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(57) Abstract: Provided herein are recombinant circular RNA (circRNA) molecules comprising an internal ribosome entry site (IRES)
operably linked to a protein-coding nucleic acid sequence. The IRES may be, for example, a Type [ IRES, such as a viral IRES. In
some embodiments, the IRES is a synthetic IRES, such as an IRES comprising an aptamer. Methods of producing a protein in vitro or
in vivo using the recombinant circRNA molecules are also provided.
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COMPOSITIONS AND METHODS FOR IMPROVED PROTEIN TRANSLATION
FROM RECOMBINANT CIRCULAR RNAS

FIELD
[0001] The present invention relates to recombinant circular RNA (circRNA) molecules
comprising viral and/or synthetic internal ribosome entry sites (IRESs), as well as methods for

use thereof.

STATEMENT OF RELATED APPLICATIONS

[0002] This application claims priority to U.S. Provisional Patent Application No.
63/215,102, filed June 25, 2021, U.S. Provisional Patent Application No. 63/232,324, filed
August 12, 2021, U.S. Provisional Patent Application No. 63/320,954, filed March 17, 2022, and
U.S. Provisional Patent Application No. 63/353,1009, filed June 17, 2022, the entire contents of

which are incorporated herein by reference for all purposes.

SEQUENCE LISTING
[0003] The text of the computer readable sequence listing filed herewith, titled “39651-
601 _SQL ST25”, created June 23, 2022, having a file size of 11,323,344 bytes, is hereby

incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY-SPONSORED RESEARCH
[0004] This invention was made with Government support under contract CA209919 and
contract number 5T32GMO008412 awarded by the National Institutes of Health. The

Government has certain rights in the invention.

BACKGROUND

[0005] Circular RNAs (circRNAs) are a type of single-stranded RNA which, unlike linear
RNA, comprises a covalently closed continuous loop. circRNAs occur naturally in mammalian
cells, and play important roles in various biological processes. circRNAs innately possess greater
stability and resistance to intra- and extracellular RNAses than mRNAs, making them attractive

candidates for delivery of key payloads where long-lasting expression is necessary.
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[0006] Recently, there has been an interest in using recombinant circRNAs to express a
protein of interest, in vifro or in vivo. Introduction of an internal ribosome entry sequence (IRES)
into a circular RNA allows translation of a protein encoded by a circRNA. However, IRES
elements that exist in nature may or may not support translation from engineered circular RNAs,
as IRES elements are often evolved in the context of linear RNA genomes.

[0007]  Accordingly, there is in the need in the art to identify IRES elements that can drive
protein translation from recombinant circRNAs. Further, there is a need for engineered IRES

elements that improve the amount and/or duration of protein expression from a circRNA.

BRIEF SUMMARY

[0008] Provided herein are circular RNA molecules comprising an internal ribosome entry
sequence (IRES) operably linked to a protein-coding sequence.

[0009] For example, in some embodiments, a circular RNA molecule comprises an internal
ribosome entry site (IRES) sequence operably linked to a protein-coding sequence; wherein the
IRES sequence is a viral sequence; and wherein the protein-coding sequence encodes a non-viral
protein. In some embodiments, the molecule comprises a spacer upstream of said IRES.

[0010] In some embodiments, the non-viral protein is a mammalian protein. In some
embodiments, the non-viral protein is a human protein.

[0011] In some embodiments, the IRES is a Type 1 IRES. In some embodiments, the IRES is
an enterovirus IRES. In some embodiments, the IRES is a human rhinovirus (HRV) IRES.
[0012] In some embodiments, the IRES is any one of the IRES listed in Table 7. In some
embodiments, the IRES is any one of the following IRES: iEMCV, iHCV, iCVBS,
iSwineVesicular, iHRV-A2, iHRV-C3, iHRV-C11, iCVB1, iPV2, iHRV-B17, iEchoV-E15,
iEV71, iHRV-A9, iSiminanV4, iEV-D94, iSimianAS5, iPV3, iHRV-C54, iHRV-A100, iHR V-
B37,1HRV-B4, iHRV-B92, iHRV-B3, iHRV-A1, iEV107, or a fragment or derivative thereof.
In some embodiments, the IRES is any one of the following IRES: iIEV-B83, iHRV-A57, iHRV-
B35, iHRV-B4, iEV-D68, iHRVB_R93, iHRV-B5, iHRVB-B52, iHRVB-B93, iHRV-B84,
iHRV-B83 SC2220, iHRV-B72, iHRV-B69, iHRVB SC0739, iHRV-B91, iHRV-B42, iHRV-
B6, iHRV-B83, iHRV-B48, iHRV-B99, iHRV-B79, iHRV-B97, iHRV-B27, iHRVB_3039,
iHRVB-B14, iCosV-B1, or a fragment or derivative thereof. In some embodiments, the IRES is
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iCVB3, or a fragment or derivative thereof. In some embodiments, the IRES is iHRV-B3, or a
fragment or derivative thereof.

[0013]  Also provided herein is a circular RNA molecule comprising a synthetic internal
ribosome entry site (IRES) sequence operably linked to a protein-coding sequence. In some
embodiments, the IRES is upstream of the protein-coding sequence. In some embodiments, the
synthetic IRES sequence comprises an aptamer. In some embodiments, synthetic IRES sequence
comprises an aptamer and a second aptamer.

[0014] In some embodiments, the aptamer is a wildtype aptamer. In some embodiments, the
aptamer is an aptamer was designed and/or evolved to bind one or more DNA sequences. In
some embodiments, the aptamer is a mutant aptamer. In some embodiments, the aptamer is
modified to have an extended stem region.

[0015] In some embodiments, the aptamer is positioned within the secondary structure of the
IRES so that is spatially proximal to portion of the IRES responsible for translation initiation. In
some embodiments, the aptamer does not interrupt the native eIF4G binding site of the IRES and
does not interrupt a native GRNA tetraloop within the IRES.

[0016] In some embodiments, the aptamer is an e[F4G-binding aptamer. In some
embodiments, the e[F4G-binding aptamer comprises or is encoded by the sequence of SEQ ID
NO: 99. In some embodiments, the IRES is a Type 1 IRES. In some embodiments, the IRES is a
modified enterovirus IRES. In some embodiments, the IRES is a modified human rhinovirus
(HRV) IRES. In some embodiments, the IRES comprises or is encoded by the sequence of any
one of SEQ ID NO: 125-129.

