstream of) the open reading frame,
comprising multiple, consecutive adenosine nucleotides, typically 50-300 consecutive adenosine
nucleotides, and may encompass multipie non-adenosine nucleotides downstream of the
consecutive adenosine nucleotides. o cells, after transcription of a DNA seguence, which
produces a precursor messenger RNA {(pre-mRNA), the poly-A tad is added by a
polvadenylating enzyme, such as a poly-A polymerase (PAP), resulting in a long sequence of
multiple, consecutive adenosine nucleotides, at the 3" end of the RNA. The poly-A region plays

multiple roles that are important in the production of proteins encoded by mRNAs. First, the
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poly-A region provides an attachment site for poly-A binding proteins (PABPs), which associate
with the mRNA i the nucleus and promote export into the cytoplasm (see, e.g., Tudek ef al.
Philos Trans R Soc Lond & Biol Sci. 2018, 373(1762):20180169). Additionally, the presence of a
poly-A tail in an mRNA facilitates the initiation of translation (see, e.g., Gallie. Genes & Dev.
1991 5:2108-2116, and Munroe et al. Mol Cell Biol 1990, 10(7}:3441-3455). Finally, the poly-
A tail stabilizes the mRINA by protecting the open reading frame from the activity of
exonucleases, such as polynucieotide phosphorylase (PNPase), which remove 3’ nucleotides
from an mRMNA. As an exonuclease removes nucleotides, the mRNA becomes progressively
shorter, and once all of the nucleotides downstream of the open reading frame are removed, the
nucleotides removed by the exonuclease will be nucleotides of the open reading frame. Removal
of nucleotides from the open reading frame prevents translation of the encoded protein.
Additionally, the association of an exonuclease with the mRNA pear the open reading frame can
inhibit translation by sterically hindering ribosomes and tRNAs from associating with the
mRNA. Removal of the poly-A tail 1s often cited as a rate-himiting step in mRNA degradation,
with the life span of an mRNA 10 a cell being determined by the time required to remove its
poly-A tail (see, e.g., Dreyius er af, Celi. 2002, 111{5}:611-613). The composition of a poly-A
tail of an mRNA varies, but contamns approximately 75 adenosine nucleotides in veast cells and
250 adenosine nucleotides in mammalian cells.

[283] In some embodiments of the modified mRNAs provided herein, the modified mRNA
comprises one or more modified nucleotides in the poly-A region or 3" to {downstream of) the
poly-A region of the mRNA. In some embodiments, the poly-A region ncludes one or more
nucleotides that are not canonical adenosine nuclectides. In some embodiments, the poly-/
region includes one or more nucleotides that are not adenosing nucleotides. In some
embodiments, the poly-A region comprises one or more nucleotides that are 3' to {downstream
of} a nucleic acid sequence comprising multiple, consecutive adenosine nucleotides. In some
embodiments, the poly-A region comprises at least 25 consecutive adenosine nucleotides, which
may be canonical adenosine nuclectides or modified adenosine nuclectides. In some
embodiments, the poly-A region comprises 25-500 consecutive adenosine nucleotides, which
may be canonical adenosine nuclectides or modified adenosine nuclectides. In some
embodiments, the poly-A region comprises 25-300 consecutive adenosine nucleotides. o some
embodumnents, the poly-A region comprises at least 30, at least 40, at least 30, at least 60, at least

70, at least 8C, at least 90, at least 100, at least 110, at least 120, at least 130, at least 140, at least
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150, at least 160, at least 170, at least 180, at least 190, or at least 200 consecutive adenosine
nuclectides.

[2841 In some embodiments, one or more of the modified nucleotides of the modified
mRNA comprise a modified phosphate group. A modified phosphate group is a phosphate group
that differs from the canonical structure of phosphate. An example of a canonical structure of a

phosphate i1s shown below:

(;?
R-MOM%MQMR

5 3

OH , where Rs and Rz are atormns or molecules to which the canonical
phosphate 1s bonded. For example, for a phosphate 10 a nuclewc acid sequence, Rs may refer to the
upstream nucleotide of the nucleic acid, and Rs may refer to the downstream nucleotide of the
nucleic acid. The canonical structure of phosphate also refers to structures in which one or more

hydroxyl groups of the phosphate are deprotonated, or in which an oxygen atom of the phosphate 13

bonded to an adjacent nucleotide in a nucleic acid sequence. Non-hmiting examples of modified

phosphate groups that can be substituted for a canonical phosphate 1 a nucleic acid mclude

phoaphorothioate (P8}, phosphorodithioate, thiophoaphate, 5'-C-methyiphosphonate, 3'-0-

methylphosphonate, S-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,

seienophosphate, phosphoramudate, carbophosphonate, methylphosphonate, phenylphosphonate,
ethyliphosphonate, H-phosphonate, guanidimam ring, triazole ring, boranophosphate (BP),
methylphosphonate, and guanidinopropyl phosphoramidate.

[285] In some embodiments of the modified mRNAs comprising modified nucleotides
provided herein, at least one modified nuclectide comprises a modified nucleobase. In some
embodiments, at least one modified nucleotide comprises a modified sugar. In some
embodiments, at least one modified nucleotide comprises a modified phosphate. In some
embodiments, at least one modified nuclectide comprises a modified nucleobase selected from
the group consisting of: xanthine, allyaminouracit, allyaminothymidine, hypoxanthine,
digoxigeninated adenine, digoxigeninated cytosine, digoxigeninated guanine, digoxigeninated
uracil, 6-chloropurineriboside, N6-methyladenine, methyipseudouracil, 2-thiocytosine, 2-
thiouracil, S5-methylurac, 4-thiothynudine, 4-thiouracil, 5,6-dihydro-S-methyluraci, §,6-
dihydrouractl, 5-[(3-Indolyhpropionanuide-N-allyijuracil, S-amincallylcytosine, 5-
aminoallyluraci, S-bromouracil, 3-bromocytosine, S-carboxyeytosine, 5-

carboxymethylesteruracil, S-carboxyuracil, S-fluorouracil, 3-formyicytosine, 5-formyluraci, S-
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hydroxycytosing, S-hydroxymethylcytosine, S-hydroxymethyluracil, S-hydroxyuract, 5-
iodocytosing, S-iodouracil, 5-methoxycytosine, S-methoxyuracil, S-methylcvtosine, 5
methyluracil, S-propargvlaninocytosine, S-propargylaminouract, S-propynyleytosine, 5-
propynyluractl, 6-azacytosine, G-azauvracil, 6-chloropurine, 6-thioguanine, 7-deazaadenine, 7-
deazaguanine, 7-deaza-7-propargylaminoadenine, 7-deaza-7-propargylaminoguanine, 8-
azaadenine, &-azidoadenine, 8-chloroadenine, 8-oxoadenine, §-oxoguanine, araadenine,
aracytosine, araguanine, arauractl, biotin-16-7-deaza-7-propargylaminoguanine, biotin-16-
aminoallyleytosine, biotin-16~-amuncallyluracil, cyanme 3-S-propargylaminocytosine, cyanine 3-
G~propargylamninouract], cyavine 3-anunocallyleviosine, cyanine 3-amainoallyluracil, cyanine 5-6-
propargylanunocytosine, cyanine 3-6-propargylaminouracil, cyamne S-anunocallylcytosine,
cyanine S-anunoallyluracil, cyanine 7-amamnoallyvluracy, dabeyl-3-3-aminoallyiuracil,
desthiobiotin-16-amuinocallyl-uracil, desthiobiotin-6-aminecallyleyiosine, 1soguanine, N1i-
ethylpseudouracil, N1-methoxymethylpseudouracil, Ni-methyladenine, Nl-methyipseudouraci,
N1-propylpseudouracil, NZ-methylguanine, N4-biotin-OBEA-cytosine, Nd-methylcyiosine, No-
methyladenine, O6-methylguanine, pseudoisocytosing, pseudouraci, thienocyiosine,
thienoguanine, thignouracil, xanthosine, 3-deazaadening, 2 6-diaminoademne, 2,6~
daminoguanine, S-carboxamide-~uracil, 5-ethyuyluracil, N6-isopentenyladenine (16A), Z-methyl-
thio-N6-1sopentenyladenine {(ms2i0A), 2-methylthio-No-methyladenine (ms2m6A), No-(cis-
hydroxyisopentenyljadening (i06A)}, Z-methylthio-No-{cis-hydroxyisopentenyliadenine
{(ms2i06A), N6-glycmylearbamovladenine (g6A), N6-threonylcarbamoyladenine (16A}, 2-
methylthig-No-threonvl carbamoyladenine (ms2t6A), N6-methyl-No-threonvicarbamovladenine
{(m6toA), No-hydroxynorvalylcarbamoyiadenine (hn6A), Z-methylthio-No-hydroxynorvalyl
carbamoyladenine {msZhn6A}, N6 No-dimethyladenine (m6ZA), and Né-acetyladenine {ac6A).
In some embodiments, at least one modified nucleotide comprises a modified sugar selected
from the group consisting of 2'-thioribose, 2/ 3'-dideoxyribose, 2'-amino-2'-deoxyribose, 2
deoxyribose, 2'-azido-2'-deoxyribose, 2'-fluora-2'-deoxyribose, 2'-O-methyiribose, 2'-0-
methyldeoxyribose, 3-aming-2',3'-dideoxyribose, 3'-azido-2', 3 -dideoxyribose, 3'-deoxyribose,
3'-0-(2-nitrobenzyl)-2'-deaxyribose, 3'-O-methylribose, §'-aminorthose, 5'-thioribose, S-nitro-1-
mdolyl-2'-deoxyribose, 5'-biotin-ribose, 2'-0,4'-C-methylene-linked, 2'-0,4'-C-amino-linked
rihose, and 2'-0,4'-C-thio-hinked ribose. In certamn embodiments, at least one modified
nucleobase 15 a 2'-O-(unsubstituted Cis alkoxy)-{unsubstituted Ci6 alkyl) nucleobase (e.g., 2'-0O-
{unsubstituted Cis alkoxy -(unsubstituted Cre alkyl) RNA nucleobase). Tn certain embodiments,

at least one modified nucleobase 1s a 2'-O-methoxy-ethyl nucleobase (e g., 2'-O-methoxy-ethyl
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RNA nucleobase). In some embodiments, at least one modified nucleotide comprises a 2/
modification. In some embodiments, the 2' modification 1s selected from the group consisting of
a locked-nucleic actd (LNA) modification (7.e., a nuclectide comprising an additional carbon
atom bound to the 2" oxygen and 4’ carbon of ribose}, 2'-fluoro (2'-F) , 2'-O-methoxy-ethyi (2'-
MOE), and 2'-O-methvlation (2'-0OMe}.

[286] Insome embodiments, at least one modified nucleotide comprises a modified phosphate
selected from the group consisting of phosphorothioate (PS), phosphorodithioate, thiophosphate,
5'-0O~-methylphosphonate, 3'-O-methyiphosphonate, 5'-hydroxyphosphonate,
hydroxyphosphanate, phosphoroselenoate, selenophosphate, phosphoramidate,
carbophosphonate, methyiphosphonate, phenylphosphonate, ethylphosphonate, H-phosphonate,
guamdinium ring, triazole ring, boranophosphate (BP), methylphosphonate, and guanidinopropy!
phosphoramidate,

[287] In some embodiments, the modified mRNA comprises more than one type of
modified nuclectide. In some embodiments, the modified mRNA comprises at least a first
modified nucleotide, and a second modified nucleotide that has a different structure from the first
modified nucleotide. Nucleotides may differ m structure due to differences in the nuclecbase,
sugar, and/or phosphate group. In some embodiments, the modified mRNA comprises at least a
first modified phosphate, and a second modified phosphate that has a different structure from the
first modified phosphate. In some embodiments, the modified mRNA comprises a first modified
nucleoside and a second modified nucleoside.

[28&] Aspects of the present disclosure relate to modified mRNAs comprising poly-A
regions with 235 or more adenine nucleotides. In certain embodiments, the poly-A region s 3' to
the open reading frame and comprises 10 or more, 15 or more, 20 or more, 30 or more, 40 or
more, of 50 or more adenosine nucleotides. In certain embodiments, the poly-A region 1s 3' to
the open reading frame and comprises between 10 and 15, between 15 and 20, between 20 and
25, between 25 and 35, between 35 and SO, between 50 and 70, or between 70 and 100 adenosine
nucleotides, inclusive. An adenine nucleotide is a nucleotide comprising an adenine nucleoside
and a phosphate group. An adenine nucleoside comprises a sugar and an adenine base. In some
embodiments, the poly-A region comprises 25 or more canonical adenine nucleotides. A

canonical adenosine nucleotide comprises an adenine base, ribose sugar, and phosphate group, as
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a

arranged in the structure of adenosine monophosphate { AMP} below:
some embodiments, the one or more of the hydroxyl groups of the phosphate and/or the 3
hydroxyl group of the ribose are deprotonated, comprising an oxygen ion instead of an ~OH

group, as shown by the structure:

. When present in a nucleic acid sequence of an mRNA, a canonical adenosine

comprises the following structure and 1s connected to adjacent nucleotides in the following manner:

5 -
.
: Yool NN
VoA N ‘
o N

RyG L , where Rs 15 an adjacent nucleotide that 15 5' to {upstream of} the adenosine

nucleotide in the mRNA, and Rz 1s an adjacent nucleotide that 1s 3 to {downsiream of} the adenosine

nucleotide in the mBRINA. In some embodiments, the canonical adenosine nucleotide 15 the 3

terminal nucleotide (Iast nucleotide} of a linear mRNA, Rs is 3 hydrogen, and the 3’ terminal

nucleotide comprises a 3’ terminal hvdroxyl (-OH) group. In some embodiments, the canonical
adenosine nucleotide is the 3’ terminal nucleotide (last nucleotide) of a linear mRNA, and Rs 13 an
electron.

[289] In some embodiments of the modified mRNAs provided herein, the mRNA comprises
a 5" untranslated region {8 UTR) and a 3’ untranslated region (3’ UTR}. 5’ and 3' UTRs are
sequences within an mRNA that do not encode amino acids of the protein encoded by the
mRNA, and are thus not part of the open reading frame. The ' UTR 15 5’ to {upstream of) the
open reading frame. The 3’ UTR s 3' to {downstream of)} the open reading frame. In some
embodiments, the 3' UTR comprises one or more nucleotides that are 3" to the open reading
frame and 5’ to {upstream of) the poly-A region of the mRNA.

[290] In some embodiments of the mRNAs provided herein, the mRNA comprises, in 5'~to-
3" order: 1ya 5 UTR; 2) an open reading frame; 3} a 3" UTR; and 4) a poly-A region (FIG. 2B).

In some embodiments, the last nucleotide of the 5 UTR is 5 to {upstream of) the first nucleotide
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of the open reading frame. In some embodiments, the {irst nucleotide of the open reading frame
18 3" to {(downstream of) the last nucleotide of the 5" UTR, and the last nucleotide of the open
reading frame 1s 5 to (upstream of} the first base of the 3' UTR. In some embodiments, the open
reading frame 1s between the last nucleotide of the 5" UTR and the first nucleotide of the 3' UTR.
In some embodiments, the first nucleotide of the 3' UTR 15 3' to {downstream of) the last
nucleotide of the open reading frame, and the last nuclectide of the 3' UTR 15 5 to {upstream of)
the first base of the poly-A region. In some embodiments, the 3" UTR is between the last
nucleotide of the open reading frame and the first nucleotide of the poly-A region. In some
embodiments, the first nucleotide of the poly-A region s 3" to (downstream of) the last
nucleotide of the 3' UTR.

291} In some embodiments, the mRNA 15 a linear mRNA. A linear mRNA 15 an mRNA
with a 3" terminal nucleotide and a 3" terminal nucleotide. The 5" terminal nucleotide of a linear
mRMNA 15 covalently bonded to only one adjacent nucleotide of the mRNA, with the adjacent
nucleotide occurring 37 o the 5 terminal nucleotide in the nucleic acid sequence of the mRNA.
The 3" tersmnal nucleotide of a linear mRNA 13 covalently bonded to only one adjacent
nucleotide of the mRNA, with the adjacent nucleotide occurring 3 to the 3' terminal nucleotide
m the nucleic acid sequence of the mRNA. In a nucleic acid sequence comprising every
nucleotide of a linear mRNA 1n 5'-10-3" order, the 5 termunal nucleotide 15 the first nucleotide in
the sequence, and the 3’ terminal nucleotide 18 the last nucleotide in the sequence.

(202} In some embodiments of the linear mRNAs provided herein, the mRNA comprises a
5" cap. Most mRINAs produced in eckaryotic cells include a 57 cap that 15 added during
processing of the pre-mRNA into a mature mRNA. The 5' cap plays mulkiiple roles in the process
of mRNA production, export, and translation. First, assembly of the spliceosome, which
mediates removal of introns from the pre-mRNA requires binding of the nuclear cap-binding
complex (CBC) to the 5 cap. Furthermore, interactions between the CBC and nuclear pores
mediate the export of mRNA from into the cytoplasm, beginning with the 5 end. Finally, CBC
bound to the 5’ cap mediates the recruitment of muluple factors, such as CBPS0, CTIF, elF3g,
elF4HL, Met-tRNA1, and ribosomal subunits, which are required for the mitiation of translation
{see, e.g., Ramanathan et al. Nucleic Acids Res 2016, 44{16):7311-7526). In some
embodiments, the 5’ cap comprises a 7-methylguanosine. In some emboduments, the 7-

methylguanosine comprises the structure:
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[293] In some embodiments, the S’ cap comprises one or more phosphates connecting the 7-
methylguanosine to an adjacent nucleotide of the modified mRNA. In some embodiments, one or
more phosphates of the §7 cap 1s a modified phosphate selected from the group consisting of
phosphorothioate, triazole ring, dihalogenmethylenebisphosphonate, imdodiphosphate, and
methylenebis{phosphonate}. In some embodiments, the 7-methylguanosine 15 connected to an
adjacent nucleotide of the mRNA by a 5'-to-5 triphosphate bridge. In some embodiments, the 5

cap comprises the structure:

with R being the 5' carbon of the first transcribed nucleotide of the mRNA. In some embodiments,

the 5' cap comprises a 3 -0-Me-m7G{5 Jppp(5NG

2941 In some embodiments, the mRNA is a circular mRNA. A circular mRNA s an
mRNA with no 5’ terminal nucleotide or 3’ terminal nucleotide. Hvery nucleotide n a circular
mRNA 15 covalently bonded to both 1) a 5" adjacent nucleotide; and 2} a 3 adjacent nucleotide.
In a circular mRNA with a nucleic acid sequence comprising every nucleotide of the circular
mRMNA i 5'-t0-3' order, the last nucleotide of the nucleic acid sequence is covalently bonded to
the first nucleotide of the nucleic acid sequence. In some embodiments of circular mRNAs with a
S"UTR, a 3' UTR, and a poly-A region, the poly-A region is 3’ to (downstream from} the 3" UTR
and 5’ to (upstream of) the 5 UTR.

[295] In some embodiments of the modified mRNAs provided herein, the modified mRNA

comprises one or more copies of a structural sequence that are 3" to the poly-A region of the
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mBRNA. In some embodiments, nucleotides of the secondary structure interact by hydrogen
bonding. In some embodiments, the secondary structure 1s a G-quadruplex. A G-quadruplex, or
G-quadruplex, 1s a secondary structure formed by guanine-rich nucleic acid sequences. A
cuanine-rich nucleic acid sequence comprises multiple guanine nucleotides. Typically, at least
50% of the nucleotides m a guanine-rich nucleic acid sequence are guanine nucleotides. A G-
quadruplex comprises at least one plane contamning four guanines {G-tetrad), with each guanine
binding to two other guanines by Hoogsteen hydrogen bonding. Hoogsteen hydrogen bonding
refers to hydrogen bonding between nitrogenous bases of nucleotides or nucleosides other than
canonical base pairing (AT, A'U, and G:C). The guanines of the G-tetrad surround an empty
space, which may comprise a positive cation, such as a potassium ion, to stabilize the G-tetrad. A
G-quadruplex comprises at least two G-tetrads arranged 10 a parallel orientation.

[296] In some embodiments of modified mRNAs comprising one or more structural
sequences, the structural sequence 15 a G-quadruplex sequence. A nucleic acid comprising a G-
quadruplex sequence 1s capable of forming a G-quadruplex comprising one or more nucleotides
of the G-quadroplex sequence. In some embodiments, the G-quadruplex sequence comprises one
or more spacer nucleotides that are not guanine nucleotides. In some embodiments, the G-
quadruplex sequence is an RNA G-quadruplex sequence. In some embodiments, the RNA G-
quadruplex sequence comprises the nucleic acid sequence GGGGCC (SEQ ID NG 2). In some
embodiments, the modified mRNA comprises at least 3 copies of the nucleotide sequence of
SEQ 1D NG: 2. In some embodiments, the G-quadruplex sequence is a DNA G-quadruplex
sequence. In some embodiments, the DNA G-quadruplex sequence comprises the nucleic acid
sequence GGGGLC (SEQ 1D NG: 3}. In some embodiments, the modified mRNA comprises at
ieast 3 copies of the nucleotide sequence of SEQ ID NGO: 3. In some embodiments, the structural
sequence comprises a telomeric repeat sequence. In some embodiments, the telomeric repeat
sequence comprises the nucleic acid sequence set forth as one of SEQ ID NGs: 4 or 5. In some
embodiments, the telomeric repeat sequence comprises the nucleic acid sequence set forth as
SEQ ID NO: 4. In some embodiments, the modified mRNA comprises at least 3 copies of the
nucleotide sequence of SEQ ID NG 4.

12977 In some embodiments, the structural sequence 1s an aptamer sequence comprising at
least two nucleotides that are capable of mteracting to form an aptamer. Non-limniting examples
of target molecules that can be bound by aptamers mclude cytokines, cell surface receptors, and
transcription factors. In some embodiments, the secondary structure formed by the one or more

copies of the structural sequence is an aptamer that 13 capable of binding to a target molecule.
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Exemplary aptamers are known i the art and inclode multiple RNA structures capable of
binding cell surface receptors such as CD4, CTLA-4, TGF-B receptors, and receptor tyrosine
kinases. See., e.g., Germer et al. Inf.J Biochem Mol Biol |, 2013, 4(1):27-40.

[208] In some embodiments, the modified mRNA comprises 1-20 copies of the structural
sequence. In some embodiments, the modified mRNA comprises at least 1, at least 2, at least 3,
at least 4, at least 5, at least O, at least 7, at least 8, or at least 9 copies of the structural sequence.
In some embodiments, the modified mRNA comprises about 4 copies of the structural sequence.
In some embodiments, the modified mRNA comprises multiple ditferent structural sequences. Tn
some embodiments, the modified mRNA comprises at least a first structural sequence, and a
second structural sequence comprising a different nucleic acid sequence from the first structural
sequence. In some embodiments, the modified mRNA comprises at least one G-quadruplex
sequence and at least one telomeric repeat seqguence.

2991 In some embodiments of the modified mRNAs comprising one or more copies of a
structural sequence provided herein, the poly-A region of the modified mRNA comprises at least
one modified nucleotide. In some embodiments, at least one modified nuclestide comprises a
modified nucleobase. In some embodiments, at least one modified nucleotide comprises a
modified sugar. In some embodiments, at least one modified nucleotide comprises a moditied
phosphate. In some embodiments, at least one modified nucleotide comprises a modified
nuclechase selected from the group consisting oft xanthine, alfyaminouracii,
allyaminothymidine, hypoxanthine, digoxigeninated adenine, digoxigeninated cytosing,
digoxigeninated guanine, digoxigeninated uracil, 6-chloropurineriboside, N6-methyladenine,
methylpseudouracil, 2-thiocytosine, 2-thiouracil, S-methyluracil, 4-thiothymidine, 4-thiouracii,
5,6-dihydro-S-methyluracil, 5,6-dihydrouraci], 5-{(3-Indolylipropionamide-N-allyluracd, 5-
aminoallylcytosine, S-aminocallyluracil, S-bromouracil, S-bromocytosine, 5-carboxyeytosine, 5-
carboxymethylesteruracil, S-carboxyuractl, S-fluorouracd, S-formylcytosine, S-formyluracil, 5-
hydroxycytosine, S-hydroxymethyleytosine, 3-hydroxymethyiuracil, 5-hydroxyuracil, 5-
iodocytosine, S-iodouracil, S-methoxyeytosine, S-methoxyuracil, 5-methylcytosineg, 5-
methyluracil, S-propargvlaninocytosine, S-propargylaminouract, S-propynyleytosine, 5-
propynyluractl, 6-azacytosine, G-azauvracil, 6-chloropurine, 6-thioguanine, 7-deazaadenine, 7-
deazaguarnune, 7-deaza-7-propargylaminoadenineg, 7-deaza-7-propargylanunoguanine, 8-
azaadenine, 8-azidoadenine, 8-chlorocadening, 8-oxoadenine, 8-oxoguanine, araadenine,
aracytosine, araguanine, arauractl, biotin-16-7-deaza-7-propargylaminoguanine, biotin-16-

aminoallyleytosine, biotin-16~-amuncallyluracil, cyanme 3-S-propargylaminocytosine, cyanine 3-
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6-propargy laminouraci), cyanine 3-aminoallyleytosing, cyanine 3-aminoallyluracil, cyanine 5-6-
propargylaminocytosine, cyanine 5-6-propargylaminouracil, cyanine S-anmunoallyicytosing,
cvamne S-aminoallyluracil, cyanine 7-aminoallyluract, dabeyl-3-3-amincallyiuracil,
desthiobiotin-16-amincallyl-uracil, desthishiotin-6-aminocallylcytosine, isoguanine, N1-
ethylpseudouracil, Ni-methoxymethylpseudouracil, N1-methyladenine, N1-methylpseudouraci,
N1-propylpseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosine, Nd-methylcytosing, N6-
methyladenine, 06-methylouanine, pseudoisocytosine, pseudouracil, thienocytosine,
thienoguanine, thienouracil, xanthosine, 3-deazaadenine, 2,6~-diavuncadenine, 2,6-
daminoguanine, S-carboxamude-uraci, S-ethynyluracil, N6-isopentenyladenine (16A), 2-methyl-
thio-N6-1sopentenyladenine (ms2i0A), 2-methylthio-N6-methyladenine (ms2m6A), N6-(cis-
hydroxyisopentenyladenine (1064}, 2-methylhio-No-{cis-hydroxyisopentenyadenine
(821064}, N6-glyeinylcarbamoyladenine {(g6A), No-threonylcarbamoyladenine (16A), 2-
methylthio-No-threonyl carbamoyladenine (ms2t6A), N6-methyl-No-threonylcarbamovladenine
{m6toA), No-hydroxynorvalylearbamoviadenine (hn6A), 2-methylthio-Ne-hydroxynorvalyl
carbamoviadenine (msZhutA}, N6, No-dimethyladenne (m62A), and Né-acetyiadenine (ac6A).
In some embodiments, at least one modified nucleotide comprises a modified sugar selected
from the group consisting of 2'-thioribose, 2/ 3 -dideoxyribose, 2'-amino-2"-deoxyribose, 2
deoxyribose, 2'-azido-2"-deoxyribose, 2'-fluore-2'-deoxyribose, 2'-C-methyinbose, 2'-0-
methvideoxyribose, 3-aming-2' 3'-dideoxyribose, 3'-azido-2' 3'-dideoxyribose, 3'-deoxyribose,
3-0-(2-nitrobenzyy-2'-deoxyribose, 3'-O-methylribose, 5'-aminortbose, 5'-thioribose, 5-nitro-1-
indolyl-2'-deoxyribose, S'-biotin-ribose, 2'-(,4'-C-methylene-linked, 2'-0,4'-C-amino-linked
ribose, and 2'-0 4'-C-thio-linked ribose. In some embodiments, at least one modified nucleotide
comprises a 2" modification. In some embodiments, the 2' modification is selected from the
group consisting of a locked-nucleic acid (LNA)} modification (7.¢e., 2 nucleotide comprising an
additional carbon atom bound to the 2’ oxygen and 4’ carbon of ribose}, 2'-fluoro (2'-F) , 2'-O-
methoxy-ethyl (2'-MOE), and 2'-O-methylation (2'-OMe).

[300] Insome embodiments, at least one modified nucleotide comprises a modified phosphate
selected from the group consisting of phosphorothioate (PS), phosphorodithioate, thiophosphate,
5'-O-methylphosphonate, 3'-O-methylphosphonate, 5'-hydroxyphosphonate,
hydroxyphosphanate, phosphoroselenoate, selenophosphate, phosphoramdate,
carbophosphonate, methyiphosphonate, phenylphosphonate, ethylphosphonate, H-phosphonate,
guamdinium ring, triazole ring, boranophosphate (BP), methylphosphonate, and guanidinopropy!

phosphoramidate. Tn some embodiments, the poly-A region of the mRNA comprises at least 3, at
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least 4, or at least 5 phosphorothioates, and does not comprise a 3’ terminal hydroxyl In some
embodiments, the poly-A region of the mRNA comprises at least 3 phosphorothioates, and does
not comprise a 3’ terminal hydroxyl In some embodiments, the poly-A region of the mRNA
comprises at least 3 guanine nucleotides and at least 3 phosphorothioates, and does not comprise
a 3’ terminal hydroxyl In some embodiments, the poly-A region of the mRNA comprises at least
3 deoxyribose sugars, and does not comprise a 3' terminal hvdroxyl In some embodiments, the
poly-A region of the mRNA comprises at least 20 deoxyribose sugars, and does not comprise a
3" termunal hydroxyl Tn some embodiments, the poly-A region of the mRNA comprises at least 3
copies of a G-quadruplex sequence, and does not comprise a 3’ ternunal hydroxy!l In some
embodiments, the poly-A region of the mRNA comprises at least 6 phosphorothioates, and does
not comprise a 3’ terroinal hvdroxyl In some embodiments, the poly-A region of the mRNA
comprises at least 6 sequential phosphorothioates, and does not comprise a 3 ternunal hydroxyl.
In some embodiments, the poly-A region of the mRNA comprises at least 6 phosphorothioates
and 3 guanine nucleosides, and does not comprise a 37 termunal hydroxyl. In some embodiments,
the poly-A region of the mRNA comprises at least 3 copies of a G-quadruplex sequence and at
ieast 6 phosphorothioates, and does not comprise a 37 termunal hydroxyl In some embodiments,
the poly-A region of the mRNA comprises at least 3 copies of a telomeric repeat sequence, and
at least 6 phosphorothioates, and does not comprise a 3" termunal hydroxyl. In some
embodiments, the 3' terminal nucleotide that does not comprise a 3' terminal hydroxyl s a
dideoxyeytidine or an inverted-deoxythymidine.

301} In some embodiments, the modified mRNA comprises more than one type of
modified nuclectide. In some embodiments, the modified mRNA comprises at least a first
modified nucleoside, and a second modified nucleoside that has a different struciure from the
first modified mucleoside. In some embodiments, the modified mRNA comprises at least a first
modified phosphate, and a second modified phosphate that has a different structure from the furst
modified phosphate. In some embodiments, the modified mRNA comprises a modified
nucleoside and a modified nucleoside.

[302] In some embodiments of the modified mRNAs comprising a secondary structure
provided herein, the mRNA comprises a 5 UTR and a 3' UTR. In some embodiments, the 5
UTR 13 5’ to (upstream of) the open reading frare. In some embodiments, the mRNA comprises,
i 5'-t0-3" order, 1} a §' UTR; 2) an open reading frame; 3} a 3’ UTR; 4) a poly-A region; and 5)
one or more copies of a structural sequence. In some embodiments, the 3’ UTR 18 3" to

{downstream of) the open reading frame. In some embodiments, the poly-A region 13 3" to
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{downstream of} the 3' UTR. In some embodiments, the one or more copies of the structural
sequence, and the secondary structure formed by the structural sequences, are 3' o {(downstream
ot} the poly-A region. In some emmbodiments, the mRNA 15 a linear mRNA. In some
emboduments, the linear mRNA comprises a 5 cap. In some embodiments, the 3’ cap comprises
a 7-methylguanosine. In some embodiments, the $' cap comprises one or more phosphates
connecting the 7-methyiguanosine to an adjacent nucleotide of the modified mRNA. In some
embodiments, the 7-methylguanosine 1s connected to an adjacent nucleotide of the mRNA by a
§'-t0-5" triphosphate bridge. In some emboduments, one or more phosphates of the S’ cap s a
moditied phosphate selected from the group consisting of phosphorothicate, tniazole ring,
dihalogenmethylenebisphosphonate, imdodiphosphate, and methylenebis{phosphonate}. In some
embodiments, the 5’ cap comprises a 3'-0-Me~-m7G{5ppp(SHG. In some embodiments, the
poly-A region of the mRNA cormprises at least 3, at least 4, or at least S phosphorothioates, and
does not comprise a 3 terminal hydroxyl. In some embodiments, the poly-A region of the
mBNA comprises at least 3 phosphorothioates, and does not comprise a 37 termunal hydroxyl In
spme embodiments, the poly-A region of the mRNA comprises at least 3 guanine nucleotides
and at least 3 phosphorothioates, and does not comprise a 3’ ternunal hydroxyl. In some
embodiments, the poly-A region of the mRNA comprises at least 3 deoxyribose sugars, and does
not compnise a 3’ ternunal hydroxyl. In some embodiments, the poly-A region of the mRNA
comprises at least 20 deoxyribose sugars, and does not comprise a 3’ terminal hydroxyl In some
embodiments, the poly-A region of the mRNA comprises at least 3 copies of a G-quadruplex
sequence, and does not comprise a 3’ terminal hydroxyl In some embodiments, the poly-A
region of the mRNA comprises at least 6 phosphorothioates, and does not comprise a 3' terminal
hydroxyl In some embodiments, the poly-A region of the mRNA comprises at least 6 sequential
nucleotides comprising a 2' modification, and does not comprise a 3' ternunal hydroxyl. In some
embodiments, the poly-A region of the mRNA comprises at least 6 sequential phosphorothioates,
and does not comprise a 3’ terminal hydroxyl In some embodiments, the poly-A region of the
mRNA comprises at least 6 phosphorothioates and 3 guanine nucleosides, and does not comprise
a 3’ terminal hydroxyl In some embodiments, the poly-A region of the mRNA comprises at least
3 copies of a G-quadruplex sequence and at least 6 phosphorothicates, and does not comprise a
3" terminal hydroxyl In sorme embodiments, the poly-A region of the mRNA comprises at least 3
copies of a telomeric repeat sequence, and at least 6 phosphorothioates, and does not comprise a
3" terminal hydroxvl In some embodiments, the 3’ termmal nucleotide that does not comprise a

3" termunal hydroxyl 1s a dideoxyeytidine or an inverted-deoxythymidine.
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3031 In some embodiments of the modified mRNAs comprising a secondary structure
provided herein, the modified mRNA comprises, in 5'-t0-3' order, 13ya 5 UTR; 2} an open
reading frame; 3} a 3’ UTR; 4) a poly-A region; and 5) one or more copies of a structural
sequence. In some embodiments, the modified mRNA 15 a circular mRNA. In some
embodiments of the circular mRNA, the one or more copies of the structural sequence are
between the poly-A region and the 5" UTR. In some embodiments, the secondary structure is
between the poly-A region and the 5 UTR

[304] In some embodiments of the modified mRNAs provided herein, 1% to 90% of the
nucleotides of the poly-A region are modified nucleotides. In sorne embodiments, at least 1%, at
feast 2%, at least 3%, at least 4%, at least 5%, at least 6%, at least 7%, at least 8%, at least 9%, at
feast 10%, at least 12%, at least 14%, at least 16%, at least 18%, at least 209, at teast 25%, at
feast 30%, at least 35%, at least 40%, at least 45%, or at least 50% of the nucleotides of the poly-
A region are modified nucleotides.

3057 In some embodiments of the modified mRNAs provided herein, 3 or more of the last
25 nucleotides of the poly-A region are modified nucleotides. In some embodiments, at least 4, at
feast 5, at least 6, at least 7, at feast 8, at least 9, at least 10, at teast 11, at least 12, at least 13, at
least 14, at least 15, at feast 20, or 25 of the last 25 nucleotides of the poly-A region are modified
nucleotides.

306} In some embodiments of the modified mRNAs provided herein, at least 25%, at least
30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least
91%, at least 92%, at least 93%;, at least 94%, at least 95%, at least 96%, at least 97%, at least
98Y%%, or at least 99% of the nuclectides of the poly-A region are adenosine nucleotides. One or
more adenosine nucleotides of the poly-A region may be canonical adenosine nucleotides or
modified adenosine nucleotides comprising a different structure from the canonical adenosine
nucleotide. Non-limiting examples of modified adenosine nucleotides include N6-
isopentenyladenosine (16A), 2-methyl-thio-N6-1sopentenyladenosine (ms216A), 2-methylthio-
No6-methyladenosine (ms2Zm6A), No-(cis-hydroxyisopentenyljadenosine (1064}, Z-methylthio-
No-{cis-hydroxyisopentenyljadenosine {ms2i06A), N6-glycinyicarbamoyladenosine {goA), N6-
threonylcarbamovladenosine (t6A), 2-methylthio-N6-threonyl carbamoyladenosine {ms2t6A},
No6-methyl-No-threonyicarbamoyladenosine (m6t6A), Né-hydroxynorvalylcarbamoyladenosine
{(hnoA), 2-methylithio-N6-hyvdroxynorvalyl carbamoyladenosine (masZhnoA), 2'-0-
rihosyladenosine {phosphate} (Ar{p)), N6, No-dumethyladenosine (m62A), N6,2'-0-
dimethyladenosine (moAm), N6 N6,O-2'-trumethyladenosine (m62Amy, 1,2°-0-
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dimethyladenosine {m1Am}, Né-acetyladenosine {(actA}, 2'-thicadenosine (2'SA), §'-
thicadenosine (3'SAY, 2'-0-(2-azidoethyi}-adenosing, 2'-azido-adenosine, deoxyadenosing (dA),
dideoxyadenosine {ddA}, and amino-deoxyadenosine {amino-dA}.

1307} In some embodiments of the modified mRNAs provided herein, at least 25%, at least
30%, at least 40%, at least S0%, at least 60%, at least 70%, at least 80%, at least 90%, at least
91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 9796, at least
98%%, or at least 99% of the nucleotides of the poly-A region are canonical adenosine nucleotides.
In some embodiments, the poly-A region further comprises 1 or more nucleotides that are not
adenosine nucleotides {e.g., canontcal or non-canonical adenosine nucleotides). In some
embodunents, at least 1%, at least 2%, at least 3%, at least 4%, at least 5%, at least 6%, at least
7%, at least 8%, at least 9%, at least 10%, at least 1294, at least 14%, at least 169, at least 189,
at Teast 20%, at least 25%, at least 30%, at least 359, at least 40%, at least 45%, at least S0%, at
feast 55%, at least 60%, at feast 63%, at least 70%, at least 80%, or at least 90% of the
nucleotides of the polyv~A region are nucleotides that are not adenosine nucleotides.

[308] In some embodiments of the modified mRNAs provided herein, the poly-A region
comprises at least 25500 nucleotides. In some embodiments, the poly-A region comprises at
least 25, at least 30, at least 30, at least 100, at least 150, or at least 200 nucleotides. In some
embodiments, the poly-A region comprises at least 30, at least 40, at least 50, at least 60, at least
70, at least 80, at least 90, at least 100, at least 110, at least 120, at least 130, at least 140, at least
150, at least 160, at feast 170, at least 180, at least 190, at least 200, at least 210, at least 220, at
least 230, at least 240, at ieast 250, at least 260, at least 270, at least 280, at least 290, or at least
300 nucleotides. In some embodiments, the poly-A region comprises about 200 to about 300
nuclectides. In some embodiments, the poly-A region comprises about 250 nucleotides.