[0017] In some embodiments, synthetic IRES sequence is a modified iCVB3 IRES. In some
embodiments, modified iCVB3 IRES comprises an aptamer inserted in domain I, II, III, IV, V,
VI or VII thereof. In some embodiments, the modified iCVB3 IRES comprises an aptamer
inserted in domain IV thereof. In some embodiments, the modified iCVB3 aptamer is modified
to have an extended stem region. In some embodiments, the modified iCVB3 aptamer is
positioned within the secondary structure of the IRES so that is spatially proximal to portion of
the IRES responsible for translation initiation. In some embodiments, the modified iCVB3
aptamer does not interrupt the native eIF4G binding site of the IRES and does not interrupt a

native GRNA tetraloop within the IRES.
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[0018] In some embodiments, the synthetic IRES sequence is a modified iHRV-B3 IRES. In
some embodiments, the modified iIHRV-B3 IRES comprises an aptamer inserted in domain I, II,
I, TV, V, or VI thereof. In some embodiments, the modified iHRV-B3 IRES comprises an
aptamer inserted in domain I'V thereof. In some embodiments, the modified iHRV-B3 IRES
aptamer is modified to have an extended stem region. In some embodiments, the modified
iHRV-B3 IRES aptamer is positioned within the secondary structure of the IRES so that is
spatially proximal to portion of the IRES responsible for translation initiation. In some
embodiments, the modified iHRV-B3 aptamer does not interrupt the native elF4G binding site of
the IRES and does not interrupt a native GRNA tetraloop within the IRES.

[0019] In some embodiments, the circular RNA comprises a least one 2-thiouridine (2ThioU)
or at least one 2'-O-methylcitidine (20MeC). In some embodiments, the circular RNA molecule
comprises about 2% to about 5% 2-thiouridine (e.g., about 2.5% 2-thiouridine). In some
embodiments, the circular RNA molecule comprises about 2% to about 5% 2'-O-methylcitidine
(e.g., about 2.5% 2'-O-methylcitidine).

[0020] Also provided is a nucleic acid that encodes one or more of the circular RNA
molecules described herein.

[0021]  Also provided is a composition comprising one or more of the circular RNA
molecules and/or the nucleic acids described herein.

[0022]  Also provided are host cells comprising one or more of the circular RNA molecules
and/or the nucleic acids described herein.

[0023] Also provided are methods for producing a protein in a cell, the method comprising
contacting a cell with a circular RNA molecule or a nucleic acid described herein under
conditions whereby the protein-coding nucleic acid sequence of the circular RNA is translated
and the protein is produced in the cell.

[0024]  Also provided are methods for producing a protein in vitro, the method comprising
contacting a cell-free extract with a circular RNA molecule or a nucleic acid under conditions
whereby the protein-coding nucleic acid sequence of the circular RNA is translated and the
protein is produced.

[0025] These and other embodiments will be described in further detail below, and in the

appended drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 is a graph that shows normalized luminescence (relative to iCVB3) observed
in a cell-based screen of viral IRES sequences. The exogenously delivered recombinant circRNA
was produced by an in vitro transcription and circularization utilizing circRNA DNA plasmids,
with a nanoluciferase reporter operably linked or driven by indicated IRES. n=3 biological
replicates. The dotted line represents expression level produced by iCVB3.

[0027] FIG. 2 is a graph that shows normalized luminescence (relative to mock-cell extracts,
which comprise cell-free extract but do not include any DNA plasmid template encoding a
circRNA) observed in a cell-free protein translation screen of rhinovirus type B (HRV-B) and
enterovirus B (EV) IRES sequences utilizing recombinant nano-luciferase reporter circRNAs
each with specified IRES. n=3 biological replicates. The dotted line represents expression level
produced by iCVB3.

[0028] FIG. 3 is a graph that shows normalized luminescence (relative to iCVB3) observed
in a cell-based screen of viral IRES sequences in different cell types. n=3 biological replicates.
The dotted line represents expression level produced by iCVB3. Unless indicated with the
numbers in parentheses, all IRESs are type 1.

[0029] FIG. 4 is a graph that shows normalized luminescence (relative to iCVB3) observed
for various IRES sequences, when tested in different cell lines, highlighting IRES that show
various levels of cell specific IRES activity. Normalized fold/iCVB3 IRES expression mean +
SEM are shown. n=3 biological replicates. The dotted line represents expression level produced
by iCVB3.

[0030] FIG. SA shows the structure of the wildtype CVB3 IRES, and locations where an
elF4G-recuriting aptamer (e[F4G) was inserted (labeled 01 through 11). FIG. 5B is a graph that
shows normalized luminescence (relative to mock-transfected cells) observed after transfection
of cells with circRNAs comprising an aptamer sequence. Mean luminescence fold/mock + SEM
are shown. n=3 biological replicates.

[0031] FIG. 6A shows key elements in the structure of the wildtype HRV-B3 IRES and
locations were an eiF4G-recuriting aptamer was inserted. FIG. 6B shows variations made to the
aptamer to modulate its activity, and the effect of those modifications on luciferase expression.

Mean normalized luminescence fold/mock = SEM are shown. n=3 biological replicates.
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[0032] FIG. 7A shows NanoLuc activity at 24 hours after transfection of HeLa cells with
circRNAs containing deletions of different IRES domains starting from the 5° end. Secondary
structure and truncation points are indicated on the diagram. Data shown are mean + SEM for
n=3 biological replicates. * P<0.05 by unpaired t-test compared to full-length (FL) iCVB3.
[0033] FIG. 7B shows NanoLuc activity at 24 hours after transfection of HeLa cells with
circRNAs containing successive 10bp deletions starting from the 3’ end of the IRES,
immediately prior to the AUG start codon. Data shown are mean + SEM for n=3 biological
replicates.

[0034] FIG. 7C shows NanoLuc activity at 24 hours after transfection of HeLa cells with
circRNAs containing successive 10 nt deletions starting from the 3” end of the IRES,
immediately prior to the AUG start codon. NanoLuc activity was normalized to constitutive
firefly luciferase activity from the same sample, then divided by values from mock transfection.
Data shown are mean + SEM for n=3 biological replicates.

[0035] FIG. 7D shows correlations between the indicated properties and NanoLuc activity at
24 hours after transfection of HeLa cells with circRNAs containing different N-terminal leader
sequences between the AUG start codon and NanoLuc reporter. Data shown are mean + SEM for
n=3 biological replicates.