3091 In some embodiments, the poly-A region comprises at least 3, at least 4, or at least 5
phosphorothicates, and does not comprise a 3’ terminal hydroxyl In some embodiments, the
poly-A region of the mRNA comprises at least 3 phosphorothioates, and does not comprise a 3/
ternunal hydroxyl In some embodiments, the poly-A region of the mRNA comprises at least 3
guanine nucleotides and at least 3 phosphorothicates, and does not comprise a 3’ terminal
hydroxyl. In some embodiments, the poly-A region of the mRNA comprises at least 3
deoxyribose sugars, and does not comprise a 3’ terminal hydroxyl. In some embodiments, the
poly-A region of the mRNA cormprises at least 20 deoxyribose sugars, and does not comprise a

3" terminal hydroxyl In sorme embodiments, the poly-A region of the mRNA comprises at least 3

copies of a G-quadruplex sequence, and does not comprise a 3’ termnal hydroxyl In some
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embodiments, the poly-A region of the mRNA comprises at least 6 nucleotides comprising a 2/
modification, and does not comprise a 3’ ternmunal hydroxyl. In some embodiments, the poly-A
region of the mRNA comprises at least 6 phosphorothioates, and does not comprise a 3’ terminal
hydroxyl In some embodiments, the poly-A region of the mRNA comprises at least © seguential
nucleotides comprising a 2’ modification, and does not comprise a 3’ ternunal hydroxyl In some
embodiments, the poly-A region of the mRNA comprises at least 6 sequential phosphorothioates,
and does not comprise a 3’ terminal hydroxyl In some embodiments, the poly-A region of the
mRNA comprises at least 6 phosphorothioates and 3 guanine nucleosides, and does not comprise
a 3" terminal hydroxyl In some embodiments, the poly-A region of the mRNA corprises at least
3 copies of a G-quadruplex sequence and at least 6 phosphorothicates, and does not comprise a
3" terminal hydroxyl In sorme embodiments, the poly-A region of the mRNA comprises at least 3
copies of a telomeric repeat sequence, and at least 6 phosphorothioates, and does not comprise a
3" terminal hydroxyvl In some embodiments, the 3’ termmmal nucleotide that does not comprise a

37 terminal hydroxylis a dideoxyeytidine or an imverted-deoxythymidine.

Modified non-coding RNAs

[310] Those of ordinary skill in the relevant art will readily recogruze that any of the
technigues disclosed heremn for improving the stability of a mRNA i a cell {e.g,, by improving
resistance of the mRNA toward 3’ exonuclease activity} may also be sutable for smproving the
stability of an RNA that does not encode protein {(a “non-coding” RNA} in a cell. Accordingly, in
some aspects, the present disclosure provides modified non-coding RNAs comprising 1} one or
more modified nuclectides; and/or 11} one or more copies (repeating units} of a structural
sequence, with the modified nuclectides and/or structural sequence being part of or 3" to the
RNA. A non-coding RNA described herein does not comprise an open reading frame {ORF). A
non-coding RNA may or may not comprise a8 3’ poly-A region. A non-coding RNA that does not
comprise a 3’ poly-A region may be modified to comprises a 3’ poly-A region {e.g., by ligating
the non-coding RNA to an oligonucleotide comprising a poly-A region by a method disclosed
herein or otherwise known in the art}. A non-coding RNA may be an RINA comprising a region
of complementarity with part of a mRNA transcript or genomic sequence of a cell. A non-coding
RNA may be a non-coding RNA that is suitable for genome editing. Examples of non-coding
RNA include, but are not limited to, small interfering RNA (siRNA}, short hairpin RNA
{shRNA), long non-coding RNA (IncRNA), guide RNA (gRNA) for Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPRY/Cas® genome editing, non-CRISPR/Cas9
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gRNA {e g, adenosine deaminases acting on RNA (ADAR}-recruiting gRNA}, or prime editing
guide RNA (pegRNA). See, e.g., Chen, et al., Acia Pharm Sin B. 2021, 11(21.340-354; Chen, et
al., Adv Drug Deliv Rev. 2021, 168:246-258.; Hendel, et al., Nat Biotechnol 20135; 33:985-989;
Qu, et al., Nat Biotechnol. 2019; 37(9):1059-1069; Y1, et al., Nar Riotechnol 2022, Epub ahead
of print; and Nelson, et al |, Nar Biotechnol 2022; 40(3).402-410. Any technique described herein
for generating a modified mRNA may also be used to generate a modified non-coding RNA,
unless specifically noted otherwise.

(311 In some embodiments, a modified non-coding RNA provided herein comprises a non-
coding RNA that comprises a 3’ poly-A region. In sorne embodumnents, a modified non-coding
RNA provided herein comprises a non-~-coding RNA that does not typically comprise a 3’ poly-A
region {e.g., a gRNA). In some embodiments, a modified non-coding RNA provided heremn
comprises a non-coding RNA that s higated at 1ts 3" end to the 5" end of an oligonucleotide
comprising a poly-A region, thereby producing a modified non-coding RNA comprising a poly-
A region described herein. A non-coding RNA may be higated to an ohigonuclestide comprising
a poly~-A region by any method disclosed herem or otherwise known n the art.

(312} In some embodiments of the modified non-coding RNAs provided herein, the
modified non-coding RNA comprises one or more modified nucleotides in the poly-A region or
3" to (downstream of) a poly-A region that 13 present 1 the non~coding RNA. In some
embodiments, the poly-A region includes one or more nucleotides that are not canonical
adenosine nucleotides. In some embodiments, the poly-A region includes one or more
nuclectides that are not adenosine nucleotides. In some embodiments, the pely-A region
comprises one or more nucleotides that are 3’ to (downstream of} a nucleic acid sequence
comprising multiple, consecutive adenosine nucieotides. In some embodiments, the poly-/
region comprises at least 25 consecutive adenosine nucleotides, which may be canonical
adenosine nucleotides or modified adenosime nucleotides. In some embodiments, the poly-A
region comprises 25-500 consecutive adenosine nucleotides, which may be canonical adenosine
nucleotides or modified adenosine nuclectides. In some embodiments, the poly-A region
comprises 25-300 consecutive adenosine nucleotides. In some emboduments, the poly-A region
comprises at least 30, at least 40, at least SO, at least 60, at least 70, at least 80, at least 90, at least
100, at least 110, at least 126, at Teast 130, at least 140, at least 150, at least 160, at least 170, at
feast 180, at least 190, or at least 200 consecutive adenosing nucleotides.

[313] In some embodiments, one or more of the modified nucleotides of the modified non-

coding RNA comprise a modified phosphate group. A modified phosphate group 15 a phosphate
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group that differs from the canonical structure of phosphate. An example of a canonical structure

of a phosphate is shown below:

O

i
Ry—0—b —0—R,

5 H

OH , where Rs and Ry are atoms or molecules to which the canonical
phosphate 1s bonded. For example, for a phosphate 1n a nucleic acid sequence, Rs may refer to
the upstream nucleotide of the nucleic acid, and Rs may refer to the downstream nucleotide of
the nucleic acid. The canonical structure of phosphate also refers to structures in which one or
more hydroxyl groups of the phosphate are deprotonated, or 10 which an oxygen atom of the
phosphate 1s bonded to an adjacent nucleotide 1n a nucleic acid sequence. Non-himiting examples
of modified phosphate groups that can be substituted for a canonical phosphate 1 a nucleic acid
include phosphorothioate (PS), phosphorodithioate, thiophosphate, 5-O-methylphosphonate, 3'-
O-methylphosphonate, 3'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,
selenophosphate, phosphoranudate, carbophosphonate, methyiphosphonate, phenyiphosphonate,
ethyiphosphonate, H-phosphonate, guanidimum ring, triazole ring, boranophosphate (BP),
methylphosphonate, and guamdinopropyl phosphoramadate.

314} In some embodiments, of the modified non-coding RNAs comprising modified
nucleotides provided heren, at least one modified nuclestide comprises a modified nucleobase.
In some embodiments, at least one modified nucleotide comprises a modified sugar. In some
embodiments, at least one modified nucleotide comprises a modified phosphate. In some
embodiments, at least one modified nuclectide comprises a modified nucleobase selected from
the group consisting of: xanthine, allyaminouracii, allyaminothymidine, hypoxanthine,
digoxigeninated adenine, digoxigeninated cytosine, digoxigeninated guanine, digoxigeninated
uracil, 6-chloropunineriboside, N6-methyladenine, methyipseudouracil, 2-thiocytosing, 2-
thiouracil, S-methyluract, 4-thiothyvnudine, 4-thiouraci], 5,6-dihydro-S-methyluracil, 5,6-
dihvdrouract], S-[(3-Indolvhpropionamide-N-allvijuracil, 5-amincallylcytosine, 5-
aminoallvluracil, 5-bromouracil, 5-bromocyiosine, S-carboxycytosine, 5-
carboxymethylesteruracil, 5-carboxyuracil, 5-fluorouracil, 3-formyicytosine, 3-formvluraci, 5-
hydroxyeytosine, 3-hydroxymethylcytosine, S-hydroxymethyluracil, S-hydroxyuracil, 5-
iwodocytosine, S-odouracil, S-methoxycytosine, S-methoxyuracil, S-methvlcytosine, 5-
methyluracil, S-propargylaminocytosine, S-propargylaminouracii, S-propynyleyiosine, S-

propyunyluracil, G-azacytosine, 6-azauracil, 6-chloropurine, 6-thwoguanine, 7-deazaadenine, 7~
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deazaguanine, 7-deaza-7-propargylaminoadenine, 7-deaza-7-propargyviaminoguanine, 8-
araadenine, &-azidoadenine, 8-chloroadenine, 8-oxoadenine, §-oxoguanine, araadenine,
aracytosine, araguanine, arauractl, biotin-16-7-deaza-7-propargylaminoguanine, biotin-16-
aminoallylcytosine, biotin-16-aminoallyluracil, cyanine 3-S-propargylaminocytosine, cyanine 3-
G-propargylaminouracil, cyanine 3-anunoallylcytosine, cyanine 3-ammoallyluracil, cyanine 5-6-
propargylaminocytosine, cyanine 5-G-propargylaminouracil, cyanine S-aminoallylcytosine,
cvamne S-aminoallyluracil, cyanine 7-aminoallyluract, dabeyl-3-3-amincallyiuracil,
desthiobiotin-16-amuinocallyl-uracil, desthiobiotin-6-aminecallyleyiosine, 1soguanine, N1i-
ethylpseudouracil, N1-methoxymethylpseudouracil, Ni-methyladenine, Nl-methyipseudouraci,
N1-propylpseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosine, Nd-methylcytosine, N6-
methyladenine, 06-methyiguanine, pseudoisocytosing, pseudouracil, thienocytosine,
thienoguanine, thienouracil, xanthosine, 3-deazaadenine, 2,6~-diavuncadenine, 2,6-
daminoguanine, S-carboxamude-uraci, S-ethynyluracil, N6-isopentenyladenine (16A), 2-methyl-
thio-N6-1sopentenyladenme (ms2i6A), Z-methylthio-Né-methyladenine (ms2m6A}, No-{cis-
hydroxyisopentenyladening (106A}, 2-methyhthio-No-{cis-hydroxyisopentenyiademne
{ms2106A}), N6-glyemylcarbamoyladenine (g6A), No-threonylcarbamoyladenine (164}, 2-
methylthio-No-threonyl carbamoyladenine (ms2t6A), N6-methyl-No-threonylcarbamovladenine
{m6toA), No-hydroxynorvalylearbamoviadenine (hn6A), 2-methylthio-Ne-hydroxynorvalyl
carbamoyladenine {msZhn6A}, N6 No-dimethyladenine (m6ZA), and Né-acetyladenine {ac6A).
In some embodiments, at least one modified nucleotide comprises a modified sugar selected
from the group consisting of 2'-thioribose, 2/ 3'-dideoxyribose, 2'-amino-2'-deoxyribose, 2/
deoxyribose, 2'-azido-2'-deoxyribose, 2'-fluore-2'-deoxyribose, 2'-O-methyiribose, 2'-0-
methvideoxyribose, 3-aming-2' 3'-dideoxyribose, 3'-azido-2' 3'-dideoxyribose, 3'-deoxyribose,
3-0-(2-nitrobenzyy-2'-deoxyribose, 3'-O-methylribose, 5'-aminortbose, 5'-thioribose, 5-nitro-1-
indolyl-2'-deoxyribose, 5'-biotin-ribose, 2'-0.4'-C-methylene-linked, 2'-0,4'-C-amino-linked
ribose, and 2'-0,4'-C-thio-linked ribose. In certain embodiments, at least one modified
nuclecbhase 15 a 2'-O-{unsubstituted Cis alkoxy }-(unsubstituted Cis alkyl) nucleobase (e.g., 2'-0O-
{unsubstituted Ci alkoxy)-(unsubstituted Cr.¢ alkyl) RNA nuclecbhase). In certain embodiments,
at least one modified nucleobase is a 2'-O-methoxy-ethyl nuclecbase {e. g., 2'-O-methoxy-ethyl
RNA nucleobase). In some embodiments, at least one modified nucleotide comprises a 2
modification. In some embodiments, the 2" modification 1s selected from the group consisting of

a locked-nucleic acid (LN A) modification {7.e., a nucleotide comprising an addiional carbon
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atom bound to the 2’ oxygen and 4’ carbon of nibose), 2'-fluoro (2'-F) , 2'-O-methoxy-ethyl {2'-
MOE}), and 2'-0O-methylation (2'-OMe).

[315] In some embodiments, at least one modified nucleotide comprises a modified phosphate
selected from the group consisting of phosphorothioate (PS), phosphorodithicate, thiophosphate,
5-O-methylphosphonate, 3'-O-methylphosphonate, 5'-hydroxyphosphonate,
hydroxyphosphanate, phosphoroselenocate, selenophosphate, phosphoramidate,
carbophosphonate, methylphosphonate, phenviphosphonate, ethyiphosphonate, H-phosphonate,
guamdinium ring, triazole ring, boranophosphate (BP), methyiphosphonate, and guamdinopropyl
phosphoramidate.

[316] In some embodiments, the modified non-coding RNA comprises more than one type
of modified nucleotide. In some embodiments, the modified non-coding RNA comprises at least
a first modified nucleotide, and a second modified nsuclectide that has a different structure from
the first modified nucleotide. Nucleotides may differ 1o structure due to differences 1o the
nucleobase, sugar, and/or phosphate group. In some embodiments, the modified non-coding
RNA comprises at least a first modified phosphate, and a second modified phosphate that has a
different structure from the first modified phosphate. In some embodiments, the modified non-
coding RNA comprises a first modified nucleoside and a second modified nucleoside.

[317] Aspects of the present disclosure relate to modified non-coding RNAs comprising
poly-A regions with 25 or more adenine nuclestides. In certain embodiments, the poly-A region
1s at the 3' end of the non-coding RNA and comprises 10 or more, 15 or more, 20 or more, 30 or
more, 40 or more, or 50 or more adenosine nucleotides. In certain embodiments, the poly-A
region is at the 3’ end of the non-coding RNA and comprises between 10 and 15, between 15 and
20, between 20 and 23, between 25 and 35, between 35 and 50, between 50 and 70, or between
70 and 100 adenosine nucleotides, inclusive. An adenine nucleotide is a nucleotide comprising
an adenine nucleoside and a phosphate group. An adenine nucleoside comprises a sugar and an
adenine base. In some embodiments, the poly-A region comprises 25 or more canonical adenine
nucleotides. A canonical adenosine nucleotide comprises an adenine base, ribose sugar, and

phosphate group, as arranged in the structure of adenosine monophosphate { AMP) below:

?s

O .N»\

3 o
C}...P-...O\\ -\(‘Q"" ~

OO

& o
GH OH . In some embodiments, the one or more of the hydroxyl groups of the
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phosphate and/or the 3" hydroxyl group of the ribose are deprotonated, comprising an oxygen ion

instead of an ~OH group, as shown by the structure:

. When present in a nucleic acid sequence of a non-coding RNA, a canonical
adenosine comprises the following structure and 1s connected to adjacent nucleotides in the

following manner:

, where Rs 1s an adjacent nucleotide that 1s 5' to {upstream of} the adenosine
nuclectide i the non-coding RNA, and Rs 15 an adjacent nucleotide that 15 3" to (downstream of)
the adenosine nucleotide in the non-coding RNA. In some embodiments, the canonical adenosine
nucleotide s the 3" terminal nucleotide (last nucleotide) of a linear non-coding RNA, Raisa
hydrogen, and the 3' terminal nucleotide comprises a 3' terminal hydroxyl (-CH) group. In some
embodiments, the canonical adenosine nucleotide is the 3’ terminal nucleotide (last nucleotide)
of a linear non-coding RNA, and Rs 1s an electron.

[318] In some embodiments of the non-coding RNAs provided herein, the non-coding RNA
comprises, in 5'-to-3' order: 1} the non-coding RNA; and 2} a poly-A region present within or
figated to the 3’ end of the non-coding RNA L In some embodiments, the first nucleotide of the
poly-A region that 1s ligated to the non-coding RNA 13 3’ to {(downstream of) the last nucleotide
of the non-coding RNA,

[319] In some embodiments, the non-coding RNA 15 a linear non-coding RNA. A linear
non-coding RNA 15 a non-coding RNA with a 5 terminal nucleotide and a 3" terminal nucleotide.
The 5" tervunal nucleotide of a linear non-coding RN A 15 covalently bonded to only one adjacent
nucleotide of the non-coding RNA, with the adjacent nucleotide ocourning 37 to the 5 terminal
nuclectide i the nucleic acid sequence of the non-coding RNA. The 3' terminal nucleotide of a
finear non-coding RNA 1s covalently bonded to only one adjacent nucleotide of the non-coding
RNA, with the adjacent nucleotide occurring 57 to the 37 terminal nucleotide n the nucleic acid

sequence of the non-coding RNA. In a nucleic acid sequence comprising every nucleotide of a
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linear non-coding RNA in 5'-t0-3' order, the & terminal nucleotide is the first nucleotide in the
sequence, and the 3’ terminal nucleotide 18 the last nucleotide in the sequence.

[320] In some embodiments of the linear non-coding RNA provided herein, the non-coding
RNA comprises a 5 cap. In some embodiments, the 5’ cap comprises one or more phosphates
connecting the 7-methyiguanosine to an adjacent nuclectide of the modified non-coding RNA In
some embodiments, one or more phosphates of the 5’ cap ts a modified phosphate selected from
the group consisting of phosphorothicate, triazole ring, dihalogenmethylenebisphosphonate,
imidodiphosphate, and methylenebis{phosphonate). In some embodiments, the 7-
methylguanosine 15 connected to an adjacent nucleotide of the non-coding RNA by a §'-t0-5'

triphosphate bridge. In some embodiments, the 5’ cap comprises the structure:

- Q'"
Q« gz} l\P »"R)G -~ R
o, ‘;:?.\\ P \\,\ i
\,,\\0 d Q N\ Q

with R being the 8" carbon of the first transcribed nucleotide of the non-coding RNA. In some
embodiments, the 5’ cap comprises a 3"~O-Me-m 7G5 pop(5)G.

(3213 In some embodiments, the hnear non-coding RNA does not comprise a 5 cap.

{3221 In some embodiments, the non-coding RNA 15 a circular non-coding RNA. A circular
non-coding RNA 18 an non-coding RNA with no 3’ termmal nucleotide or 3' termunal nucleotide.
Every nucleotide m a circular non-coding RNA 15 covalently bonded to both 1) a 5" adjacent
nucleotide; and 2} a 3’ adjacent nucleotide. In a circular non-coding RNA with a nucleic acd
sequence comprising every nucleotide of the circular non-coding RNA in 5'-t0-3" order, the last
nucleotide of the nucleic acid sequence is covalently bonded to the first nucleotide of the nucleic
acid sequence. In some embodiments of circular non-coding RNAs, the last nuclectide of a poly-
A region within or ligated to the 3' end of a non-coding RNA s § to the first nucleotide of the
non-coding RNA.

(323} In some embodiments of the modified non-coding RNAs provided herein, the
modified non-coding RNA comprises one or more copies of a structural sequence thatare 3" toa

poly-A region within or ligated to the non-coding RNA. In some embodiments, nuclectides of
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the secondary structure mnteract by hydrogen bonding. In some embodiments, the secondary
structure is a G-quadrupiex. A G-quadruplex, or G-quadruplex, is a secondary structure formed
by guanine-rich nucleic acid sequences.

324} In some embodiments of modified non-coding RNAs comprising one or more
structural sequences, the structural sequence s a G-quadruplex sequence. A nucleic acid
comprising a G-quadruplex sequence is capable of forming a G-quadruplex comprising one or
more nucleotides of the G-quadruplex sequence. In some embodiments, the G-quadruplex
sequence comprises one or more spacer nucleotides that are not guanine nucleotides. In some
embodiments, the G-quadruplex sequence 1s an RNA G-quadruplex sequence. Tn some
embodiments, the RNA G-quadruplex sequence comprises the nucleic acid sequence GGGGCC
(SEQ ID NG: 2). In some embodiments, the modified non-coding RNA comprises at least 3
copies of the nucleotide sequence of SEQ ID NO: 2. In some embodiments, the G-quadruplex
sequence 13 a DNA G-quadruplex sequence. In some embodiments, the DNA G-quadruplex
sequence comprises the nucleic acid sequence GGGGCC (SEQ 1D NG: 3). In some
embodiments, the modified non-coding RNA comprises at least 3 copies of the nucleotide
sequence of SEQ ID NGO 3. In some embodiments, the structural sequence comprises a telomeric
repeat sequence. In some embodiments, the telomeric repeat sequence comprises the nucleic acid
sequence set forth as one of SEQ 1D NOs: 4 or 5. In some embodiments, the telomeric repeat
sequence comprises the nucleic acid sequence set forth as SEQ ID NG: 4. In some embodiments,
the modified non-coding RNA comprises at least 3 copies of the nucleotide sequence of SEQ 1D
NGO: 4.

3251 In some embodiments, the structural sequence is an aptamer sequence comprising at
ieast two nucleotides that are capable of interacting to form an aptamer. Non-limiting examples
of target molecules that can be bound by aptamers include cytokines, cell surface receptors, and
transcription factors. In some embodiments, the secondary structure formed by the one or more
copies of the structural sequence is an aptamer that is capable of binding to a target molecule.
Exemplary aptamers are known in the art and include multiple RNA structures capable of
binding cell surface receptors such as CD4, CTLA-4, TGF-f receptors, and receptor tyrosine
kinases. See, e.g., Germer et al. /it J Hiochem Mol Biol | 2013, 4(1:27-40.

[326] In some embodiments, the modified non-coding RNA comprises 1-20 copies of the
structural sequence. In some embodiments, the modified non-coding RNA comprises at least 1,
at least 2, at least 3, at least 4, at least S, at least 6, at least 7, at least 8, or at least 9 copies of the

structural sequence. In some embodiments, the modified non-coding RNA comprises about 4
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copies of the structural sequence. In some embodiments, the modified non-coding RNA
comprises multiple different structural sequences. In some embodiments, the modified non-
coding RNA comprises at least a first structural sequence, and a second structural sequence
comprising a different nucleic acid sequence from the first structural sequence. In some
embodiments, the modified non-coding RNA comprises at least one G-quadruplex sequence and
at least one telomeric repeat sequence.

3271 In some embodiments of the modified non-coding RNAs comprising one or more
copies of a structural sequence provided herein, the poly-A region of the modified non-coding
RNA comprises at least one modified nucleotide. Tn some embodiments, at least one modified
nucleotide comprises a moditied nucleobase. Tn some embodiments, at least one modified
nucleotide comprises a modified sugar. In some embodiments, at least one modified nucleotide
comprises a modified phosphate. In some embodiments, at least one modified nucleotide
comprises a modified nucleobase selected from the group consisting of) xanthine,
allyammouracil, allyammothymidine, hypoxanthine, digoxigeninated adenine, digoxigeninated
cytosine, digoxigeninated guanime, digoxigeninated uracil, 6-chloropurineriboside, No-
methyladenine, methyipseudouracil, 2-thiocytosineg, 2-thiouracil, S-methyhuracil, 4-
thiothyoudine, 4-thiouracil, §,6-dihvdro-3-methyiuracil, 3,6-dihydrouraci, 5-[(3-
IndolvDpropionamide-N-allyijuracil, S~-aminoallyleytosine, S-amnoallyhuracil, S-bromouracii, 3-
bromocytosineg, S-carboxycytosing, S-carboxymethylesteruracil, 3-carboxyuracil, S-fluorouracii,
S-formyleytosine, S-formyluraci, 3-hydroxyeytosine, S-hydroxymethyleytosing, 5-
hydroxymethyluracil, S-hydroxyuraci, S-iodocytosine, S-1odouracil, S-methoxycytosine, 5-
methoxyuracil, S-methylcvtosine, S-methyluracii, S5-propargylammocytosine, 5-
propargylaminouracil, S-propynvicytosine, S-propynyluraci, 6-azacytosine, 6-azavracil, 6-
chloropurine, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-
propargylaminoadenine, 7-deaza-7-propargylaminoguanine, 8-azaadenine, 8-azidoadenine, 8-
chlorcadenine, 8-oxcadenine, 8-oxoguanine, araadenine, aracytosine, araguanine, arauracil,
biotin-16-7-deaza-7-propargyvlaminoguanine, biotin-16-aminoallyicytosine, biotin-16-

-

aminoallyluracil, cyanine 3-5-propargylaminocytosine, cyanine 3-6-propargylaminouracil,
cyanine 3-aminoallyleytosine, cyanine 3-aminoallyluracil, cyanine 5-6-propargylaminocytosine,
cyanine S-6-propargylamunouraci], cvanine S-amnoallyicytosine, cyanine S-aminoaliyvliuraci,
cyanine 7-aminoallviuracil, dabeyl-3-3-amuncallyluracil, desthiobiotin-16-ammoaliyvl-uraci,
desthiobiotin-G-amnoallyleytosine, isoguanine, Ni-ethylpseudouracil, N1-

methoxymethyipseudouracil, Ni-methyladenine, Nl-methylpseudouraci, Ni-
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propylpseudouracil, N2-methylguaning, Nd-biotin-OBEA-cytosine, N4-methylcytosing, N6-
methvladenine, O6-methylguanine, pseudoisocytosing, pseudouracil, thienocyiosine,
thienoguanine, thienouracil, xanthosine, 3~-deazaadenine, 2,6-diaminoadenine, 2.6~
danminoguanine, 5-carboxamide-uraci, S-ethynyluracil, N6-1sopentenyladenime (i6A), 2-methyl-
thio-N6-1sopentenyladenime (ms2i6A), 2-methylthio-No6-methyladenine (ms2maA}, No-(cis-
hydroxyisopentenyljadenine (106A), 2-methylthio-No-{cis-hydroxyisopentenyljadenine
(ms2106A), N6-glycinylearbamovladenine (g6A), Né-threonylcarbamoyladenine (16A), 2-
methylthio-N6-threonyl carbamoyladenine {ms2t0A ), No-methyl-No-threonylcarbamoyladenune
{(motoA), No-hydroxynorvalylecarbamoyladenine (hnGA), 2-methylthio-N6-hydroxynorvalyl
carbamoyladerune (rosZhnoA), No,No-dimethyladenine (m62A), and Né-acetyladerune (ac6A).
In some ermbodiments, at least one modified nucleotide comprises a modified sugar selected
froro the group consisting of 2'-thioribose, 2',3'-dideoxyribose, 2'-amino-2'-deoxyribose, 2
deoxyribose, 2"-azido-2'-deoxyribose, 2'-fluore-2"-deoxyribose, 2'-O-methylnibose, 2'-0-
methyldeoxyribose, 3-amino-2', 3 -dideoxyribose, 3"-azido-2' 3'-dideoxyribose, 3'-deoxyribose,
3-O-(2-nitrobenzyli-2'-deoxyribose, 3'-O-methylribose, S'-aminoribose, 5'-thioribose, S-nitro-~1-
mndolyl-2'-deoxyribose, 5'-biotin-nibose, 2'-0,4'-C-methviene-linked, 2'-0 4'-C-ammo-hnked
ribose, and 2'-0,4'-C-thio-linked ribose. In some embodiments, at least one modified nucleotide
comprises a 2" modification. In some embodiments, the 2" modification 15 selected from the
eroup consisting of a locked-nucleic acid (LNA) modification (7.e., a nucleotide comprising an

~

additional carbon atom bound to the 2' oxygen and 4 carbon of ribose}, 2'-fluore (2'-F) , 2'-0O-
methoxy-gthyl {(2'-MOE), and 2'-O-methyviation (2’-OMe). In some embodiments, at least one
modified nucleotide comprises a modified phosphate selected from the group consisting of
phosphorothicate (PS), phosphorodithioate, thiophosphate, 5'-O-methylphosphonate, 3'-0O-
methylphosphonate, S'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenocate,
selenophosphate, phosphoramidate, carbophosphonate, methylphosphonate, phenylphosphonate,
ethylphosphonate, H-phosphonate, guanidinium ring, triazole ring, boranophosphate (BP),
methylphosphonate, and guanidinopropyl phosphoramidate. In some embodiments, the poly-A
region of the non-coding RNA comprises at least 3, at least 4, or at least S phosphorothioates,
and does not comprise a 3’ terminal hydroxyl In some embodiments, the poly-A region of the
non-coding RNA comprises at least 3 phosphorothioates, and does not comprise a 37 termunal
hydroxyl. In some embodiments, the poly-A region of the non-coding RNA comprises at least 3
guanine nucleotides and at least 3 phosphorothicates, and does not comprise a 3’ termoinal

hydroxyl. In some embodiments, the poly-A region of the non-coding RNA comprises at least 3
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deoxyribose sugars, and does not comprise a 3' terminal hydroxyl In some embodiments, the
poly-A region of the non-coding RNA comprises at least 20 deoxyribose sugars, and does not
comprise a 3’ terminal hydroxyl In some embodiments, the poly-A region of the non-coding
RNA comprises at least 3 copies of a G-quadruplex sequence, and does not comprise a 3’
terminal hydroxyl In some embodiments, the poly-A region of the non-coding RNA comprises
at least 6 nucleotides comprising a 2’ modification, and does not comprise a 3’ terminal hydroxyl.
In some embodiments, the poly-A region of the non-coding RNA comprises at least 6
phosphorothicates, and does not comprise a 3' terrainal hyvdroxyl In some erobodiments, the
poly-A region of the non-coding RNA comprises at least 6 sequential nucleotides comprising a 2/
modification, and does not cormaprise a 3’ terminal hydroxyl. In some embodiments, the poly-A
region of the non-coding RNA comprises at least 6 sequential phosphorothioates, and does not
comprise a 3 termunal hydroxyl To some embodiments, the poly-A region of the non~-coding
RNA comprises at least 6 phosphorothioates and 3 guanine nucleosides, and does not comprise a
37 terminal hydroxyl In some embodiments, the poly-A region of the non-coding RNA
comprises at least 3 copies of a G-quadruplex sequence and at least 6 phosphorothioates, and
does not comprise a 3’ termunal hydroxyl In some embodiments, the poly-A region of the non-
coding RNA comprises at least 3 copies of a telomeric repeat sequence, and at least 6
phosphorothicates, and does not comprise a 3’ termunal hydroxyl In some embodiments, the 37
terninal nucleotide that does not comprise a 3’ terminal hydroxyl 15 a dideoxycvtidine or an
nverted-deoxythymidine.

328} In some embodiments, the modified non-coding RNA comprises more than one type
of modified nucleotide. In some embodiments, the modified non-coding RNA comprises at least
a first modified nucleoside, and a second modified nucleoside that has a different structure from
the first modified nuclesside. In some embodiments, the modified non-coding RNA comprises at
ieast a first modified phosphate, and a second modified phosphate that has a different structure
from the first modified phosphate. In some embodiments, the modified non-coding RNA
comprises a modified nucleoside and a modified nucleoside.

3293 In some embodiments of the modified non-coding RNAs comprising a secondary
structure provided herein, the modified non-coding RNA comprises, in §'-to-3' order, 1) the 5
non-coding RNA; 2} a poly-A region within or higated to the 3’ end of the non-coding RNA; and
33 one or more copies of a structural sequence. In some emboduments, the one or more copies of
the structural sequence, and the secondary structure formed by the structural sequences, are 3' to

{downstrearn of) the poly-A region. In some embodiments, the non-coding RNA 15 a hinear non-
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coding RNA. In some embodiments, the linear non-coding RNA comprises a3 &' cap. In some
embodiments, the 5' cap comprises a 7-methyiguanosine. In some embodiments, the 5 cap
comprises one or more phosphates connecting the 7-methylguanosine to an adjacent nucleotide
of the modified non-coding RNA. In some embodiments, the 7-methylguanosine is connected to
an adijacent nucleotide of the non-coding RNA by a 5'-to-5' triphosphate bridge. In some
embodiments, one or more phosphates of the 5 cap 15 a modified phosphate selected from the
group consisting of phosphorothioate, triazole ring, dihalogenmethylenehisphosphonate,
imidodiphosphate, and methylenebis{(phosphonate). In some embodiments, the 5’ cap comprises
a 3'-0-Me-m 7G5 ppp(5)G. In some embodiments, the linear non-coding RNA does not
comprise a S cap. In some embodiments, the poly-A region of the non-coding RNA comprises at
least 3, at least 4, or at least S phosphorothioates, and does not comprise a 3’ terounal hydroxyl.
In some embodiments, the poly~-A region of the non-coding RNA comprises at least 3
phosphorothioates, and does not comprise a 3’ termunal hydroxyl. In some embodiments, the
poly-A region of the non-coding RNA comprises at feast 3 guanine nucleotides and at least 3
phosphorothioates, and does not comprise a 3’ termunal hydroxyl. In some embodiments, the
polv-A region of the non-coding RNA comprises at least 3 deoxyribose sugars, and does not
comprise a 3" terminal hydroxyl In some embodiments, the poly-A region of the non-coding
RNA comprises at least 20 deoxyribose sugars, and does not comprise a 3' termmnal hydroxyl In
some embodiments, the poly-A region of the non-coding RNA comprises at least 3 copies of a
G-quadruplex sequence, and does not comprise a 3’ termunal hydroxyl. In some embodiments,
the poly-A region of the non-coding RNA comprises at least 6 nucleotides comprising a 2/
modification, and does not comprise a 3' terminal hydroxyl. In some embodiments, the poly-A
region of the non-coding RNA comprises at least 6 phosphorothioates, and does not comprise a
3" terminal hydroxyi In some embodiments, the poly-A region of the non-coding RNA
comprises at least 6 sequential nucleotides comprising a 2" modification, and does not comprise a
3" terminal hvdroxyl In some embodiments, the poly-A region of the non-coding RNA
comprises at least 6 sequential phosphorothioates, and does not comprise a 3’ ternunal hydroxyl.
In some embodiments, the poly-A region of the non-coding RNA comprises at least 6
phosphorothicates and 3 guanine nucleosides, and does not comprise a 3’ terminal hydroxyl In
sotmne embodiments, the poly-A region of the non-coding RNA corprises at least 3 copies of a
G-quadruplex sequence and at least 6 phosphorothioates, and does not comoprise a 3" terminal
hydroxyl In some embodiments, the poly-A region of the non-~coding RNA comprises at feast 3

copies of a telomeric repeat sequence, and at least 6 phosphorothioates, and does not comprise a
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3" terminal hydroxyl In some embodiments, the 3' terminal nucleotide that does not comprise a
3" terminal hydroxyl 1s a dideoxycytiding or an mnverted-deoxyithymidine.

[330] In some embodiments of the modified non-coding RNAs comprising a secondary
structure provided herein, the modified non-coding RNA comprises, in 3'-to-3' order, 1) the non-
coding RNA; 2} a poly-A region within or ligated to the non-coding RNA; and 3} one or more
copies of a structural sequence. In some embodiments, the modified non-coding RNA s a
circular non-coding RNA. In some embodiments of the circular non-coding RNA, the one or
more coptes of the structural sequence are between the poly-A region withun or ligated to the
non-coding RNA and the 5 nucleotide of the non-coding RNA

(331§ In some embodiments of the modified non-coding RNAs provided herein, 19 to 90%
of the nucleotides of the poly-A region are modified nucleotides. In some embodiments, at least
1%, at least 2%, at least 3%, at least 4%, at least 3%, at least 6%, at least 7%, at least §%, at least
9%, at least 10%, at least 12%, at least 149, at least 16%, at least 18%, at least 20%, at least
25%, at least 30%, at least 359%, at least 40%, at least 45%, or at least 50% of the nucleotides of
the poly-A region are modified nuclectides.

332} In some embodiments of the modified non-coding RNAs provided herein, 3 or more
of the last 25 nucleotides of the poly-A region are modified nucleotides. In some embodiments,
at feast 4, at least 5, at least 6, at least 7, at least 8, at lsast 9, at least 10, at least 11, at least 12, at
least 13, at least 14, at feast 135, at least 20, or 25 of the last 25 nuclectides of the poly-A region
are modified nucleotides.

(333} In some embodiments of the modified non-coding RNAs provided herein, at least
25%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least
9%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%%, at least
97%, at least 98%, or at least 99% of the nucleotides of the poly-A region are adenosine
nucleotides. One or more adenosine nucleotides of the poly-A region may be canonical
adenosine nucleotides or modified adenosine nucleotides comprising a different structure from
the canonical adenosine nucleotide. Non-limiting examples of modified adenosine nucleotides
include No-isopentenyladenosine (10A), 2-methyl-thio-Né-isopentenyladenosine {(ms2i6A), 2-
methylthio-No-methyladenosine (ms2m6A), No-(cis-hydroxvisopentenyljadenosine (106A), 2-
methylthio-No-{cis-hydroxyisopentenyadenosine (ms2io6A), No-glyeinylcarbamoyladenosine
{g6A), No-threonylcarbamoyladenosine (t0A), 2-methylthio-N6-threonyl carbamovladenosine
{(ms2t0A ), No-methyl-N6-threonylcarbamoyladenosine (mot6A), No-

hydroxynorvalylcarbamoyiadenosine (hnoA), 2-methylthio-NG-hydroxynorvalyl

66

SUBSTITUTE SHEET (RULE 26)



WO 2022/241045 PCT/US2022/028849

carbamoyladenosine {msZhn6A}, 2’-O-ribosyladenosine {phosphate)} (Ar{p)), N6, N6-
dimethyladenosine (m62ZA}, N6, 2-O-dimethviadenosine {(m6Am}, N6 N6,G-2'-
trimethyladenosine (m62Am}, 1,2'-O-dimethyladenosine {(ml Am), N6-acetyladenosine {acGA),
2'-thicadenosine (2'SA), 5'-thicadenosine (5'SA), 2'-0-(2-azidoethyvl)-adenosine, 2'-azido-
adenosine, deoxyadenosine {(dA), dideoxyadenosine (ddA), and amino-deoxvadenosine {amino-
dA).
(3341 In some embodiments of the modified non-coding RNAs provided herein, at least
25%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least
90%., at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least
97%, at least 98%, or at least 99% of the nucleotides of the poly-A region are canonical
adenosine nucleotides. In some embodiments, the poly-A region further comprises 1 or more
nucleotides that are not adenosine nucleotides {e. g., canonical or non-canonical adenosine
nucleotides). In some emboduments, at least 1%, at least 2%, at least 3%, at least 4%, at least 5%,
at least 6%, at least 7%, at least 8%, at feast 9%¢, at least 10%, at least 12%, at least 149, at feast
16%, at least 18%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least
45%, at least 50%, at teast 55%, at least 60%, at Jeast 65%, at least 70%, at least 80%, or at least
80% of the nucleotides of the poly-A region are nucleotides that are not adenosine nucleotides.
3353 In some embodiments of the modified non~coding RNAs provided herein, the poly-A
region comprises at least 25500 nucleotides. In some embodiments, the poly-A region
comprises at least 25, at least 30, at least 50, at least 100, at least 150, or at least 200 nucleotides.
In some embodiments, the poly-A region comprises at least 30, at least 40, at least 50, at least 60,
at least 70, at least 80, at least 90, at least 100, at least 110, at least 120, at least 130, at least 140,
at least 150, at least 160, at least 170, at least 180, at least 190, at least 200, at least 210, at least
220, at least 230, at least 240, at least 250, at least 260, at least 270, at least 280, at least 290, or
at least 300 nucleotides. In some embodiments, the poly-A region comprises about 200 to about
300 nucleotides. In some embadiments, the poly-A region comprises about 250 nucleotides.
[336] In some embodiments, the poly-A region comprises at least 3, at least 4, or at least 5
phosphorothioates, and does not comprise a 3 terminal hydroxvl. In some embodiments, the
poly-A region of the non-coding RNA comprises at least 3 phosphorothicates, and does not
comprise a 3" termmal hydroxyl In some embodiments, the poly-A region of the non-coding
RNA comprises at least 3 guanine nucleotides and at least 3 phosphorothicates, and does not
comprise a 3" termmal hydroxyl In some embodiments, the poly-A region of the non-coding

RNA comprises at least 3 deoxyribose sugars, and does not comprise a 3" terminal hydroxyl In
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some embodiments, the poly-A region of the non-coding RNA comprises at least 20 deoxyribose
sugars, and does not comprise a 3' terminal hydroxyl. In some embodiments, the poly-A region
of the non-coding RNA comprises at least 3 copies of a G-quadruplex sequence, and does not
comprise a 3' terminal hydroxyl In some embodiments, the poly-A region of the non-coding
RNA comprises at least 6 nucleotides comprising a 2" modification, and does not comprise a 3/
ternunal hydroxyl In some embodiments, the poly-A region of the non-coding RNA comprises
at least & phosphorothioates, and does not comprise a 3’ terminal hydroxyl In some
embodiments, the poly-A region of the non-coding RNA comprises at least 6 sequential
nucleotides comprising a 2’ modification, and does not comprise a 3’ ternunal hydroxyl In some
embodiments, the poly-A region of the non-coding RNA comprises at least 6 sequential
phosphorothioates, and does not comprise a 3’ termunal hydroxyl. In some embodiments, the
poly-A region of the non-coding RNA comprises at least 6 phosphorothioates and 3 guanine
nucleosides, and does not comprise a 3’ termunal hydroxyl In some embodiments, the poly-A
region of the non-coding RNA comprises at least 3 copies of a G-quadruplex sequence and at
ieast 6 phosphorothicates, and does not comprise a 3" termnal hydroxyl In some embodiments,
the poly-A region of the non-coding RNA comprises at least 3 copies of a telomeric repeat
sequence, and at least 6 phosphorothicates, and does not comprise a 37 termunal hydroxyl. In
some embodiments, the 37 terminal nucleotide that does not comprise a 3 termunal hydroxyis a

dideoxycvtidine or an inverted-deoxythymidine.