[0036] FIG. 8 shows NanoLuc activity after transfection of HeLa cells with circRNAs
containing either a 3’ or 5’ IRES and spacer sequences of varying lengths. Data shown are mean
+ SEM for n=3 biological replicates.

[0037] FIG. 9 shows NanoLuc activity at 24 hours after transfection of HeLa cells with
circRNAs containing the indicated number of stop codons. Data shown are mean + SEM for n=3
biological replicates.

[0038] FIG. 10A shows NanoLuc activity at 24 hours after transfection of HelLa cells with
circRNAs containing an elF4G-recruiting aptamer (Apt-elF4G), shown in inset. Apt-eIF4G was
inserted into iICVB3 at 11 different positions as indicated in the schematicData shown are mean
+ SEM for n=3 biological replicates. *** P<0.001 by unpaired t-test compared to wild-type
iCVB3.

[0039] FIG. 10B shows mNeonGreen fluorescence at 24 hours after electroporation of HelL.a

cells with mRNA or circRNAs containing successive optimizations. Data shown are histograms
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for n>50,000 live singlet cells per condition and mean = SEM for n=3 biological replicates. **
P<0.01, *** P<0.001 by unpaired two-sided t-test.

[0040] FIG. 10C shows the gating strategy to analyze live singlet HEK293T cells after
electroporation.

[0041] FIG. 11 shows that e[F4G-binding site deletions are translation-lethal and
irrecoverable. NanoLuc activity at 24 hours after transfection of HeLa cells with circRNAs
containing wild-type iCVB3, iCVB3 with Apt-eIF4G insertion, iCVB3 with elF4G footprint
deletions, or iCVB3 with elF4G footprint deletions and attempted rescue with Apt-elF4G. Sub-
domain deletions (v1-v4) differed in the position where the stem loop was truncated, but at a
minimum all ablated the elF4G footprint. Data shown are mean = SEM for n=3 biological
replicates.

[0042] FIG. 12 shows NanoLuc activity at 24 hours after transfection of HeLa, HepG2, and
HEK?293T cells with circRNAs containing the indicated IRESs. Data shown are mean + SEM for
n=3 biological replicates.

[0043] FIG. 13A shows NanoLuc activity after in vitro transcription-translation (IVTT) of
circRNA plasmids containing enterovirus (EV) or human rhinovirus B (HRV-B) IRESs. All
known EV and HRV-B IRES sequences were cloned into circRNA plasmids. Purified plasmids
were then subjected to IVTT using HelLa lysate. Data shown are mean + SEM for n=4 biological
replicates.

[0044] FIG. 13B shows NanoLuc activity at 24 hours after transfection of HeLa cells with
circRNAs or linear RNAs containing strong IRESs from the IVTT-based screen. Linear RNA
sequences were identical to those of circRNAs with the exclusion of self-splicing introns. Data
shown are mean + SEM for n=3 biological replicates.

[0045] FIG. 13C shows NanoLuc activity at 24 hours after transfection of HelLa, HepG2,
HEK293T, and KG-1 cells with circRNAs containing the indicated IRESs. Values for HeLa,
HepG2, and HEK293T cells are the same as in Fig. 12. Data shown are mean = SEM for n=3
biological replicates.

[0046] FIG. 14A shows NanoLuc activity after in vitro transcription-translation (IVTT) of
circRNA plasmids containing shuffled IRESs. DNA shuffling was performed on human
rhinovirus IRESs by fragmenting IRESs and cloning the resulting pool into circRNA plasmids.
Purified plasmids were then subjected to IVTT using HeLa lysate. NanoLuc activity was divided
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by values from mock IVTT. Data shown are mean + SEM for n=4 biological replicates. P<0.05,
#*¥P=0.0095, ****P<0.0001 by unpaired two-sided t-test compared to wild-type iHRV-B3.
[0047] FIG. 14B shows NanoLuc activity at 24 hours after transfection of HeLa cells with
circRNAs containing different insertions of Apt-eIF4G into an IRES of indeterminate structure
(1IHRV-B3). The putative secondary structure for iIHRV-B3, predicted eIF4G and elF4A binding
sites, and locations of Apt-elF4G insertions are shown. Versions (v1-v6) of each insertion were
designed with different stem lengths. Double aptamer refers to insertion of Apt-elF4G at both the
distal and proximal loops. Data shown are mean + SEM for n=3 biological replicates.
*P=0.0422, **P=0.0018, ***P=0.0003, ****P<0.0001 by unpaired t-test compared to wild-type
iHRV-B3.

[0048] FIG. 14C shows sequences of shuffled IRESs.

[0049] FIG. 15A shows that RNA modifications 2-thiouridine and 2'-O-methylcytidine do
not inhibit circular RNA (circRNA) translation. The listed modifications were incorporated into
circRNA during synthesis at 10% incorporation level to assess potential inhibition of translation.
m°A = n®-methyladenosine, 5m = 5-methyl, 5Smo = 5-methoxy, 5-hydroxymethyl, 2ThioU = 2-
thiouridine, ¥ = pseudouridine, N1¥ = N1-methylpseudouridine, Nleth = N1-
ethylpseudouridine, 2’Fd = 2'-fluoro-2'-deoxy, 2°’OMeC = 2'-O-Methylcytidine.

[0050] FIG. 15B shows results of a small-scale titration experiment which revealed that 2-
thiouridine and 2'-O-methylcytidine at 2.5% incorporation levels show improved circRNA
translation over unmodified or 5% m®A. Mean normalized luminescence fold/mock + SEM are
shown (n=3 biological replicates).

[0051] FIG. 16A is a graph demonstrating that, at an optimized incorporation level identified
previously, 2-thiouridine and 2'-O-methylcytidine improve circRNA translation. CircRNAs
were transfected into HeL.a cells and Nanoluciferase expression was assayed and normalized to
constitutive expression of Firefly Luciferase. Mean normalized luminescence fold/mock + SEM
are shown (n=3 biological replicates). ***p<0.001, unpaired t-test, comparing to unmodified
normalized luminescence.

[0052] FIG. 16B provides images showing that the RNA modifications N®-methyladenosine,
2-thiouridine, and 2'-O-methylcytidine all confer resistance to RNAse degradation.

[0053] FIG. 16C shows NanoLuc activity after transfection of HeLa cells with unmodified

circRNA or circRNA containing 5% m6A. NanoLuc activity was normalized to constitutive
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firefly luciferase activity from the same sample, then divided by values from mock transfection.
Data shown are mean + SEM for n=3 biological replicates.

[0054] FIG. 16D shows mNeonGreen fluorescence at 24 hours after electroporation of Hela
cells with unmodified circRNA or circRNA containing 5% m6A. Mean mNeonGreen expression
was measured by flow cytometry and normalized by values from mock electroporation. Data
shown are histograms for n>50,000 live singlet cells per condition and mean + SEM for n=3
biological replicates.

[0055] FIG. 17A shows NanoLuc activity at 24 hours after transfection of HeLa cells with
circRNAs containing 10% incorporation of different RNA modifications. Data shown are mean
+ SEM for n=3 biological replicates. m®A, N®-methyladenosine; SmC, 5-methylcytidine; SmU,
5-methyluridine; SmoC, S5-methoxycytidine; SmoU, S-methoxyuridine; ShmC, 5-
hydroxymethylcytidine; ShmU, 5-hydroxymethyluridine; 2ThioU, 2-thiouridine; ‘P,
pseudouridine; N1, N'-methylpseudouridine; N1eth®, N'-ethylpseudouridine; 2’FdC, 2'-
fluoro-2'-deoxycytidine; 2’FdU, 2'-fluoro-2'-deoxyuridine; 2’OMeC, 2'-O-Methylcytidine.
[0056] FIG. 17B shows quantification of circRNA levels in HeLa cells at 24 hours after
transfection with circRNAs containing the indicated RNA modifications. Data shown are mean +
SEM for n=3 biological replicates.

[0057] FIG. 17C shows resistance of mRNA and circRNAs with indicated RNA
modifications to degradation in escalating doses of fetal bovine serum (FBS). RNAs were
incubated in the indicated percent concentrations of FBS at 37°C for 30 minutes, then briefly
denatured in RNA loading bufter before gel electrophoresis. The same amount of ladder per gel
and RNA per well were used to allow for comparisons between gels.

[0058] FIG. 17D shows NanoLuc activity in supernatant after electroporation of HeLa cells
with circRNA or mRNA encoding secreted NanoLuc. CircRNA was synthesized with 5% mo6A
incorporation and the HRV-B3 IRES. mRNA was synthesized with CleanCap reagent, 100%
N1¥ incorporation, and a 120 nt poly(A) tail. At the indicated hours (h) and days (d) post-
electroporation, media was harvested to assay secreted NanoLuc and replaced. Data shown are
mean + SEM for n=3 biological replicates.

[0059] FIG. 18A shows that additional stop codons do not change circRNA or proteion size.
TapeStation gel electrophoresis depicting the size of circRNAs encoding NanoLuc and

possessing the indicated number of stop codons.
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[0060] FIG. 18B shows a Western blot depicting NanoLuc protein in HeLa lysate at 24
hours after electroporation with circRNAs encoding NanoLuc and possessing the indicated
number of stop codons. Each lane was loaded with 10 pg of total protein.

[0061] FIG. 19. In silico RNA structure prediction can inform IRES engineering. RNA
structure predictions for synthetic IRESs synIRESO1-11 at the site of aptamer insertion. For
inter-domain insertions (synIRESO1, 03, 05, 09, and 11), structure prediction was performed on
Apt-eIF4G and the adjacent iCVB3 domains. For loop insertions (synIRES02, 04, 06, 07, 08, and
10), structure prediction was performed on Apt-elF4G and the iCVB3 domain containing the

insertion. In each structure, nucleotides corresponding to Apt-e[F4G are shown in white.

DETAILED DESCRIPTION

[0062] Protein translation in eukaryotic cells typically relies on the m’G cap present at the 5’
end of mRNAs. However, several cap-independent translation mechanisms have been identified.
For example, some viral mRNAs employ alternative mechanisms of translation initiation based
on internal ribosome entry via an internal ribosome entry sequence (IRES). Cap-independent
translation of proteins typically suffers from lower translation strength, as compared to cap-
dependent (mRNA translation).

[0063] Provided herein are viral and synthetic IRES that can drive expression of a protein
(e.g., a non-viral protein) from a circular RNA. The viral and synthetic IRES described herein
satisfy an unmet need in the field of cap-independent translation. The IRESs identified may also
be used for polycistronic mRNA gene delivery. Because the IRESs described herein drive
expression at a wide range of strengths and some in a cell type-dependent manner, the choice of
IRES can be used to independently control expression levels of the two or more proteins in a
single transcript. This expression level tunability offers an additional layer of control over just

dosing leveling.

Definitions
[0064] To facilitate an understanding of the present technology, a number of terms and
phrases are defined below. Additional definitions are set forth throughout the detailed

description.

10
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[0065] The use of the terms ‘a and "an and the and at least one and similar referents in
the context of describing the invention (especially in the context of the following claims) are to
be construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context.

[0066] The use of the term “at least one followed by a list of one or more items (for
example, “at least one of A and B') is to be construed to mean one item selected from the listed
items (A or B) or any combination of two or more of the listed items (A and B), unless otherwise
indicated herein or clearly contradicted by context.

[0067] Recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range, unless otherwise
indicated herein, and each separate value is incorporated into the specification as if it were
individually recited herein.

[0068]  All methods described herein can be performed in any order unless otherwise
indicated herein or otherwise clearly contradicted by context. The use of any and all examples, or
exemplary language (e.g., ‘such as ) provided herein, is intended merely to better illuminate the
invention and does not pose a limitation on the scope of the invention unless otherwise claimed.
No language in the specification should be construed as indicating any non-claimed element as
essential to the practice of the invention.

[0069] Nomenclature for nucleotides, nucleic acids, nucleosides, and amino acids used
herein is consistent with International Union of Pure and Applied Chemistry (IUPAC) standards
(see, e.g., bioinformatics.org/sms/iupac.html).