Methods of producing modified mRNAs and modified non-coding RNAsg

3371 In some aspects, the present disclosure provides methods of producing modified
mRNAs, comprising hgating an RNA, such as an RNA comprising an open reading frame
encoding a protein or a non-coding RNA, to a tailing nucleic acid comprising one or more
modified nucleotides in the presence of a ligase, whereby the ligase forms a covalent bond
between the 3' nucleotide of the RNA and the 5’ nuclectide of the tatling nucleic acid to produce
a modified RNA {e g., a modified mRNA or a modified non-coding RNA). When a ligase forms
a covalent bond between two linear nucleic acids, a new nucleic acid 1s produced, with the
produced nucleic acid comprising the nucleic acid sequences of both nucleic acids. Ligation of
the 3" terminal nucleotide of a first nucleic acid to the 5’ terminal nucleotide of a second nucleic
acid produces a third nucleic acid, with the third nucleic acid comprising the sequence of the first
nucleic acid and the second nucleic acid, and the second nucleic acid sequence being 3’ to

{downstrearn of) the first nucleic acid sequence. Ligation by an RNA ligase occurs in several
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steps. First, an aming (~NH2} group of an anuno acid {e.g., a lysine} of the higase bonds to a
phosphate group of adenosine triphosphate {ATP), such that an adenosine monophosphate
{AMP) group 1s bound to the RNA ligase. Second, a §' terminal phosphate of the second nucleic
acid displaces the phosphate of the RNA ligase-bound AMP. Fially, an oxygen of the 3’
terminal hydroxyl group of the first nucleic acid binds to the phosphorus atom of the 5" terminal
phosphate of the second nucleic acid. Thus final step forms a phosphodiester bond between
terminal nucleotides of the nucleic acids, thereby forming a single nucleic acid with a continuous
sugar-phosphate backbone In some embodiments, the higase is an RNA hgase. In some
embodiments, the RNA ligase 15 a2 T4 RNA ligase,

[338] In some embodiments of the methods of producing modified mRNAs or modified
non-coding RNA provided herein, the RNA to which a tailing nucleic acid 1s higated 1s
synthesized by in vitro transeription (IVT). IVT ts a process m which an RNA, suchas a
precursor mRNA {(pre-mRNA}Y, mRNA, or non-coding RNA, s generated through transcription
of a DNA template by an RNA polymerase. Generally, the DNA template comprises a promoter,
such as a bacteriophage promoter, that 13 upstream of the DNA sequence to be transcribed. The
RNA polymerase binds to the promoter, and begins transcription of the DNA sequence,
producing an RNA transcript with a nucleic acid sequence that s present in the template, with
the exception that thymidine {T) nucleotides in the DNA sequence are replaced with aracil (U}
nucleotides in the RNA sequence. The RNA transcript produced by IVT may be modified prior
to higation of a tailing nucleic acid, such as by the addition of a 5' cap, cleavage of one or more
nuclectides from the RNA, or polyadenylation to extend the poly-A region. In some
embodiments, the BNA template comprises a poly-A region, such that IVT produces an mRNA
or non-coding RNA with a poly-A region. Sge, e.g., Becker et al. Methods Mol Biol., 2011,
703:29-41.

[339] In some embodiments of the methods of producing modified mRNAs or modified
non-coding RNAs provided herein, the 3' nucleotide of the RNA comprises a 3" terminal
hydroxyl group, and the 5" nucleotide of the tailing nucleic acid comprises a 5 termunal
phosphate group. The combination of a 3" terminal hvdroxyl group on the RNA and a 5 terminal
phosphate group on the tatling nucleic acid allows for efficient higation of the two nucleic acids.
In some ermbodiments, the RNA does not comprise a 3" terminal phosphate group. An RNA may
fack a 5" terminal phosphate group due to the addition of a §' cap or another chemical
modification. A 5" terminal phosphate may also be removed from an RNA by a phosphatase

enzyme to produce an RNA that lacks a 5 ternunal phosphate. Lack of a §' termimal phosphate
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group on the RNA prevents an RNA ligase from hgating multiple copies of an mRNA or non-
coding RNA together. In some embodiments, the tailing nucleic acid does not comprise a 3
terminal hydroxyl group. An RNA may lack a 3’ terminal hydroxy! group if the last nucleotide of
the tailing nucleic acid comprises a modified nucleotide that does not contain a 3" hydroxyl
group, such as a dideoxyadenosine, dideoxycytidine, dideoxyguanosine, dideoxythymidine, or
mverted-deoxythymidine. Lack of a 3’ termmal hydroxyl group on the tathing nucleic acid
prevents an RNA ligase from ligating multiple tailing nucleic acids together. In some
embodiments, the §' nucleotide of the RNA does not comprise a 5 ternunal phosphate group; the
3" nucleotide of the RNA comprises a 3’ terminal hydroxyl group; the §' nucleotide of the tailing
nucleic acid comprises a §' ternmunal phosphate group; and the 3" nucleotide of the tatling nucleic
acid does not comprise a 3 ternunal hydroxyl group. In some embodiments, the tailing nucleic
acid comprises at least 3, at least 4, or at least 5 phosphorothioates, and does not comprisea 3
terminal hydroxyl In some embodiments, the tathing nucleic acid comprises at least 3
phosphorothicates, and does not comprise a 3' termunal hydroxyl In some embodiments, the
tailing nucleic acid comprises at least 3 guanine nucleotides and at least 3 phosphorothicates, and
does not comprise 3 3" terminal hydroxyl. In some embodiments, the tailing nucleic acid
comprises at least 3 deoxyribose sugars, and does not comprise a 3’ termunal hydroxyl In some
embodiments, the tathing nucleic acid comprises at least 20 deoxyribose sugars, and does not
comprise a 3’ termunal hydroxyl In some embodiments, the taifling nucleic acid comprises at
least 3 copies of a G-quadruplex sequence, and does not comprise a 3’ termunal hydroxyl. In
some embodiments, the tailing nucleic acid comprises at least 6 nuclestides comprising a 2/
modification, and does not comprise a 3' terminal hydroxyl. In some embodiments, the tailing
nucleic acid comprises at least 6 phosphorothioates, and does not comprise a 3' terminal
hydroxyl. In some embodiments, the tailing nucleic acid comprises at least 6 sequential
nucleotides comprising a 2’ modification, and does not comprise a 3’ terminal hydroxyl. In some
embodiments, the tatling nucleic acid comprises at least 6 sequential phosphorothioates, and does
not comprise a 3’ termunal hydroxyl. In some embodiments, the tailing nucleic acid comprises at
least & phosphorothicates and 3 guanine nucleosides, and does not comprise a 3’ termunal
hydroxyl. In some embodiments, the tailing nucleic acid comprises at least 3 copies of a G-
quadruplex sequence and at least & phosphorothioates, and does not comprise a 3’ terminal
hydroxyl. In some emboduments, the tailing nucleic acid comprises at least 3 copies of a
telomeric repeat sequence, and at least 6 phosphorothicates, and does not comprise a 3' terminal

hydroxyl. In some embodiments, the 3’ terminal nucleotide that does not comprise a 37 terminal
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hydroxyl is a dideoxyeyiidine or an inverted-deoxythymidine. In some embodiments, the ligase
used to ligate the tatling nucleic acid to the RNA 1s an RNA ligase. In some embodimenis, the
RNA ligase 15 a T4 RNA ligase. In some embodiments, the T4 RNA ligase 1s a T4 RNA ligase 1.
In some embodiments, the T4 RNA ligase 1s a T4 RNA ligase 2.

(3407 In some embodiments of the methods of producing modified mRNAs or modified
non-coding RNAs provided herein, the 5 nucleotide of the RNA does not comprise a 5’ terminal
hydroxyl group, the 3’ nucleotide of the RNA comprises a 3’ terminal phosphate group, the §'
nucleotide of the taitling nuclewc acid comprises a 5’ terminal hydroxyl group, the 3’ nucleotide of
the tailing nucleic acid does not comprise a 37 ternunal phosphate group, and the RNA ligase i3
an RicB higase, which ligates a first nucleotide comprising a 3" termmal phosphate group to a
second nucleotide comprising a § terroinal hvdroxyl group.

(341} Some embodiments of the methods of making modified mRNAs or modified non-
coding RNA provided herein further comprise producing a curcular mRNA or circular non-
coding RNA. After a linear modified mRNA or modified non~-coding RNA 15 produced by
higating an RNA and a tatling nucleic acid, curcularization of the modified mRNA or modified
non-coding RNA comprises several additional steps. First, a §' termunal phosphate 15 introduced
onto the first nucleotide of the modified mRNA or modified non-coding RNA, a process known
as phosphorylation. In some embodiments, the 5’ terminal phosphate 13 introduced by a kinase. A
“kinase” refers to an enzyme that introduces a phosphate group to a molecule, forming a covalent
bond between the phosphate group and the molecule, in a process referred to as
“phosphorviation.” Second, the modified mRNA or modified non-coding RNA s manipulated to
produce a modified mRNA or modified non-coding RNA with 3 3" terminal hydroxyt group. In
some embodiments, the modified mRNA or modified non-coding RNA 1s manipulated by
cleaving one or more of the last nucleotides of the modified RNA, to produce a modified mRNA
or modified non-coding RNA with a 3’ terminal hydroxyl group. In some emmbodiments, the
modified mRNA or modified non-coding RNA 15 cleaved by a restriction enzyme, ribozyme, or
endoribonuciease. In some embodiments, cleavage of one or more last nucleotides of the
maodified mRNA or modified non-coding RNA occurs before phosphorylation of the first
nucleotide of the modified RNA. In some embodiments, cleavage occurs after phosphorylation
A modified mRNA or modified non-coding RNA comprising a terminal phosphate group at one
end and a termunal hydroxyl group at the other end can be circulanized by higation of both
terminal nucleotides. An RNA ligase that ligates terminal nucleotides of a linear nucleic acid to

produce a circular nucleic acid roay be called a “circularnizing ligase” In some embodiments, the
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circularizing ligase 1s an RNA ligase. In some embodiments, the circularizing ligase 1s a SpliniR
ligase. In some embodiments, the circularizing ligase s a T4 RNA ligase. In some embodiments,
the circularizing ligase 1s a T4 RNA ligase 1. In some embodiments, the circularizing ligase 1s a
T4 RNA ligase 2. In some embodiments, the modified mRNA or modified non-coding RNA
comprises a 3’ termmal hydroxyl group and a 3’ termunal phosphate group, and the circularizing
iigase is RicB ligase, which is capable of ligating nucleotides with a 3’ terminal phosphate and §'
terminal hydroxyl group. For ligation to occur, the 3" and 3’ terminal nucleotides of the modified
mRNA or modified non-coding RNA must be close enough for the RNA ligase to form a bond
between both nucleotides. Methods of placing both nucleotides of a linear nucleic acid close
enough for ligation to occur, and of circulanzing an RNA, are generally known 1n the arnt (see,
e.g., Petkovic er al., Nucleic Acids Res., 2015, 43(4).2454-2465). In somne emboduments, the
modified mRNA or modified nov-coding RNA 1s mncubated with a scaffold nucleic acid, which
i3 capable of hybnidizing (hydrogen bonding) to the modified RNA so that the modified mRNA
or modified non-coding RNA forms a circular secondary structure when hybridized (bound) to

the scaffold nucleic acid.

423 When an RNA forms a circular secondary stracture, the 5" and 3" terminal nucleotides

are in close physical proximity, which s required for an RNA higase to form a covalent bond
between them. In some embodiments of methods of circularizing an mRNA or non-coding RNA,
one or more of the last nucleotides of the RNA are bound to a first hybridization sequence in the
scaffold nucleic acid, and one or more of the first nucleotides of the mRNA or non-coding RNA
are bound to a second hybridization sequence in the scaffold nucleic acid that 1s 3" to
{downstream of) the first hybridization sequence. In some embodiments, the first hybridization
sequence comprises 5 or more nucleotides, and the first hybridization sequence 1
complementary to at least the first five {5} nucleotides of the modified mRNA or modified non-
coding RNA. In some embodiments, the first hybridization sequence comprises 10 or more, 15
or more, 20 or more, 25 or more, 30 or more, 35 or more, 40 or more, 45 or more, or 50 or more
nucleotides, and at least 90%, at least 95%, at least 96%, at least 97%, at least 98%;, at least 99%,
or up to 100% of the nucleotides of the first hvbridization sequence are complementary are
complementary to the last N nucleotides of the modified mRNA or modified non-coding RNA,
where N 15 the length of the first hybridization sequence. Tn some embodiments, the second
hybridization sequence comprises 5 or more nucleotides, and the second hybridization sequence
s complementary to at least the last five (5} nucleotides of the modified mRNA or modified non-

coding RNA. Tn some embodiments, the second hybridization sequence comprises 10 or more,
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15 or more, 20 or more, 25 or more, 30 or more, 35 or more, 40 or more, 45 or more, or 30 or
more nucleotides, and at least 90%, at least 95%. at leasi 96%, at least 97%, at least 98%%, at least
99%, or up to 100% of the nucleotides of the second hybridization sequence are complementary
are complementary to the last N nucleotides of the modified mRNA or modified non-coding
RNA, where NV 1s the length of the second hybridization sequence. In some embodiments, at least
the first five (5) nucleotides of the modified mRNA or modified non-coding RNA hybridize with
the first hybridization sequence. In some embodiments, at least the last five (5) nucleotides of the
modified mRNA or modified non~-coding RNA hybridize with the second hybridization
sequence. fn some embodiments, at least the first five (5} nucleotides of the modified mRNA or
modified non-coding RNA hybridize with the first hybridization sequence, and at least the last
five (3) nucleotides of the modified mRNA or modified non-coding RNA hybridize with the
second hybridization sequence. In some embodiments, the last nucleotide of the first
hybridization sequence and the first nucleotide of the second hybridization sequence are adjacent
in the scaffold nucleic acid, and are not separaied by any other nucleotides.

{343} In some embodiments of the methods of producing circular RNAs provided herein, a
scaffold nucleic acid 1s not used to promote the formation of a circular secondary structure by the
modified mRNA or modified non-coding RNA. Instead, the modified mRNA or modified non-
codimg RNA comprises a first hybridization sequence at the 5" end that 13 complementary to a
second hybridization sequence at the 3' end. In some embodiments, each hybridization sequence
comprises at least five (5) nucleotides. In some embodiments, each hybridization sequence
comprises at least 10, at least 15, at least 20, at least 25, at least 30, at least 35, at least 40, at least
45, or at least 50 nucleotides.

{3441 In some embodiments of the methods of producing circular RNAs provided herein,
the modified mRNA or modified non-coding RNA 1s not circularized through the use of a
scaffold nucleic acid and circularizing ligase, but rather 1s circularized by a ribozyme, a nucleic
acid that catalyzes a reaction, such as the formation of a covalent bond between two nucleotides.
In some embodiments, prior to circularization, the modified mRNA or modified non-coding
RNA comprises a 3’ intron that 1s 5’ to {(upstream of) the 5 UTR of the mRNA or the first
nucleotide of the non-coding mRNA, and a 5 intron that 13 3' to (downstream of) the poly-A
region and/or one or more structural sequences of the mRNA or non-coding RNA. Ribozymes
and other enzymes that catalyze splicing of pre-mRNA to remove introns can catalyze the

formation of a covalent bond between the nucleotide that s 5" 1o the 5 infron and the nucleotide
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that 1s 3' to 3' intron, resulting in the formation of a circular mRNA or non-coding RNA. Seg,
e.g., Wesselhoeft ef af | Nat Commun. 2018, 9:2629.

[3453 In some embodiments of the methods of producing circular RNAs provided herein,
the modified mRNA or modified non-coding RNA is not circularized through the use of a
scaffold nucleic, but rather 1s circularized through the use of complementary sequences that
promote the formation of a secondary structure by the mRNA of non-coding RNA that places the
5" and 3’ terminal nucleotides of the mRNA or non-coding RNA in close proximity. In some
embodunents, prior to circularization the modified mRNA comprises (1) a first self-hybridization
sequence that 1s 5 to the open reading frame, or 5’ {o the non-coding RNA; (11} a second self-
hybridization sequence that 13 3’ to the open reading frame, or 3’ to the non-coding RNA; (111} a
first non-hybridization sequence that is 5 to the first self-hybridization sequence; and (iv) a
second non-hybridization sequence that is 3' to the second self-hybridization sequence. The first
and second self-hybridization sequences are capable of hybridizing with each other, but the first
and second self~hybridization sequences are not capable of hybridizing with each other. In some
embodiments, hybridization of the first and second self~hybridization sequences forms a
secondary strocture 1n which the 53" termnal nucleotide and the 37 terminal nuclestide of the
modified mRNA or modified non-coding RNA are separated by a distance of less than 100 A In
some embodiments, the 5 terminal nuclestide and the 3’ terminal nucleotide are separated by a
distance of less than 90 A, less than 80 A, less than 70 A, less than 60 A, less than 50 A, less
than 40 A, less than 30 A, less than 20 A, or less than 10 A See, e.g., Carmona, Ellese Marie.
2019. Circular RNA: Design Criteria for Optimal Therapeutical Utility. Doctoral dissertation,
Harvard Umiversity, Graduate School of Arts & Sciences; Petkovic et al. Nucileic Acids Res.,
2015, 43(43.2454-2465, and WO 2020/237227.

[346] In some embodiments of the methods of producing modified mRNAs or modified
non-coding RNAs provided herein, the modified mRNA or modified non-coding RNA produced
by the method comprises one or more copies of a structural sequence that are 3’ to the poly-A
region of the mRNA or non-coding RNA. In some embodiments, the tailing nucleic acid
comprises the one or more copies of the structural sequence. In some embodiments, nucleotides
of the structural sequences interact by hydrogen bonding. In some embodiments, the secondary
structure 15 2 G-quadruplex. Tn some embodiments, the structural sequence 1s a G-guadruplex
sequence. In some embodiments, the G-quadruplex sequence comprises one or more spacer
nucleotides that are not guanine nucleotides. In some embodiments, the G-guadruplex sequence

is an RNA G-quadruplex sequence. In some embodiments, the RNA G-quadruplex sequence
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comprises the nucleic acid sequence GGGGCC (SEQ 1D NO: 2). In some embodiments, the
tailing nucleic acid comprises at least 3 copies of the nucleic acid sequence of SEQ ID NG 2. In
some embodiments, the G-quadruplex sequence 15 an DNA G-quadruplex sequence. In some
embodiments, the DNA G-quadruplex sequence comprises the nucleic acid sequence GGGGCC
(SEQ ID NO: 3). In some embodiments, the tatling nucleic acid comprises at least 3 copies of the
G-quadruplex sequence of SEQ ID NG 3. In some embodiments, the structural sequence
comprises a telomeric repeat sequence. In some embodiments, the telomeric repeat sequence
comprises the nucleic acid sequence set forth as one of SEQ ID NOUs: 4 or S {TAGGGT or
TACCCT, respectively). In some embodiments, the telomeric repeat sequence comprises the
nucleic acid sequence set forth as SEQ TD NG: 4. To some embodiments, the tatling nucleic acid
comprises at least 3 copies of the nuclewe acid sequence of SEQ ID NG: 4. In some
embodiments, the structural sequence 1s an aptamer sequence comprising at least two nucleotides
that are capable of interacting to form an aptamer. In some embodiments, the secondary structure
formed by the one or more copies of the structural sequence 13 an aptamer that 1s capable of
binding to a target molecule. Formation of an aptamer by an mRNA or non-coding RNA allows
for the mRNA or non-coding RNA to be localized to a given region of a cell containing a target
molecule, such as a receptor.

(3473 In some embodiments of the modified mRNAs or modified non-coding RNAs
produced by the methods provided herein, the modified mRNA or modified non-coding RNA
comprises 1-20 copies of the structural sequence. In some embodiments, the modified mRNA or
modified non-coding RNA comprises at least 1, at least 2, at least 3, at least 4, at least 5, at least
6, at feast 7, at least &, or at least 9 copies of the structural sequence. In some embodiments, the
modified mRNA or modified non-coding RNA comprises about 4 copigs of the structural
sequence. In some embodiments, the modified mRNA or modified non-coding RNA comprises
multiple different structural sequences. In some embodiments, the modified mRNA or modified
non-coding RNA comprises at least a first structural sequence, and a second structural sequence
comprising a different nucleic acid sequence from the first structural sequence.

[348] In some embodiments of the modified mRNAs or modified non-coding RNAs
produced by the methods provided herein, the poly-A region of the modified mRNA or modified
non-coding RNA comprises at least one modified nucleotide. Tn some embodiments, the tailing
nucleic acid comprises at least one modified nucleotide. In some erobodiments, at least one
modified nucleotide comprises a modified nucleobase. Tn some embodiments, at least one

modified nucleotide comprises a modified sugar. In some emnbodiments, at least one modified
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nucleotide comprises a modified phosphate. In some embodiments, at least one modified
nuclectide comprises a modified nucleobase selected from the group consisting of: xanthine,
allyaminouracil, allyaminothymidine, hypoxanthine, digoxigeninated adenine, digoxigeninated
cytosine, digoxigeninated guanine, digoxigeninated uracil, 6-chloropurineriboside, N6-
methyladenine, methyipseudouracil, 2-thiocytosine, Z-thiouracil, S-methyluracil, 4-
thiothymidine, 4-thiouracil, 5 6-dihydro-S-methvluracil, §,6-dihydrouraci, 5-[(3-
Indolyhpropionanmide-N-allyuracil, S-amingallylcytosine, S-aminoaliyvluracd, S-bromouracil, S-
bromocytosine, S-carboxycytosine, S-carboxymethylesteruracil, S-carboxvuracil, S-fluorouraci],
S-formyicytosine, S-formyluraci, S-hydroxyeytosine, S-hydroxymethyleyiosine, S-
hydroxymethyluracd, S-hydroxyuraci, S-1iodocytosine, S-iodouracil, S-raethoxyeytosine, 5-
methoxyuracil, S-methylcyviosine, S-methyluracii, S-propargylammocytosine, 5-
propargylaminouracil, 3-propynyicviosine, S-propynyluraci, 6-azacytosine, G-azauracil, 6-
chloropurine, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-
propargylamincadening, 7-deaza~-7-propargy lammoguanine, 8-azaadenine, 3-azidoadenine, 8-
chloroadenine, B-oxoadenine, 8-oxoguaning, araadenine, aracytosing, araguanine, arauracil,
biotin-16-7-deaza-7-propargylaminoguanine, biotim-16-amincallyicytosine, biotin-16-
aminoallvluracil, cyanmne 3-S-propargyiaminocytosine, cyanine 3-6-propargylaminouracil,
cyanine 3-aminoallyleyiosine, cvaning 3-ammnoallyluraci, cyvanine 5-6-propargylaminocytosine,
cyanine S-6-propargylaminouracil, cvanine S-aminocallvicytosine, cyamine S-aminoaliyluracil,
cyanine 7-amincallviuracil, dabevi-3-3-aminoallyluracil, desthiobiotin-16-aminoaliyl-uraci,
desthiobiotin-6-amuinoalivicytosine, isoguanine, Ni-ethvipseudouracti, N1-
methoxymethyipseudouraci, N1-methyladenine, Ni-methylpseudouracil, Ni-
propylpseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosing, N4-methylcyiosine, No-
methyladenine, O6-methylguanine, pseudoisocyiosine, pseudouracil, thienocytosing,
thienoguanine, thienouracil, xanthosine, 3-deazaadenine, 2 6-diamincadenine, 2,6-
daminoguanineg, S-carboxamide-uracil, S-ethynyluracil, N6-isopentenvladenine (16A}, 2-methyl-
thio-No-1sopentenyladenine (ms2i6A}, 2-methylthio-NG-methyladenine (ms2mo6A), N6-(cis-
hydroxyisopentenylladenine {(100A}, 2-methylthio-Né-(cis-hvdroxyisopentenyliadenine
{ms2i00A), No-glycinylcarbamoyladenine {g6A), No-threonvicarbamovladenine (16A), 2-
methylthio-No-threonyl carbamoyladenine (ms2t6A), N6-methyl-No-threonylcarbamovladenine
{r6t6A), Née-hydroxynorvalylcarbamovladernine (hndA), 2-methylthio-Noé-hydroxynorvalyl
carbamovladenine (ms2hutA), N6, N6-dimethyladenine (m62A), and Né-acetyladenine {acHA).

In some embodiments, at least one modified nucleotide comprises a modified sugar selected
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from the group consisting of 2'-thioribose, 2',3'-dideoxyribose, 2-aming-2'-deoxyribose, 2/
deoxyribose, 2'-azido-2'-deoxyribose, 2'-fluoro-2'-deoxyribose, 2'-O-methyinbose, 2'-0-
methyldeoxyribose, 3'-amino-2' 3'-dideoxyribose, 3'-azido-2',3'-dideoxyribose, 3'-deoxyribose,
3'-O-(2-rutrobenzyi}-2'-deoxyribose, 3'-O-methylribose, 5'-aminoribose, 5'-thioribose, S-nitro-1-
mndolyl-2'-deoxyribose, 8'-biotin-ribose, 2'-0,4'-C-methylene-linked, 2'-0 4'-C-ammo-linked
ribose, and 2'-0,4'-C-thio-linked ribose. In some embodiments, at least one modified nucleotide
comprises a 2' modification. In some embodiments, the 2" modification is selected from the
group consisting of a locked-nucleic acid (LNA) modification (7.e., a nucleotide comprising an
additional carbon atom bound to the 2’ oxygen and 47 carbon of ribose), 2'-fluore (2'-F) , 2'-0-
methoxy-ethyl (2-MOE), and 2'-O-moethylation (2'-OMe). In some erobodiments, at least one
modified nucleotide comprises a modified phosphate selected from the group consisting of
phosphorothicate (P8}, phosphorodithioate, thiophosphate, 3'-O-methylphosphonate, 3'-0-
methylphosphonate, 5-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,
selenophosphate, phosphoramidate, carbophosphonate, methyiphosphonate, phenyiphosphonate,
ethyiphosphonate, H-phosphonate, guanidimum ring, triazole ring, boranophosphate (BP),
methylphosphonate, and guanidinopropyl phosphoramidate.  In some embodiments, the poly-
A region of the mRNA or non-coding RNA comprises at least 3, at least 4, or at least 5
phosphorothicates, and does not comprise a 3' termunal hydroxyl In some embodiments, the
poly-A region of the mRNA or non-coding RNA comprises at least 3 phosphorothioates, and
does not comprise a 3’ terminal hydroxvl In some embodiments, the poly-A region of the
mRNA or non-coding RNA comprises at least 3 guanine nucleotides and at least 3
phosphorothicates, and does not comprise a 3' terminal hydroxyvl In some embodiments, the
poly-A region of the mRNA or non-coding RNA comprises at least 3 deoxyribose sugars, and
does not comprise a 3’ terminal hydroxvl In some embodiments, the poly-A region of the
mRNA or non-coding RNA comprises at least 20 deoxyribose sugars, and does not comprisea 3/
terminal hydroxyl In some embodiments, the poly-A region of the mRNA or non-coding RNA
comprises at least 3 copies of a G-quadruplex sequence, and does not comprise a 3' terminal
hydroxyl In some embodiments, the poly-A region of the mRNA or non-coding RNA comprises
at least 6 nucleotides comprising a 2’ modification, and does not comprise a 3’ terminal hyvdroxyl.
In some embodiments, the poly-A region of the mRNA or non-coding RNA comprises at least 6
phosphorothicates, and does not comprise a 3' terrainal hyvdroxyl In some erobodiments, the
poly-A region of the mRNA or non-coding RNA comprises at least 6 sequential nucleotides

comprising a 2’ modification, and does not comprise a 3’ terounal hydroxyl. In some
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embodiments, the poly-A region of the mRNA or non-coding RNA comprises at least 6
sequential phosphorothicates, and does not comprise a 3 termunal hydroxyl. In some
embodiments, the poly-A region of the mRNA or non-coding RNA comprises at least 6
phosphorothicates and 3 guanine nucieosides, and does not comprise a 3' ternunal hydroxyl. In
some embodiments, the poly-A region of the mRNA or non-coding RNA comprises at least 3
copies of a G-quadruplex sequence and at least 6 phosphorothioates, and does not comprisea 3’
terminal hydroxyl In some embodiments, the poly-A region of the mRNA or non-coding RNA
comprises at least 3 copies of a telomeric repeat sequence, and at least & phosphorothyoates, and
does not comprise a 3’ terminal hydroxyl. In some embodiments, the 3" terminal nucleotide that
does not comprise a 3’ ternunal hydroxyl 1s a dideoxyeytidine or an inverted-deoxythymidine,

[349] In some embodiments of the modified mRNAs or modified non-coding RNAs
produced by the methods provided herein, the modified mRNA or modified non-coding RNA
comprises more than one type of modified nucleotide. In some embodiments, the modified
mBRNA or modified non-coding RNA comprises at least a first modified nucleoside, and a second
modified nucleoside that has a different structure from the first modified nucleoside. In some
embodiments, the modified mRNA or modified non-coding RNA comprises at least a first
modified phosphate, and a second modified phosphate that has a different structure from the first
modified phosphate. In some embodiments, the modified mRNA or modified non-coding RNA
comprises a modified nucleoside and a modified nucleoside.

(3507 In some embodiments of the modified mRNAs or modified non-coding RNAs
produced by the methods provided herein, 1% to 90% of the nuclectides of the poly-A region are
modified nucleotides. In some embodiments, ai least 1%, at least 2%, at least 3%, at least 4%, at
least 5%, at least 6%, at least 7%, at least 8%, at least 9%, at ieast 10%, at least 12%, at least
14%%, at least 16%, at feast 18%, at least 20%, at least 25%, at least 30%, at least 35%, at least
40%, at least 45%, or at least S0% of the nucleotides of the poly-A region are modified
nucleotides.

351} In some embodiments of the modified mRNAs or modified non-coding RNAs
produced by the methods provided herein, 3 or more of the last 25 nucleotides of the poly-A
region are modified nucleotides. In some embodiments, at least 4, at least S, at least 6, at least 7,
at least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least 14, at least 15, at least
20, or 25 of the last 25 nucleotides of the poly-A region are modified nucleotides.

3521 In some embodiments of the modified mRNAs or modified non-coding RNAs

produced by the methods provided herein, at least 25%, at least 30%, at least 40%, at least S0%,
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at least 60%, at least 70%, at least 80%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at leasi 96%, at least 97%, at least 98%, or at least 99% of the
nucleotides of the poly-A region are adenosine nucleotides. One or more adenosine nucleotides
of the poly-A region may be canonical adenosine nuclestides or modified adenosine nucleotides
comprising a different structure from the canonical adenosine nucleotide.

353} In some embodiments of the modified mRNAs or modified non-coding RNAs
produced by the methods provided herein, at least 25%, at least 30%, at least 40%, at least 50%,
at least 60%, at least 70%, at least 80%, at least 90%, at least 91%4, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, or at least 99% of the
nucleotides of the polv-A region are canonical adenosine nucleotides.

3541 In some embodiments of the modified mRNAs or modified non-coding RNAs
produced by the methods provided herein, the poly-A region comprises at least 25-300
nucleotides. In some embodiments, the poly-A region comprises at least 25, at least 30, at least
50, at least 100, at least 150, or at feast 200 nucleotides. In some embodiments, the poly-A region
comprises at least 30, at least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least
100, at least 110, at teast 120, at least 130, at least 140, at least 150, at least 160, at Jeast 170, at
least 180, at least 190, at feast 200, at least 210, at least 220, at feast 230, at least 240, at least
250, at least 260, at least 270, at least 280, at least 290, or at least 300 nucleotides. In some
embodiments, the poly-A region comprises about 200 to about 300 nucleotides. In some
embodiments, the poly-A region comprises about 250 nucleotides.

[355] In some embodiments of the methods of producing modified mRNAs provided
herein, prior to the ligation of a tailing nucleic acid, the RNA comprises an open reading frame
and a poly-A region prior to Higation of a taithing nucleic acid. In some embodiments of the
methods of producing modified non-coding RINAs provided herein, prior to the higation of a
tailing nucleic acid, the RNA comprises a non-coding RNA and may or may not comprise a
poly-A region prior to ligation of a tailing nucleic acid. In some embodiments, prior to ligation of
a tatling nucleic acid, the poly-A region of the RNA comprises at least 25-500 nucleotides. In
some embodiments, the polv-A region comprises at least 25, at least 30, at least 50, at least 100,
at least 130, or at least 200 nucleotides. In some embodiments, the poly-A region comprises at
least 30, at least 40, at least 50, at least 60, at lsast 70, at least 80, at least 90, at least 100, at least
110, at least 120, at teast 130, at least 140, at Jeast 150, at least 160, at least 170, at least 180, at
feast 190, at least 200, at feast 210, at least 220, at least 230, at feast 240, at least 250, at least

260, at least 270, at least 280, at least 290, or at least 300 nucleotides. In some embodiments, the
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polv-A region comprises about 200 to about 300 nucleotides. In some embodiments, the poly-A
region comprises about 250 nucleotides.

[3561 In some embodiments, prior to ligation of a tailing nucleic acid, the tatling nucleic
acid comprises at least 10-500 nucleotides. In some embodiments, the tailing nucleic acid
comprises at least 10, at least 15, at least 20, at least 25, at least 30, at least 50, at least 100, at
least 150, or at least 200 nucleotides. In some embodiments, the tailing nucleic acid comprises at
least 30, at least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least
110, at least 120, at teast 130, at least 140, at least 150, at feast 160, at least 170, at least 180, at
least 190, or at least 200 nucleotides. In some embodiments, the poly-A region comprises about
10 to about 50 nucleotides.

(3571 In some embodiments of the methods of producing modified mRNAs provided
herein, prior to ligation of a tailing nucleic acid, the RNA comprises, in S'-t0-3" order, a 5 UTR,
an open reading frame, a 3' UTR, and a poly~-A region. In some embodiments, the open reading
frame s between the 5T UTR and the 3' UTR. In some embodiments, the 3' UTR is between the
open reading frame and the poly-A region.

[358] In some embodiments of the methods of producing modified non-coding RNAs
provided herein, prior to ligation of a tailing nucleic acid, the RNA comprises, m 5'-t0-3" order, a
non-coding RNA| and optionally a poly~-A region. In some embodiments, the first nucleotide of
the poly-A region is 3' to the ast nuclestide of the non-coding RNA. In some embodiments,
prior to ligation of a tailing nucleic acid, a non-coding RNA does not comprise a poly-A tail.
Accordingly, in some embodiments, the taitling nucleic acid comprises a poly-A region described
herein that 15 added to the 37 end of the non-coding RNA by ligating the tatling nucleic acid to
the 3' end of the non-coding RNA, thereby producing a modified non-coding RNA comprising a
poly-A region.