[0070] When referring to a nucleic acid sequence or protein sequence, the term “identity” is
used to denote similarity between two sequences. Sequence similarity or identity may be
determined using standard techniques known in the art, including, but not limited to, the local
sequence identity algorithm of Smith & Waterman, Adv. Appl. Math. 2, 482 (1981), by the
sequence identity alignment algorithm of Needleman & Wunsch, J Mol. Biol. 48,443 (1970), by
the search for similarity method of Pearson & Lipman, Proc. Natl. Acad. Sci. USA 85, 2444
(1988), by computerized implementations of these algorithms (GAP, BESTFIT, FASTA, and
TFASTA in the Wisconsin Genetics Software Package, Genetics Computer Group, 575 Science
Drive, Madison, WI), the Best Fit sequence program described by Devereux et al., Nucl. Acid
Res. 12, 387-395 (1984), or by inspection. Another algorithm is the BLAST algorithm, described
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in Altschul et al., J] Mol. Biol. 215, 403-410, (1990) and Karlin et al., Proc. Natl. Acad. Sci. USA
90, 5873-5787 (1993). A particularly useful BLAST program is the WU-BLAST-2 program
which was obtained from Altschul et al., Methods in Enzymology, 266, 460-480 (1996);
blast.wustl/edu/blast/README html. WU-BLAST-2 uses several search parameters, which are
optionally set to the default values. The parameters are dynamic values and are established by the
program itself depending upon the composition of the particular sequence and composition of the
particular database against which the sequence of interest is being searched; however, the values
may be adjusted to increase sensitivity. Further, an additional useful algorithm is gapped BLAST
as reported by Altschul et al, (1997) Nucleic Acids Res. 25, 3389-3402. Unless otherwise
indicated, percent identity is determined herein using the algorithm available at the internet
address: blast.ncbi.nlm.nih.gov/Blast.cgi.

[0071] The terms “internal ribosome entry site,” “internal ribosome entry sequence,” “IRES”
and “IRES sequence region” are used interchangeably herein and refer to cis elements of viral or
human cellular RNAs (e.g., messenger RNA (mRNA) and/or circRNAs) that bypass the steps of
canonical eukaryotic cap-dependent translation initiation. The canonical cap-dependent
mechanism used by the vast majority of eukaryotic mRNAs requires an m’G cap at the 5° end of
the mRNA, initiator Met-tRNAmet, more than a dozen initiation factor proteins, directional
scanning, and GTP hydrolysis to place a translationally competent ribosome at the start codon.
IRESs typically are comprised of a long and highly structured 5'-UTR which mediates the
translation initiation complex binding and catalyzes the formation of a functional ribosome.
[0072] “Aptamers” are short, single-stranded DNA or RNA molecules that can selectively
bind to a specific target. The target may be, for example, a protein, peptide, carbohydrate, small
molecule, toxin, or a live cell. Some aptamers can bind DNA, RNA, self-aptamers or other non-
self aptamers. Aptamers assume a variety of shapes due to their tendency to form helices and
single-stranded loops. Illustrative DNA and RNA aptamers are listed in the Aptamer database
(scicrunch.org/resources/Any/record/nlx 144509-1/SCR_001781/resolver?q=*&I=).

29 CC 2%

[0073] The terms “coding sequence,” “coding sequence region,” “coding region,” and
“CDS” when referring to nucleic acid sequences may be used to refer to the portion of a DNA or
RNA sequence, for example, that is or may be translated to protein. The terms “reading frame,”
“open reading frame,” and “ORF,” may be used herein to refer to a nucleotide sequence that

begins with an initiation codon (e.g., ATG) and, in some embodiments, ends with a termination
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codon (e.g., TAA, TAG, or TGA). Open reading frames may contain introns and exons, and as
such, all CDSs are ORFs, but not all ORF are CDSs.

[0074] The terms “complementary” and “complementarity” refers to the relationship
between two nucleic acid sequences or nucleic acid monomers having the capacity to form
hydrogen bond(s) with one another by either traditional Watson-Crick base-paring or other non-
traditional types of pairing. The degree of complementarity between two nucleic acid sequences
can be indicated by the percentage of nucleotides in a nucleic acid sequence which can form
hydrogen bonds (e.g., Watson-Crick base pairing) with a second nucleic acid sequence (e.g.,
about 50%, about 60%, about 70%, about 80%, about 90%, and 100% complementary). Two
nucleic acid sequences are “perfectly complementary” if all the contiguous nucleotides of a
nucleic acid sequence will hydrogen bond with the same number of contiguous nucleotides in a
second nucleic acid sequence. Two nucleic acid sequences are “substantially complementary” if
the degree of complementarity between the two nucleic acid sequences is at least 60% (e.g., at
least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at
least 97%, at least 98%, at least 99%, or 100%) over a region of at least 8 nucleotides (e.g., at
least 9, at least 10, at least 11, at least 12, at least 13, at least 14, at least 15, at least 16, at least
17, at least 18, at least 19, at least 20, at least 21, at least 22, at least 23, at least 24, at least 25, at
least 30, at least 35, at least 40, at least 45, at least 50, or more nucleotides), or if the two nucleic
acid sequences hybridize under at least moderate, or, in some embodiments high, stringency
conditions. Exemplary moderate stringency conditions include overnight incubation at 37° C in a
solution comprising 20% formamide, 5xSSC (150 mM NacCl, 15 mM trisodium citrate), SO0 mM
sodium phosphate (pH 7.6), SxDenhardt’s solution, 10% dextran sulfate, and 20 mg/ml
denatured sheared salmon sperm DNA, followed by washing the filters in 1xSSC at about 37-50°
C, or substantially similar conditions, e.g., the moderately stringent conditions described in
Sambrook, J., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory Press;
4th edition (June 15, 2012). High stringency conditions are conditions that use, for example (1)
low ionic strength and high temperature for washing, such as 0.015 M sodium chloride/0.0015 M
sodium citrate/0.1% sodium dodecyl sulfate (SDS) at 50° C, (2) employ a denaturing agent
during hybridization, such as formamide, for example, 50% (v/v) formamide with 0.1% bovine
serum albumin (BSA)/0.1% Ficoll/0.1% polyvinylpyrrolidone (PVP)/S0 mM sodium phosphate
buffer at pH 6.5 with 750 mM sodium chloride and 75 mM sodium citrate at 42° C, or (3)
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employ 50% formamide, 5xSSC (0.75 M NacCl, 0.075 M sodium citrate), 50 mM sodium
phosphate (pH 6.8), 0.1% sodium pyrophosphate, 5xDenhardt’s solution, sonicated salmon
sperm DNA (50 pg/ml), 0.1% SDS, and 10% dextran sulfate at 42° C, with washes at (i) 42° C in
0.2xSSC, (i1) 55° C in 50% formamide, and (iii) 55° C in 0.1xSSC (optionally in combination
with EDTA). Additional details and an explanation of stringency of hybridization reactions are
provided in, e.g., Sambrook, supra; and Ausubel et al., eds., Short Protocols in Molecular
Biology, 5th ed., John Wiley & Sons, Inc., Hoboken, N.J. (2002). The term “hybridization” or
“hybridized” when referring to nucleic acid sequences is the association formed between and/or
among sequences having complementarity.

[0075] The term “secondary structure,” or “secondary structure element” or “secondary
structure sequence region” as used herein in reference to nucleic acid sequences (e.g., RNA,
DNA, etc), refers to any non-linear conformation of nucleotide or ribonucleotide units. Such
non-linear conformations may include base-pairing interactions within a single nucleic acid
polymer or between two polymers. Single-stranded RNA typically forms complex and intricate
base-pairing interactions due to its increased ability to form hydrogen bonds stemming from the
extra hydroxyl group in the ribose sugar. Examples of secondary structures or secondary
structure elements include but are not limited to, for example, stem-loops, hairpin structures,
bulges, internal loops, multiloops, coils, random coils, helices, partial helices and pseudoknots.
In some embodiments, the term “secondary structure” may refer to a SURE element. The term
“SuRE” stands for stem-loop structured RNA element (SuRE).

[0076] The term “free energy,” as used herein, refers to the energy released by folding an
unfolded polynucleotide (e.g., RNA or DNA, etc.) molecule, or, conversely, the amount of
energy that must be added in order to unfold a folded polynucleotide (e.g., RNA or DNA, etc.)
The “minimum free energy (MFE)” of a polynucleotide (e.g., DNA, RNA, etc.) describes the
lowest value of free energy observed for the polynucleotide when assessed for various secondary
structures thereof. The MFE of an RNA molecule may be used to predict RNA or DNA
secondary structure and is affected by the number, composition, and arrangement of the RNA or
RNA nucleotides. The more negative free energy a structure has, the more likely is its formation

since more stored energy is released by formation of the structure.

14



WO 2022/271965 PCT/US2022/034756

[0077] The term “melting temperature (Tm)” refers to the temperature at which about 50% of
double-stranded nucleic acid structures (e.g., DNA/DNA, DNA/RNA, or RNA/RNA duplexes)
denature and dissociate to single-stranded structures.

[0078] The term “recombinant,” as used herein, means that a particular nucleic acid (DNA or
RNA) is the product of various combinations of cloning, restriction, polymerase chain reaction
(PCR) and/or ligation steps resulting in a construct having a structural coding or non-coding
sequence distinguishable from endogenous nucleic acids found in natural systems. DNA
sequences encoding polypeptides can be assembled from ¢cDNA fragments or from a series of
synthetic oligonucleotides to provide a synthetic nucleic acid which is capable of being
expressed from a recombinant transcriptional unit contained in a cell or in a cell-free
transcription and translation system. Genomic DNA comprising the relevant sequences can also
be used in the formation of a recombinant gene or transcriptional unit. Sequences of non-
translated DNA may be present 5° or 3’ from the open reading frame, where such sequences do
not interfere with manipulation or expression of the coding regions and may act to modulate
production of a desired product by various mechanisms. Alternatively, DNA sequences encoding
RNA that is not translated may also be considered recombinant. Thus, the term “recombinant”
nucleic acid also refers to a nucleic acid which is not naturally occurring, e.g., is made by the
artificial combination of two otherwise separated segments of sequence through human
intervention. This artificial combination is often accomplished by either chemical synthesis
means, or by the artificial manipulation of isolated segments of nucleic acids, e.g., by genetic
engineering techniques. Such is usually done to replace a codon with a codon encoding the same
amino acid, a conservative amino acid, or a non-conservative amino acid. Alternatively, the
artificial combination may be performed to join together nucleic acid segments of desired
functions to generate a desired combination of functions. This artificial combination is often
accomplished by either chemical synthesis means, or by the artificial manipulation of isolated
segments of nucleic acids, e.g., by genetic engineering techniques. When a recombinant
polynucleotide encodes a polypeptide, the sequence of the encoded polypeptide can be naturally
occurring (“wild type”) or can be a variant (e.g., a mutant) of the naturally occurring sequence.
Thus, the term “recombinant” polypeptide does not necessarily refer to a polypeptide whose
sequence does not naturally occur. Instead, a “recombinant” polypeptide is encoded by a

recombinant DNA sequence, but the sequence of the polypeptide can be naturally occurring
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(“wild type”) or non-naturally occurring (e.g., a variant, a mutant, etc.). Thus, a “recombinant”
polypeptide is the result of human intervention, but may comprise a naturally occurring amino
acid sequence.

[0079] The terms “operably linked” and “operatively linked,” as used herein, refer to an
arrangement of elements that are configured so as to perform, function or be structured in such a
manner as to be suitable for an intended purpose. For example, a given promoter operably linked
to a coding sequence is capable of effecting the expression of the coding sequence when the
proper enzymes are present. Expression is meant to include the transcription of any one or more
of a recombinant nucleic acid encoding a circular RNA, or mRNA from a DNA or RNA
template and can further include translation of a protein from a recombinant circular RNA
comprising an IRES sequence (e.g., a non-native IRES). Thus, for example, intervening
untranslated yet transcribed sequences can be present between a promoter sequence and a coding
sequence and the promoter sequence can still be considered to be “operably linked” to the coding

sequence.

Circular RNAs

[0080] The instant disclosure provides recombinant circular RNA molecules comprising an
internal ribosome entry site (IRES) sequence operably linked to a protein-coding sequence, and
DNA sequences encoding the same. In some embodiments, the protein coding sequence encodes
a non-viral protein. For example, in some embodiments, the protein coding sequence encodes an
animal protein, a plant protein, a bacterial protein, a fungal protein, or an artificial protein. In
some embodiments, the protein coding sequence encodes a mammalian protein, such as a human
protein.

[0081] Recombinant circRNA molecules may be generated or engineered according to
several methods. For example, recombinant circRNA molecules may be generated by back-
splicing of linear RNAs. For example, in some embodiments, a recombinant circular RNA is
produced by back-splicing of a downstream 5’ splice site (splice donor) to an upstream 3’ splice
site (splice acceptor). The splice donor and/or splice acceptor may be found, for example, in a
human intron or portion thereof that is typically used for circRNA production at endogenous
loci. In some embodiments, a recombinant circular RNA is produced by contacting a cell with a

DNA plasmid, wherein the DNA plasmid encodes a linear RNA, and the linear RNA 1is back-
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spliced to produce a recombinant circular RNA. In some embodiments, the DNA plasmid
comprises introns from the mammalian ZKSCAN1 gene.