3597 In some embodiments of the methods of producing modified mRNAs or modified
non-coding RN As provided herein, prior to ligation of a tailing nucleic acid, the RNA comprises
a 5' cap. In some embodiments, the 5’ cap comprises a 7-methylguanosine. In some
embodiments, the 5' cap comprises one or more phosphates that connect the 7-methylguanosine

to an adjacent nucleotide of the RNA. In some embodiments, a 5’ cap 1s added after ligation of
the tailing nucleic acid. To some embodiments, prior to higation of a tathing nucleic acid, the RNA
does not comprise a 8’ cap (e g., the RNA 1s 3 mRNA or non-coding RNA that does not coraprise

a 5 cap).
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3607 In some aspects of the methods of producing modified mRNAs or modified non-

coding RINAs provided herein comprising ligating a tailing nucleic acid to an mRNA or non-
coding RNA, the tatling nucleic acid comprises one or more modified nucleotides. In some
embodiments, the tailing nucleic acid comprises at least one modified nucleotide comprising a
madified nucleoside. In some embodiments, at least one modified nucleotide comprises a
modified nucleoside comprising a modified nuclecbase and/or a modified sugar. In some
embodiments, at least one modified nucleotide comprises a modified nucleoside comprising a
modified nucleobase and a modified sugar. In some embodiments, at least one modified
nucleotide comprises a modified nucleobase. In some embodiments, at least one modified
nucleotide comprises a modified sugar. In some embodiments, at least one modified nucleotide
comprises a modified phosphate. In some embodiments, at least one modified nucleotide
comprises a moditied nucleobase selected from the group consisting oft xanthine,
allyamunouracil, allyanunothymidine, hypoxanthine, digoxigerunated ademne, digoxigeninated
cytosine, digoxigeninated guamne, digoxigenmated uracil, 6-chloropurineriboside, N6-
methyladenine, methyipseuadouractl, 2-thiccyiosine, 2-thiouracil, 3-methyluraci, 4-
thiothymidine, 4-thiouracil, 5,6-dihydro-S-methyluraci, §,6-dihydrouracii, 5-[(3-
Indolylipropionanide-N-allyHuraci, S-aminoallyloytosine, S-amnoaliyvluraci, S-bromouracil, S-
bromocytosine, S-carboxycytosine, S-carboxymethylesteruracil, S-carboxvuracil, 5-fluorouracil,
S-formyleytosine, 5-formyhuraci, S-hydroxycvtosine, S-hydroxymethyicytosine, 5-
hydroxymethyluracil, S-hydroxyuracil, 5-iodocytosine, 3-iodouracil, S-methoxycytosine, 5-
methoxyuracil, S-methvicytosine, S-methyluracti, S-propargylammocytosine, 5-
propargylaminouracil, S-propynylcytosine, S-propynyluracil, 6-azacytosine, 6-azauracil, 6-
chloropuring, 6-thioguanine, 7-deazaadenine, 7-deazagnanine, 7-deaza-7-
propargylaminoadenine, 7-deaza-7-propargy laminoguanine, 8-azaadenine, 8-azidoadenine, 8-
chloroadenine, 8-oxoadenine, 8-oxoguanine, araadenine, aracytosine, araguanine, arauracil,
biotin-16-7-deaza-7-propargylaminoguanine, biotin-16-aminoallylcytosine, biotin-16-
amingallyluracil, cyanine 3-5-propargylaminocytosine, cvanine 3-O-propargylaminouracil,
cvamine 3-amincallyicytosine, cyanine 3-aminoallyluracil, cvanine S-6-propargylaminocytosine,
cyanine 3-G-propargylaminouractl, cyanine S-anunoallyicytosine, cyanine S-aminoaliyluraci,
cyamine 7-anunoallyluraci, dabeyl-S-3-amwnoallyluracil, desthiobiotin-16-ammoalivl-uracil,
desthiobiotin-6-anunoallyleytosine, 1soguanine, Ni-ethvipseudouraci, N1~
methoxymethyipseudouracil, Nl-methyladenine, Nl-methylpseudouracil, Ni-

propylpseudouracy, N2-methylgoanive, N4-biotin-OBEA-~cytosine, N4-methyleytosine, N6-
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methyladenine, O6-methylguanine, pseudoisocyiosine, pseudouracil, thienocytosing,
thienoguanine, thienouracil, xanthosine, 3-deazaadenine, 2 6-diaminoadenine, 2,6-
daminoguanineg, S-carboxamide-uracil, S-ethynyluracil, N6-isopentenvladenine (16A}, 2-methyl-
thio-No-1sopentenyladenine (ms2i6A}, 2-methylthio-NG-methyladenine (ms2mo6A), N6-(cis-
hydroxyisopentenylladenine {(100A}, 2-methylthio-Né-(cis-hvdroxyisopentenyliadenine
{ms2i00A), No-glycinylcarbamoyladenine {g6A), No-threonvicarbamovladenine (16A), 2-
methylthio-Né-threonyl carbamoyladenine {msZt0A}, N6-methyl-Né-threonylcarbamoyladenine
{616 A), Ne-hydroxynorvalylcarbamovladernine (hndA), 2-methylthio-Noé-hydroxynorvalyl
carbamovladenine (ms2hutA), N6, N6-dimethyladenine (m62A), and Né-acetyladenine {acHA).
In some embodiments, at least one modified nucleotide comprises a modified sugar selected
from the group consisting of 2'-thioribose, 2,3 -dideoxyribose, 2'-amino-2'~-deoxyribose, 2
deoxyribose, 2"-azido-2'-deoxyribose, 2'-fluoro-2'-deoxyribose, 2'-O-methylribose, 2'-0-
methyldeoxyribose, 3'-amino-2',3 -dideoxyribose, 3'-azido-2', 3 ~-dideoxyribose, 3'-deoxyribose,
30 2-nutrobenzy -2 -deoxyribose, 3'-O-methylribose, 5'-aminortbose, S'-thioribose, 5-nitro-1-
mdolyl-2'-deoxyribose, S'-biotin-ribose, 2'-(,4'-C-methylene-linked, 2'-0,4'-C-ammo-linked
ribose, and 27-0 4"-C-thio-linked ribose. In some emboduments, at least one modified nuclestide
comprises 3 2" modification. In some embodiments, the 2" modification 1s selected from the
group consisting of a locked-nucleie acid (LNA) modification (7.¢., 3 nucleotide comprising an
additional carbon atom bound to the 2' oxygen and 4' carbon of ribose), 2'-fluore (2'-F) , 2'-0O-
methoxy-ethyvl (2-MOE), and 2'-C-methylation (2'-OMe). In some embodiments, at least ong
modified nucleotide comprises a modified phosphate selected from the group consisting of
phosphorothicate (P8}, phosphorodithicate, thiophosphate, 5-O-methylphosphonate, 3'-0-
methylphosphonate, 5'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselencate,
selenophosphate, phosphoramidate, carbophosphonate, methyiphosphonate, phenyiphosphonate,
ethyiphosphonate, H-phosphonate, guanidinium ring, triazole ring, boranophosphate (BP),
methylphosphonate, and guanidinopropyi phosphoranudate.

361} In some embodiments of the methods of producing modified mRNAs or modified
non-coding RNAs provided herein, the tailing nucleic acid comprises more than one type of
modified nucleotide. In some embodiments, the tatling nucleic acid comprises at least a first
maodified nucleoside, and a second modified nucleoside that has a different structure from the
first modified nucleoside. In some embodiments, the tatling nucleie acid comprises at least a first

modified phosphate, and a second modified phosphate that has a different structure from the first
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modified phosphate. In some embodiments, the tatling nucleic acid comprises a modified
nucleoside and a modified nucleoside.

3621 In some embodiments, 1% to 90% of the nucleotides of the tatling nucleic acid are
modified nucleotides. In some embodiments, at least 2%, at least 3%, at least 4%, at least 5%, at
least 6%, at least 7%, at least 8%, at least 9%, at least 10%, at least 12%, at least 149%, at least
16%, at least 18%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%%, at least
45%, or at least 30% of the nucleotides of the tailing nucleic acid are modified nuclectides. In
some erobodiments, 3 or more of the 25 last nucleotides of the tailing nucleic acid are modified
nuclectides. In some embodiments, at least 4, 5,6, 7, 8,9, 10, 15, 20, or 25 of the 25 last
nucleotides of the tailing nucleic acid are modified nucleotides.

[363] In some embodiments of the methods of producing modified mRNAs or modified
non-coding RNAs provided herein, the tading nucleic acid comprises one or more structural
sequences. In some embodiments, the tailing nucleic acid comprises one or more copies of a G-
quadruplex sequence. In some embodiments, the G-quadruplex sequence 1s an RNA G-
quadruplex sequence. In some embodiments, the RNA G-quadruplex sequence comprises the
nucleic acid sequence GGGGCC (SEQ 1D NG: 2). In some embodiments, the G-quadruplex
sequence 18 an DNA G-quadruplex sequence. In some embodiments, the BDNA G-guadruplex
sequence comprises the nucleic acid sequence GGGGCC (SEQ 1D NG: 3). In some
embodiments, the tailing nucleic acid comprises one or more copies of a telomeric repeat
sequence. In some embodiments, the telomeric repeat sequence comprises the nucleic acid
sequence set forth as one of SEQ ID NOs: 4 or 5 (TAGGGT or TACCCT, respectively). In some
embodiments, the telomeric repeat sequence comprises the nucleic acid sequence set forth as
SEQ 1D NG 4. In some embodiments, the structural sequence is an aptamer sequence
comprising at least two nucleotides that are capable of interacting to form an aptamer. In some
embodiments, the secondary structure formed by the one or more copies of the structural
sequence s an aptamer that is capable of binding to a target molecule.

364} In some embodiments of the methods of producing modified mRNAs or modified
non-coding RNAs provided herein, the tailing nucleic acid comprises 1-20 copies of a structural
sequence. In some embodiments, the tatling nucleic acid comprises at least 1, at least 2, at least
3, atleast 4, at least 5, at least 6, at least 7, at least 8, or at least 9 copies of the structural
sequence. In some embodiments, the tailing nucleic acid comprises about 4 copies of the
structural sequence. In some emboduments, the tatiing nucleic acid comprises multiple dufferent

structural sequences. In some embodiments, the tathing nucleic acid comprises at least a first
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structural sequence, and a second structural sequence comprising a different nucleic acid
sequence from the first structural sequence. Fach of the different first and second structural
sequences may be any of the structural sequences provided herein, or different sequences.

In further embodiments, the methods of producing moditied mRNAs or modified non-coding
RNAs also relate to methods for 1solating {(e.g., purifying, enriching) the modified mRNAs or
modified non-coding RNAs provided herein. In some embodiments, a method of isolating (e.g.,
purifying, enriching) a modified mRINA or modified non-coding RNA comprises contacting a
mixture comprising the modified mRNA or modified non-coding RNA (e.g., a higation nuxture)
with a purification mediur, wherein the modified mRNA or modified non-coding RNA interacts
with the purification medum to form a modified RNA-purification medium conjugate. In some
embodiments, a purification mediom that has formed a modified RNA-purnification medium
conjugate 1s separated from the mixture by means of one or more physical or chemical
properties, such as, but not hinuted to, size (mass) or charge. In some embodiments, the modified
mBRNA or modified non-coding RNA 15 eluted from the purification medium {(i.e., separated from
the purification medium} by treating the modified RNA-purtfication medium conjugate with a
solvent. In some embodiments, the solvent 13 an aqueous solvent {e.g., water). In certain
embodiments, the solvent 15 a mixture of two ot more (e.g., three} solvents. In certain
embodiments, the solvent 1s a muxture of water and an organic solvent {e.g., acetonitrile,
methanol, ethanol, tetrahydrofuran). In certain embodiments, the solvent further comprises a
mobile phase modifying substance. In certain embodiments, the mobile phase modifying
substance 1s an acid (e.g., trifluoroacetic acid, acetic acid, formuc acid, phosphoric acid), base
{ammonia, ammonium hydroxide, ammonium bicarbonate}, or salt {3 phosphate, an acetate, a
citrate, ammonium formate, or a borate). In some embodiments, the purnification medium s a
solid purification mediom. In some embodiments, the purification medium comprises a bead. In
some embodiments, the purification medium comprises a resin. In some embodiments, the
purification medium comprises a paramagnetic bead. Examples of purification media suttable for
the purification of RNA are well known to those skilled in the art and include, for example,
various commercially available purification media (see, e.g., Beckman Coulter Life Sciences #
AG3987}. In certain embodiments, a step described in this paragraph is performed at a
temperature between 0 and 20, between 20 and 25, between 25 and 36, between 36 and 38 °C,
inclusive. In certain embodiments, a step described in this paragraph is performed at a pressure

between 0.9 and 1.1 aim, mnclusive.
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Compositions comprising modified mRNAs or modified non-coding RNAs and methods of use

[365] In some aspects, the present disclosure provides compositions comprising any one of
the modified mRNAs or modified non-coding RNAs provided herein. In some embodiments, the
modified mRNA or modified non-coding RNA is made by any of the methods provided herein
comprising higating a tailing nucleic acid onto an RNA. Compositions comprising a modified
mRNA are useful for delivering the modified mRNA to a cell in order to vaccinate the subject
agamst a foreign antigen, or express a therapeutic protein to treat a condition or disorder.
Compositions comprising a modified non-coding RNA are useful for modulating the expression
of genes n a cell or subject, or for editing the genome of a cell or subject, and may be used to
treat a condition or disorder. Compositions comprising modified mRNAs or modified non-
coding RNAs are also useful for exerting a desired effect in a subject in the absence of disease,
such as for agricultural uses. For example, an mRNA encoding a biological pesticide or growth-
augmenting factor or a non-coding RNA for genome editing may be used to increase the
tolerance of a plant to pests, or modulate growth 1n a manner that increases crop yield,
respectively. Any of the modified mRNAs or modified non-coding RNA described herein or a
composition thereot may be used to enhance the delivery and/or stability of mRNAs or modified
non-coding RNA to plants or plant cells, and may be used to avigment techmques for plant
genome engineering that are well established 1o the art. See, e.g., Stoddard, et al. FLoS One.
2016:11(5):e0154634.

[366] In some embodiments, the open reading frame of the mRNA s codon-optimized for
expression in a cell of a subject. As used herein, “codon-opimmized” refers to the preferential use
of codons that are more efficiently translated in a cell. Multiple codons can encode the same
aming acid, with the translation rate and efficiency of each codon being determined by multiple
factors, such as the intracellular concentration of aminoacyl-tRNAs comprising a complementary
anticodon. Codon optimization of a nucleic acid sequence may include replacing one or more
codons with codons that encode the same amino acid as, but are more efficiently translated than,
the replaced codons. For example, the amino acid threonine (Thr) may be encoded by ACA,
ACC, ACG, or ACT (ACU in RNA), but in mammalian host cells ACC 15 the most commonly
used codon; in other species, different Thr codons may be preferred for codon-optimized. An
mRNA with a codon-optimized open reading frame 15 thus expected to be translated more
efficiently, and produce more polypeptides 10 a given amount of time, than an mRNA with an
open reading frame that 1s not codon-optirnized. In some embodiments, the open reading frame 1s

codon-optunized for expression n a human cell.
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3671 In some embodiments of the modified mRNAs provided herein, the open reading
frame encodes an antigen or a therapeutic protein. As used herein, a “therapeutic protein” refers
to a protein that prevents, reduces, or alleviates one or more signs or symptoms of a disease
when expressed in a subject, such as a human subject that has, or 1s at risk of developing, a
disease or disorder. A therapeutic protein may be an essential enzyme or transcription factor
encoded by a gene that 1s mutated in a subject. For example, IPEX syndrome in humans is
caused by a mutation in the FOXP3 gene, which hinders development of FOXP3+ regulatory T
cells and results in increased susceptibility to autovmnune and inflammatory disorders.
Expression of an essential enzyme or transcription factor from an mRNA may therefore
compensate for a routation m the gene encoding the enzyme or franscription factor in a subject.
As used heremn, “antigen” refers to a molecule {e.g., a protem) that, when expressed 1o a subject,
clicits the generation of antibodies m the subject that bind to the antigen. In some embodiments,
the antigen is a protein derived from a virus {(viral astigen) or a fragment thereof. In some
embodiments, the antigen 1s 8 proten derived from a bactenum (bacterial antigen) or a fragment
thereof. In some embodiments, the antigen 1 a protem denived from a protozoan {protozoal
antigen) or a fragment thereof. In some embodiments, the antigen 1s a protein derived from a
fungus (fungal antigen) or a fragment thereof. A fragment of a full-length protem refers to a
protein with an amino acid sequence that 1s present i, but shorter than, the amino acid sequence
of the full-length protein.

[368] In some aspects, the present disclosure provides lipid nanoparticles comprising any of
the modified mRNAs or modified non-coding RINAs provided herein. A lipid nanoparticle refers
to a composition comprising one or more lipids that form an aggregate of lipids, or an enclosed
structure with an interior surface and an exterior surface. Lipids used in the formulation of lipid
nanopasticles for delivering mRNA or non-coding RNA are generally known in the art, and
include 1onizable amino lipids, non-cationic hipids, sterols, and polyethylene glycol-modified
lipids. See, e.g., Buschmann et al. Vaccines. 2021, 9(1):65. In some embodiments, the modified
mRNA or modified non-coding RNA is surrounded by the lipids of the lipid nanoparticle and
present in the interior of the lipid nanoparticie. In some embodiments, the mRNA or non-coding
RNA 1s dispersed throughout the lipids of the lipid nanoparticle. In some embodiments, the lipid
nanoparticle comprises an ionizable amino lipid, a non-cationic lipid, a sterol, and/or a
polyethylene glycol (PEG)-moditied ipid.

[369] In some aspects, the present disclosure provides cells comprising any of the modified

mRNAs or modified non~coding RNAs provided herein. In some embodiments, the cell s a
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human cell comprising any one of the modified mRNAs or modified non-coding RNAs provided
herein. A “cell” 1s the basic structural and functional unit of all known independently living
organisms. [t is the smallest unit of life that 1s classified as a living thing. Some organisms, such
as most bacteria, are unicellular {consist of a single cell}. Other organisms, such as plants, fungi,
and antmals, including cattle, horses, chickens, turkeys, sheep, swine, dogs, cats, and humans,
are multicellular. In some embodiments, the half-life of the modified mBNA or modified non-
coding RNA 1n the cell 15 15-900 minutes. In some embodiments, the half-life of the modified
mRNA or modified non-coding RNA n the cell 15 30-600 nunutes. In some embodiments, the
half-life of the modified mRNA or modified non-coding RNA m the cell is 60-300 minutes. In
some erobodiments, the half-life of the modified mRNA or modified non-codimg RNA 1s at least
15, at least 20, at least 25, at least 30, at least 35, at least 40, at least 45, at least 50, at least 55, at
feast 60 munutes. In some embodiments, the half-life of the modified mRNA or modified non-
coding RNA m the cell is at teast 30, at least 60, at least 90, at least 120, at least 150, at Jeast
180, at least 210, at teast 240, at least 270, at least 300, at east 330, at least 360, at Jeast 390, at
least 420, at least 450, at feast 480, at least 510, at Jeast 540, at feast 370, at least 600, at least
630, at least 660, at least 690, at least 720, at lsast 750, at least 780, at least 810, at least 840, or
at least 870 munutes.

(3707 In some aspects, the present disclosure provides compositions comprising any of the
modified mRNAs, modified non-coding RNAs, lipid nanoparticles, or cells provided herein. In
some embodiments, the composition 1s a pharmaceutical composiiion comprising any one of the
modified mRNAs, modified non-coding RNAs, lipid nanoparticles, or cells provided herein, and
a pharmaceutically acceptable excipient. Pharmaceutically acceptable excipients, carriers,
buffers, stabilisers, isotonicising agents, preservatives or antioxidants, or other materials well
known to those skilled in the art. Such materials should be non-toxic and should not interfere
with the efficacy of the active ingredient. The precise nature of the carrier or other material may
depend on the route of adnmunistration, e.g., parenteral, intramuscular, intradermal, sublingual,
buccal, ocular, intranasal, subcutaneous, mtrathecal, intratumoral, oral, vaginal, or rectal.

(3711 In some aspects, the present disclosure provides a method of administering to a
subject any of the modified mRNAs, modified non-coding RNAs, lipid nanoparticles, cells,
compositions, or pharmaceutical compositions provided herein. In some embodiments, the any of
the modified mRNAs or modified non-coding RNAs described herein can be used 10 conjunciion
with a vanety of reagents or materials {e.g., one or more ipid nanoparticles, cells, compositions,

or pharmaceutical compositions) or with certain production, purification, formulation, and
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delivery processes and techniques known in the art, such as those exemplified 1, but not limited
to, UK. Patents Nos. 9950065, 10576146, 11045418, 8754062, 10808242, 9957499, 10155785,

11059841, 10876104, 10975369, 9580711, 9070152, 9850202, 9806413, 10399937 10052284,
10959953, and 10961184, each of which are incorporated by reference herein.
[3721 Insome embodiments, the subject is a human. In some embodiments, the administration 15

parenteral, intramuscular, intradermal, sublimgual, buccal, ocular, intranasal, subcutaneous,

intrathecal, intratumoral, oral, vaginal, or rectal.
73] Insome embodiments, the composition 1s to be stored below S8°C, below 40 °C, below 30
°C, below 20 °C, below 10 °C, below 0 °C, below -10 °C, below -20 °C, below -30 °C, below -

40 °C, below -50 °C, below -60°C, below -70 °C, or below -BG °C, such that the nuclewe acids are

relatively stable over time,
[374] In sore emboduments, the modified mRNA or modified non-coding RNA is introduced 1oto
a cell 10 a subject by im vivo electroporation. /i vivo electroporation is the process of introducing
nucleic acids or other molecules nto a cell of a subject using a pulse of electnaity, which
promote passage of the nucleic acids or other molecules through the cell membrane and/or celi
Sonuart et al. Molecudar Therapy., 2000, 2(33:178-187. The nucleic acid or

wall. See, e.g.,
molecule to be delivered 1s administered to the subject, such as by injection, and a pulse of
electricity 1s apphied to the injection site, whereby the electricity promotes entry of the nucleic
acid into cells at the site of administration. In some embodiments, the nucleic acid 13

administered with other elements, such as buffers and/or excipients, that increase the efficiency

of electroporation.

In some aspects, the present disclosure provides a kit comprising any of the RNAs
and any of the tailing nucleic acids provided herein. The RNA and tailing nucleic acid can be

[375]

combined in the presence of an RNA ligase to produce a modified mRNA or modified non-
coding RNA, such as one of the modified mRNAs or modified non-coding RNAs provided
herein. In some embaodiments, the kit comprises a ligase. In some embodiments, the kit
comprises an RNA ligase. In some embodiments, the kit comprises a T4 RNA ligase In some
embodiments, a kit comprises a T4 RNA ligase 1. In some embodiments, a kit comprises a T4
RNA higase 2. In some embodiments, the kit comprises an RicB RNA ligase In some

embodiments, the kit further comprises a buffer for carrying out the ligation. In some
embodiments, the kit further comprises a nucleotide triphosphate, such as ATP, to provide

energy required by the higase. In sorne emboduments, the kit is to be stored below 50 °C, below

40 °C, below 30 °C, below 20 °C, below 10 °C, below 0 °C, below -10 °C, below -20 °C, below
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=30 °C, below -40 °C, below -50 °C, below -00°C, below -70 °C, or below -80 °C, such that the
nucleic acids are relatively stable over time.

(376} In some aspects, the present disclosure provides a kit comprising any of the
pharmaceutical compositions provided herein and a delivery device. A delivery device refers to
machine or apparatus suitable for administering a composition to a subject, such as a syringe or
needle. In some embodiments, the kit is to be stored below 50 °C, below 40 °C, below 30 °C,
below 20 °C, below 10 °C, below { °C, below -10 °C, below -20 °C, below -30 °C, below -40
°C, below -50 °C, below -60°C, below -70 °C, or below -80 °C, such that the nucleic acids of the

pharmaceutical composition are relatively stable over ime.

EXAMPLES
(3773 In order that the disclosure may be more fully understood, the following examples are
set forth. The exaraples are offered to llustrate the modified mRNAs, pharmaceutical
composiions, kits, and methods provided heremn and are not to be consirued n any way as

Himiting thetr scope.

Example 1: Production of modified mRNAs,

378} Modified mRNAs are produced by i viro transeription (IVT) of a DNA template
encoding a 53" untranslated region (UTR), open reading frame encoding a desired protein, and 3’
UTR. A DNA template may also contain a nucleic acid sequence containing repeated thymidine
bases {(poly(T) sequence) downstream of the template encoding the 3" UTR. When transcribing
RNA from a poly{T) DNA sequence, RNA polymerases stutter, adding multiple adencsing bases
to a transcribed RINA without always progressing along the DNA template. This results i the
addition of a long RNA sequence containing only adenosine bases, known as a polv{A} tail,
being added to the 3’ end of the RNA (FIG. 1)

[3791 Alternatively, RNA transcripts without poly({A} tails may be produced by in vifro
transcription of a DNA template that does not contain a polv{T) sequence, and poly(A} tails can
be added to these transcripis separately in a tailing reaction. RNA molecules are incubated with
adenosine triphosphate (ATP) or modified ATPs in the presence of enzyme that is capable of
adding nucleotides to the 3’ end of an RNA molecule, such as poly(A) polymerase (PAP).
Incubation of RNA and a polyadenylating enzyroe with a nuxture of ATP and one or more
modified ATPs results in the addimion of a poly(A) tail Modified mRNAs produced by either of

these methods described above are linear mRNAs, which have 5" and 37 terminal nucleotides.
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[380] Modified mRNAs may be circular mRNAs, which are a single-stranded mRNA molecule
withouta 5 or 3' end (FIG. 24). Circular mRNAs are produced by incubating a linear mRNA 1o
be circularized with another single-stranded nucleic acid, such as a DNA oligonucleotide,
comprising i} a nucleotide sequence that is complementary to a sequence at the 3' end of the
mRNA (3' DNA complement), and 11} a nucleotide sequence that is complementary to a
sequence at the 5" end of the mRNA, (5’ DNA complement), wherein the 3' DNA complement 15
immediately downstream (3') of the 5 DNA complement on the DNA oligonuclectide. mRNA
hybridizes with the complementary oligonucleotide, such that the 3" termuinal nucleotide of the
mRMNA 15 5" to the 5" termunal nucleotide of the mRNA. A ligase, such as SplintR hgase, forms a
phosphodiester bond between the two terminal bases of the mRNA, resulting in the formation of

a circular mRNA molecule with no terminal nucleotides.

Example 2: Effect of modified bases on protein production efficiency from mnRNA.

381} RNAs encoding either GFP or mCherry and lacking poly(A) tails were produced by
in vitro transeription. RNAs were polyadenylated as described in Example 1 using different
compositions of nucleotides to produce mRNAs with different poly(A) tails. RNAs encoding
GFP were polyadenylated with a} ATP, b} mixtures of 95% ATP and 5% modified ATP, ¢}
mixtures of 75% ATP and 25% modified ATP, or d) no ATP {untailed} as negative control.
Modified ATPs tested included m®ATP, 2'0MeATP, Thio-ATP, dATP, and amino-dATP. RNAs
encoding mCherry were polyadenylated with ATP to produce control mRNAs with canonical
poly{A} tatls. Mixtures of GFP-encoding mRNA and control mCherry-encoding mRNA were
transfected into HelLa cells. At 1, 2, and 3 days post-transfection, the amounts of GFP and
mCherry proteins produced n each cell population were quantified by fluorescence microscopy,
and the ratios of GFP/mCherry produced were calculated. Each of the GFP-encoding mRNAs
containing modified ATPs in the poly{A} tail resulted m a greater GFP/mCherry ratio, relative to
GFP-encoding mRINA produced by polyadenylation with only ATP (FEG. 3). Generally, the use
of 25% modified ATP in the polyadenylation reaction resulted 1n a more pronounced increase in
the GFP/mCherry ratio than the use of only 5% modified ATP, indicating that more frequent
mclusion of modified adenosines 1nto the poly(A) tail further improved protein production

efficiency from modified mRNAs.
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Example 3. Biochemical and functional characterization of modified mRNAs.

382} Modified mRNAs are characterized according to multiple biochemical parameters,
ncluding purity and the proportion of bases in a given region of the mRNA, such as the polv(A}
tail, that are modified bases. NMR spectroscopy 15 used to evaluate the identity of an mRNA ina
composition. Gel electrophoresis 1s used to evaluate the punity of a composition containing
mRNA, with a pure compostiton containing a single mRNA species producing a single band on a
gel, and an impure composition containing multiple mRNA molecules of different sizes
producimg multiple bands, or a smeared band, on a gel. Liguid column mass spectrometry
(LC/MS) 15 used to evaluate the incorporation of moditfied nucleotides. Moditied nucleotides
have different, generally larger, molecular weights than canonical nucleotides, and so the
mncorporation of more moditied nucleotides 10to an mRNA will result 1n a greater shift, usually
an ingcrease, i the mass of the mRNA molecule,

[383] Cell-based screens are used to evaluate the effects of modified bases on proten
transiation. Modified mRNAs, n parallel with unmodified mRNAs comprising canonical bases,
are transfected into separate populations of human cells. Following transfection, the rates of
protein production are evaluated by one of multiple methods known in the art, including flow
cytometry and ELISA. The stability of modified or unmodified mRNAs within transfected cells
1s evaluated by lysing transfected cells at desired timepoints post-transfection, 1solating nucleic
acids, preparing cDNA from mRNA in lysates by reverse transcription, and quantifyving the
amount of cDNA corresponding to transfected mRNAs using quantitative PCR. The induction of
an innate immune response by transfected mRNAs 18 quantified using one of multiple methods
known in the art, such as ELISA for phosphorylated signaling domains of Toll-like receptors or
adaptor proteins, or gRT-PUCR-based quantification of genes that are activated by the detection of
foreign RNA, such as 048/

384} In therapeutic approaches, the modified mRNAs are adnunistered to human or amimal
subjects, so that cellular nbosomes of the subject produce the protemn or proteins encoded by the
mRNA The mRNA may encode a bioluminescent protein, such as luciferase, so that the
efficiency of protein production in the subject may be measured using a luciferase imaging
system. The mRNA may encode an antigen, so that production of the antigen in cells of the
subject resulis in the subject producing antibodies and/or T cells specific to the antigen. The
imnune response generated by the subject towards the antigen s evaluated by methods known in

the art, wcluding ELISA to quantify antibodies specific to the antigen, neutralization assays to
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quantify neutralizing antibodies, and flow cytometry to quaniify multiple types of immune ceils,

mcluding T cells or antigen-specific T cells.

Example 4: Production of modified mRNAs by ligation.
Introduction

385} Messenger RNA (mRNA) therapeutics and vaccines are quickly becoming
established as a new class of drugs, as evidenced by recent clinical trials and approvals of
mRNA vaccines for SARS-CoV-2.1* mRINA vectors are viewed as a promising alternative to
conventional protemn-based drugs due to their prograromability, rapid production of protein in
vivo, relatively low cost muanufacturing, and potential scalability of targeting multiple protemns
simultaneously.”™ While mRNAs have been shown to robustly generate transgenic proteins i
vivo, the relatively short halt-life of mRNA may liut the clirucal applications of this therapeutic
platform >® This issue has previously been circumvented during animal studies with multiple
injections of RNA (e.g. “booster” doses), as in the case of some vaccine studies, ™ but this
strategy could potentially timit therapeutic applications and widespread distribution.

[386] Chemical modifications are effective strategies to boost the translational potential and
reduce the toxicity of mRNAs for im vivo applications. Incorporation of modified UTP
dertvatives {e.g. pseudounidine & Nl-methylpseudouridine) has been widely used to decrease

G-12

innate inumune toxicity apon RNA transfection. ' Circular mRNAs have been reported to have
enhanced half-lives over their linear counterparts, presumably due to their lack of degradable 5
and 3' RNA ends. " However, circular mRNAs have suffered from overall lower expression
levels due to their reliance on IRES elements that do not robustly tolerate the incorporation of
modified nucleotides.’” Additionally, exonuclease-resistant nucleotides have been incorporated
into the mRNA body and mRNA poly(A) tail, with variable increases in RNA half-life being
reported.’®!” While the random incorporation of modified nuclecside triphosphates (NTPs) by
RNA polymerases into the mRNA body shows promise, this strategy dramatically reduces the
chemical space of NTPs that can be tested, since many modified NTPs are not well-tolerated by
ribosomal machinery and thus reduce overall translational efficiency.'®® An alternative strategy
is to selectively incorporate modified NTPs during enzymatic poly(A) tailing ' While
promusing, this strategy relies on poly{ A} polymerase enzymes, which face limitations of small
chemical repertowres tolerated by thee enzymes and mability to incorporate modified nucleotides

in a site-specific manner,
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(3871 An alternative strategy to create mRNA vectors with enhanced protein production
capacity through 3’ end ligation of synthetic modified RNA oligonucleotides, 1s presented herein.
Canomcal mRNA degradation pathways in eukarvotes are thought to typically begin with 3’
deadenylation, followed by the recruitment of a decapping complex and exposure of the mRNA
to 5" and 3’ cellular exonucleases’’. mRNAs bearing exonuclease-resistant poly{A} tails were
tested for their ability to resist deadenylation and produce more protein, relative to mRNAs with

unmodified poly{A} tails, in cells.

Results
Preliminary modified ATP mcorporation during poly(A) tailing

[388] Multiple chemically modified ATP derivatives were screened for their poly{A)
stabilization activity. Specifically, modified ATPs were spiked nto poly(A) tailing reactions
using GFP mRNA templates, using similar tailing protocols described previously (Figure 44). 1
GFP-encoding mRNAs with modified poly(A) tails and mCherry-encoding mRNAs with
unmodified poly{ A} tails were co-transfected into Hel.a cells. Each transfection contained only
one type of modified GFP-encoding mRNA, and the control mCherry-encoding mRNA. By
measuring the relative GFP/mCherry fluorescence ratio over a three-day time course, minor
differences in mRNA translational half-life as a result of modified NTP incorporation into the
poly{A} tail were observed.

{3891 Menttoring fluorescence in Hela cells over three days revealed increases in
fluorescent proteimn production as a result of poly( A} tailing reactions with modified ATP spike-
ins, particularly for dATP (2'-deoxyadencsine) and alpha-thiol ATP {(Adencsing-3'-0O-(1-
Thiotriphosphate}} (FI1G. 1). £ coli poly{ A} polymerase likely incorporated modified ATP
sporadically and at substoichiometric levels. It 13 also possible that /. cofi polv(A) polymerase
excluded some modified nucleotides entirely, producing unmoditied poly(A) tails despite the

presence of modified ATPs in the polyadenylation reaction.

Chemically modified oligonucleotide higations enhance transiational lifetime

[390] To test different designs of site-specific chemical modifications and incorporate alternative
internucleotide linkages, an alternative modification strategy was pursued, i which synthetic
oligonucleotides were ligated onto the 3’ ends of mRNAs containing a pre-existing poly{A) tail
(FIG. 4B). /n vitro transeription from DNA templates contaming a GFP coding sequence and a

polv{ A} tatt~encoding sequence was used to create population of GFP-encoding mRNAs with
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homogeneous lengths. Efficiencigs of 3' oligonucleotide higation were determined using RNase
H reactions targeting the 3" UTR, which resulted in clear separation of ligated and unhigated
mRNA 3" ends on a gel (FIG, 6A). Ligations using T4 RNA Ligase I {Promega) was observed to
work with nearly 100% efficiency, as evidenced by RNase H reactions (FEG. 64}

3011 To compare the efficacy of different chemical modifications, all oligonucleotides
were designed to be 29 nucleotides long. Each oligonucleotide contained a 3’ phosphate, to
facilitate ligation to the 3" end of the mRNA, and a 3’ blocking group (dideoxyC [dd(} or
iverted-dT [InvdT]) that lacked a 3" hvdroxyl group, to prevent self-ligation of oligonucleotides.
This ensured that higation would attach one, and only one, copy of the oligonucleotide to the
mRNA. Furthermore, at least 6-8 nucleotides at the 5 end of the oligonucleotides were
unmodified rA nucleotides, to provide an unstructured handle for the T4 RINA Ligase T reaction,
The modified RNA and DNA oligonucieotide sequences can be found 1n Table L
Oligonucleotides were higated onto the 3’ end of GFP-encoding mRNAs described 1o the
preceding paragraph, containing a ~60 nucleotide template-encoded poly{A) tail for ease of

characterization using a previously described RNase H protocol

Table 1: Sequences of tailing oligonucleotides.

Modified Sequence (IDT format) Bases | Anhydrous
oligonucleotide Molecular Weight

sequence name

29xrA_ddC /SPhos/rArArA rArArA rArArA 29 98382
tATATA TATATA TATATA rArATA
rArATA rArArA tArA/3ddC/ (SEQ ID
NO: 6)

IxSrA_ddC /5Phos/rArArA rArArA rArArA 29 9R86.4
rATATA TArATA tArATA tArArA
TATATA rATA*tA* rARTA/3ddC/
(SEQIDNO: 7}

3xSrA InvdT /SPhos/rArArA rArArA rArArA 29 9917.4
rATATA rATATA rATATA rATATA
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tATATA TATATA™ rA*r A%/ 3Invd T/
(SEQ D NO: 8)

3x8:G InvdT

/5Phos/TArArA tArArA rATArA
rATATA rArATA rArArA rArArA
rArATA rATAcG* oGFr G 3nvdT/
(SEQ ID NO: 9}

99654

3xdA_ddC

/SPhos/rArArA rArArA rArArA
rATArA rATArA rArArA rArArA
rArArA rArAA AA3ddC/ (SEQ ID
NO: 19)

29

97902

3xdA_ddC

BPhos/rArArA rArArA AAA AAA
J’%(LX./}X [IXJ’%(LX (LX_/}}“’{\ J’%(LX./}X [IXJ’%(LX
AA3AAC/ (SEQ 1D NG 11)

9470.3

G4 telo DNA GitoC

I3Phos/t ArArA rArArA TAC CCT
TAC CCT TAC CCT TAC CC/344C/
(SEQ 1D NO: 12)

91189

G4 _telo DNA_WT

3Phos/rArArA rArArA TAG GGT
TAG GOT TAG GGT TAG
GG/3ddC/ (SEQ 1D NG 13)

95992

6x

74

HAG)

/5Phos/TArArA tArArA rATArA
rATATA rArATA rArArA rArArA
rArATA* rAFrA¥rG® 1GFrG*/3Invd T/
(SEGID NO: 14)

10013.6

G4 C9ort72 RNA 6
x5r(xy

/SPhos/rArArA rArArA rArrG
rGrGrl rCrGro rGrGrC v CrGrs
GrGrC* tCFrGY oG oGFrGF/3Invd T/
(SEQ D NO: 15)

29

10077.4
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G4 C9ort72 DNA 6 | /SPhos/rArArA rArArA tAGG GGC 29 97255
XSG CGG GGC CGG GG Cr GG
G*G*/3lnvdT/ (SEQ 1D NO: 16)
G4 telo DNA 6x8G | /SPhos/rArArA rArArA TAG GGT 29 9726.5
TAG GGYT TAG GGT* THA*G®
G*G*/3lnvdT/ (SEQ 1D NG: 17)

1392}

Ligated, modified GFP-encoding mRNAs were transfected into Hela cells along with

unligated mCherry mRNA (E-PAP poly(A)-tailed}, which served as an internal transfection

control. Cell samples were imaged to quantfy relative GFP/mCherry fluorescence intensity

ratios at 24 hr, 48 hr, and 72 hr post-transfection, to estimate the effects of particular 3" end

maodifications on translational lifetime.

[393]

Ligation of the control oligonucieotide, contamning 2% unmodified rA linkages and a

37 ddC (29xrA_dd(), shightly increased GFP fluorescence {(between 50-35%, Table 2) in Hela
cell culture, compared to the unligated and mock higation controls. This was hikely due to the
extension of the poly{A) tail by 28 nucleotides, and possibly partially due to the presence of the
chain-ternunating ddC nucleotide. Additionally, ligation products of oligonucleotides containung
3 sequential phosphorothioate {PS) inkages (3x8rA_ddC, 3x8rA TnvdT, and 3x5¢G_InvdT)
showed 140%-210% mcreased GFP production compared with that of the 29 nt polv{rA} control

oligo at each timepoint {(FIG. 8). This observation 1s generally consistent with phosphorothiocate

linkages bearing nuclease-resistant activity, as used in antisense oligonucieotide therapy 22

Table 2. Statistics of GFP/mCherry fluorescence ratio shown in FIG. 5.