[0082] In some embodiments, circular RNAs can be generated by a non-mammalian splicing
method. For example, linear RNAs containing various types of introns, including self-splicing
group I introns, self-splicing group II introns, spliceosomal introns, and tRNA introns can be
circularized. In particular, group I and group II introns have the advantage that they can be
readily used for production of circular RNAs in vitro as well as in vivo because of their ability to
undergo self-splicing due to their autocatalytic ribozyme activity.

[0083]  Alternatively, circular RNAs can be produced in vitro from a linear RNA by chemical
or enzymatic ligation of the 5” and 3’ ends of the RNA. Chemical ligation can be performed, for
example, using cyanogen bromide (BrCN) or ethyl-3-(3 -dimethylaminopropyl) carbodiimide
(EDC) for activation of a nucleotide phosphomonoester group to allow phosphodiester bond
formation (Sokolova, FEBS Lett, 232:153-155 (1988); Dolinnaya et al., Nucleic Acids Res., 19:
3067-3072 (1991); Fedorova, Nucleosides Nucleotides Nucleic Acids, 15: 1137-1147 (1996)).
Alternatively, enzymatic ligation can be used to circularize RNA. Exemplary ligases that can be
used include T4 DNA ligase (T4 Dnl), T4 RNA ligase 1 (T4 Rnl 1), and T4 RNA ligase 2 (T4
Rnl 2).

[0084] In some embodiments, splint ligation may be used to generate circular RNA. Splint
ligation involves the use of an oligonucleotide splint that hybridizes with the two ends of a linear
RNA to bring the ends of the linear RNA together for ligation. Hybridization of the splint,
which can be either a deoxyribo-oligonucleotide or a ribooligonucleotide, orients the 5 -
phosphate and 3 -OH of the RNA ends for ligation. Subsequent ligation can be performed using
either chemical or enzymatic techniques, as described above. Enzymatic ligation can be
performed, for example, with T4 DNA ligase (DNA splint required), T4 RNA ligase 1 (RNA
splint required) or T4 RNA ligase 2 (DNA or RNA splint). Chemical ligation, such as with
BrCN or EDC, is more efficient in some cases than enzymatic ligation if the structure of the
hybridized splint-RNA complex interferes with enzymatic activity (see, e.g., Dolinnaya et al.
Nucleic Acids Res, 21(23): 5403-5407 (1993);, Petkovic et al., Nucleic Acids Res, 43(4): 2454-
2465 (2015)).

[0085]  While circular RNAs generally are more stable than their linear counterparts,

primarily due to the absence of free ends necessary for exonuclease-mediated degradation,
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additional modifications may be made to the recombinant circRNA described herein to further
improve stability. Still other kinds of modifications may improve circularization efficiency,
purification of circRNA, and/or protein expression from circRNA. For example, the
recombinant circRNA may be engineered to include “homology arms” (i.e., 9-19 nucleotides in
length placed at the 5’ and 3’ ends of a precursor RNA with the aim of bringing the 5’ and 3’
splice sites into proximity of one another), spacer sequences, and/or a phosphorothioate (PS) cap
(Wesselhoeft et al., Nat. Commun., 9: 2629 (2018)). The recombinant circRNA also may be
engineered to include 2'-O-methyl-, -fluoro- or -O-methoxyethyl conjugates, phosphorothioate
backbones, or 2',4'-cyclic 2'-O-ethyl modifications to increase the stability thereof (Holdt et al .,
Front Physiol., 9: 1262 (2018); Krutzfeldt et al., Nature, 438(7068): 685-9 (2005); and Crooke et
al., Cell Metab., 27(4): 714-739 (2018)). The recombinant circRNA molecule also may comprise
one or more modifications that reduce the innate immunogenicity of the circRNA molecule in a
host, such as at least one N6-methyladenosine (m°A).

[0086] In some embodiments, the recombinant circRNA molecule comprises at least one 2-
thiouridine (2ThioU) or at least one 2'-O-methylcytidine (20MeC). 2-thiouridine is a modified
nucleobase found in tRNAs that has been shown to stabilize U:A base pairs and destabilize U:G
wobble pairs (Rodriguez-Hernandez et al., J. Mol. Biol. 2013;425:3888-3906). Methylation of
2'-hydroxyl groups is one of the most common posttranscriptional modifications of naturally
occurring stable RNA molecules (Satoh et al., RNA 2000. 6: 680-686). For example,
methylation of tRNA at the 2'-OH position of the ribose sugar is generally thought to increase
the stability of tRNA via mechanisms that protect against spontaneous hydrolysis or nuclease
digestion (e.g., in non-helical regions) and reinforce intra-loop interactions that stabilize the
tertiary structure of the molecule (Endres et al., PLoS ONE 15 (2): €0229103).

[0087] Any number of nucleotides (e.g., uridine and/or cytidine) in a particular circRNA
molecule generated as described herein may be modified (e.g., replaced) with a corresponding
number of 2-thiouridine (2ThioU) or 2'-O-methylcytidine (20MeC). Ideally, at least one
nucleotide in the circRNA molecule is replaced with a 2ThioU or a 20MeC. In some
embodiments, at least 1% (e.g., 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9% or more) of the
nucleotides in the recombinant circular RNA molecule are replaced with 2ThioU or a 20MeC.
In other embodiments, at least 10% (e.g., 10%, 11%, 12%, 13%, 14%, 15%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, or more) of the nucleotides in the recombinant circular RNA
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molecule are replaced with 2ThioU or 20MeC. For example, the recombinant circRNA
molecule comprises about 2% to about 5% (e.g., 2.5%, 3%, 3.5%, 4%, or 4.5%) 2-thiouridine or
2-O-methylcytidine. In some embodiments, the recombinant circRNA molecule comprises about
2.5% 2ThioU or 20MeC. In other embodiments, all (i.e., 100%) of the uridine nucleotides in the
recombinant circular RNA molecule may be replaced with 2ThioU, or all (i.e., 100%) of the
cytidine nucleotides in the recombinant circRNA molecule may be replaced with 20MeC. It
will be appreciated that the number of 2ThioU or 20MeC modifications introduced into a
recombinant circular RNA molecule will depend upon the particular use of the circRNA.