24 Mock | No 29¢A | 3xSrA | 3xSrA | 3xSeG 1| 6xSe(AG) 3xdA | 23xdA
hour ligation | ddC | ddC | lavdT avdT ddC | ddC
Mean |1 1.03 159 1273 231 2.78 2.90 160 {166
Std. 0.032 | 033 047 10723 0.37 0.44 0.26 830 {030
Deviat
ion
Std. 0.06037 | 0.074 013 | 0.067 | 016 0.127 0.074 0.091 { 0.088
Error
of
Mean
Lower | 0.99 0.90 130 | 258 1.95 2.5 2.73 148 | 147
95%
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Clof
mean
Upper | 1.01 1.21 1.89 | 2.87 2.68 3.06 3.06 1.8 1.85
95%
Clof
nean
48 hr | Mock | No 29rA | 3x8rA | 3xSrA | 3xSrG LT | 6xSr{AG) 3xdA | 23xdA_
bgatto | ligation | ddC | ddC | lnvdT nvdT _ddC | ddC
n
Mean |1 1.03 1.54 | 2.63 2.43 3.07 3.39 1.43 1.49
Std. 0.052 | 036 048 | 041 0.71 (.55 (.45 428 1028
Dewviat
won
Std. 0.6092 | 0.081 0,14 1012 0.21 (.16 (.13 0.081 | 0.080
Error
of
Mean
Lower | 098 (.88 1.24 1237 1.98 2.72 311 127 (132
95%
Clof
nean
Upper | 1.02 121 1.85 1 290 2.88 342 3.68 1.63 1.67
935%
Clof
mean
72hr | Mock | No 29rA | 3xSrA | 3xSrA | 3xSrG T | oxSH{AG) 3xdA | 23xdA
higatio | hgation | ddC | ddC | InvdT nvdT _ddC | ddC
n
Mean |1 115 1.69 | 3.64 2.76 320 3.77 1.58 1.64
Std. 0.089 | (.42 064 | 084 1.01 0.70 0.55 036 | 035
Doviat
won
Sid. 0.0616 | 0.093 8019 1024 (.29 (.20 0.16 811 0.0
Error
of
Mean
Lower | 0.97 0,96 1.28 | 310 212 2.76 342 1.35 1.42
935%
Clof
mean
Upper | 1.03 1.33 209 1417 3.40 3.64 411 1.8% 1.86
95%
Clof
mean
24 Mock No G4 telo | G4 telo | G4 CBort72 1 G4 (9% | G4 telo DNA
hour ligation | higation | DNA DNA RMNA f72 DN | 615G
GioC WT ox5rG A
6xSG
Mean |1 1.05 1.76 2.71 2.46 3.02 2.47
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Std.
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0.074

0.201

0.23

0.30

Lower
95%
Clof
mean

0.99

0.90

2.02

[N
(]
st

1.8%

Upper
§5%
Clof
mean

1.6t

121

291

Lol
]
|

43 hr

Mock
ligation

No
higation

G4 telo
DNA_
GioC

G4 telo
DNA W
-

G4 C9orf72
RMNA_ 6x8rG

G4 C9¢
t£72 DN
A OxSG

G4_telo DNA 6%
SG

Mean

1.65

1.51

2.63

341

Std.
Deviat
108

0.052

.36

0.66

0.31

1.03

LN
|~

ot} (03

Sid.
Error
of
Mean

0.0092

0.081

0.19

0.089

8.30

8.36

Lower
93%
Ciof
mean

(.98

(.88

1.09

2.31

2]
(]
~J

Upper
93%
Clof
mean

1.62

3.66

72 hr

Mock
Ligation

Mo
ligation

G4 telo
CDNA
GioC

G4 telo
DNA W
-

G4 C9orf72
RNA 6x5rG

G4_Che
72 DN
A 638G

G4 telo DNA 6%
SG

Mean

i

113

1.78

2.86

3.43

i
=Y

5]

Std.
Deviat
10D

0.689

0.42

0.83

0.30

1.08

[
B3 e
o)

Std.
Error
of
Mean

3.016

$.093

(0.086

0.30

831

8.37

Lower
93%
Clof
mean

0.97

06,96

v
w2
bt

[
L2
o

Upper
95%

1.03

135

3.05

>3
Lo
od

4.11%

3.95

98

SUBSTITUTE SHEET (RULE 26)




WO 2022/241045 PCT/US2022/028849

Clof
mean
(3941 Detailed P values are listed in the format of Sample 1 v.s. Sample 2: 72 hr comparison. Mock

hgation v.s. 297A ddC: 4e-7; 29rA_ ddC vis. 3XSrA ddC: 2e-6; 29vA ddC vos. 3XSrA InvdT:
0.005; 2% A _ddC vs 3XE5rG InvdT: le-5; 29rA ddC vs. 6XSr{AG): <le-15; 29rA_ddC vs.
G4 telo DNA WT: 9e-6. 29vA ddC vs. G4 COort72 RNA 6xSr(G 0.003; 29vA_ddCv.s
G4 C%0rf72 DNA 6x8r(s Be-5; 2% A ddC vis. G4 telo DNA 6x8G: 0.002,

{3057 Surprisingly, a 3xthio-rG_invdT linkage demonstrated shightly greater GFP
fluorescence than the 3xthio-rA_mvdT {170%-200% vs. 140%—180% normalized
GFP/miCherry) at every time pomt, although this difference was relatively small (Table 2; FIG.
8). This result may be related to the specificity of mRNA deadenylation enzymes for adenine
over guanosine. > However, these short, unstructured sequence differences played a relatively
minor role in altering mRINA translational lifetime. Furthermore, 3x8rA ddC and 3x8rA InvdT
demonstrated 170%-210% and 140%-180% normalized GFP/mCherry production, respectively
{accounting for all timepoints; Table 2. This suggests that changing the identities of small
chain-terminating nucleotides used in higations (3' dideoxy-C & 3’ mverted dT) may result in
minor enhancements o mRNA stability.

[396] (Given the success of RMNase-resistant phosphorothioate linkages, RNA nucleotides m
oligonucleotides were replaced by RNase-resistant DNA nucleotides to determine their effects
on protein translation yield. Unexpectedly, the oligonucleotide containing 23 deoxyadenosines
{23xdA_dd() did not substantially enhance translational half-life (FIG. §), despite the
oligonucleotide’s resistance to in virro RNase R digestion (FIG. 68} However, DNA quadruplex
{(telomere-derived) ssDINA sequences displayed stabilizing effects that were consistently greater
than the unstructured 23 deoxyadenosine and “G o €7 ssDNA oligo control hgations (FEG. 8). It
was hypothesized that mRNAs possessing unstructured 37 ssBNA ends may be susceptible to
cellular ssDNA exonucleases, or alternatively trigger RNase H activity 1f they possess homology
to the mRNA 27

[397] Finally, ligation with oligonucleotides with an mcereased number of phosphorothicate
modifications, as well as combination with quadruplex {(G4) secondary structures, was explored
to determine whether these modifications could act synergistically to stabilize modified mRNAs,
6 sequential phosphorothicate inkages m an unstructured ssRNA oligo {(6xS1{AG)) provided the

most consistent level of stabilization, with standard deviation of 0.26-0.6 over all timepoints
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{Table 2, FIG. 5). The ssDNA and ssRNA (4 oligos containing 6 sequential phosphorothicate

finkages (G4 COorf72 RNA 6x8:(G, G4 C%orf72 DNA 6x8rGand G4 telo DNA 6x5G}also
resulted in enhanced translation over the control oligos, but the performances of these constructs
were more variable among different replicates, demonstrating S I ranges of 0.7-1; 0.8-1.1; and

1.0-1.3, respectively (Table 2; FIG. §).

[398] The Hela cell time course experiment demonstrated that mRNAs incorporating

phosphorothioate linkages had increased GFP/mCherry signal over time (FEG. 8). These
chemical modifications may act divectly by increasing the translation efficiency per mRNA, or
mndirectly by reducing the rate of RNA degradation relative to the mCherry-encoding miternal

control mRNA, thereby increasing the observed GFP/mCherry signal.

Diiscussion

[399] Previous studies of cytoplasmic mRNA decay have identified poly(A) tail shorterung

as a rate-hmiting step in major mRNA degradation pathways {e.g., deadenylation-dependent
decay}. In hine with this model, shortening of the poly{A) tail was investigated as the rate-

fumiting step 1 the deactivation of mRNA vectors.

(400} Ligation of oligonucleotides containing nuclease-resistant chemiucal linkages onto the

37 end of mRNA 15 sufficient to increase mRNA translational activity over the course of several
days (24-72 hr}, resulting in up to 170%—220% more protein expression in cell colture, in the
case of the 6xSr{AG) construct. This strategy can expand the chemical space of modified

nucleotide derivatives in mRINA vectors for diverse purposes.

4011 These results suggest that poly(A}) shortening is a major determinant of therapeutic

mRNA translational efficacy, consistent with previous models of cytoplasmic mRNA
degradation. These results inform the replacement of mRNA tails with nuclease-resistant,
poly{A} binding protein (PABP)-binding aptamers/oligonuclestides for enhanced mRNA
stabilization. The strategy detailed herein is also compatible with other types of modifications,
such as hydrolysis-resistant 7-methylguanosine 5 caps,*>* modified 5" UTR regions,*® or
endonuclease/hydrolysis-resistant modified nucleotides in the mRNA body. This ligation
strategy is generally suitable to combine mRNA therapeutics with easily synthesized,
chemically-modified aptamers, such as peptide nucleic acids,*! locked nucleic acids,™ or other

chenmucal groups.

Methods
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Plasmud cloning, characterization, and purification

1402} hMGEFP and mCherry-encoding plasmids in pCS2Z vector (WX28 and WX26,
respectively) were obtained. These plasnuds contained {in 5'-3' order}: an SP6 promoter
sequence, a 5 UTR, a fluorescent protein coding sequence {CDS), 3’ UTR, and Noti restriction
site,

403} The Q5% Site-Directed Mutagenesis Kit (NEB) was used to perform PCR on the
plasnud using primers encoding poly{A) on the forward primer & poly(T) on the reverse primer.
This was followed by KLD enzyme treatment, then transformation into NEB Stabl cells for

isolation using the ZymoPURE plasmid muniprep kit, and Sanger sequencing through Genewiz,

mRMNA synthesis and characterization

404} GFP mRNA was synthesized from WX28xEsp3i plasnud, which contained an SP6
promoter, followed by hMGEFP CDS and template-encoded poly(A) tail. Plasmids were
iinearized by a single Esp31 site located tmmediately 37 of the poly( A} region. Linearized
plasmids were then purified using the DNA Clean & Concentrator-235 kit from Zymo Research.

(4053 5" capped, modified mRNA was prepared using SP6 enzyme and reaction buffer from
MMESSAGE mMACHINE™ SP6 Transcription Kit. The 2X NTP/Cap solution provided by the
kit was replaced with a ZX NTP/Cap preparation, contamning: 10 mM ATP, 10 mM CTP, 2 mM
GTP, 8 mM 3'-0-Me-m'G(5)ppp(53G RNA Cap Structure Analog, and 10 mM N1-
methylpseudouridine-5'-triphosphate. Superase-in RNase Inhibitors were added to a final
concentration of 1:20 (v/v). Foliowing IVT reaction assembly and mcubation at 37 °C for 2-4
hours, reactions were treated with 1-2 gl of TURBO DNase for 1 hr at 37 °C prior to reaction
purification using MEGAclear™ Transcription Clean-Up Kit.

(4061 Superase-In RNase Inhibitor was added to purified mRNA samples to a final
concentration of 1:530 (v/v}, and stored samples at -80°C for long term storage. Purified mRNA
was measured by Nanodrop to estimate concentration prior to higations, but mRNAs were
measured using the Qubit RNA HS Assay for normalization immediately prior to transfection for
cell-based testing.

1407} For the preparation of unmodified polv(A) polymerase-tatled mRNA, dsDNA
ternplates were generated by hnearization of WX28 and WX26 plasnuds using Notl-HF, and
column purified digested products using Fymo DNA Clean & Concentrator-25. In vitro
transcription was performed using the protocol described above, except after TURBO DNage

digestion, the extra step of poly( A} tailing using the E-PAP Poly(A) Tailing Kit was mcluded.
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Purification and storage of mRNA was as described above {e.g., using MEGACclear transcription

cleanup kit}.

Modified E. coli Poly(A) Polymerase tatling

[408] For modified E-PAP tailing experiments, the substrate was an untailed GFP mRNA
generated from IVT's on a linearized WX28 teraplate. The protocol utilized the enzyme and
buffer from E-PAP Poly(A) Tailing Kit. “10 mM total” ATP stock solutions were prepared for
sach modified ATP spike-in, such that a specific percentage of ATP was replaced by a modified
ATP dervative (XATP). For example, 25% dATP samples would require assembly of a 2.5 oM

dATP, 7.5 mM ATP stock solution. Tailing reactions were assembled as follows:

1.5 ug Untailed GFP mRNA

Sl 53X E-PAP buffer

2.5 ul 10 mM XATP ATP stock solution {different for each sample}
2.5 pl 25 M MnCl12

[ Superase-In RNase Inhibitor

Toul E-PAP enzyme

Up to 25 ul total volume with nuclease free water

409} Reactions were incubated at 37 °C for 1 hour, then quenched with the addition of 0.5
il of 500 mM EDTA. These tatled mRNAs were then column purified using Monarch RNA
cleanup kit {50 pug}. Superase-In RNase Inhibitor was added to purified mRNA to a final dilution

of 1:50 (v/v), and mRNA was stored at -80 °C prior to transfection.

4107 The following modified ATP denivatives (XATPs} were used in polvadenylation
experiments: Adenosine 3'-Triphosphate (ATP); N°-Methyladenosine-5'-Triphosphate (m®A); 2'-
O-Methyladenosine-5'-Triphosphate; Adenosine-5'-0-{1-Thiotriphosphate); deoxyadenosine

triphosphate (dATP); 2'-Amino-2'-deoxyadenosine-5'-Triphosphate.

Modified oligonucleotide 3’ end ligations

[411] Ligation reactions were performed using T4 RNA Ligase 1 Reactions were
assernbled as follows:
2 ug capped mRNA

200 pmol chemically moditfied oligo
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2 ul Superase-In RNase Inhibitor
20 ul 50% PEG-8000

5ul 100% DMSO

Sl 10X T4 RNA ligase buffer
5ul T4 RNA ligase (Promega)

Up to 50 pl total volume (with nuclease-free water)

(4123 Reactions were incubated at 37 °C for 30 minutes, followed by mactivation of the
reaction via the addition of 1 ul of 500 aM EDTA, pH 8.0. Reactions were diluted by the
addition of 1 volume of nuclease free water {e.g. 50 pl}, followed by the addition of 0.5 volumes
of AMPure XP contaming | pl Superase-In (e g. 25 ul). Reactions were purified according to the
roanufacturer’s protocol, and mRNA was eluted from AMPure beads using nuclease free water
containing Superase-In at a 1:50 (v/v) ratio.

413} For higations that were incomplete according to the RNase H gel-based assay,
ligations were performed using a modified condition, m which DMSQO was omutted from the
reaction. This generally resulted in more efficient higation, when necessary.

RNase H assays

414} Potassium chloride (KCH) stock solution was prepared and used for annealing an
ssDNA oligo to mRNA prior to RNase H assays. KC1 tock solution contained: 50 mM KCl, 2.5
mM EDTA, 1:200 (v/v} Superase-In RNase inhibitor, brought to its final volume using nuclease
free water. The ssDPNA probe was ordered from IDT and had the sequence
GUATCACAAATTTCACAAATAAAGCATTTTTITCAC (SEQ 12 NO: 18).

(4151 The following reaction was prepared {o anneal mRNA 1o the aforementioned ssDBNA probe:

200 ng mRNA sampie {purified)
2 pmol ssDINA probe
2 ul Stock solution: 50 mM KO, 2.5 mM EDTA, 1:200 Superase-in

Up to 10 ul volume using nuclease-free water

[416] Reactions were denatured at 70 °C for 5 minutes, followed by cooling to room
termperature (25 °C} at a rate of 0.2°C/sec in a benchtop thermocycler. Foliowing probe
anneahng, | pl of Thermostable RNase H and 1 pl of the 10X buffer were added to each
reaction, which was incubated at 30°C for 30 min. Following reaction incubation, samples were

digested by the addition of 1 ul Proteinase K and incubated at room temperature for S minutes.
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Subsequently, samples were mixed with 1 volume of Gel Loading Buffer {f, which had been
suppiemented with EDTA to a final concentration of 50 mM.
4171 Samples in 1X loading buffer were denatured at 70 °C for 3-S5 minutes prior to

loading and resolution on 6% Novex™ TBE-Urea Gels.

RNase R digestion of oligonucleotides

[4181 200 ng of oligo was incubated in a 10 pl total reaction volume contaiming 1X RNase
R reaction buffer and 10 units of RNase R, Reactions were incubated at 37°C for 1 by, then
digested with 1 ul Proteinase K and denatured in 1 X Gel Loading Butfer 11 They were run on

15% Novex TBE-Urea gels.

Maromalian cell culture and mRNA transfection

[419] Hela cells {(CCL-2, ATCC) were maintained 10 Dulbecco’s Modified Eagle's
Medium (DMEM) colture media containimg 10% FBS m a 37°C wncubator with 5% €Oz and
passaged at the ratio of 1.8 every three days. The cell culture was confirmed free of mycoplasma
contamination regularly with Hoechst staining and microscopy imaging.

[420] On the day before mRNA transfection, the cells were seeded at 75% confluence in
mdividaal wells on a 12-well plate. The day after, 500 ng mCherry (internal control} mRNA and
500 ng GFP mRNA with synthetic tails (concentrations determined by Qubit} were transfected
into each well using 3 ul Lipofectamine MessengerMAX Transfection Reagent Additional
controls that contain only mCherry mRNA, or only transfection reagents, or non-transfected cells
were included. After a 6-hour incubation, the lipofectamine/mRNA transfection mixture was
removed, and cells were rinsed once with DPBS and trypsinized to reseed nto three glass bottom
24-weli plates (poly-D-lysine coated) at a ratio of 6:4:3, respectively, for fluorescent protein

quantification at 24 hours, 48 hours, and 72 hours after transfection.

Confocal imaging and quantification of fluorescent proteins

4211 Before fluorescent protein imaging, the culture media was removed and the cells were
rinsed with DPBS once before being incubated in the nucle: staming media (FluoroBrite DMEM
with 1:2000 dilution of Hoechst 33342) at 37 °C for 10 romns.

14223 Confocal images of the nuclet (Hoechst), GFP, and mCherry were taken by Leica
Steliaris 8 with a 10X air objective at the pixel size of 900 nm* 900 nm. Four representative

fields of view were taken for each well, one from each quadrant. The same imaging setting was
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used for all the samples to be compared. Excitation/detection wavelengths were, in “Excitation
wavelength/~[ Detection wavelength range]” format: Hoechst: Diode 405 nm/~{430-480nm;

GFP: WLL 489 nm/~{500-576]nm; mCherry: WLL 387 nn/~[602-676]nm.

mRMNA quantification in transfected cell culture using STARmap

4237 mCherry and GFP mRNA guantities were measured in transfected cells using
STARmap.” an imaging-based method that detects individual mRNA molecules as a barcoded
DNA colony. The STARmap procedure for cell cultures described by Wang e al. was
followed.”

(4243 Briefly, following fluorescent protein imaging, the cells were fixed with
1.6%PFA/IXPBS at room temperature for 10 min before further fixation and permeabilization
with pre-chilled Methanol at -20 °C {up to one week) before the next step. Subsequently, the
methanol was removed and the cells were rehydrated with PBSTR/Glycine/tRNA (PBS with
0.1%Tween-20, 0.5%SUPERaseln, 100 mM Glycine, 1% Yeast tRNA) at room temperature for
15 man followed by washing once with PBSTR. The samples were then hybridized with SNATL
probes targeting mCherry and GFP mRNA sequences in the hybridization buffer (ZXSSC, 10%
Formamide, 1% Tween-20, 20 mM RV, 0.5% SUPERaseln, 1% Yeast tRNA, 100 nM each
probe) at 40 °C overmght. The cells were then washed with PBSTR twice at 37 °C {20 mmn each
wash} and high-salt wash buffer (PBSTR with 4X88C) once at 37 °C before rninsing once with
PBSTR at room temperature. The ligation reaction was performed for 2 hours at room
temperature to circularize padlocks probes that are adjacent to a primer. After two washes with
PBSTR, rolling circle amplification was initiated from the primer using Phi292 at 30 °C for 2
hours with amino-dUTP spiked in. After two more washes with PBSTR, the DNA amphicons
were modified to be polymerizable by 20 mM MA-NHS in PBST buffer at room temperature for
2 hours. The samples were then converted into a hvdrogel-cell hybrid before Proteinase K
digestion of fluorescent proteins at room temperature overnight. The samples were washed three
times with PBST before being stained with fluorescent detection oligonuclectide in the wash and
imaging buffer (2X88C, 10%Formamide) at 37 °C for 1 hour. Finally, the samples were washed
three times with the wash and imaging buffer at room temperature and stained with DAPT before
imaging in the wash and wmaging buffer.

1425} Confocal imaging stacks were taken by Leica Stellaris 8 with a 40X o1l objective at
the pixel size of 283 nm™283 nm. A 14-um stack was imaged with 1 urn/step for 15 steps. Four

representative fields of view were taken for each well, one from each quadrant.
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Table 3: SNAIL probe sequences

m{herry-01 /SPhos/ ACATTATTGGTGCCGUGCAGUTTCACCTAATTATTACTGAGG
CATACACTAAAGATA (SEQ 2 NG: 19)

mCherry-02 [SPhos/ ACATTACTTCTTGGCCTTGTAGGTGGTAATTATTACTGAGGE
ATACACTAAAGATA (SEQ ID NO: 20)

mCherry-03 /5Phos/ ACATTACACGGTCACCACGCCGCCGTAATTATTACTGAGGCA
TACACTAAAGATA (SEQ ID NO: 21

m{herry-11 ACGGGOCCETCGLRAGGGGAATAATGTITATCTT (SEQ 1D NO: 22)

mCherry-12 GGCGCCGGGCAGCTGCACGGTAATGTTATCTT (SEQ 1D NO: 23)

mCherry-13 GTCCTGCAGGGAGGAGTCCTGGTAATGTTATCTT (SEQ 1D NO: 24)

hMGFP-01 /5Phos/ ACATTAAGTCGCAGCGOTAGTGGUCAATTATTACTGAAATCG
TAGACTAAGATA (SEQ 1D NO: 25)

BMGEFP-02 /5Phos/ ACATTACATTAGCAGGGAAGTTGACCCCGTAATTATTACTGA
AATCGTAGACTAAGATA (SEQ ID NGO 26)

hMGEFP-03 /SPhos/ ACATTAGCTTCGGUGTGCTCGTACAGCTAATTATTACTGAAA
TCGTAGACTAAGATA (SEQ 1D NO: 27

hMGEFP-11 CCTCCCTCCAAGAGCAGTGCCATTAATGTTATOTT (SEQ ID NG 28)

hMGEP-12 TGCGCTGCATCACCGGGCTAATGTITATCTT (SEQ ID NO: 29)

AMGEFP-13 CCTGGUGGGGTAGTCOCGUTGTGTAATGTTATCTT (SEQ 1D NO: 30

[426] Fluorescent detection probe sequences

mCherry amplicon detection probe; /SAlexatd7TN/CATACACTAAAGATAACAT (SEQ 1B NO:

31)

hMGFP amplicon detection probe: /5AlexS46N/TCGTAGACTAAGATAACAT (SEQ 1D NO: 32)
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Example 5. Chemically modified mocRNAs for highly efficient protein expression in mammalhian

cells.

(4631 As evidenced by recent clinical trials and approvals of messenger RNA (mRINA)
vaccines for SARS-CoV-21, mRNA is an emerging and promising alternative to conventional
protein-based drugs. This i1s mainly due to its programmability, rapid production of proteins in
vivo, relatively low-cost manufacturing, and potential scalability o produce multiple proteins

simultaneously’™. However, while mRNAs have been shown to robustly generate therapeutic

368 their relatively short lifetimes may limit their clinical applications where

proteins i1 vivo
high quantities of protein production are required”’. Depending on the intended functions of
therapeutic proteins, the dosage and treatment duration of mRNA drugs could vary by orders of
magnitude. For vaccines, the expression of nanogram to microgram ranges of an antigen could
be sufficient for eliciting an immune response’. However, for growth factors, hormones, or
antibodies, the therapeutic dose could range from microgram to milligram, or potentially up to
gram quantities of protein’. Simply scaling up mRNA quastity to achieve high protein

production may lead to dose-dependent toxicity, due to the innate invnune stimulation inherent
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to transfection of mRNA®. This combination of factors drives the need for engineering mRNA
vectors to boost transgenic protein production without increasing dosage, particularly through
enhancements to mRNA lifetime and/or transiational efficiency.

464} Chemical modification is an effective way to enhance the performance of mRNA
vectors. Exogenous mRNAs prepared by i vitro transcription (FVT) consisting of “unmodified”
adenosme (A}, guanosine (G}, cytidine {C), and uridine (U} strongly trigger innate immune
toxicity that suppresses protein expression!” % Incorporation of modified U derivatives, such as
pseudouridine and Ni-methyipseudournidine, has been widely used to increase translation,
specifically by decreasing innate tmmune toxicity through blocking Toll-like receptor
recognition'® 4 However, this strategy currently lirnits the chemical space of mRNA
modifications available for incorporation, as many modified nucleoside triphosphates (NTPs) are
not tolerated by RNA polymerases or ribosomal machinery. Moreover, certain chemical
modifications in the protein-coding region of mRNAs could potentially cause impaired
transiation™!® An alternative strategy to increase mRNA stability without modifying the coding
region 18 1o selectively wncorporate modified NTPs during enzymatic extension of the mRNA
poly( A} tail, which is particularly sensitive to exonucleases in the celi'’*®. While promising, this
strategy relies on poly{A) polymerases, which agam face limited chemical repertowes, vanable
efficiencies of enzymatic incorporation, and generation of a variable distribution of poly{ A} tail
lengths'®.

(4651 To overcome the aforementioned limitations, a ligation-based strategy was developed
to efficiently construct messenger-cligonucleotide conjugated RNAs (mocRNAs), an mRNA-
based expression system with augmented protein production capacity. In this approach, synthetic
oligonucleotides {oligos} are ligated with the 3’ ends of mRNAs containing template-encoded
polv{A} tails (FIGs. 7A and 78). This enables precise and modularized encoding of chemical
modifications into RNA vectors, which is not possible using RNA polymerase-mediated
incorporation. Shortening of the poly(A) tail 1s wdentified as a critical step in cellular mRNA
decay, and the poly(A) tail is indispensable for cap-dependent translation’® ?°. Thus, as a proof-
of-concept of the mocRNA system, various nuclease-resistant motifs’! were designed and tested
in synthetic oligonucleotides to protect poly{A) tails, which demonstrated superior protein

expression 1o cormparison with alternative vanants of mRNA vectors.

Results and Discussion

Highly efficient synthesis of mocRNA by higation
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(4661 To enable the conjugation between in vifro transcribed (IVT) mRNA and a synthetic
oligo, each oligo was designed with the following elements (FIG., 7A, Table 4) (1) a 5’
phosphate and at least six unstructured RINA nucleotides at the 5 end of the oligos to ligate with
the 3' termunus of IVT mRNAs by T4 RNA Ligase I; (2} a 3’ blocking group (2'-3'-
dideoxyeytidine [ddC] or inverted-2'-deoxythymidine [InvdT]} to prevent oligo self-ligation; (3)
comparable lengths of poly(A) regions to enable reliable comparison of translation enhancement.
The 3’ blocking group of the oligo enables a large molar excess of olige in the reaction to ensure

nearly 100% conversion of the IVT mRNA to a mocRNA product (FIGs. 7A and 7B, Table 4).

Table 4. Sequences of oligonucleotides used for rocRNA syntheses.

Modified Sequence (IDT format)
oligonucleotide

sequence game

209rA ddC /5Phos/tATATA rArAYA rATArA rArArA rArATA rATATA TATATA
rArATA rArAtA tArA/3ddC/ (SEQ TD NO: 6)

3xSrA_ddC /SPhos/TATArA rArArA rArArA rArArA rATATA rArArA rtArAtA
tArATA TATAFTAR rA¥cA/3AAC (SEQ ID NO: 7)

3x8rA TovdT /5Phos/rATATA rArATA rATATA tArATA rATATA rATATA rATATA
TATATA rArATA® t AT AT 3Invd T/ (SEQ 1D NO: 8)

3xSrG InvdT /5Phos/TATATA rArArA rATACA tATATA rATATA rATArA rArAtA
tArATA rArArG* fG*eG*/3lInvdT/ (SEQ ID NO: 9)

6xSr{AG) /5Phos/rATATA rATATA rATATA rATArA rArArA rATATA rATATA
rArATA* rAFrTAYeGF vGFrGF/3Invd T/ (SEQ 1D NG: 14)

3xdA ddC /5Phos/TATATA rArArA rATACA tATATA rATATA rATArA rArAtA
rArATA rArAA AA/3ddC/ (SEQ 1D NO: 10)

23xdA_ddC /5Phos/rArArA TArATA AAA AAA AAA AAA AAA AAA AAA
AA/3AAC/ (SEQ ID NO: 1)

111

SUBSTITUTE SHEET (RULE 26)



WO 2022/241045

PCT/US2022/028849

G4 telo DNA GioC

/SPhos/tArArA rArArA TAC CCT TAC CCT TAC CCT TAC
CC/34dC/ (SEQ 1D NG: 12)

G4 _telo DNA_WT

/3Phos/rArArA rtATArA TAG GGT TAG GGT TAG GGT TAG
GG/3ddC/ (SEQ 1D NO: 13)

G4 C9ort72 RNA 6
x5r(xy

ISPhos/rArATA rATATA tATGHG rGrGeC vCrGrG v GrGrC 1 CrGe G
rGrGeCF oCFrGFrG* 1 G*rGH*/3Invd T/ (SEQ ID NO: 15)

G4 C%0rf72 DNA 6

x51r(G

/5Phos/ ArAtA rArATA rAGG GGC CGG GG CGG GGC* CHGHG
G*G*/3invd T/ (SEQ 1D NO: 16)

G4 telo DNA 6x8r
G

/SPhos/tTATATA tATATA TAG GGT TAG GGT TAG GGT* THA*GH
G*G*/3Invd T/ (SEQ ID NO: 17)

26rA_G4d_C9orf72
RNA 658G

ISPhos/rArATA tArATA TATATA TATATA TATATA TAYATA TATATA
rATATA tATATG 1GrGrG rCrCr G rGrGrG rCrCrG o GrGrG vCHrCHr G
rG*rGFG* S3InvdT/ (SEQ ID NG 33)

26rA_G4d_C9orf72
DNA_6x8rG

ISPhos/rArATA tArATA TATATA TATATA TATATA TAYATA TATATA
rATATA tATAG GGG CCG GGG CCG GGG CrExG* GRrGHGH
/3InvdT/ {SEQ 1D NG 34)

26rA_ G4 telo DNA
_oxSrG

ISPhos/rArATA tArATA TATATA TATATA TATATA TAYATA TATATA
rATATA TArAT AGG GTT AGG GTT AGG GTHT* AXGHG*
G*/3tavdT/ (SEQ ID NO: 35)

RNA bases: r_; RNA phosphorothioate bases: r_* ; DNA phosphorothioate bases:  * | 5" Phosphate

modification: /5Phos/ ; 2'-3-dideoxyeyvtidime [ddC] modification: /3dd(/ ; Inverted-2'-

deoxythymidine [InvdT] modification: /3InvdT/.

(4671 To demonstrate the mocRNA expression system, a plasmid template was cloned

containing a humanized Monster Green Fluorescent Protein (GFP) followed by a template-

encoded poly{A) tail {plasmid: pUSZ GFP-60A), which ensures translatable mRNAs with

homogeneous polyv{ A} lengths. The GFP-encoding mRNAs {GFP-60AY were synthesized using

IVT by SP6 polymerase, with a 5 anti-reverse cap analog (ARCA} and 100% replacement of
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uridine with N1-methylpseudouridine. The VT mRNAs were further modified into mocRNAs
by 3" oligo higation using T4 RNA higase I The conjugation efficiency was determined via
sequence-specific RNA cleavage, using RNase H and a DNA ohigo targeting the 3" untransiated
region {UTR), followed by gel electrophoresis to resolve conjugated and unconjugated mRNA 3/
ends. The RNase H assay showed nearly 100% conjugation efficiency for all the mocRNA
constructs using the aforementioned GFP-60A mRNA (FiGs, 7B, 12A), suggesting the general

applicability of this conjugation strategy.

Nuclease-resistant mocRNA increases protein production and RNA stability in human cells
[468] Given that endogenous deadenylation machinery 15 a 3" to 5" exonuclease complex
and deadenylation 15 the rate-lumuting step of canonical RNA decay inside cells, it was
hypothesized that introducing nuclease-resistant elements at the 3 terminus after the poly{A) tail
would be an effective way 1o increase RNA translation capacity by keeping the poly(A) tail
mtact. To this end, mocRNA constructs were synthesized using synthetic ohigos (3xSrA_ddC,
3xSrA_InvdT, and 3x5rG InvdT, and 6xSr{AG), Table 4) contaiming 37 terminal deadenylase-
resistant modifications, such as phosphorothioate PS hnkages™® and A-to-G substitutions™. GFP-
encoding mocRNA constructs were ransfected into Hela cells along with E-PAP poly(A) tatled
mCherry mRNA, which served as an imternal transfection control. GFP/mCherry fluorescence
intensity ratios were quantified at 24 hr, 48 hr, and 72 hr time points after transfection with
confocal microscopy. Fluorescence quantification showed that the control mocRNA construct,
which contained a 29 nt-long polv{A} tract followed by a2 3" ddC (2% A ddC}, increased GFP
fluorescence by up to 69% m comparison with a mock ligation control (GFP-60A mRNA treated
with higase but no modified oligo). This increase was likely due to the extension of the poly(A)
tail and possibly the presence of the chain-terminating nucleotide. Among all the oligos
containing termunal PS linkages, the unstructured single-stranded {55} RNA oligo with six
sequential phosphorothiocates (6xSr{ AG), sequence in Table 4} consistently provided the highest
expression of GFP (290%-377% at 24-72 hrs, normalized to “mock ligation”) compared to the

other modified oligos tested (FIGs. 8A-8B; Table 6).

Table 6: Statistics for GFP/mCherry fluorescence ratio data from Fig. 8A (normalized to “mock

figation” samples).
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24 hr statistics 48 hir statistics 72 hr statistics

Mean |s.d sem | Mean |sd sem | Mean |s.d 8.¢.1m.
Mock ligation 11 0032 0.006 11 005200092 11 0089 0016
No ligation 1.05 0.33 0.07 1.05 0361 0.081 1.15 0421 0.093
29¢A ddC 1.59 .47 0.13 1.54 0.48 .14 1.69 (.64 ¢.19
3IxSrA_ddC 2.73 0.23 0.07 2.63 (.41 012 364 0.84 .24
3xSrA InvdT 2.31 0.57 016 2.43 0.71 0.21 276 1.01 0.29
3x5rG TovdT 2.78 0441 0127 3.07 0.55 .16 32 0.7 02
6xSr{AG) 2. 0261 0.074 3.39 (.45 0.13 377 0.55 .16
3xdA ddC 16 .3 0.091 1.45 0.28 | 0081 1.58 (.36 G.11
23xdA _ddC 1.66 031 0.088 1.49 (.28 .08 1.64 0.35 8.1
G4 telo 176 .69 0.2 1.51 0.66 0.19 1.78 0,83 0.24
DNA GtoC
G4 telo_ 2711 027 0078 2631 031 0089 286| 03 0.086
DNA WT
G4 C9orf72_ 2.46 0.71 0.201 2.95 1.02 3,29 2.87 1.04 0.3
RNA 6x5:G
G4 C9orf72_ 302 08| 023] 341 1.03 031 343] 108, 031
DNA oxSrG
G4 telo 2.47 1.04 03 3.37 1.25 (.36 3.14 1.28 ¢.37
DNA oxStG

[469] Given the success of PS-modified mocRNAs, it was hypothesized that 3' ternmunal

RNase-resistant DNA linkages could similarly increase protein translation. The telomere-derived
DNA quadruplex (G4 _telo DNA WT) sequence significantly enhanced protein translation
{150%-~170% at 24-72 hrs) compared to the unstructured “G to C7 DNA oligo control ligation
{FIGs. 84 and 8B; Table 6). These results suggest that mocRNAs containing vostructured
ssPNA at their 3’ ends may remain susceptible to cellular nucleases, such as ssDNA-specific
nucleases™?* and CCR4 (a component of the deadenylation complex), which contains some
ssDNase activity™ . An alternative possibifity is that unstructured ssDNA may trigger mRNA
degradation via RNase H if they are partially complementary to mRNA sequences?.
Collectively, these results indicate that mocRNAs contaming a structured DNA guadruplex at the
37 terminus may increase protemn expression most effectively, while an unstructured ssDNA tail
may enhance expression to 3 somewhat lesser degree.

(4701 It was further explored whether combining PS modifications with G4 secondary
structures could synergistically stabilize mocRNAs. The ssIPNA and ssRNA G4 oligos
containing six sequential PS inkages (G4 C90rf72 RNA 6x8SrG, G4 COorf72 DNA 6x51G,
and G4 telo DNA 6x8rG) resulted in levels of enhanced translation similar to the mocRNAs

containing an unstructured 6xSr{AG) oligo (FIGs, 8A and 8B; Table 6).
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(4711 The enhanced translation of mocRNAs may have been due to etther a reduced RNA
degradation rate or a direct increase n the transiational efficiency per mRNA, without affecting
mRNA degradation kinetics. To vertfy the mechanism of translational enhancement, RT-gPCR
quantification was performed on Hela cells transfected with various mocRNA ligation
constructs at 48 hours post-transfection {Table 7). 1t was found that the relative GFP/mCherry
RNA ratios correlated well with the observed bulk GFP/mCherry protein fluorescence ratio for
each construct (FIG, 8C, Pearson r =0.84, P = 2e-4; FiGs, 138 and 13C), suggesting that

modified oligos enhance protein translation primarnily by stabilizing mRNA quantities in cells.

Table 7: Statistics for RT-qPCR data (48 hr time pont}, from FIGs. 8C and 16B

GFP/{mCherry+hActh), nB1/hActh, normalized to

normalized to “Mock ligation™ | “Maock hgation”

Mean s.d. Mean s.d.
Mock ligation 1.09 0.5 1.02 0.2
No ligation .92 (.28 1.42 .73
29rA ddC 8.76 0.13 12 037
3xSrA ddC 1.67 g.11 1.09 .41
3xSrA TavdT 1.15 424 113 .38
3x8:G TavdT 1.51 2 1.24 (.28
OxSr{AG) 2.13 0.29 1.23 0.41
3xdA_ddC (.82 (.05 1.15 0.45
23xdA_ddC .91 0.04 1.28 .58
G4 telo DNA_GtoC 111 .25 1.25 8.27
G4 telo DNA WT (.99 .08 1.74 (.86
G4 CYort72 RNA 638G 237 (.57 1.28 (.45
Gd C9orf72_DNA_ 6x8:G 2.39 0.6 11 0.44
G4 telo DNA 6x5rG 238 g.11 1.31 0.4
mCherry only 0.0005 $.0001 1.04 .27
Unmodificd GFP mRNA - - 3.2 04,37
200 ng polv(1:C) - - 40 6
500 ng poly(1:C) - - 106 20
Transfection only - - 2 1

1472} Given the stochastic nature of lipid-mediated transfection and endosomal rupture,

there can be a large variance in the number of transfected mRNAs across individual cells?”. To
characterize whether the observed translational enhancement of mocRNAs represented a general
ncrease in transiation throughout the entire cell population, or if 1t resulted from a small set of
high-expressing cells, the ratios of GFP/mCherry protein fluorescence and RNA copy numbers

were quantified at the single-cell level. Single-cell fluorescence analyses of GFP/mCherry
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fluorescence ratios (¥, 134A) recapitulated the trends observed in bulk measurements {(FIG.
8A). mRNA abundance in transfected cells was further quantified using STARmap®™, an in situ
transcriptomic method capable of identifving copy numbers of target mRNA sequences in fixed
cell or tissue samples at subcellular resolution (FiGs. 8B, 138). In the STARmap images,
fluorescent puncta correspond to free “cytosolic” GFP-mocRNAs or mCherry mRNAg,
respectively. Large intracellular granules likely correspond to lipid transfection vesicles
comntaining many copies of GFP-mocRNAs and mCherry mRNAs (FIG. 8D While RT-gPCR
provides bulk measurements of mRNA (cytosolic and contained m the transfection reagent),
STARiap enables the spatial separation of these two signals, enabling direct quantification of
individual cytosolic mRNAs by filtering out signal from large aggregates. Troportantly, the
quantification of the cytosohic RNA fraction at the single-cell level indicates that the stabilization

effects of mocRNAs also occur throughout the entire cell population (FiGs., 13C andi3D).

Protern and RNA kanetics show mereased stability of mocRNAs n cells

{4731 It seemed plausible that translation observed from the mitial screen of PS+G4 oligos
could be potentially confounded by the extension of the poly{ A} tail by different lengths (26 A’s
m OxSH{AG)and 6 A’s in G4_(%0rf72 RNA_6xSrG, G4 C9rf72 DNA_ 6xSr(, and
G4 telo DNA 6x5r(3). To address this point directly, 8 comparison was performed between
oxSr{A() and redesigned longer PS+(4 oligos containing a similar number of A's:
26rA G4 COorf72 RNA 6x5r(5, 26rA G4 COorf72 DNA 6x8r(G, and
26rA G4 telo DNA 6xS8r(3. The Hel a expression time course indicated that 6xS1{AG)
outperformed the Z6A-containing C%orf72 oligos in expression enhancement. However,
26rA G4 telo DNA 6x8r(z demonstrated modest translation enhancements over 6xSt{AG) (17-
24% between 24-72 hrs, F1G, 14A). These data suggests that specific telomere structures may
add relatively low levels of additional stabilization, beyond the stabilization afforded by PS
linkages. Due to the sinular levels of expression between 6xS1{AG) and
20rA G4 telo DNA 6xSr(z mocRNAs, these two oligos were examined in a downstream
kinetic analysis of protein expression.

1474} To characterize the kinetics of mocRNA transiation at varying timepoints, mocRNAs
encoding a degron-tagged Firefly luciferase were generated. The degron (PEST derived from
mouse ornithine decarboxylase™) reduced luciferase half-life in Hela cells from 20.4 hrs to an
estimated 0.92 hrs (FIG. 9A) Luciterase-PEST mocRNAs were generated containing etther of

the two best-performing oligos, 6x8r(AG) and 26rA_G4 telo DNA 6xSrG, and lununescence
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was recorded as a function of time following mRNA transfection into Hela cells. At 8 hours
post-transfection, 6xSr{AG) and 26rA G4 telo DNA 6x8r(3 mocRNAs {(encoding huciferase-
degron} demonstrated slightly greater levels of translation than the mock ligation {44% and 39%
oreater signal, respectively ), However, by 48 and 72 hours, both mocRNAs substantially
outperformed the mock ligation, with 6xSr{AG) demonstrating 10-fold and 15-fold more signal,
respectively, and 26rA_ G4 telo DNA_ 6x8rG demonstrating 1 5-fold and 25-fold more signal
(FIG. 9B). This translational enhancement was not due to differences in transfection efficiency
between samples, as comparable significant ditferences were not observed in the translation of a
co-transfected Renulla luciferase mRNA internal control (FIG. 14C). The observed kinetics of
mocRNA translation is consistent with 6xSr{AG) and 26rA_G4 telo DNA_ 6x8r(5 possessing
intact polv{A) tails at these timepownts {enabling translation), 1n contrast to the mock ligation.
Furthermore, in vitro translation experiments performed on mocRNAs did not show substantial
differences 1o translation efficiency between mocRNA and controls (FI1G. 14B). This indicates
that increased protein expression from mocRNA 15 primarily atiributed to enhanced mRNA
Ifetime, rather than enhanced translation imtiation efficiency.

(4753 The kinetics of mocRNA decay was further verified m cells by performing in situ
mRNA visualization using STARmap at 24, 48, and 72 hours post-transfection into Hel.a cells
(FIG. 9C). GFP-60A mocRNAs containing 29¢A_ddC, 6xSr(AG), or
26rA G4 telo DNA 6x8r(5, were transfected into Hela cells and relative mRNA abundance
was quantified over time. The 6xS1{AG) mocRNA samples displayed 1.7-2.5-fold higher
GFP/mCherry mRNA count ratios {averaged from single cells) than 29vrA ddC at each time
point. Additionally, 26rA G4 telo DNA 6x8rG had 1.7-3.1-fold higher GFP/mCherry mRNA

count ratios compared to the 29rA ddC control at each time point (FEG, 9D}

mocRINA outperforms alternative strategies for mRNA modification

(4761 Previous work has reported that PS linkages incorporated by £. coli poly(A)
polymerase (E-PAP) into the poly{A) tail can enhance mRNA stability'®. Therefore, the E-PAP
madification strategy of polv{A) tails was also explored. A panel of chemically modified ATP
derivatives (XATP) was screened by introducing XATP spike-ins into poly{A} tailing reactions
on a capped GFP mRNA containing N1-methylpseudouridine mstead of unidine (F1G. 18). Hela
cells were co-transfected with various tail-modified GFP mRNAs along with an internal
transfection control, tail-unmodified mCherry mRNAs (100% ATP, E-PAP tailed) and

monitored the GFP/mCherry fluorescence ratio over a three-day time course. The wutial screen 1n

117

SUBSTITUTE SHEET (RULE 26)



WO 2022/241045 PCT/US2022/028849

Hela cell experiments revealed that poly{A) modification by XATP spike-ins increased
normalized GFP production 1 comparison with the unmodified poly{A) construct, particularly
for dATP (2'-deoxyadenosine triphosphate, 25-62% increase in normalized GFP/mCherry) and
S-ATP (adenosine-5'-0O-(1-thiotriphosphate), 42-91% increase) (FIG. 15). S-ATP spike-in
resulted in the greatest enhancement of GFP expression {consistent with previously reported
work'®} and thus was used to compare different mRNA modification strategies (FIG. 10A).
(4771 6xSH{AG) to GFP-60A mRNAs functionalized by S-ATP were compared via IVT or
E-PAP mcorporation (FIGs. 10A to 16C) in RNA length homogeneity and protein production
mocRNAsg and IVT-mwodified constructs showed uniform length distributions, whereas E-PAP-
tailed mRNAs have a wide distribution of tailing lengths, with shorter lengths as the percentage
of 8-ATP spike-in increased (FIG, 10C). Using mCherry mRNA (E-PAP tailed with 100% A) as
an internal transfection control, GFP/mCherry fluorescence ratios were quantified at 24, 48, and
72 hours post-transfection in HeLa cells. After normalizing to the untreated GFP-60A control,
the 6x5r{AG} mocRNA resulted m the highest enhancement of GFP expression at various times
post-transfection {24 hr: 214 + 45%; 48 hr: 289 4 68%; 72 hr: 286 4 32%; mean + s.d.) (FIG.
106D). Among all the E-PAP tailed mRNA constructs, 25% S-ATP spike-in had the highest
enhancement of GFP expression in comparison with the untreated GFP-60A control (24 hrs, 93 +
21% merease). IV T-mediated ncorporation of S-ATP proved beneficial for small percentages of
modified ATP (24 hrs, 5% S-ATP: 160 + 7%). Decreased transiation of the reporter at 25% 5-
ATP (54 + 5%) was observed compared to the untreated GFP-60A mRNA. Overall, this
systematic comparison between different modification methods of mRNA tails demonstrated the

superior performance of mocRNAs over E-PAP and IVT- modified mRNA (FI1G., 10D).

mocRINA constructs enhance protein expression i primary rat cortical neuronal cultures

478} Neurons are the main therapeutic targets in a vartety of brain and nervous system-
related diseases™™’!. While chemical/lipid-mediated transfection of DNA plasmids demonstrates
iinmited expression efficiency in postmitotic cells, such as neurons, mRNA transfection is an
alternative to introduce transgenic protein expression in neurons with a higher efficiency’’. To
explore whether mocRNA could ncrease protein production in primary cell culture, the modified
constructs were tested n primary cultures of rat cortical neurons.

(4797 GFP mocRNA prepared by 6x81{ AG) ohigos and unligated controls were co-
transfected with mCherry roRNA (E-PAP tailed with 100% rA, transfection cordrol) for

comparisons at 24 hours and 48 hours post-transfection (FIG, 11A). In comparison with
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unligated GFP samples, the GFP expression of 6x81{ AG) mocRNA samples showed an order of
magnitude higher expression at both time poinis (24 hours: 1015 + 190%; 48 hours: 1061 + 210}
(FEGs. 11A-118, Table 8). These resuits demonstrated that mocRINAs can offer robust
enhancement of protein expression in neuronal cell culture, compared to conventional mRNA

vectors.

Table §: Statistics for GFP/mCherry fluorescence ratio data, from FIG. 11 A (normalized to

“mock higation” samples).

24 hour statistics | mCherrv only | Untreated mRENA | 635:r{AG)

Mean {1.24 1.60 10.15
s.d. (.19 0.19 1.90
S.€.11. 0.04 0.04 .45
Sample Size 12 12 12

48 hr statistics | mCherry oaly { Untreated mRNA | 6x5r{AG)

Mean (.47 1.00 10.61
s.d. (132 0.26 210
5.6.81. 0.67 (.06 (.49
Sample Size 12 12 12

5.d.; standard deviation; s.e.m: standard error of the mean.

mocRNA retains similar toxicity profiles o therapeutic mRNA

(4801 Unmoditied IVT mRNA triggers strong immune responses upon transfection, which
suppress its protein production'®2. While 100% replacement of uridine with N1-
methylpsendouridine 15 used in therapeutic mRNA {and mocRNA) preparations {o nuninuze
immune toxicity 2, it was further evaluated whether chain-ternunating nucleotides, PS linkages,
or the covalent DNA-RNA bonds introduced by the synthetic oligos into mocRNAs would
trigger additional cellalar toxicity. First, cell numbers were quantified from imaging data
displayed i FEG. §, to check for substantial decreases in cell prohiferation and viabihity.
Significant decreases 1n HeLa cell numbers were not observed between any mocRNA condition
and the unligated mRNA control (FIG. 164A). Additionally, mnpate immane stumulation in Hela
cells was measured through RT-qPCR measurements of IFNB1 mRNA on the 48-hour post-
transfection samples shown in FEG, 8. [FNB1 upregulation is a consequence of RIG- and

MDAS activation, which are innate immune sensors that recognize foreign RNA species™ .
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Positive controls of unmodified GFP mRNA (100% uridine} and poly{(E:{) transfection (a potent
RIG-I agonist’®) induced statistically significant IFNB1 mRNA upregnlation when compared to
the 29rA ddC mocRNA control (Welch’s t-test). However, no significant differences were
observed between any mocRNAs, unligated mRNA, and the transfection only control (FIG.
16B). These results indicate that mocRNAs do not inherently increase innate immune responses
beyond untreated mRNAs, at least for the constructs explored in this study.

[4811 Finally, mocRNA-mediated toxicity was analyzed in neurons using live-dead cell
statning on transfected rat cortical neuron cultures (with Hoechst stain and NucRed Dead 647).
The percentage of dead neurons was calculated n each culture condition to test for differences n
cellular toxicity between mocRNA and conventional mRNA transfection. Significant differences
in neuronal toxicity caused by 0xSt{ AG) higation were not observed, as compared to a
transtection control (FIG., 16C). Taken together, these results suggest that the modifications
identified m this study did not substantially alter the toxicity profiles of mRNAs n the cell

cultures tested.

Summary and Conclusions

[482] Existing methods that atilize polv(A) polymerase to synthesize chemically modified
polv{A} tails often result in wide distributions of tail lengths that could complicate baich-to-batch
homogenetty and cannot precisely control medification sites. In contrast, mocRNA synthesis
demonstrates nearly 100% vields and can fully preserve mRNA homogenetty, which makes it
compatible with existing pipelines for the development of mRNA therapeutics. More
importantly, the mocRNA expression system can introduce chemical modifications that cannot
be incorporated by RNA polymerases and enables precise control of modification sites to
maximize the effects of RNA modifications. As the first demonstration, mocRNA with clustered
nuclease-resistant motifs at the 3" terminus enhanced protein expression by protecting the
poly{A} tatl of mRNA vectors. Fluorescent protein measurements demonstrated that mocRNAs
containing 3’ terminal PS linkages increased protein production by factors of 2-4 in human Hela
cell ines (FIG, 8A) and by 10-fold in primary rat cortical neuronal cultures (FIG, 11A)
Combined bulk RT-gPCR measurement and single-cell resolved in sive STARmap measurements
indicate that mocRNAs contaiming 37 ternunal PS modifications and specific telomere sequences
improve protein expression primarily by stabilizing RNAs (FIGs. 8A, 14A)7. These mocRNA
constructs have higher translation capacity than existing variants of mRNA vectors relying on

random incorporation of modified NTPs during IVT and polvadenylationt* > ¥ (FIG. 10D).
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(4831 In summary, a modular, programmable, and effective strategy to synthesize
mocRNAs was developed, enabling diversified and precise chemical modifications of RNA
vectors to enhance protein translation capacity and RNA stability. mocRNAs can potentially be
combined with other types of modification strategies, such as polv{A} binding protein (PABP}-
binding oligos (see, e.g., Barragan-Iglesias, et al. Nat Commun, 9(1):10}*%, hydrolysis-resistant

< 3G AF
7-methylguanosine caps™®*

, modified 3 UTR regions®’, and other types of modified nucleotides
in the mRNA body*’. mocRNA design could serve as a generalizable platform for integrating
organic synthesis with enzymatic synthesis, to diversify chemucal moieties and boost functional

efficacy of RNA-based protein expression systems.

Methods
Plasmud cloning, characterization, and purification

4841 BMGFP and mCherry-encoding plasnuds {(pCS2 hMGFP and pCS2 mCherry,
respectively) were obtained from Xsao Wang. These plasmids contained (in order} an SP6
promoter sequence, a 5 UTR, a fluorescent protein coding sequence (CDBS), 3" UTR, and Notl
restriction cut site. Sequences can be found in the original reference®

[485] The Q5® Sute-Directed Mutagenesis Kat (NEB: EOSS48) was used to perform PCRs
on template plasmids using primers (Table 4} containing site~-specific modifications. This was
followed by KLD enzyme {reatment, then transformation into NEB Stabl cells (NEB: {3040H)
for isolation using the ZymoPURE plasnud muniprep kit, and Sanger sequencing through
Genewiz

(4861 For the site-specific installation of 60xA template-encoded poly{ A} tails i front of an
Esp3i site, two sequential rounds of cloning were performed using (5 site-directed mutagenesis.
The first round of cloning installed an Esp31 restriction site 5' of the previous Notl restriction site
{Esp3i msert F and Esp3: insert R} The resulting Sanger sequencing-verified plasmid was
used as a template for the mstallation of the 60xA poly(A) tail (60A insert F and
60A insert R). The clone selected from the second round of cloning was verified using Sanger
sequencing. See Supplementary Table 4 for primer sequences. The name of the construct
containing ~60 nt long template-encoded tails prior to the Esp3i site was pCS2 hMGFP-G0A

[487] Firefly luciferase constructs were generated first by deletion of the hMGFP coding
region from pCS2 BMGFP-60A vector using PCR. Next, the Fuefly luciferase coding sequence
was PCR amplified from pmurGLO Dual-Luciferase rmiRNA Target Expression Vector

{Promega: E1330), with PCR primers designed to contain 15-20 nucleotide complementary
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overhang regions to the vector of interest. Vector and insert were assembled using NEBuilder
HiF1 DNA Assembly Master Mix (NEB: E26218), transformed into Stabi cells, and sequence-
verified by Sanger sequencing. Remlla luciferase constructs were cloned by an analogous
process to Firefly luciferase, except with a Renilla luciferase coding sequence from the pmurGLO
vector.

[488] The destabilized Firefly luciferase construct (Le., Firefly-PEST) contains a degron derived
from mouse ornithine decarboxyiase™. The aforementioned Firefly luciferase vector was PCR-
hinearized around the stop codon, into which a GeneBlock (IDT, huran codon-optimuzed)

encoding the PEST sequence was inserted using the NEBuilder HiF's method.

mRMNA synthesis and characterization

(4897 GFP mRNA was synthesized from pCS2 hMGFP-G0A plasroid, whach contained an
SP¢ promoter, followed by BMGFP CDS and teroplate-encoded poly{A) tail. Plasmids were
finearized by a single Esp31 site located immediately 37 of the poly(A) region, which was
mstalled during cloning. Linearized plasmids were then purified using the DNA Clean &
Concentrator-25 kit from Zymo Research {4033} and checked for purnity via agarose gel
electrophoresis. Capped, modified mRNA was prepared using SP6 enzyme and reaction buffer
froms mMESSAGE mMACHINE™ SP6 Transeription Kit {ThermoFisher Scientific: AM1340).
The 2X NTP/Cap sohution provided by the kit was replaced with a 2X NTP/Cap preparation
containing: 10 mM ATP (NEB: NO4ST1AVIAL), 10 mM CTP (NEB: NC4S4AVIAL), 2 mM GTP
{NEB: NO45ZAVIAL), 8 mM 37-0-Me-m7G{5)ppp{ 511G RNA Cap Structure Analog (NEB:
514118}, and 10 mM N1-Methvipseudouridine-5'-Triphosphate (TriLink Bistechnologies: N-
1081-1}. SUPERase-In RNase Inhubitor {ThermoFisher Scientific: AM2694} was added to a final
concentration of 120 {v/v). Following IV'T reaction assembly and incubation at 37°C for 2-4
hours, reactions were treated with 1-2 ul of TURBO D'Nase (provided in AM1340) for 1 hr at
37°C prior to reaction purification using MEGAclear™ Transcription Clean-Up Kut
{ThermoFisher Scientific: AM1908). Superase-In RNase Inhibitor was added to purified mRNA
samples to a final concentration of 1:30 (v/v), and stored samples at -80°C for long-term storage.
Purified mRNA was measured by Nanodrop to estimate concentration prior to higations, and
mRMNAs and mocRNAs were measured using the Qubit RNA HS Assay (ThermoFisher
Scientific: 32852} for normalization immediately prior to transtection for cell-based testing.

[490] For the preparation of poly(A) polymerase-tailled mRNA (FIG. 18), dsDNA

templates generated by lineanzation of pCS2 _hMGFP and pCS82 mCherry plasnmuds using Notl-
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HF (NEB: R31898} were used, and column purified digested products using Zymo DNA Clean
& Concentrator-25. In vitro transcription was performed using the protocol described above,
except after TURBO DNase digestion, the extra step of poly(A) tatling was included using the E-
PAP Poly{A) Tailing Kit {ThermoFisher Scientific: AM1350). Purification and storage of
mRNA were as described above (e.g, using MEGAclear transcription cleanup kit).

[491] For FIG. 18, adenosine-5'-O-{1-thiotriphosphate) spike-in mRNAs were synthesized using a
modified protocol to the one listed above. Adenosine-5'-0O-(1-thiotriphosphate} (S-ATP) was
used for co-transcriptional incorporation experiments. Qualitative differences in S-ATP
mcorporation were observed when stock tubes that had been opened previously were used,
possibly due to oxadation. For thus reason, new tubes were used prior to every tailing experiment,
to liratt the effects of possible oxidation as a confounding factor in these experiments. S-ATP i
vitro transcription reactions were performed with the same setup as histed above, but the final S
mM ATP m the reaction was replaced with either 4.75 mM ATP + 0.25 oM S-ATP (5% S-ATP
meorporation) or with 3.75 mM ATP + 1.25 mM S-ATP (25% S-ATP). IVT templates

contamning the GFP coding sequence with a 60xA template-encoded poly(A) tail were used.

Modifted & cofi Poly(A) Polymerase tathing

4921 For modified E-PAP tatling expeniments in FIG, 15, the substrate was an untailed
GFP mRNA generated from IVTs on a Notl-HF linearized pUS2 hMGFP template {see IVT
protocol above). This protocol utilized the enzyme and buffer from E-PAP Poly(A) Tailing Kit
{ThermoFisher Scientific: AMI330). “10 mM total” ATP stock solutions were prepared for each
modified ATP spike-in, such that a specific percentage of ATP was replaced by a modified ATP
dertvative {(XA'TP). For example, 25% dATP samples would require the assembly of 3 2.5 mM
dATP, 7.5 mM ATP stock solution. Tatling reactions were assembled as follows: 1.5 ug of
untailed GFP mRNA; 5 ul of SX E-PAP buffer; 2.5 ul of 10 mM XATF:ATP stock solution
(different for each sample); 2.5 ul of 25 mM MnCly; 1 ul of Superase-In RNase Inhibitor; 1 pd of
E-PAP enzyme; and nuclease-free water up to a total volume of 25 pl. Reactions were incubated
at 37°C for 1 hour, then quenched with the addition of 0.5 ul of 560 mM EDTA. These tailed
mRNAs were then column purified using Monarch RNA cleanup kit (S0 pug) (NEB: T20408).
Superase-In RNase Inhibutor was added to purified mRNA to a final dilution of 1:530 (v/v), and
mRNA was stored at -80°C prior to transfection,

[493] The following modified ATP denvatives (X ATPs) were used in these experiments;

Adenosine 3'-Triphosphate (ATP) (NEB: P07568); NS-Methyladenosine-5'-Triphosphate
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{TriLink Biotechnologies: N-1013-1}; 2'-O-Methyladenosine-5'-Triphosphate (TniLink
Biotechnologies: N-1015-1); Adenosine-5'-0-{1-Thiotriphosphate} (TriLink Biotechnologies: N-
8003-1}); dATP solution (NEB: N04408S); 2'-Amino-2'-deoxyadenosine-5'-Triphosphate (TriLink
Biotechnologies: N-1046-1).

[4941 For modified E-PAP-tailing seen in ¥F1G., 10 {(methods comparison}, E-PAP tailing
was performed using the hMGFP-encoding mRINA containing a template-encoded 60A tail (in
contrast to FiG. 15} Adenosine-5'-O-(1-thiotriphosphate} {S-ATP) was used for co-
transcriptional or modified polv{A) tailing experiments. Qualitative differences were observed 1o
S-ATP mcorporation when stock tubes that had been opened previously were used, potentially
due to oxidation. For this reason, new tubes were used prior to every tading experiment, to it
the effects of possible oxidation as a confounding factor i these experiments. EPAP tatling
reactions {with S-ATP spike-ins) were otherwise set up consistently with the protocol described

above.

Modified oligo 3" end higations

(4957 Ligation reactions were performed using T4 RNA Ligase [ (Promega: MI0OS1)
Reactions were assembled as follows: 2 ug of GFP mRNA; 200 pmol of the synthetic oligo; 2 pl
of Superase-In RNase Inhibitor; 20 i of 50% PEG-8000; 5 1l of 100% DMSO; 5 ul of 10X T4
RINA ligase buffer; 5-7.5 ul of T4 RNA ligase (Promega), and nuclease-free water 1o a total
reaction volume of 50 ul. Reactions were incubated at 37°C for 30 munutes, followed by
mactivation of the reaction via the addition of T ul of 500 mM EDTA, pH 8.0, Reactions were
diluted by the addition of 1 volume of nuclease-free water {e.g., 50 ul}, followed by the addition
of 0.5 volumes of AMPure XP {(Beckman Coulter: A63880} containing 1 pl Superase-In{eg., 25
ul). Reactions were purified according to the manufacturer’s protocol, and mRNA was eluted
from AMPure beads using nuclease-free water containing Superase-In at a 1:50 (v/v} ratio.
mRNA samples that appeared to contain residual oligo on a gel were purified a second time
using AMPure X¥ beads.

[496] For ligations that were incomplete according to the RNase H gel-based assay, ligations were
performed using a modified condition, in which DMSO was omuitted from the reaction. This
generally resulted in more efficient higation. For ligation-prepared samples shown in FEGs. 8 to
11, the modified protocol was used for ligations, as this was generally more efficient. For Firefly
fuciferase and Firefly-PEST mRNA ligations, these were purified using 2 x seral Ampure XP

bead clean-ups, using a 1:1 bead volume to mRNA volume. For example, a 50 ul higation
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reaction was cleanad up using 50 ul of Ampure XP beads. Following elution of the product

mRNA, a second clean-up was performed using an equal volume of beads to the eluted mRNA

product.

KNase H assays

4973 A potassium chloride (KCH stock solution was used for annealing an ssDNA oligo to

mRNA prior to RNase H assays. The annealing stock solution contamed: 50 mM KCI,) 2.5 mM

EDTA, 1:200 (v/v} Superase-In RNase mhibutor, brought to s final volume using nuclease free

water. The ssDINA probe (RNaseH probe GFP) was ordered from Integrated DNA

Technologies (IDT). Sequences are listed in Table 5.

Table 5: Ohigonucleotides used for cloning, RT-gPCR, RNase H assays, and STARmap

characterization.

Primer name

Sequence {5 10 37)

Cloning

Esp3i msert ¥

AGAGACGTTCGCGGCCGCGGCGCC (SEQ ID NO: 36)

Esp3t insert R

TTAAAAAACCTCCCACACCTCCOCCTGAACCTGAAAC
(SEGQ ID NO: 37)

60A mmsert F

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AGAGACGTTCGCGGCCGUGGUGCC (SEQ ID NO: 38)

60A msert R

TTITTTTITITTTITTITITTTITTITITITTITTICCTCCCACAL
CTCCCCCTGAACCTGAAAL (SEQ ID Nk 39}

RNase H assay

RMNaseH probe GFP

GCATCACAAATTTCACAAATAAAGCATTTTTTTCAC
(SEQ ID NO: 18)

RY-gPCR guantification

hMGFP gPCR_F

TGACATTCTCACCACCGTGT (SEQ 12 NO: 40)
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WMGFP gPCR R

AGTCGTCCACACCUTTCATC (SEQ 1D NG: 41)

mCherry gPCR F

TTCTTGGCCATGTAGGTGGTC (SEQ ID NG 42)

mCherry_ gPCR_R

AGGACGGCGAGTTCATCTAC (SEQ D NO: 43)

hActb gPCR F

CACCATTGGCAATGAGCGGTTC (SEQ 1D NO: 44)

hActb gPCR R

AGGTCTTTGCGGATGTCCACGT (SEQ 1D NO: 45)

Origene IFNBI gPCR F

CTTGGATTCCTACAAAGAAGCAGC (SEG ID NO»: 46}

Origene IFNB1 gPCR R

TCCTCCTTCTGGAACTGCTGCA (SEQ 1D NG 47)

STARmap: SNAIL probes

mCherry-01 /SPhos/ ACATTATTGGTGCCGUGCAGCTTCACCTAATTAT
TACTGAGGCATACACTAAAGATA (SEQ ID NG: 19)

mCherry-02 /5Phos/ ACATTACTTICTTGGCCTTGTAGGTGGTAATTATT
ACTGAGGCATACACTAAAGATA (SEQ ID NO: 20)

m{herry-03 /SPhos/ ACATTACACGGTCACCACGCCGUUGTAATTATTA

CTGAGGCATACACTAAAGATA (SEQ ID NO: 21)

mCherry-11

ACGOGOGGUOGTCGGAGGGGAATAATGTTATCTIT (SEGQG ID
Ny 22

mCherry-12 GGUGCCGGGCAGCTGCACGGTAATGTTATCTT (SEQ 1D
NO: 23)

mCherry-13 GTCCTGCAGGGAGGAGTCCTGGTAATGTTATCTT (SEQ
ID NO: 24)

BMGHFP-01 /5Phos/ACATTAAGTCGCAGCGGTAGTGGCCAATTATTAC
TGAAATCGTAGACTAAGATA (SEQ ID NO: 25)

BMGFP-02 /5Phos/ ACATTACATTAGCAGGGAAGTTGACCCCGTAATT

ATTACTGAAATCGTAGACTAAGATA (SEQ ID NO: 26)
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hMGEFP-03 /SPhos/ ACATTAGCTTCGGUGTGCTCGTACAGCTAATTAT
TACTGAAATCGTAGACTAAGATA (SEQ ID NO: 27}

hMGFP-11 COCTCCCTCCAAGAGCAGTGCCATTAATGTTATCTT (SEQ
ID NO: 28)

BMGFP-12 TGCGCTGCATCACCGGGCTAATGTTATOTT (SEQ ID NO:
29)

RMGFP-13 COTGGCGGGGTAGTCCGCTGTGTAATGTTATCTT (SEQ
ID NO: 30)

STARmap: fluorescent detection probes

m{herry detect Alexat47 /SAlexabdTN/CATACACTAAAGATAACAT (SEQ ID NG 31

hMGEP detect AlexaS46 /SAlexS46N/TCGTAGACTAAGATAACAT (SEQ 1D NG: 32)

{408} The following reaction was prepared to anneal mRNA to the aforementioned ssDNA
probe; 200 ng of purified mRNA sample (ligated or unligated}; 2 pmol of RNaseH probe GFP,;
2 ul of annealing stock solation (50 mM KCL 2.5 mM EDTA, 1:200 Seperase-In}, and nuclease-
free water up 1o a total volume of 10 yl. Reactions were denatured at 70°C for 5 munutes,
followed by cooling to room temperature at a rate of 0.2°C/sec in a benchtop thermocycler.
Following probe annealing, 1 ul of Thermostable RNase H (NEB: M05235) and 1 pl of the 10X
butfer were added to each reaction, which was mcubated at 50°C for 30 min. Following reaction
mcubation, samples were digested by the addition of 1 pl Proteinase K {ThermoFisher Scientific:
25330049) and incubated at room temperature for S minutes. Subsequently, samples were mixed
with 1 volume of Gel Loading Buffer 1 (ThermoFisher Scientific: AMSB346G), which had been
supplemented with EDTA to a final concentration of 50 mM. Samples in 1 X loading buffer were
denatured at 70°C for 3-S5 minutes prior to loading and resolution on 6% Novex™ TBE-Urea
Gels {ThermoFisher Scientific: EC68635B0X), run 1o I1x Tris-borate-EDTA (TBE) butter.
Ladder used for gels was Century-Plus RNA Markers {ThermoFisher Scientific: AM7145). Al
gels were stained 1n Ix SYBR Gold (ThermoFisher Scientific: 811494) m 1x TBE buffer for -
1S munutes prior to visualization using the BioRad ChemiDoc MP Imaging System (12003154)
or the MP Imager (Universal Hood I}, and wmages were exported using the corresponding

Image Lab software.
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Mammalian cell culture and mRNA transfection

(4991 Hela cells (CCL-2, ATCC) are maintained in DMEM culture media {ThermoFisher
11995} contaming 10% FBS 1n a 37°C mcubator with 5% CO2 and passaged at the ratio of 1:8
every three days. The cell culture was confirmed to be free of mycoplasma contamination
regularly with Hoechst staining and microscopy imaging.

[500] On the day before mRNA transfection, the cells were seeded at 75% confluence in
individual wells on a 12-well plate. The day after, 300 ng mCherry (internal control) mRNA and
300 ng GFP mRNA with synthetic tails or other modifications {concentrations determined by
Qubit) were transfected into each well usimg 3 ul. Lipofectanune™ MessengerMAXTM
Transfection Reagent {ThermoFisher, LMRNAQO3) Additional controls that contam only
mCherry oRNA, or only transfection reagents, or non-transfected cells are included. Aftera 6 hr
incubation, the hipofectamune/mRNA transfection nuxture was removed, and cells were rinsed
once with DPBS and trypsinized to reseed into three glass-bottom 24-well plates (MatTek,
P24G-1.5-13-F, poly-D-lysine coated) at a ratio of 6:4:3, respectively, for fluorescent protemn
quantification at 24 hours, 48 hours, and 72 hours after transfection.

(5011 Freshly dissociated rat primary cortical neurons were kindly provided by Sheng Lab
at the Broad Institute. Briefly, rat cortical neuronal cultures were prepared from embryonic day
18 (E18) embryos from COs-euthanized pregnant Sprague Dawley rats {Charles River
Laboratories). Embryo cortices were dissected in ice-cold Hank’s Balanced Sait Solution (HBSS,
(nbeo, 14175-095) supplemented with 100 U/mL Penicillin/Streptomycin (Gibeo, 15140-122),
Cortical tissues were washed 3x with 4°C PBS (Sigma, 8537}, digested in 0.25% Trypsin-
EDTA {(Gibco, 25200-056) for 20 mun at 37°C, and then washed again 3x with room temperature
PBS. Cortical tissue was gently dissociated in 37°C NBActiv4d media (Branbits, NB4-500) and
centrifuged at 300xg for 5 min. The pellet was resuspended in fresh NBActiv4 and passed
through a 70 um filter (Corning, 352350).

1502} Neurons were seeded at a density of 1x10°/cm’® on poly-D-lysine coated (Sigma, A-
003-E, 50 ug/mL for at least one hour at room temperature followed by three rinses with sterile
distilled H2O and air dried) 24-well glass-bottom plates (MatTek, P24G-1.5-13-F} m 0.5 mL
NbActiv4 media with half of the media changed every four days. On SDIV, neurons in 24-well
plates were transfected with 250 ng mCherry (internal control) mRNA and 250 ng GFP mRNA
with synthetic tails {concentrations deterrained by Qubit) mixed with 1.5 pl. Lipofectamine™

MessengerMAXT™ Transfection Reagent {TherrooFisher, LMRNAGO3). The neurons were
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incubated with the transfection mixture for 2 hours before changing back to the normal culture
media (half old, half fresh). Procedures for rat newronal culture were reviewed and approved for
use by the Broad Institutional Animal Care and Use Commuittee. All procedures involving
animals were in accordance with the US National Institutes of Health Guide for the Care and Use

of Laboratory Animals.

Confocal imaging and quantification of fluorescent proteins

[S03] Before fluorescent protein imaging, the culture media was removed and the cells were
rinsed with DPBS once before being meubated 1n the nuclei staiing media (FluoroBrite™
DMEM [ThermoFisher, A18967017 with 1:2000 dilution of Hoechst 33342 [ ThermoFsher,
6224591y at 37°C for 10 nuns.

15047 For Hela cells, confocal images of the nucles (Hoechst), GIFP, and mCherry were
taken by Leica Stellaris 8 with a 10X air objective at the pixel size of 900 nm x 900 nm. Four
representative fields of view were taken for each well, one from each quadrant. For neurons,
confocal image stacks of the nucles (Hoechst), GFP, and mCherry are taken by Leica Stellars 8
with a 25X water mmersion objective at the pixel size of 450 nm*450 nm, and step size of 1 um
for 9 steps. Six representative fields of view are taken for each well (FIG. 11). For toxicity
measurements in nearons, NucRed Dead 647 (Invitrogen: R37113) was added to the Fluorobrite
staiming media prior to imaging and used the corresponding channel to obtain images for the
nuclet of dead cells. The same imaging setting was used for ali the samples to be compared.
Excitation/detection wavelengths are as the following: Hoechst: Diode 405 nm/~[430-480 nm;
GEFP: WLL 489 nm/~{500-576]nm; mCherry: WLL 587 nm/~{602-676nm. CellProfiler 4.0.744
was used to calculate the number of objects 1n the Hoechst {e. g, total number of nuclet} versus
NucRed Dead channel {e.g., dead nuclet}, to yield fraction dead neurons in each field of view.

505} For bulk analyses in cultured neurons (FI1G. 8A), first, the mCherry intensity and
GFP mtensity in each image were measured. The average fluorescence signals in the mCherry
channel and GFP channel in the “Transfection only” samples were considered as background
signals. Backeround signals were subtracted from each figure. Finally, the ratio between GFP
mtensity and mCherry intensity in each image was calculated. And outliers within each sample,
determined by GraphPad Prism 9, were removed. The means of the ratios between GFP mtensity
and mCherry intensity in all the “Untreated mRNA” samples were calculated and normalized to

1
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[S06] Analyses were performed on the maximum projection image of the raw image stacks.
CeliProfiler 4.0.7 15 used for single-cell protein quantification (FIG. 13A). For single-celi
analyses in Hela cells, first, Hoechst-stained nuclet were identified as primary objects. Then, the
Hoechst channel, mCherry channel, and GFP channel were merged and subsequently converted
to a grayscale image. Cells were wdentified as secondary objects on this grayscale image.
Following cell segmentation, mCherry intensity and GFP intensity in each cell were measured.
Finally, the ratio between GFP mntensity and mCherry intensity in each cell was calculated. To
remove batch effects, the average ratios between GFP intensity and mCherry intensity in all the
“mock higation” samples in different batches were calculated and normalized to 1. The
assumption was that the average ratios between GFP intensity and mCherry intensity n all the
“mock higation” saraples are the same. Cells that contained sumular intensities to those of countrol
sarnples (transfection reagents only or untranstected cells) were considered unsuccessfully

transfected and thus excluded from this analysis.

Furefly luciferase degron characterization

(5073 Hela cells were transfected with Firefly-60A or Firefly-degron-60A mRNAs, using
the aforementioned protocol for GFP mRNA transfection. For luciferase decay measurements,
cells were grown for 24 hours, then transferred to media containing 100 ug/mL cyclohexumide
{CHX) to halt translation. At various timepoints following CHX addition, cells were lysed and
luciferase activity was measured using the Promega Dual-Glo Luciferase Assay System
{Promega: E2920}. For luciferase-degron mocRNA time course, mocRNAs were generated as
previously described. 250 ng of Firetly-PEST mocRNAs were co-transfected into Hela celisina
24 well-plate along with 250 ng of Remilla luciferase mRNA (E-PAP-tailed) as an internal
control. Six hours after transfection, cells were reseeded into 4 separate opague white plates for
lysis at varying tinepoints, as specified.

[508] For in vitro translation experiments, 100 ng of each Firefly-PEST mocRNA was
mixed with 200 ng of Renilla mRNA (E-PAP-tailed) to serve as an internal control. These were
denatured at 65°C for 5 min, placed on ice, and added to serve as templates for a 50 ul rabbit
reticulocyte lysate reaction {Promega: L4960}, assembled and incubated according to the
manufacturer’s protocol. Followig a 1.5 hr incubation, 2 pl of each reaction was dduted 1n 20 ul
IXPBS and measured using the Promega Dual-Glo assay. Three technical replicates were taken

for each of three biological replicates for each condition tested.
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RNA isolation and ¢cEPNA preparation

5091 Hela cells were seeded to ~75% confluency on 12-well plastic plates and transfected
with mRNA using the protocol described earlier. For the preparation of positive controls, etther
200 ng polv(1:C), 500 ng poly(L.C) {(InviveGen: titk-piow), or S00 ng unmodified GFP mRNA
{containing 100% replacement of N1-methylpseudouridine with uriding, and was E-PAP poly(A)
tailed using 100% rATP) was transfected into cells using 3 ul Lipofectamine MessengerMax
{Thermo Fisher Scientific). Following transfection and cell reseeding, cells were collected at 48
hours post-transfection, media was removed, and 350 ul Trizol was pipetied into each well for
RNA storage at -80°C. Unmodified GFP mRNA was prepared from the pCS2 hMGFP teroplate,
which did vot contain a 60A terplate~-encoded tad. Unmodified GFP mRNA contained 100%
UTP instead of Ni-methyipseudouridine, and it was poly{A) tatled using E-PAP tailing.

[S10] Total RNA was extracted from Trizol-stored samples using Direct-zol RNA Miniprep
Kit (Zymo Researchy R2051) according to the manufacturer’s protocol. The optional DNase
digestion was performed, also according to the manufacturer’s protocol. Isolated RNA was then
concentrated using RNA Clean & Concentrator-5 (£ymo Research: R1013} and eluted in
nuclease-free water contaiming 1100 Superase-In. RNA was then quantified using a Nanodrop
prior to storage at -80°C.

[Sii} Reverse transcription of total RNA was performed using SuperScript IV Reverse
Transcriptase (ThermoFisher Scientific: 18090200). 500 ng of total RNA was mixed with 1 yl of
Random Primer Mix (NEB: §13308) and brought up to a total volume of 13 pl. This mixture was
heated at 65°C for 5 mun, then immediately placed on ice during the next step of reaction
assembly. The following reagents and volumes were then added to the 13 pl annealed mixture: 4
ul of SX SSIV reaction buffer; 1 1l (0.5 mM final} of 10 mM dNTP mix {ThermoFisher
Scientific: 18427013, 1 yl of 100 mM DTT, 0.5 ul of Superase RNase-In; and 1 ul of
SuperScript IV RT enzyme (200 U/ud).

(5123 Reactions were mixed, then incubated at 23°C for 10 min,, followed by incubation at
S0°C for 10 min , and terminated by mcubation at 80°C for 10 min. A portion of select cDNA
reactions were saved 1o be used as standards for the calibration/dilution curve. However, for all
samples to be quantified by RT-gPCR, 5x dilutions from these ¢DNA reactions were prepared by

the addition of nuclease free water and stored at ~-80°C prior to use.

RT-gPCR
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[$131 RT-qPCR was performed in clear LightCycler 384-well plates (Roche:
04729749001 ), using Power SYBR Green PCR Master Mix {ThermoFisher Scientific: 4367659}
Each reaction contained 1 pl of ¢cDNA template {previously diluted 5x}; 500 nM each (final
concentration) of the forward and reverse primers {see Table 5 for sequences); and 10 ul of 2x
Power SYBR Green Master Mix. Reaction total volumes were brought up to 20 ul total prior to
processing on a Bio-Rad CFX384 Touch Real-Time PCR Detection System. Cycling settings
used for hMGFP, mCherry, and hActh were: 93°C for 10 min. (x1}; 95°C for 10 sec., 60°C for 30
sec., [Plate Read] (x40), followed by melt curve analysis {63.0°C to 95.0°C, merement 0.5°C +
[Plate Read]). For IFNB1 gPCR, cveling settings used were: 95°C for 10 mmn. {x1}; 95°C for 10
sec., 57°C for 15 sec, 60°C for 30 sec., [Plate Read] (x40}, followed by melt curve analysis
{65.0°C to 95.0°C, mcrement 0.5°C + [Plate Read]).

[S14] Relative mRNA quantities were calculated using the relative quantification method,
which requires a standard curve. “Positive control” samples were selected as standards and a 2-
fold dilution sertes was performed to produce standard curves from which to calculate reaction
efficiencies (E) for each measured gene {using hnear fitting on a log-log scale). For GFP &
mherry quantification, a ¢cBNA stock solution was selected corresponding to one of the
biological rephceates of unligated GFP-60 mRNA + mCherry transfections as the standard. For
IFNBI quantification, one of the biclogical replicates for the SO0 ng poly(LC) transfection
condition was used as the standard. For hActb guantification, cDNA from one of the
“transfection conditions only” samples was used as the standard. To ensure all cDNA
measurements of unknown samples would be within range of linearity determined by the
standard curves, all cBNA stocks were diluted 5x (as mentioned previously) prior to being
measured by RT-gPCR.

[S157 Following linear fitting of the standard curves (3x technical replicates for each
dilution), PCR reaction efficiencies were calculated {(GFP: 2.05; mCherry: 2.24; IFNB1: 2.11;
hActh: 2.09). 3 technical replicates were performed for each ¢DNA sample to be tested, and
technical replicate Cq values were averaged to obtain a value corresponding to each biological
replicate. To perform normalization to a specific sample {e.g., “mock ligation”}, the biological
rephicates’ Cg values for normalization standard were averaged to give a “standard Cq”. Then,
each test sample’s Cg values were subtracted from this “standard Cq” to give a dCqg value.
Reaction efficiencies (E) were raised to the power of these dCq values to give individual “fold
changes” for each biological test sample. To normalize GFP by both mCherry & hActh, the

geometric mean was taken of mCherry & hActb “fold changes” that were calculated previously.
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The GFP “fold changes” were then divided by these normalization factors to produce the final
values used for quantification of GFP (FIG, 8C, Table 7). For the normalization of IFNBI1,
hActb values for each sample were used directly (without the geometric mean calculation)
{Table 7). Datapoints shown mn each graph correspond to the averages of three technical
replicates performed for every biologically replicate. Negative controls (e g, N.T.C. and
transfection only) for specific conditions were omitted from calculations, when they did not

produce a {q value.

mRNA quantification in transfected cell culture using STARmap

[S16] mCherry and GFP mRNA quantities were measured in transfected cells using
STARmap®®, an imaging-based method that reads out individual mRNA molecules as a barcoded
DNA colony. The STARmap procedure for cell cultures was followed as published™®. Briefly,
following fluorescent protein imaging, the cells were fixed with 1.6%PFA PFA (Electron
Microscope Sciences, 153710-83 / 1XPBS (Gibeo, 10010-023) at room temperature for 10 mun
before further fixation and permeabilization with pre~chilled methanol at -20°C (up to one week)
before the next step. Subsequently, the methanol was removed, and the cells were rehydrated
with PBSTR/Glycine/YIRNA {(PBS with 0.1%Tween-20 [TEKNOVA INC, 100216-360],
0.5%SUPERaseln [InvitrogenTM, AM2696}, 100 mM Glycine, 1% Yeast tRNA) at room
temperature for 15 min followed by PBSTR wash once. The samples were then hvbridized with
SNAIL probes targeting mCherry and GFP mRNA sequences in the hybridization buffer
{ZXS8SC [Sigma-Aldrich, $6639], 10% Formamide [Calbiochem, 655206}, 1% Tween-20, 20
mM RVC [Ribonucleoside vanadyl complex, New England Biolabs, 514028}, 0.5%

SUPERaseln, 1% Yeast tRNA, 100 nM each probe) at 40°C overnight (see Table 5 for “SNAIL

s

probe” sequences). The cells were then washed with PBSTR twice at 37°C{

and High salt wash buffer (PBSTR with 4X88C) once at 37°C before rinsing once with PBSTR

20 min each wash}

at room temperature. Ligation reaction was performed for 2 hr at room temperature to circularize
padlock probes that were adjacent to a primer. After two washes with PBSTR, rolling circle
amplification was initiated from the primer using Phi29 (ThermoFisher, EP00%4) at 30°C for 2
hr with amino-dUTP (InvitrogenTM, AMB439) spiked in. After two more washes with PBSTR,
the DNA amplicons were modified to be polymerizable by 20 mM MA-NHS (Sigma-Aldrich,
730300-1G) i PBST buffer at room temperature for 2 hr. The samples were then converted into
a hydrogel-cell hybrid before Proteinase K (TnvitrogenTM, 25530049) clearing of fluorescent

proteins at room temperature overnight. The samples were washed three times with PBST before
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being stamned with fluorescent detection oligo in the wash and imaging buffer (2X8SC, 10%
formamide} at 37°C for 1 hr {see Table 5 for “flucrescent detection probe” sequences). Finally,
the samples were washed three times with the wash and imaging buffer at room teraperature and
stained with DAPI before imaging in the wash and imaging buffer. Confocal imaging stacks
were taken by Leica Stellaris 8 or $P8 with a 40X oil objective at the pixel size of 283 nm™283
nm. A 14-pm stack is imaged with 1 pov/step * 15 steps. Four representative fields of view are
taken for each well, one from each quadrant. The same unaging setting was used for all the
saroples to be compared. Excitation/detection wavelengths are as the following: DAPEL Diode
403 nn/~[420-489nm; AlexaS46; WLL 557 nm/~{$569-6121nm; Alexa647. WILL 653 nm/~{668-
T381nm.

77 MATLAB 2021a and CellProfiler 4.0.7 were used for the amplicon count-based
STARmap fluorescence image analysis (FIG. 8C). First, the centroids of amplicons in each
fluorescent channel {GFP, mCherry) were identified by finding extended maxima on images.
Then a 3%3%3 voxel volume centering the centroid of each fluorescent dot was defined. Within
each voxel volume, the integrated intensities in the mCherry and GFP channels were calculated,
and the ratio between mCherry ntensity and GFP intensity was used for amplicon classification.
After these measurements had been performed on all the 1mages 1 a batch, all the measurements
were pooled together, and the distribution of log{mCherry/GFP} values were plotted. The
corresponding ratio values at the nadirs (local minimum) on the distribution plot were identified
as cutoff values. The first cutoff value less than O was noted as cufofff, and the first cutoff value
greater than 0 was noted as cufoff2. Any amplicon with a log{mCherryv/GFP) value smaller than
cutoffl were identified as a GFP amplicon. Any amplicon with a log(mCherry/GFP) value larger
than cutoff? were identified as a mCherry amplicon. Any amplicon with a log{mCherry/GFP)
value between curoff! and cutoff2 were identified as a granule. Amplicon classification
mformation, as well as the location of every amplicon, was saved in a file. In bulk STARmap
quantification, in each figure, the ratio between the number of GFP amplicons and the number of
mCherry amplicons were calculated and used to reflect the amount of GFP mRNAs. In single-
cell STARmap quantification, cell segmentation was performed using the same method as cell
segmentation in single-cell protein quantification, and the segmentation masks were saved as
uintl6 images. Amplicons were the assigned to cells according to where they were located on the
masks. The ratio between the number of GFP amplicons and the number of mCherry aroplicons

in each cell was calculated and used to reflect the amount of GFP mRNAs in a single cell. Cells
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with no GFP amplicons or no mCherry amplicons were considered unsuccessfully transfected

and thus excluded from these analyses.
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Example 6: Chenucally modified mocRNAs provide efficient protein expression i vivo,

1562} Messenger-oligonucieotide conjugated RNA (mocRNA), which are therapeutic
mRNA ligated to chenucally modified oligonuclectides, are described. The therapeutic mRNA
contains {from 5’ to 3"} (1) an mRNA cap analog (NEB: 81411}); (2) a &' untranslated region
{UTR); (3) protein-coding region (luciferase reporter); (4) 3" UTR; and (5) poly(A) tail (20 to
200 nt). The mRNA contains a 100% substitution of uridine with Nl-moethylpseudouridine
{Trilnk Biotechuologies: N1081}) to increase expression.

[S63] mocRNA are synthesized by ligating chemically-synthesized oligonucleotides (Table
9) to the 3" end of therapeutic mRNA. Oligonucleotides contaiming nuclease-resistant groups
protect the poly{A) tail from deadenylation and increase expression at longer timepoints in Hela
cell culture (FIG. 17). Furthermore, mocRNA mnjection mto mice increases expression of a
fuciferase reporter compared to an untreated mRNA (FIGs, 184-18C).

5641 These oligonucleotides may sumilarly be ligated to the 3" end of a non-protein coding RNA,

i order to enhance the stability of such RNAs 1 cells.

Table 4: Additional sequences of oligonucleotides used for mocRNA syntheses.

Modified Sequence (IDT format)
oligonucleotide

sequonce name

29 A _ddC /SPhos/tATATA tATArA rATArA rArArA tArArA rATArA rATArA
rArATA tArArA rArA/3ddC/ (SEQ ID NO: 6)

oxSr{AG) nvdT /SPhos/TATArA rATATA tArATA rArArA rArArA rArATA TATATA
FATATA™ rAFTA*rGF rGFrG¥/3InvdT/ (SEQ 1D NO: 14)

6x8r{AGY ddC /SPhos/tATATA tATArA rATArA rArAtA TArArA vArArA rArArA
rArATA® t AR ARG 1 G rGH3ddC/ (SEQ TD NG 48)
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26rA G4 telo DNA | /SPhos/rArArA rArATA rATArA rArArA rArATA rArATA rArArA
x5y rATArA rArAT AGG GTT AGG GTT AGG GTHT* A*GHG*
G*/3Invd T/ (SEQ ID NGO: 35}

6xAG LNA 1nvdT /SPhos/tATATA tArATA rArArA rArArA rArArA rArATA rArArA
fATA+TA +A+TAFG AGHG3InvdT/ (SEQ 1D NG: 49)

6xLNA AG ddC /5Phos/TATATA rATATA rATATA rArATA rATArA rArArA rArArA
tArA+A +A+AHG +GHG/3ddC (SEQ 1D NO: 50)

oxAG 20Me PS /5Phos/tATATA rArATA rArArA rArArA rATArA rArAmA mAmMmAmA
nvdT MAMAMA* mA*mA*mG* mG*mG*/3InvdT/ (SEQ ID NO: 51)

6xZMOE PS5 AG ddC | /5Phos/tArArA rArArA rArArA rArAtA rArArA tArArA rATArA

rArA/2ZMOErA/* /IZMOErA/*1ZMOErA/* 1ZMOEr(G/*
MZMOErGH1IZMOEsG/*/3ddC/ (SEQ 1D NO: 52

RNA bases: 1N ; RNA phosphorothicate bases: t1N* ;| DNA phosphorothioate bases: N* | 2°-0-
methyl phosphorothisate bases: mIN®; locked nucleic acid [LNA] bases: +N; Interpal 2'-O-methoxy-
ethyl RNA bases: /iZMOFErN/ | §' Phosphate modification: /5Phos/ ; 2'-3'-dideoxycvtiding {dd(C]

modification: /3dd{/ ; Inverted-2'-deoxythymidine {InvdT} modification: B3invdT/.

EQGUIVALENTS AND SCOPE

[5651 Those skilled in the art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to the specific embodiments of the nvention
described heretn. The scope of the present invention is not intended to be limited to the above
description, but rather is as set forth in the appended claims.

[566] In the claims, articles such as “a,” “an,” and “the” may mean one or more than one
unless indicated to the contrary or otherwise evident from the context. Claims or descriptions
that include “or” between one or more members of a group are considered satisfied if one, more
than one, or all of the group members are present 10, employed 1, or otherwise relevantto a
given product or process unless ndicated to the contrary or otherwise evident from the context.
The vention includes embodiments in which exactly one member of the group 1s present in,

employed in, or otherwise relevant to a given product or process. The invention also mncludes
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embodiments in which more than one, or all of the group members are present n, emploved in,
or otherwise relevant to a given product or process.

(5671 Furthermore, 1t 1s to be understoad that the invention encompasses all variations,
combinations, and permutations in which one or more limitations, elements, clauses, descriptive
terms, etc., from one or more of the claims or from relevant portions of the description s
mtroduced into another claim. For example, any claim that is dependent on another claim can be
modified to include one or more himitations found n any other claim that is dependent on the
same base clain. Furthermore, where the claims recite a composition, it s to be understood that
methods of using the composition for any of the purposes disclosed herein are cluded, and
methods of making the composition according to any of the methods of making disclosed herein
or other methods known in the art are included, unless otherwise indicated or unless it would be
evident to one of ordinary skill in the art that a contradiction or inconsistency would arise.

[568] Where elements are presented as Iists, e.g., in Markush group format, it 1s to be
understood that each subgroup of the elements 15 also disclosed, and any element{(s} can be
removed from the group. It 15 also noted that the term “compnising” 15 intended to be open and
permits the mclusion of additional elements or steps. It should be understood that, 1n general,
where the mvention, or aspects of the invention, is/are referred to as comprising particular
elements, features, steps, etc., certam embodiments of the mvention or aspects of the invention
consist, or consist essentially of, such elements, features, steps, etc. For purposes of simplicity
those embodiments have not been specifically set forth in saec verba herein. Thus for each
embodiment of the invention that comprises one or more elemenis, features, steps, etc, the
invention also provides embodiments that consist or consist essentially of those elements,
features, steps, etc.

(5691 Where ranges are given, endpoints are included. Furthermore, 1 1S 10 be understood
that unless otherwise indicated or otherwise evident from the context and/or the understanding of
one of ordinary skill in the art, values that are expressed as ranges can assume any specific value
within the stated ranges in different embodiments of the invention, to the tenth of the unit of the
iower limit of the range, unless the context clearly dictates otherwise 1t 1s also to be understood
that unless otherwise indicated or otherwise evident from the context and/or the understanding of
one of ordinary skill in the art, values expressed as ranges can assure any subrange within the
given range, wherein the endpoints of the subrange are expressed to the same degree of accuracy

as the tenth of the unit of the lower hinut of the range.
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[S70] Inaddition, it 18 to be understood that any particular embodiment of the present invention
may be explicitly excluded from any one or more of the claims. Where ranges are given, any
value within the range may explicitly be excluded from any one or more of the claims. Any
embodiment, element, feature, application, or aspect of the compositions and/or methods of the
mvention, can be excluded from any one or more claims. For purposes of brevity, all of the
embodiments in which one or more elements, features, purposes, or aspects is excluded are not

set forth explicitly herein.
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CLAIMS

What ts claimed 1s:

1. A modified mRNA comprising:

(1} an open reading frame {ORF) encoding a protein; and

(it} a poly-A region,

wherein the poly-A region 1s 3’ to the open reading frame and comprises 10 or more
nucleotides, wherein 1% 1o 90% of the nucleotides of the poly-A region are modified nucleotides,

and wherein 3 or more of the 10 last nucleotides of the polv-A region are modified nucleotides.

2

The modified mBRNA of claim |, wheremn the poly-A region s 3’ to the open reading frame
and comprises 25 or more adenosine nucleotides, wherein 1% to 90% of the nucleotides of the poly-
A region are modified nucleotides, and wherein 3 or more of the 25 last nucleotides of the poly-A
region are modified nucleotides.

3. The modified mRNA of claim 1 or claim 2, wherein 4 or more of the 25 lasi nucleotides of

the poly-A region are modified nucleotides.

4, The modified mRNA of any one of claims 1-3, wherein 2 or more consecutive nucleotides of

the 25 last nucleotides of the poly-A region are linked by a modified internucleotide linkage.

5. The modified mRNA of any one of claims 1-4, wherein 3 or more consecutive nucleotides of
the 25 last nucleotides of the poly-A region are modified nucleotides independently selected from a

deoxyribonucleotide, a 2'-modified mucleotide, and a phosphorothicate-linked nuclestide.

6. The modified mRNA of any one of claims 1-5, wherein the 3 or more modified nuclectides

are consecutive nucleotides located at the 3’ termunus of the poly-A region.
7. The modified mRNA of any one of claims 1-0, wherein 6 or more consecutive nucleotides of

the 25 last nucleotides of the poly-A region comprise the same type of nucleotide or internucleoside

modification.
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8. The modified mRNA of any one of claims 1-7, wherein at least 2%, at least 3%, at least 4%,
at least 5%, at least %, at least 7%, at least 8%, at least 9%, at least 10%, at least 129, at least 14%,
at least 16%, at least 18%, at least 20%, at least 25%, at least 30%, at least 35%;, at least 40%, at

least 453%, or at least 50% of the nucleotides of the poly-A region are modified nucleotides.

9, The modified mRNA of any one of claims 1-§, wherein atleast 4, 5,6, 7, 8, 9, 10, 15, 20, or

25 of the 25 last nucleotides of the poly-A region are modified nucleotides.

10, The modified mRNA of any one of claims 1-9, wherein the modified mRNA comprises a 5
untransiated region (5 UTR} and a 3’ untransiated region (3' UTR), wherein the ORY ts between the

5 UTR and the 3’ UTR, wherein the 3' UTR 1s between the ORF and the poly-A region.

i1 The modified mBRNA of any one of claims 1-10, wherein the modified mRNA 15 a circular

mRINA, wherein the poly-A region 1s between the 3’ UTR and the 3 UTR.

12, A modified mRNA comprising:

{1} an open reading frame (ORF) encoding a protein;

(11} a poly-A region;

{11} one or more copies of a structural sequence comprising at least two nucleotides that are
capable of forming a secondary structure,
wherein the poly-A region s 3 to the open reading frame and comprises 10 or more nucleotides,
wherein the one or more copies of the structural sequence are 3' io the poly-A region, and wherein
the modified mRNA comprises a secondary structure, wherein the secondary structure comprises

one or more copies of the structural sequence.

13. The modified mRNA of claim 12, wherein the poly-A region comprises 25 or more

adenosine nucleotides.
14 The modified mRNA of claim 12 or claim 13, wherein the modified mRNA comprises a 5

untranslated region (8" UTR) and a 3’ untranslated region (3' UTR), wherein the ORF 13 between the
S"UTR and the 3" UTR, wherein the 3" UTR 1s between the ORF and the poly-A region.
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15, The modified mRNA of claim 14, wherein the modified mRNA is a circular mRNA, wherein

the one or more copies of the structural sequence are between the poly-A region and the 5 UTR.

10, The modified mRNA of any one of claims 1215, wherein the structural sequence 1s a G-

quadruplex sequence.

17 The modified mRNA of claim 16, wherein the G-quadruplex i1s an RNA G-quadruplex

sequence.

18 The modified mRNA of claim 17, wherein the RNA G-quadruplex sequence comprises the

nucleic acid sequence of SEQ ID NG: 2.

19. The modified mRNA of claim 18, wherein the modified mRNA comprises at least 3 copies

of the nuclewe acid sequence of SEQ ID NG: 2.

20. The modified mRNA of claim 16, wherein the G-quadruplex 1s a DNA G-quadruplex
sequence.
21 The modified mRNA of claim 20, wherein the DNA G-quadruplex sequence comprises the

nucleic acid sequence of SEQ 1D NG 3.

22. The modified mRNA of claim 21, wherein the modified mRNA comprises at least 3 copies

of the mucleic acid sequence of SEQ 1D NG: 3.

5

23 The modified mRNA of any one of claims 12-15, wherein the structural sequence 1s a

telomeric repeat sequence.

24, The modified mRNA of claim 23, wherein the telomeric repeat sequence comprises the

nucleic acid sequence of SEQ 1D NQ: 4.

25, The modified mRNA of claim 24, wherein the modified mRNA comprises at least 3 copies

of the nucleic acid sequence of SEQ 1D NO: 4.
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26. The modified mRNA of any one of claims 12-15, wherein the secondary stracture of the

mRNA is an aptamer that 1s capable of binding to a target molecule.

27. The modified mRNA of any one of claims 1226, wherein the poly-A region of the modified

mRNA comprises at least one modified nucleotide.

28, The modified mRNA of any one of claims 1-11 or 27, wherein at least one modified

nuclectide comprises a modified nucleobase.

29 The modified mRNA of claim 28, wherein the modified nucleobase is selected from the
group consisting of xanthine, allvaminouracil, allyammothyoidine, hypoxanthine, digoxigeninated
adenine, digoxigeninated cytosine, digoxigerinated guanine, digoxigeninated uracil, 6-
chloropurineriboside, No-methyladenine, methvipseudouraci], 2-thiocytosine, 2-thiouracil, 5-
methyluraci], 4-thiothymdine, 4-thiouracil, 5,6-dihydro-S-methyluracil, 3,6-dihydrouracd, S-{(3-
Indolyhpropionanude-N-allvljuracil, S-anuncallylcytosine, S-ammnoallyluraci, S-bromouraci, 5-
bromocyiosine, S-carboxycyiosine, S-carboxymethylesteruract, S-carboxyuracil, 5-fluorouracd, S-
formyleytosine, S-formyhiracil, S-hydroxycytosine, 5-hydroxymethyleytosine, 5-
hydroxymethyvluraci, S-hydroxyuraci, S-iodocytosine, S-iodouraci, S-methoxyeytosing, 5-
methoxyuracil, S-methyicytosine, S-methyluraci, S-propargylaminocytosing, S~
propargviaminouractl, S-propyayleytosine, S-propynyluract, 6-azacytosine, 6-azauracil, 6-
chloropuring, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-propargylamincadenine, 7-
deara-7-propargylaminoguanine, 8-azaadenine, S-azidoadenine, 8-chioroadenine, 8-oxoadenine, 8-
oxoguanine, araadenine, aracytosine, araguanineg, arauracil, biotin-16-7-deaza-7-
propargyiaminoguanine, biotin-16-aminoaliyicytosing, biotin-16-aminoallyluracil, cyanine 3-5-
propargylaminocytosing, cyanine 3-6-propargylaminouractl, cyanine 3-amunoallyleytosineg, cyanine
3-aminoallyhuracil, cyanine 5-6-propargylaminocytosing, cyanine 5-6-propargylaminouract, cyanine
S-amincallvicytosine, cyanine S-aminoallyluracil, cvanine 7-amincallviuracil, dabeyl-5-3-
aminoalliyluracil, desthiobiotin-16-aminoallyl-uraci, desthiobiotin-6-anmuncallylcytosine, isoguanine,
Nl-ethylpseudouracil, Ni-methoxymethylpseudouracil, Ni-methyiadenine, Nl-methvipseudouraci,
Ni-propylpseudouraci, N2-methylguanine, N4-biotin-OBEA-cytosine, N4-methylcytosine, No-
methyladenine, O6-methylguanine, pseudoisocytosineg, pseudouracil, thienocytosine, thienoguanine,
thienouracil, xanthosine, 3-deazaadenine, 2 6-diamincadenine, 2,6-daminoguanine, S-carboxamide-

uractl, S-ethynvluracil, N6-1sopentenyladenine (i6A), Z-methyl-thio-No6-isopentenyladenine
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{ms2i16A}, 2-methylthio-N6-methyladenine (msZmoA), N6-(cis-hydroxyisopentenyljadenine (100A},
2-methylthio-No-{cis-hydroxyisopentenyladenine (ms2i106A), Né-glycinyicarbamoyladenine {(g6A},
No-threonyicarbamoyladenine (16A), 2-methylthio-Né-threonyl carbamoyladenine {(ms2t0A}), N6-
methyl-Né-threonylcarbamoyladenine (m6t6A), No-hydroxynorvalylcarbamoyiadenine (hnoA), 2-
methylthio-Né-hydroxynorvalyl carbamovladenine (ms2hn6A), N6, N6-dimethyladenine (m62A),

and N6-acetyladenine (acOA).

30 The modified mRNA of claim 28 or 29, wherein at least one modified nucleotide comprises a

madified sugar.

31 The modified mRNA of claim 30, wheremn the modified sugar 1s selected from the group
consisting of 2'-thioribose, 2'.3'-dideoxyribose, 2'-amino-2'-deoxyribose, 2’ deoxyribose, 2'-azido-2'-
deoxyribose, 2'-fluoro-2'-deoxyribose, 2'-O-methvinbose, 2'-O-methyldeoxyribose, 3'-amine-2',3'-
dideoxyribose, 3'-azido-2' 3 -dideoxyribose, 3'-deoxyribose, 3'-0~(2-nitrobenzyl}-2'-deoxyribose, 3'-
O-methylnibose, S-aminoribose, S'~thioribose, S-mitro-1-indolyl-2'-deoxyribose, 5'-bictin-ribose, 2'-

0,4'-C-methylene-linked, 2'-0,4"-C-amino-linked ribose, and 2'-0,4"-C-thio-linked ribose.

32, The modified mRNA of any one of claims 27-31, wheremn at least one modified nucleotide

comprises g 2’ modification.

33. The modified mRNA of claim 32, wherein the 2" modification is selected from the group
consisting of a locked-nucleic acid (LNA) modification, 2'-fluoro (2'-F) |, 2'-O-methoxy-ethyl {2'-

MOE), and 2'-0O-methylation (2'-OMe).

34. The modified mRNA of any one of claims 27-33, wherein at least one modified nucleotide

comprises a modified phosphate.

35 The modified mRNA of claim 34, wherein the modified phosphate is selected from the group
consisting of phosphorothicate (PS), phosphorodithicate, thiophosphate, 5'-O-methyiphosphonate,
3'-G-methylphosphonate, 3'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenocate,
selenophosphate, phosphoranudate, carbophosphonate, methylphosphonate, phenylphosphonate,
ethylphosphonate, H-phosphonate, guanidinium ring, triazole ring, boranophosphate (BP},

methylphosphonate, and guanidinopropyl phosphoramidate.
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36 The modified mRNA of any one of claims 27-35, wherein the poly-A region comprises at

least 3, at least 4, at least 5, or at least 6 phosphorothioates.

37. The modified mRNA of claim 36, wherein the poly-A region comprises at least 6
phosphorothioates.
38 The modified mRNA of any one of claims 27-35, wherein the poly-A region comprises at

least 3 guanine nucleotides and least 3 phosphorothioates.

39, The modified mRNA of any one of claims 27-38, wherein the poly-A region corprises at

ieast 6 nucleotides comprising a 2’ modification.

40, The modified mRNA of any one of claims 27-39, wherein the poly-A region comprises at

ieast 3 deoxyribose sugars.

41, The modified mRNA of claim 40, wherein the poly-A region comprises at least 5, at least 10,

at feast 13, at least 20, or at least 23 deoxyribose sugars.

42. The modified mRNA of claim 41, wherein the poly-A region comprises at least 23

deoxyribose sugars.

43, The modified mRNA of any one of claims 1-42, wherein the 3' terminal nucleotide of the

mBRINA does not comprise hydroxy at the 3' position of the 3 terminal nuclectide.

44, The modified mRNA of any one of claims 1-43, wherein the 3’ terminal nucleotide of the
Y

mRNA comprises an inverted nucleotide.
45, The modified mRNA of any one of claims 144, wherein the 3’ terminal nucleotide of the

mRNA comprises a dideoxyadenosine, dideoxyeyiidine, dideoxyguanosine, dideoxythymidine,

dideoxyuridine, or inverted-deoxythymidine.
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The modified mRNA of claim 45, wherein the 3' termunal nucleotide of the mRNA

46,
comprises a dideoxyeytidine.
The modified mRNA of any one of claims 1-46, wherein the mRNA comprises a peptide-

47.

binding sequence.
The modified mRNA of claim 47, wherein the peptide-binding sequence 15 a poly-A binding

48.
protein {(PABP)-binding sequence.

The modified mRNA of any one of claims 111 or 27-48, wherein the modified mRNA

49,
comprises a first modified nucleotide and a second modified nucleotide, wherein the first and second

modified nucleosides comprise different structures.

The modified mRNA of any one of claims 1-46, wherein the poly-A region comprises at

50.
least 25-500 nucleotides.
The modified mRNA of claim 50, wherein the poly-A region comprises at least 30, at least

~

51

100, at teast 150, or at least 200 nucleotides.

The modified mRNA of any one of claims 151, wherein at least 25%, at least 30%, at least
VA

52,

4%, at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 959, at leasi 96%,
at feast 97%, at least 98%, or at feast 99% of nucleotides of the poly-A region are adenosine

nucleotides.
The modified mRNA of any one of claims 110, 12, 14, or 1632, wherein the modified

53.
mRNA 1s a linear mRNA, wherein the linear mRNA comprises a 5 cap.

The modified mRNA of claim 53, wherein the §' cap comprises a 7-methylguanosine.

q

54,
35, The modified mRNA of claim 54, wherein the 5’ cap further comprises one or more
phosphates connecting the 7-methylguanosine to an adjacent nucleotide of the modified mRNA
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56. The modified mRNA of claim 53, wherein the 5' cap comprises a 3"-0-Me-
m 7G5 ppp(5)G.
57. The modified mRNA of claim 55 or 36, wherein one or more phosphates of the 3 capisa

maodified phosphate selected from the group consisting of phosphorothicate, triazole ring,

dihalogenmethylenebisphosphonate, imidodiphosphate, and methylenebis{phosphonate).

S8, The modified mRNA of 1-57, wherein the modified mRNA comprises a 5' UTR comprising

1 or more modified nucleotides.

39, The modified mBNA of 1-38, wherein the modified mRNA comprises an ORF comprising 1

or more modified nucleonides.

60. A modified non-coding RNA comprising;

{1} a non-coding RNA sequence; and

{11} a poly-A region,

wherein the poly-A region 15 37 to the non-coding RNA sequence and comprises 10 or more
nucleotides, whergin 196 to 90% of the nucleotides of the poly-A region are modified nucleotides,

and wherein 3 or more of the 10 Iast nucleotides of the poly-A region are modified nucleotides.

61 The modified non-coding RNA of claim 60, wherein the poly-A region is 3’ to the open
reading frame and comprises 25 or more adenosine nucleotides, wherein 1% to 90% of the
nucleotides of the poly-A region are modified nucleotides, and wherein 3 or more of the 25 last

nucleotides of the poly-A region are modified nucleotides.

62. The modified non-coding RNA of clamm 60 or claim 61, wherein 4 or more of the 25 last
nucleotides of the poly-A region are modified nucleotides.

63. The modified non-coding RNA of any one of claims 60-62, wherein 2 or more consecutive
nucleotides of the 25 last nucleotides of the poly-A region are linked by a modified mternucleotide

linkage.
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64. The modified non-coding RNA of any one of claims 60-63, wherein 3 or more consgcutive
nuclectides of the 25 last nucleotides of the poly-A region are modified nucleotides independently
selected from a deoxyribonucleotide, a 2'-modified nucleotide, and a phosphorothicate-linked
nucleotide.

63, The modified non-coding RNA of any one of claims 6064, wherein the 3 or more modified

nucleotides are consecutive nucleotides located at the 3' terminus of the poly-A region.

66, The modified non-coding RNA of any one of claims 60-65, wherein 6 or more consecutive
nucleotides of the 25 last nucleotides of the poly-A region comprise the same type of nucleotide or

internucleoside mmodification

67. The modified non-coding RNA of anty one of claims 60-66, wherein at least 2%, at least 3%,
at least 496, at least 5%, at least 6%, at least 7%, at least 8%, at least 9%, at least 10%, at least 12%,
at least 14%, at least 16%, at least 18%, at least 20%, at least 25%, at least 30%, at least 359%, at
ieast 40%, at least 45%, or at least 50% of the nuclestides of the poly-A region are modified

nucleotides.

68, The modified non-coding RNA of any one of claims 6067, wheren at least 4, 5, 6,7, 8, 9,

10, 15, 20, or 25 of the 25 last nuclectides of the poly-A region are modified nucleotides.

69. The modified non-coding RNA of any one of claims 60-08, wherein the modified non-

coding RNA 1s a circular non-coding RNA, wherein the poly-A region 13 5 to the non-coding RNA

sequence.
70. The modified non-coding RNA of any one of claims 60-09, wherein the modified non-

coding RINA further comprises one or more copies of a structural sequence comprising at least two
nucleotides that are capable of forming a secondary structure,

wherein the one or more copies of the structural sequence are 3' to the poly-A region, and
wherein the modified non-coding RNA comprises a secondary structure, and

wherein the secondary structure comprises one or more copies of the structural sequence.

151



WO 2022/241045 PCT/US2022/028849

71 The modified non-coding RNA of claim 70, wherein the modified non-coding RNA 1s a
circular mRINA, wherein the one or more copies of the structural sequence are between the poly-A

region and the non-coding RNA sequence.

72. The modified non-coding RNA of claim 70 or 71, wherein the structural sequence s a G-

quadruplex sequence.

73 The modified non-coding RNA of claim 72, wherein the G-quadruplex is an RNA G-

quadruplex sequence.

74, The modified non-coding RNA of claim 73, wherein the RNA G-quadruplex sequence

comprises the nucleic acid sequence of SEQ 1D NG 2

75, The modified non-coding RNA of claim 74, wherein the modified non-coding RNA

comprises at least 3 copies of the nucleic acid sequence of SEQ ID NO: 2.

76, The modified non-coding RNA of claim 72, wherein the G-guadruplex 15 a DNA G-
it >

quadruplex sequence.

g
i,

The modified nov-coding RNA of claim 76, wherem the BNA G-quadruplex sequence

comprises the nucleic acid sequence of SEQ 1D NG: 3.

78. The modified non-coding RNA of claim 77, wherein the modified non-coding RNA

comprises at feast 3 copies of the nucletc acid sequence of SEQ I NO: 3.

79. The modified non-coding RNA of clamm 70 or 71, wherein the structural sequence s a

telomeric repeat sequence.

80. The modified non-coding RNA of claim 79, wherein the telomeric repeat sequence

comprises the nucleic acid sequence of SEQ ID NG 4,

81. The modified non-coding RNA of claim 80, wherein the modified non-coding RNA

comprises at least 3 copies of the nucleic acid sequence of SEQ ID NO: 4.
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82 The modified non-coding RNA of claim 70 or 71, wherein the secondary structure of the

non-coding RNA 1s an aptamer that 1s capable of binding to a target molecule.

83. The modified non-coding RNA of any one of claims 60-82, wherein at least one modified

nuclectide comprises a modified nucleobase.

84, The modified non-coding RNA of claim 83, wherein the modified nucleobase is selected
from the group consisting of xanthine, allyaminouract], allvammothymidine, hypoxanthine,
digoxigenimated aderune, digoxigeninated cytosine, digoxigeninated guanine, digoxigemnated uraci,
6-chloropurinerihoside, N6-methyladenine, methylpseudouracil, 2-thiocytosine, 2-thuouracil, 3-
methyluraci], 4-thiothymdine, 4-thiouracil, 5,6-dihydro-S-methyluracil, 3,6-dihydrouracd, S-{(3-
Indolyhpropionanude-N-allvljuracil, S-anuncallylcytosine, S-ammnoallyluraci, S-bromouraci, 5-
bromocytosine, S-carboxyeytosing, S-carboxymethylesteruracil, S-carboxvuraci, 5-fluorouraci, S-
formyleytosine, S-formyluracil, S-hydroxycytosine, S-hydroxymethyleytosine, 5-
hydroxymethyvluraci, S-hydroxyuraci, S-iodocytosine, S-iodouraci, S-methoxyeytosing, 5-
methoxyuracil, S-methyicytosine, S-methyluraci, S-propargylaminocytosing, S-
propargviaminouractl, S-propyayleytosine, S-propynyluract, 6-azacytosine, 6-azauracil, 6-
chloropuring, 6-thioguamne, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-propargylamincadenine, 7-
deaza~-7-propargylaminoguanine, 3-azaadenine, S-azidoadenine, 8-chioroadenine, 8-oxpadenine, 8-
oxoguanine, araadenine, aracytosine, araguanineg, arauracil, biotin-16-7-deaza-7-
propargyiaminoguanine, biotin-16-aminoaliyicytosing, biotin-16-aminoallyluracil, cyanine 3-5-
propargylaminocytosing, cyanine 3-6-propargylaminouractl, cyanine 3-amunoallyleytosineg, cyanine
3-aminoallyhuracil, cyanine 5-6-propargylaminocytosing, cyanine 5-6-propargylaminouract, cyanine
S-amincallvicytosine, cyanine S-aminoallyluracil, cvanine 7-amincallviuracil, dabeyl-5-3-
aminoaliyluracil, desthiobiotin-16-amincallyl-uracil, desthiobistin-6-anmunoaliyicytosing, isoguanine,
Nl-gthylpsendouracil, N1-methoxymethylpseudouracil, Ni-methviadenine, N1-methvipseudouraci,
Ni-propylpseudouraci, N2-methylguanine, N4-biotin-OBEA-cytosine, N4-methylcytosine, No-
methyladenine, O6-methylguanine, pseudoisocytosineg, pseudouracil, thienocytosine, thienoguanine,
thienouracil, xanthosine, 3-deazaadenine, 2 6-diamincadenine, 2,6-daminoguanine, S-carboxamide-
uractl, S-ethynvluracil, N6-1sopentenyladenine (i6A), Z-methyl-thio-No6-isopentenyladenine
(ms216A), 2-methylithio-N6-methyladenine {(ms2moA)}, N6-(cis-hydroxyisopentenyljadenine (106A),

2-methylthio-No-{cis-hydroxyisopentenyladenine (ms2i106A), Né-glycinyicarbamoyladenine {(g6A},
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No-threonylecarbamoyladenine (16A), Z-methylthio-N6-threonyl carbamovladenine (ms2t0A), No-
methyl-Né-threonylcarbamoyladenine (m6t6A), No-hydroxynorvalylcarbamoyiadenine (hnoA), 2-
methylthio-Né-hydroxynorvalyl carbamovladenine (ms2hn6A), N6, N6-dimethyladenine (m62A),

and N6-acetyladenine (acOA).

8s. The modified non-coding RNA of any one of 60-84, wherein at least one modified

nucleotide comprises a modified sugar.

g6. The modified non-coding RNA of claim 85, wherein the moditied sugar 15 selected from the
group consisting of 2'-thioribose, 2',3"~-dideoxyribose, 2'-ammno-2'-deoxyribose, 2" deoxyribose, 2'-
azido-2'-deoxyribose, 2'-fluoro-2'~-deoxyribose, 2'-O-methylnbose, 2'-O-methyldeoxyribose, 3'-
amino-2', 3’ ~dideoxyribose, 3'-anido-2' 3'-dideoxyribose, 3'-deoxyribose, 3'-0-(2-nitrobenzy!)-2'-
deoxyribose, 3'-O-methylribose, -aminoribose, S'-thioribose, S-nitro~-1 ~indolyl-2'-deoxyribose, §'-
biotin-ribose, 2'-0 4'-C-methylene-linked, 2'-0,4'-C-ammno-livked ribose, and 2'-0,4'-C-thio-linked

ribose.

&7. The modified non-coding RNA of any one of claims 60-86, wheremn at least one modified

nucleotide comprises a 2’ modification.

33. The modified non-coding RNA of claim 87, wheren the 2" modification 1s selected from the
eroup consisting of a locked-nucleic acid (LNA) medification, 2'-fluoro (2'-F) , 2'-O-methoxy-ethyl

(2'-MOE)}, and 2'-O-methylation (2'-OMe).

89. The modified non-coding RNA of any one of claims 57-8&, wherein at least one modified

nucleotide comprises a modified phosphate.

90, The modified non-coding RNA of claim 89, wherein the modified phosphate is selected from
the group consisting of phosphorothicate (PS), phosphorodithioate, thiophosphate, 5'-0O-
methylphosphonate, 3'-O-methylphosphonate, $'-hydroxyphosphonate, hydroxyphosphanate,
phosphoroselenoate, selenophosphate, phosphoramidate, carbophosphonate, methylphosphonate,
phenylphosphonate, ethylphosphonate, H-phosphonate, guanudinium ring, triazole ring,

boranophosphate (BP), methylphosphonate, and guanidinopropy! phosphoramidate.
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91. The modified non-coding RNA of any one of claims 60-90, wherein the poly-A region

comprises at least 3, at least 4, at least S, or at least & phosphorothioates.

92, The modified non-coding RNA of claim 91, wherein the poly-A region comprises at least 6
phosphorothioates.
93. The modified non-coding RNA of any one of claims 60-92, wherein the poly-A region

comprises at least 3 guanine nucleotides and least 3 phosphorothioates.

94, The modified non-coding RNA of any one of claims 60-93, wherein the poly-A region

comprises at least 6 vucleotides comprising a 2’ modification.

95, The modified non-coding RNA of any one of claims 60-94, wherein the poly-A region

comprises at feast 3 deoxyribose sugars.

96. The modified non-coding RNA of claim 95, wheren the poly-A region comprises at least 5,

at least 10, at feast 15, at least 20, or at least 23 deoxyribose sugars.

97. The modified non-coding RNA of claim 96, wherein the poly-A region comprises at least 23

deoxyribose sugars.

98. The modified non-coding RNA of any one of claims 60-97, wherein the 3’ terminal
nucleotide of the non-coding RNA does not comprise hydroxy at the 3’ position of the 3" terminal

nucleotide.

99. The modified non-coding RNA of any one of claims 60-98, wherein the 3 terminal

nucleotide of the non-coding RNA comprises an inverted nucleotide.
100.  The modified non-coding RNA of claim 98 or 99, wherein the 3 terminal nucleotide of the

mRNA comprises a dideoxyadenosine, dideoxyeyiidine, dideoxyguanosine, dideoxythymidine,

dideoxyuridine, or inverted-deoxythymidine.
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101, The modified non-coding RNA of claim 100, wherein the 3’ terminal nuclectide of the

mRNA comprises a dideoxyeytidine.

102,  The modified non-coding RNA of any one of claims 60-101, wherein the modified non-
coding RNA comprises a first modified nucleotide and a second modified nucleotide, wherein the

first and second modified nucleosides comprise ditferent structures.

103.  The modified non-coding RNA of any one of claims 60-102, wherein the poly-A region

comprises at least 25-500 nucleotides.

104, The modified non-coding RNA of claim 103, wherein the poly-A region comprises at least

50, at least 100, at least 150, or at feast 200 nucleotides.

105, The modified non-coding RNA of any one of claims 60-104, wherein at least 25%, at least
309, at least 40%, at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95%,
at least 96%, at least 97%, at least 98%, or at least 99% of nucleotides of the poly-A region are
adenosine nucleotides.

106. A method of producing a modified mRNA of any one of claims 111 or 27-39, the method
comprising higating a first RNA comprising an open reading frame encoding a protein to a tathing
nucleic acid comprising one or more modified nucleotides, in the presence of an RNA hgase,

whereby the RNA ligase forms a covalent bond between the 3’ nuclestide of the RNA and the 3/

nucleotide of the tailing nucleic acid to produce the modified mRNA.

107, The method of claim 106, wherein the modified mRNA comprises a 5 untransiated region
(5" UTR) and a 3’ untransiated region (3’ UTR}, wherein the ORF is between the & UTR and the 3’

UTR, wherein the 3' UTR is between the ORF and the poly-A region.

108.  The method of claim 107, further comprising circulanzing the modified mRNA in the
presence of a ribozyme, wherein the modified mRNA comprises a 3’ mtron and a 5' intron, wherein
the 3" intron 1s 5 to the 3" UTR, wherein the 5 intron 15 3' to the poly-A region, whereby the

ribozyme forms a covalent bond between a nucleotide that is 37 to the 3" intron and a nucleotide that
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is 5" to the 5 intron to produce a circular mRNA that does not comprise the 5’ mtron or the 3" intron,

wherein the poly-A region ts between the 3' UTR and the 5’ UTR of the circular mRNA.

109 The method of claim 107, further comprising the steps of:

(1) mtroducing a 5 terminal phosphate group onto the first nucleotide of the modified
miNA;

(1) cleaving one or more 3’ terminal nucleotides of the moedified mRNA to produce a
modified mRNA with a 3’ terminal hydroxyl group; and

{11} circulanizing the modified mRNA produced 1n step {11} in the presence of a circulanizing
ligase;

whereby the circularizing higase forms a covalent bond between the 3’ nucleotide of the
modified mRNA and the 3’ nucleotide of the modified mRNA 1o produce a circular modified

mRNA, wherein the poly-A region is between the 3’ UTR and the 5" UTR.

110, A method of producing the modified mRNA of any one of claims 12-59, the method
comprising higating an RNA comprising an open reading frame encoding a protein to a tailing
nucleic acid comprising one or more copies of a structural sequence 1n the presence of an RNA
figase, whereby the ligase forms a covalent bond between the 3" nucleotide of the RNA and the 5’

nucleotide of the tailing nucleic acid to produce the modified mRNA.

111, The method of claim 110, wherein the modified mRNA comprises a 5" untransiated region
(5" UTR) and a 3" untransiated region (3’ UTR}, wherein the ORF 1s between the & UTR and the 3’
UTR, wherein the 3' UTR is between the ORF and the poly-A region, wherein the poly-A region is

between the 3' UTR and the one or more copies of the structural sequence.

112, The method of claim 111, further comprising circularizing the modified mRNA in the
presence of a nbozyme, wherein the modified mRNA comprises a 3" mntron and a 5' intron, wherein
the 3’ intron 15 5' to the $' UTR, wherem the §' intron 1s 3" 1o the one or more copies of the structural
sequence, whereby the ribozyme forms a covalent bond between a nucleotide that is 3" to the 3
intron and a nucleotide that 15 §' to the 5 1ntron to produce a circular mRNA that does not comprise
the 3" intron or the 3’ intron, wherein the one or more copies of the structural sequence are between

the poly-A region and the 5" UTR of the circular mRNA.
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113, The method of claim 111, further comprising the steps of

(1) mtroducing a 5 terminal phosphate group onto the first nucleotide of the modified
mRNA;

(it} cleaving one or more 3’ terminal nucleotides of the modified mRNA to produce a
modified mRNA with a 3’ terminal hydroxyl group; and

(111} circulanizing the modified mRNA produced n step {11} in the presence of a circulanizing
ligase;

whereby the circulanzing ligase forms a covalent bond between the 3’ nucleotide of the
modified mRNA and the 5 nucleotide of the modified mRNA to produce a circular modified
mRINA, wherein the one or more copies of the structural sequence are between the 3’ UTR and the &'

UTR

114, The method of claim 109 or 113, wherem the modified mRNA 1s circularized i the presence
of a scaffold nucleic acid, wherein the scaffold nucleic acid 1s a nucleic acid that 1s capable of
hybridizing with the modified mRNA, wherein the modified mRNA forms a circular secondary

structure when bound to the scaftold nocleic acid,

115, The method of claim 114, wherem the scaffold nucleic acid comprises:

{3} a first hybrnidization sequence comprising S or more nucleotides, wherein the first
hybridization sequence 13 complementary to at least the first five {5) nucleotides of the modified
mRNA; and

{b} a second hybridization sequence comprising S or more nucleotides, wherein the second
hybridization sequence is complementary to at least the last five (5) nucleotides of the modified
mRNA;

wherein at least the first five {5) nucleotides of the modified mRNA hybridize with the first
hybridization sequence, and at least the last five (5) nucleotides of the modified mRNA hybridize

with the second hybridization sequence.
116,  The method of claim 114 or 115, wherein a last nucleotide of the first hybridization sequence
and a first nucleotide of the second hybridization sequence are adjacent in the scaffold nucleic acid

and not separated by any other nucleotides.

117, The method of claim 109 or 113, wherein the modified mRNA comprises:
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(1) a first seif-hvbridization sequence that is 5' to the open reading frame;

(11} a second self-hybridization sequence that is 3" to the open reading frame;

(111} a first non-hybridization sequence that is 5’ to the first self-hybridization sequence; and

(iv} a second non-hybridization sequence that 15 3' to the second self-hybridization sequence,

wherein the first and second self-hybridization sequences are capable of hyvbridizing with
each other,

wherein the first and second self-hybridization sequences are not capable of hybridizing with

each other.

118, The method of clawm 117, wherein hybridization of the first and second self-hybridization
sequences forms a secondary structure in which the 5™ termunal sucleotide and the 37 terminal
nucleotide of the modified mRNA are separated by a distance of less than 100 A

119, The msthod of claim 118, wherein the 5 termunal nucleotids and the 3' terminal nucleotide
are separated by a distance of less than 90 A, less than 80 A, less than 70 A, less than 60 A, less than

S0 A, less than 40 A, less than 30 A, less than 20 A, or less than 10 A,

120.  The method of any one of claims 109 or 113119, wherein the circulanizing ligase 158 T4
R 9 = pat)

RNA ligase.

121, The method of any one of claims 110-120, wherein the structural sequence is 3 G-

quadruplex sequence.

122, 'The method of claim 121, wherein the G-quadrupiex is an RNA G-quadruplex sequence.

123, The method of claim 122, wherein the RNA G-guadruplex sequence comprises the nucleic

actd sequence of SEQ ID NO: 2

124, The method of claim 123, wherein the tailing nucleic acid comprises at least 3 copies of the

nucleic acid sequence of SEQ 1D NG: 2.

125 The method of claim 121, wherein the G-quadruplex 15 a DNA G-quadruplex sequence.
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126.  The method of claim 125, wherein the DNA G-quadruplex sequence comprises the nucleic

actd sequence of SEQ ID NO: 3.

127 The method of claim 126, wherein the tailing nucleic acid comprises at least 3 copies of the

nucleic acid sequence of SEQ 1D NG: 3.

128, The method of any one of claims 110120, wherein the structural sequence is a telomeric

repeat sequence.

129, The method of claum 128, wherein the telomeric repeat sequence comprises the nuclewe acid

sequence of SEQ ID NO: 4.

130, The method of claim 129, wherein the taiding nucleic acid comprises at least 3 copies of the

nucleic acid sequence of SEQ I NGO 4.

131, The method of any one of claims 110-120, wherein the structural sequence 1s an aptamer
sequence comprising at feast two nucleotides that are capable of interacting to form an aptamer,

wherein the aptamer 18 a secondary structure that 13 capable of binding to a target molecule.

132, The method of any one of claims 110-131, wheremn the tathing nucleic acid comprises at least

one modified nucleotide.

133, The method of any one of claims 106, 107, or 132, wherein the 3’ nucleotide of the RNA
does not comprise a 5 terminal phosphate group;

wherein the 3' nucleotide of the RNA comprises a 3' terminal hydroxyl group:;

wherein the 5" nucleotide of the tailing nucleic acid comprises a 3" terminal phosphate group; and

wherein the 3' nucleotide of the tailing nucleic acid does not comprise a 3' terminal hydroxyl group.

134, The method of any one of claims 106, 107, or 132, wherein the 5" nucleotide of the RNA
does not comprise a 5’ terminal hydroxyl group;
wherein the 3’ nucleotide of the RNA comprises a 3’ terminal phosphate group;

wherein the 3" nucleotide of the tailing nucleic acid comprises a 8 terminal hydroxyl group;
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wherein the 3" nucleotide of the tailing nucleic acid does not comprise a 3’ termunal phosphate group;
and

wheretn the RNA ligase 15 an RicB ligase.

135 The method of any one of claims 106, 107, or 132-134, wherein at least 2%, at least 3%, at
ieast 4%, at least 5%, at least 6%, at least 7%, at least 8%, at least 9%, at least 10%, at least 12%, at
least 14%, at least 16%, at least 18%, at least 20%, at least 25%, at least 30%, at least 3596, at least
40%, at least 45%, or at least S0% of the nucleotides of the tatling nucleic acid are modified

nucleotides.

136, The method of any one of claims 106, 107, or 132-135, wheremn at least 4, 5, 6,7, 8, 9, 10,

18, 20, or 25 of the 25 last nucleotides of the tathng nucleic acid are modified nucleotides.

137, The mwethod of any one of claims 106, 107, or 132-136, wherein at least one modified

nucleotide comprises a modified nucleobase.

138, The method of claim 137, wheremn the modified nucleobase 1s selected from the group
consisting of xanthine, allvaminouraci, allvammothymidine, hypoxanthine, digoxigeninated
ademne, digoxigenmated cytosine, digoxigeninated guanine, digoxigeninated uractl, 6~
chloropurineriboside, N6-methyladenine, methylpseudouraci, 2-thiocytosine, 2-thiouraci, 5-
methyluraci], 4-thicthymidine, 4-thipuract, 5,6-dihydro-5-methyluracil, 5,6-dihydrouracii, 5-{(3-
Indolvhpropionanude-N-allyHuracil, 5-anmincallvicytosine, S-aminoallyluract, S-bromouracil, 5-
bromocytosing, S-carboxycytosine, S-carboxymethylesteruracil, 3-carboxyuracil, S-fluorouracil, 5-
formyleytosing, S-formyluracil, 5-hydroxyeytosine, S-hydroxymethyleytosine, 5-
hydroxymethviuracil, 5-hydroxyuracti, S-iodocytosing, S-iodouracil, S-methoxveyiosine, 5-
methoxyuracil, S-methylcvtosine, S-methyluraci, S-propargylaminocytosine, 5-
propargylaminouracil, S-propynyicytosine, S-propynyluractl, 6-azacytosine, S-azauracil, 6-
chloropurine, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-propargylamincadenine, 7
deaza-7-propargylaminoguanine, 8-azaadenine, 8-azidoadenine, 8-chloroadenine, §-oxocadenine, §-
oxoguanine, araadenine, aracyiosine, araguanine, arauracil, biotin-16-7-deaza-7-
propargylaminoguanine, biotin-16-ammnoallylcytosine, biotin-16-amincallyluracil, cyanine 3-5-
propargylaminocytosine, cyanine 3-0-propargylanunouractl, cyanine 3-aminoallylcytosine, cyanine

3-amincallyluraci, cyanine 5-G-propargylaminocytosine, cyanine S-6-propargylaminouracil, cyanine
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S-aminoallylcvtosine, cyanine S-aminoallyluracil, cyanine 7-aminoallyhuracil, dabeyi-5-3-
anuncallvluractl, desthiobiotin-16-amincallyl-uracil, desthiohiotin-6-aminoallyleytosine, isoguanine,
Ni-ethyvipseudouracil, N1-methoxymethylpseudouracil, Ni-methyladenine, N1-methylpseudouracil,
Nl-propylpseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosine, Nd-methylcytosing, N6-
methyladenine, O6-methylguanine, pseudoisocytosine, pseudouracil, thienocytosine, thienoguanine,
thienouracil, xanthosine, 3-deazaadenine, 2,6-diaminoadenine, 2, 6-dammoguanine, 5-carboxamide-
uractl, S-ethynyluracil, N6-isopentenviadenine (i6A), 2-methyl-thio-NG-isopentenyladenine
{ms2i6A}, 2-methyithio-No-methyiadenine (ms2moA}, No-(cis-hydroxvisopentenyljadenine (106A),
2-methylthio-No-{cis-hy droxyisopenteny Dadenine (ms2i1064), N6-glyvcinylcarbamoyladenine {(g6A),
No-threonylcarbamoyladenine (t6A), Z-methylthio-N6-threonyl carbamoyiadenine (ms2t6A), N6-
methyl-N6-threonylcarbamovladenune (ro6t6A), No-hydroxynorvalylcarbamoyiadenine (hnoA), 2-
methylthio-N6-hvdroxynorvalyl carbamoyladenine (ms2ZhnsA), N6, N6-dimethyladenine (m624)},

and Né-acetyladenime (ac6A).

139, The method of any one of claims 106, 107, or 132-138, wheremn at least one modified

nucleotide comprizes a modified sugar.

140, The method of claim 139, wherein the modified sugar 1s selected from the group consisting
of 2'-thioribose, 2,3 -dideoxyribose, 2'-amino-2'~-deoxyribose, 27 deoxyribose, 2'-azido-2'-
deoxyribose, 2'-fluoros-2'-deoxyribose, 2'-O-methylribose, 2'-O-methyldeoxyribose, 37-amino-2',3'-
dideoxyribose, 3'-azido-2',3'-dideoxyribose, 3'-deoxyribose, 3'-0-(2-nitrebenzyly-2'-deoxyribose, 3~
O-methyliribose, 5-aminonbose, 3'-thioribose, 5-nitro-1-indolyl-2'-deoxyribose, 5'-biotin-ribose, 2'-

0,4'-C-methylene-linked, 2'-0,4'-C-amino-linked ribose, and 2'-0 4'-C-thio-linked ribose.

141, The method of any one of claims 106, 107, or 132140, wherein at least one modified

nucleotide comprises a 2’ modification.
142 The method of claim 141, wherein the 2' modification is selected from the group consisting
of a locked-nucleic acid (ENA} modification, 2'-fluore (2'-F} , 2'-O-methoxy-ethyl (2'-MOE}, and

2'-C-methylation (2'-OMe).

143 The method of any one of claims 106, 107, or 132-142, wherein at least one modified

nucleotide comprises a modified phosphate.
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144, The method of claim 143, wherein the modified phosphate is selected from the group
consisting of phosphorothicate (P8}, phosphorodithioate, thiophosphate, 5'-O-methylphosphonate,
3'-O-methylphosphonate, 5'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenoate,
selenophosphate, phosphoramidate, carbophosphonate, methylphosphonate, phenylphosphonate,
ethyiphosphonate, H-phosphonate, guanidinium ring, triazole ring, boranophosphate (BP),

methylphosphonate, and guanidinopropyl phosphoramidate.

145 The method of any one of claims 106, 147, or 132144, wherem the tailing nucleic acid

comprises at feast 3, at least 4, at least S, or at least &6 phosphorothioates.

146,  The method of clawm 145, wherein the tailing nucleic acid comprises at least 6

phosphorothioates.

147 The method of any one of claims 106, 107, or 132145, wherem the tailing nucleic acid

comprises at feast 3 guanine nucleotides and least 3 phosphorothicates.

148. The method of any one of claims 106, 107, or 132147, wherein the tathing nucleic acid
) > s 5 )

comprises at least 6 nucleotides comprising a 2" modification.

149 The method of any one of claims 106, 107, or 132-148, wherein the tailing nucleic acid

comprises at feast 3 deoxyribose sugars.

150,  The method of claim 149, whereain the tailing nucleic acid comprises at least 5, at least 10, at

ieast 15, at least 20, or at least 23 deoxyribose sugars.

151, The method of claim 140, wherein the tailing nucleic acid comprises at least 23 deoxyribose

SUQATS.
152, The method of any one of claims 106, 167, 110, 111 or 132-151, wherein the 3' terminal

nucleotide of the tailing nucleic acid comprises a dideoxvyadenosine, dideoxycytidine,

dideoxygouanosine, dideoxythymidine, dideoxyuridine, or inverted-deoxythymidine.
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153, The method of any one of claims 106-152, wherein the tailing nucleic acid comprises a first
modified nucleotide and a second moditied nuclectide, wherein the first and second modified

nucleotides comprise different structures.

154 The method of any one of claims 106-153, wherein at least 25%, at least 30%, at least 40%,
at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least ©6%, at
ieast 97%, at least 98%, or at least 99% of the poly-A region of the modified mRNA are adenosine

nucleotides.

185, The method of any one of claims 106—154, wherein the poly-A region of the modified

mRNA comprises at least 25-500 nucleotides.

156, The method of claim 155, wherein the poly-A region of the modified mRNA comprises at

feast 50, at least 100, at lsast 150, or at least 200 nucleotides.

1587, The method of any one of claims 106, 167, 110, 111, or 121156, wherein the modified

mRNA 13 a linear mRNA, wherein the hinear mRNA comprises a § cap.

158, The modified mRNA of claim 157, wherein the 5" cap comprises a 7-methylguanosine.

159, The modified mRNA of claim 158, wherein the 5 cap further comprises one or more

phosphates connecting the 7-methviguanosine to an adjacent nucleotide of the modified mRNA.

160,  The modified mRNA of claim 157, wherein the 5' cap comprises a 37-0-Me-

m7G{5 ppp(5)G.
161, The modified mRNA of clamm 159 or 160, wherein one or more phosphates of the 5" capisa
maodified phosphate selected from the group consisting of phosphorothicate, triazole ring,

dihalogenmethylenebisphosphonate, imidodiphosphate, and methylenebis{phosphonate).

162, The method of any one of claims 106161, wherein the RNA ligase 1s T4 RNA ligase.
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163, A method of producing a modified non-coding RNA of any one of claims 60-105, the
method comprising ligating a first RNA comprising a non-coding RNA sequence to a tatling nucleic
actd comprising one or more modified nucleotides, in the presence of an RNA ligase, whereby the
RNA ligase forms a covalent bond between the 3' nucleotide of the RNA and the 5’ nucleotide of the

tatling nucleic acid to produce the modified non-coding RNA.

164, The method of claim 163, wherein the moditied non-coding RNA comprises a poly-A region

that 18 3' to the non-coding RN A sequence.

165, The method of claum 164, further comprising circulanzing the modified non-coding RNA in
the presence of a ribozyme, wherein the modified non-coding RNA comprises a 3" mtronand a §'
intron, wherein the 3" infron 13 §' to the non-coding RNA sequence, wherein the 5" intron 1s 3" to the
poly-A region, whereby the ribozyme forms a covalent bond between a nucleotide that 1s 3" to the 3
intron and a nucleotide that 18 5" 1o the 5" intron to produce a circular non-coding RNA that does not
comprise the 5 wotron or the 37 intron, wherein the poly-A region 1s between the 3" and 5" nucleotides

of the non-coding RNA,

166,  The method of claim 164, further comprising the steps of:

{1} miroducing a 5 termnal phosphate group onto the first nucleotide of the modified non-
coding RNA,;

(11} cleaving one or more 3’ terminal nucleotides of the modified non-coding RNA to produce
a modified non-coding RNA with a 3' terminal hydroxyl group; and

{111} circularizing the modified non-coding RNA produced in step (1) in the presence of a
circularizing ligase;

whereby the circularizing higase forms a covalent bond between the 3' nucleotide of the
modified non-coding RNA and the 5’ nucleotide of the modified non-coding RNA o produce a
circuylar modified non-coding RNA| wherein the poly-A region is between the 3’ and 5" nucleotides

of the non-coding RINA.

167 A method of any one of claims 163-166, wherein the tailing nucleic acid further comprises

one or more copies of a structural sequence.
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168, The method of claim 167, wherein the modified non-coding RNA comprises a poly-A region

is between the non-coding RNA sequence and the one or more copies of the structural sequence.

169.  The method of claim 168, further comprising circularizing the modified non-coding RNA n
the presence of a ribozyme, wherein the modified non-coding RNA comprises a 3’ intronand a §'
mtron, wherein the 3" intron 15 5’ to the non-coding RNA sequence, wheremn the 5’ mtron is 3" to the
one or more copies of the structural sequence, whereby the ribozyme forms a covalent bond between
a nucleotide that 15 3’ to the 3’ intron and a nucleotide that 1s 5" to the 5" intron to produce a circular
non-coding RNA that does not comprise the 5’ mtron or the 3" intron, wherein the one or more

copies of the structural sequence are between the poly-A region and the non-coding RNA sequence

of the curcular non-coding RNA.

170, The method of claim 168, further comprising the steps oft

(1) mtroducing a 5 ternmunal phosphate group onto the first nucleotide of the modified non-
coding RNA;

{(11) cleaving one or more 3" terminal nucleotides of the modified non-coding RNA to produce
a modified non-coding RNA with a 37 terminal hydroxy! group; and

{111} cireularizing the modified non-coding RNA produced 1o step (11} in the presence of a
circularizing ligase;

whereby the circularizing ligase forms a covalent bond between the 3’ nucleotide of the
modified non-coding RNA and the 5’ nucleotide of the modified non-coding RNA to produce a
circular modified non-coding RNA, wherein the one or more copies of the structural sequence are

between the poly-A region and the non-coding RNA sequence.

171, The method of claim 166 or 170, wherein the modified non-coding RNA 15 circularized in
the presence of a scaffold nucleic acid, wherein the scaffold nucleic acid 15 a nucleic acid that 1s
capable of hybridizing with the modified non-coding RNA, wherein the modified non-coding RNA

forms a circular secondary structure when bound to the scaffold nucleic acid.

172, The method of claim 171, wherein the scaffold nucleic acid comprises:
(a) a first hybridization sequence comprising 5 or more nucleotides, wherein the first
hybridization sequence 1s complementary to at least the first five (5} nucleotides of the modified

non-coding RNA; and

166



WO 2022/241045 PCT/US2022/028849

(b} a second hybridization sequence comprising 5§ or more nucleotides, wherein the second
hybridization sequence 15 complementary to at least the last five (5) nucleotides of the modified non-
coding RNA;

wherein at least the first five (5) nucleotides of the modified non-coding RNA hybridize with
the first hybridization sequence, and at least the last five (3} nucleotides of the modified non-coding

RNA hybridize with the second hybridization sequence.

173,  The method of claim 171 or 172, wherein a last nucleotide of the first hybridization sequence
and a first nucleotide of the second hybridization sequence are adjacent in the scaffold nucleic acid

and not separated by any other nucleotides.

174.  The method of claim 166 or 170, wheremn the modified non-coding RNA comprises:
{1} a first seif-hybridization sequence that 15 5’ fo the open reading frame;
(11) a second setf-hybridization sequence that is 3’ to the open reading frame;
{11} a first non-hybnidization sequence that 13 5" to the first self-hybnidization sequence; and
{(1v} a second non-hybridization sequence that 13 37 to the second self-hybridization sequence,
wherein the first and second self~hybridization sequences are capable of hybridizing with
each other,
wherein the first and second self~hybridization sequences are not capable of hybridizing with

gach other.

175, The method of claim 174, wherein hvbridization of the first and second self-hybridization
sequences forms a secondary structure in which the 5" terminal nucleotide and the 3' terminal

nucleotide of the modified non-coding RNA are separated by a distance of less than 100 A
176, The method of claim 175, wherein the 5 terminal nucleotide and the 3' terminal nucleotide
are separated by a distance of less than 90 A, less than 80 A, less than 70 A, less than 60 A, less than

30 A, less than 40 A, less than 30 A, less than 20 A, or less than 10 A

177 The method of any one of claims 166 or 170-176, wherein the circularizing ligase 1s T4

RNA ligase.
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178, The method of any one of claims 168-177, wherein the structural sequence is a G-

quadruplex sequence.

179, The method of claim 178, wherein the G-quadruplex is an RNA G-quadruplex sequence.

180.  The method of claim 179, wherein the RNA G-guadruplex sequence comprises the nucleic

acid sequence of SEQ ID NO: 2.

181, The method of claim 180, wherein the taiding nucleic acid comprises at least 3 copies of the

nucleic acid sequence of SEQ I3 NGO 2

182, The mwethod of claim 178, wherein the G-quadruplex 1s a DNA G-quadruplex sequence.

183,  The method of claum 182, wherein the DNA G-quadruplex sequence corprises the nucleie

acid sequence of SEQ ID NO: 3.

184, The method of claim 183, wherein the tailling nucleic acid comprises at least 3 copies of the

nucleic acid sequence of SEQ 1D NG 3.

185, The method of any one of claims 168177, wherein the structural sequence 15 a telomeric

repeat sequence.

186.  The method of claim 185, wherein the telomeric repeat sequence comprises the nucleic acid

sequence of SEQ ID NGO 4.

187 The method of claim 186, wherein the tailing nucleic acid comprises at least 3 copies of the

nucleic acid sequence of SEQ 1D NG 4.
188.  The method of any one of claims 168-177, wherein the structural sequence s an aptamer

sequence comprising at least two nucleotides that are capable of interacting to form an aptamer,

wherein the aptamer is a secondary structure that is capable of binding to a target molecule.
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189, The method of any one of claims 163188, wherein the 53’ nucleotide of the RNA does not
comprise a S terminal phosphate group;

wherein the 3" nucleotide of the RNA comprises a 3' terminal hydroxyl group;

wherein the 5" nucleotide of the tatling nucleic acid comprises a 5 terminal phosphate group; and

wherein the 3" nucleotide of the tailing nucleic acid does not comprise a 3’ terminal hydroxyl group.

190,  The method of any one of claims 163—188, wherein the 3’ nucleotide of the RNA does not
comprise a 5 terminal hydroxyl group;

wherein the 3" nucleotide of the RNA comprises a 3’ terounal phosphate group;

wherein the 5" nucleotide of the taitling nucleic acid comprises a 5 terminal hydroxyl group;

wherein the 3" nucleotide of the tatling nucleic acid does not coroprise a 3’ termnal phosphate group;
and

wherein the RNA ligase 15 an RicB ligase.

191 The method of any one of claims 163-190, wherem at least 2%, at least 3%, at least 4%, at
feast 5%, at least 6%, at least 7%, at least 8%, at least 9%, at Jeast 10%, at least 12%, at least 14%, at
least 16%, at least 18%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least

45%, or at least 50% of the nucleotides of the tailing nucleic acid are modified nucleotides.

192, The method of any one of claims 163191, wherem at least 4, 5,6, 7,8, 9, 10, 15, 20, or 25

of the 25 last nucleotides of the tailing nucleic acid are modified nucleotides.

193, The method of any one of claims 163-192, wherein at least one modified nucleotide

comprises a modified nuclecbase.

194, The method of claim 193, wherein the modified nucleobase is selected from the group
consisting of xanthine, allyaminouracil, allyaminothymidine, hypoxanthine, digoxigeninated
adenine, digoxigeninated cytosine, digoxigeninated guanine, digoxigeninated uracil, 6-
chloropurineriboside, N6-methyladenine, methylpseudouracil, 2-thiocytosine, 2-thiouracil, S-
methyluraci, 4-thiothymidine, 4-thiouracil, 3,6-dihydro-5-methyluracil, S,6-dithydrouracii, 5-{(3-
Indolybipropionamide-N-allyljuracil, S-aminoallyleytosine, S-amincaliyluracil, 3-bromouracil, 3-
bromocytosine, S-carboxyeytosine, S-carboxymethvlesteruractl, S-carboxyuracil, 5-flucrouracil, 5-

formyleytosine, S-formyluracil, S-hydroxycviosine, 3-hydroxymethyicytosine, 5-
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hydroxymethyluracil, S-hydroxyuracil, S-iodocytosine, 5-iodouracil, S-methoxycytosing, 5-
methoxyuract, S-methylcytosine, S-methyluract, S-propargylaminocytosine, 5-
propargylaminouractl, S-propynylcvtosine, S-propynyluracil, 6-azacytosine, 6-azauracil, 6-
chloropurine, 6-thioguanine, 7-deazaadenine, 7-deazaguanine, 7-deaza-7-propargylaminoadenine, 7
deaza-7-propargylaminoguanine, 8-azaadenine, 8-azidoadenine, 8-chioroadenine, 8-oxoadenine, 8-
oxoguanine, araadenine, aracytosine, araguanine, arauracil, biotin-16-7-deaza-7-
propargylaminoguanine, biotin-16-aminoallylcytosing, hiotin-16-aminoallyluractl, cyanine 3-5-
propargylaminocytosing, cyanine 3-6-propargylammouractl, cyanine 3-amunoallylcytosine, cyanine
3~ammoallyturacil, cyanine 5-6-propargylaminocyviosine, cyanme 5-6-propargylaminouractl, cyaome
S-aminoallyicytosine, eyanine S-anunocallyluracil, cyvanine 7-aminoallyluraci, dabeyi-5-3-
aromoaliviuracil, desthiobiotin-16-ammoallyl-uracd, desthiobiotin-6-anuncallyleytosine, isoguanine,
Nl-ethylpseudouracil, Nl-methoxymethylpseudouraci], Ni-methyladenune, Nl-methylpseudouraci,
Ni-propylpseudouracil, N2-methylguanine, N4-biotin-OBEA-cytosine, Nd4-methyleytosine, No-
methyladenine, O6-methylguanine, pseudossocyiosine, pseudouraci, thienocytosine, thienoguanine,
thienouracil, xanthosine, 3-deazaadenine, 2,0-diaminoadenine, 2,6-danunoguanine, S-carboxamide-
uract, S-ethynyluracil, No-isopentenylademine (164}, 2-methyl-thio-N6-isopentenyladenine
{ms2i6A), 2-methyithio-No-methyladenine (ms2m6A}, No-{cis-hydroxyisopentenyDadenine (106A),
Z-methylthio-Né~{cis-hydroxyisopenteny Dadenine {ms2i06A), No-glvemylcarbamoyladenine (g6A),
Né-threonylcarbamoyladening (16A), 2-methylthio-No-threonyl carbamoyiadenine (ms2t6A}, N6~
methyl-No-threonylcarbamoyladenine {mot6A), N6-hydroxynorvalylcarbamoviadenine (hn6Aj}, 2-
methylthig-No-hydroxynorvalyl carbamoyladenine (msZhn6A), N6, No-dimethyladenine (mo62A},

and Né-acetyladenine {ac6A).

195, The method of any one of claims 163-194, wherein at least one modified nuclestide

comprises a modified sugar.

196.  The method of claim 195, wherein the modified sugar 18 selected from the group consisting
of 2'-thioribose, 2',3'-dideoxyribose, 2-aminoe-2'~-deoxyribose, 2' deoxyribose, 2'-azido-2'-
deoxyribose, 2'-fluore-2'-deoxyribose, 2'-O-methyiribose, 2'-O-methyldeoxyribose, 3'-amino-2' 3~
dideoxyribose, 3'-azido-2', 3 -dideoxyribose, 3'-deoxyribose, 3'-O-{2-nitrobenzyl)-2'-deoxyribose, 3'-
O-methylribose, S'-aminoribose, 5'-thioribose, 5-nitro-1-indolyl-2'-deoxyribose, 5'-biotin-ribose, 2'-

0, 4'-C-methylene-linked, 2'-0,4'-C-amino-linked ribose, and 2'-0,4'-C-thio-linked ribose.
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197, The method of any one of claims 163-196, wherein at least one modified nuclestide

comprises a 2’ modification.

198.  The method of claim 197, wherein the 2' modification is selected from the group consisting
of a locked-nucleic acid (ENA) modification, 2'-fluoro (2'-F) , 2'-O-methoxy-ethyl (2'-MOE), and
2'-O-methyiation (2'-OMe).

199, The method of any one of claims 163—198, wherein at least one modified nucleotide

comprises a modified phosphate,

200, The method of claim 199, wherein the modified phosphate 1s selected from the group
consisting of phosphorothuoate (PS), phosphorodithicate, thiophosphate, 5'-O-methyiphosphonate,
3'-G-methyiphosphonate, 5'-hydroxyphosphonate, hydroxyphosphanate, phosphoroselenocate,
selenophosphate, phosphoranudate, carbophosphonate, methviphosphonate, phenylphosphonate,
ethylphosphonate, H-phosphonate, guanidiniom ting, triazole ring, boranophosphate (BP),

methylphosphonate, and guanmdinopropyl phosphoramudate.

201, The method of any one of claims 163200, wherein the taihng nucleic acid comprises at least

3, at least 4, at least 5, or at least 6 phosphorothioates.

202, The method of claim 201, wherein the tailing nucleic acid comprises at least &

phosphorothioates.

203, The method of any one of claims 163-201, wherein the tailing nucleic acid comprises at least

3 guanine nucleotides and least 3 phosphorothioates.

204, The method of any one of claims 163-203, wherein the tailing nucleic acid comprises at least

6 nuclectides comprising a 2’ modification.

205 The method of any one of claims 163-204, wherem the tailing nucleic acid comprises at least

3 deoxyribose sugars.
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206,  The method of claim 205, wherein the tailing nucleic acid comprises at least 5, at least 10, at

least 15, at least 20, or at least 23 deoxyribose sugars.

207 The method of claim 206, wherein the tailing nucleic acid comprises at least 23 deoxyribose

Sugars.

208, The method of any one of claims 163-168 or 178207, wherein the 3’ terminal nucleotide of
the tailing nucleic acid comprises a dideoxyadenosine, dideoxyeyiidine, dideoxyguanosine,
dideoxythymidine, dideoxyuridine, or inverted-deoxythynudine.

209 The method of any one of claims 163-208, wheremn the tathing nucleic acid comprises a first
modified nucleotide and g second modified nucleotide, wherein the first and second modified
nucleotides comprise different structures.

210, The method of any one of clamms 163-209, wherein at least 25%, at least 30%, at least 40%,

at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95%, at least 96%, at
least 97%, at least 98%, or at least 99% of the poly-A region of the modified non-coding RNA are

adenosine nucleotides.

211, The method of any one of claims 163-210, wherein the poly-A region of the modified non-

coding RNA comprises at least 25500 nucleotides.

212, The method of claim 211, wherein the poly-A region of the modified non-coding RNA

comprises at feast 50, at least 100, at least 150, or at least 200 nucleotides.

213, The method of any one of claims 163-212, wherein the RNA ligase 1s T4 RNA ligase.

214 A modified mRNA produced by the method of any one of claims 106-162.

215,

i

The modified mRNA of any one of claims 1-59 or 214, wherein the mRNA encodes an

antigen or a therapeutic protein.
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216, The modified mRNA of claim 215, wherein the antigen 1s a viral antigen, bacterial antigen,

protozoal antigen, or fungal antigen.

217, The modified mRNA of claim 215, wherein the therapeutic protein 15 an enzyme,

transcription factor, cell surface receptor, growth factor, or clotting factor.

218 The modified mRNA of any one of claims 1-59 or 215-217, wherein the open reading frame

is codon-optimized for expression in a cell

219, The modified mRNA of claim 218, wherein the modified mRNA 15 codon-optimized for

expression in a mammahan cell.

20, The modified mRNA of claim 219, wheremn the wodified mRNA 15 codon-optumized for

[\

expression in a human cell

221, A modified non-~coding RNA produced by the method of any one of claims 163-213.

222, The modified non~coding RNA of any one of claims 60105 or 221, wherein the modified
non-coding RNA 1s a gwnde RNA (gRNA}Y, a prime editing guide RNA (pegRNA}, or a long non-
coding RNA {IncRNA).

223, A lipid nanoparticle comprising the modified mRNA of any one of claims 1-59 or 214-220
or the modified non-coding RNA of any one of claims 601053, 221, or 222,
224, A cell comprising the modified mRNA of any one of claims 1-59 or 214-220 or the

modified non-coding RNA of any one of claims 60105, 221, or 222,

i

225 The cell of claim 224, wherein the cell i1s a mammalian cell,

226, The cell of claim 225, wherein the cell is a human cell
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227, A composition comprising the modified mRNA of any one of claims 1-59 or 214-220, the
Ialalsl

modified non-coding RNA of any one of claims 60-105, 221, or 222, the lipid nanoparticle of claim

223, or the cell of any one of claims 224-226.

228 A pharmaceutical composition comprising the composition of claim 227 and a

pharmaceutically acceptable excipient

229, A method comprising introducing the mRNA of any one of claims 1-39 or 214-220, the
modified non-coding RNA of any one of claims 60-103, 221, or 222, or the lipid nanoparticle of

claim 223, mto a cell.

230, A method comprising introducing the mRNA of any one of claims 1-59 or 214-220, the
maodified non-coding RNA of any one of claims 60103, 221, or 222, the lipid nanoparticle of claim

N

223, the cell of any one of claims 224-226, or the composition of claim 227 or 228, into a subject.

231, A method of vaccmating a subject, comprising introducing the modified mRNA of any one
of claims 1-59 or 214220, the hipid nanoparticle of claim 223, the cell of any one of claims 224
226, or the composition of claim 227 or 228 into the subject, wheremn the open reading frame of the

modified mRNA encodes an antigen.

232, A method of replacing an enzyme in a subject, comprising introducing the modified mRNA
of any one of claims 1-59 or 214-220, the lipid nanoparticle of claim 223, the cell of any one of
claims 224-226, or the composition of claim 227 or 228, into the subject, wherein the open reading
frame of the modified mRNA encodes an enzyme.

233, A maethod of modifying the genome of a subject, comprising iniroducing the modified non-
coding RNA of any one of claims 60105, 221, or 222, the lipid nanoparticle of claim 223, or the
composttion of claim 227 or 228 into a subject.

234, The method of any one of claims 230-233, wheremn the subject 15 a mammal

235 The method of claim 234, wherein the subject is a human.
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236,  The modified mRNA of any one of claims 1-59 or 214-220, the modified non-coding RNA

of any one of claims 60-105, 221, or 222, the lipid nanoparticle of claim 223, the cell of any one of

claims 224-226, or the composition of claim 227 or 228, for use as a medicament.

237 A kit comprising the RNA and the tailing nucleic acid of any one of claims 106-213.

238, The kit of claim 237, further comprising an RNA ligase.

239 A kut comprising the pharmaceutical composition of claim 228 and a delivery device,

240, A method for purifying a modified mRNA or a modified non-coding RNA, comprising:
contacting a mixture comprising the modified mRNA of any one of claims 1-59 or the
modified non-coding RNA of any one of claims 60-105 with a punification medium, wherein the
modified mRNA or modified non~coding RNA 1nteracts with the purification mediom to form a
maodified RNA-purification medium conjugate;
separating the modified RNA-purification medium conjugate from the mixture; and
eluting the modified mRNA or the modified non-coding RNA from the modified RNA-

purification medium conjugate with a solvent,

241, The method of claim 240, wherein the purification medium comprises a paramagnetic bead.
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