[0088] In some embodiments, a DNA sequence encoding a circular RNA molecule
comprises sequences that encode at least two introns and at least one exon. The term “exon,” as
used herein, refers to a nucleic acid sequence present in a gene which is represented in the
mature form of an RNA molecule after excision of introns during transcription. Exons may be
translated into protein (e.g., in the case of messenger RNA (mRNA)). The term “intron,” as used
herein, refers to a nucleic acid sequence present in a given gene which is removed by RNA
splicing during maturation of the final RNA product. Introns are generally found between exons.
During transcription, introns are removed from precursor messenger RNA (pre-mRNA), and
exons are joined via RNA splicing. In some embodiments, the recombinant circular RNA
molecule comprises a nucleic acid sequence which includes one or more exons and one or more
introns.

[0089] Accordingly, circular RNAs can be generated using either an endogenous or
exogenous intron, as described in WO 2017/222911. As used herein, the term “endogenous
intron” means an intron sequence that is native to the host cell in which the circRNA is
produced. For example, a human intron is an endogenous intron when the circRNA is expressed
in a human cell. An “exogenous intron” means an intron that is heterologous to the host cell in
which the circRNA is generated. For example, a bacterial intron would be an exogenous intron
when the circRNA is expressed in a human cell. Numerous intron sequences from a wide variety
of organisms and viruses are known and include sequences derived from genes encoding
proteins, ribosomal RNA (rRNA), or transfer RNA (tRNA). Representative intron sequences are
available in various databases, including the Group I Intron Sequence and Structure Database
(rna.whu.edu.cn/gissd/), the Database for Bacterial Group II Introns

(webapps2.ucalgary .ca/~groupii/index.html), the Database for Mobile Group II Introns
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(fp.ucalgary.ca/group2introns), the Yeast Intron DataBase (emblS16
heidelberg.de/Externallnfo/seraphin/yidb.html), the Ares Lab Yeast Intron Database
(compbio.soe.ucsc.edu/yeast introns.html), the U12 Intron Database
(genome.crg.es/cgibin/ul2db/ul2db.cgi), and the Exon-Intron Database
(bpg.utoledo.edu/~afedorov/lab/eid. html).

[0090] In some embodiments, a nucleic acid (e.g., a DNA) encoding a circular RNA
molecule comprises a self-splicing group I intron. Group I introns are a distinct class of RNA
self-splicing introns which catalyze their own excision from mRNA, tRNA, and rRNA
precursors in a wide range of organisms. All known group I introns present in eukaryote nuclei
interrupt functional ribosomal RNA genes located in ribosomal DNA loci. Nuclear group I
introns appear widespread among eukaryotic microorganisms, and the plasmodial slime molds
(myxomycetes) contain an abundance of self-splicing introns. The self-splicing group I intron
included in the DNA encoding the circular RNA molecule may be obtained or derived from any
organism, such as, for example, bacteria, bacteriophages, and eukaryotic viruses. Self-splicing
group [ introns also may be found in certain cellular organelles, such as mitochondria and
chloroplasts, and such self-splicing introns may be incorporated into the nucleic acid encoding a
circular RNA molecule.

[0091] In some embodiments, a nucleic acid encoding a recombinant circular RNA molecule
comprises a self-splicing group I intron of the phage T4 thymidylate synthase (td) gene. The
group I intron of phage T4 thymidylate synthase (td) gene is well characterized to circularize
while the exons linearly splice together (Chandry and Belfort, Genes Dev., 1: 1028-1037 (1987);,
Ford and Ares, Proc. Natl. Acad. Sci. USA, 91: 3117-3121 (1994); and Perriman and Ares, RNA,
4: 1047-1054 (1998)). When the td intron order is permuted (i.e., 5 half placed at the 3" position
and vice versa) flanking any exon sequence, the exon is circularized via two autocatalytic
transesterification reactions (Ford and Ares, supra; Puttaraju and Been, Nucleic Acids Symp.
Ser., 33: 49-51 (1995)).

[0092] In some embodiments, a nucleic acid (e.g., a DNA) encoding the recombinant circular
RNA molecule comprises a ZKSCANI intron. The ZKSCANI intron is described in, for
example, Yao, Z., et al., Mol. Oncol. (2017) 11(4):422-437. In some embodiments, a nucleic acid

encoding the recombinant circular RNA molecule comprises a miniZKSCAN1 intron.
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[0093] The recombinant circular RNA molecule may be of any length or size. For example,
the recombinant circular RNA molecule may comprise between about 200 nucleotides and about
10,000 nucleotides (e.g., about 300, about 400, about 500, about 600, about 700, about 800,
about 900, about 1,000, about 2,000, about 3,000, about 4,000, about 5,000, about 6,000, about
7,000, about 8,000, or about 9,000 nucleotides, or a range defined by any two of the foregoing
values). In some embodiments, the recombinant circular RNA molecule comprises between
about 500 and about 6,000 nucleotides (about 550, about 650, about 750, about 850, about 950,
about 1,100, about 1,200, about 1,300, about 1,400, about 1,500, about 1,600, about 1,700, about
1,800, about 1,900, about 2,100, about 2,200, about 2,300, about 2,400, about 2,500, about
2,600, about 2,700, about 2,800, about 2,900, about 3,100, about 3,300, about 3,500, about
3,700, about 3,800, about 3,900, about 4,100, about 4,300, about 4,500, about 4,700, about
4,900, about 5,100, about 5,300, about 5,500, about 5,700, or about 5,900 nucleotides, or a range
defined by any two of the foregoing values). In one embodiment, the recombinant circular RNA
molecule comprises about 1,500 nucleotides.

[0094] In some embodiments, a recombinant circular RNA molecule comprises an internal
ribosome entry site (IRES) sequence operably linked to a protein-coding sequence; wherein the
IRES sequence is a viral sequence; and wherein the protein-coding sequence encodes a non-viral
protein.

[0095] In some embodiments, a recombinant circular RNA molecule comprises a protein-
coding nucleic acid sequence region and an internal ribosome entry site (IRES) sequence region
operably linked to the protein-coding nucleic acid sequence region, wherein the IRES comprises:
at least one sequence region having secondary structure element; and a sequence region that is
complementary to an 18S ribosomal RNA (rRNA); wherein the IRES has a minimum free
energy (MFE) of less than -18.9 kJ/mol and a melting temperature of at least 35.0°C. In some
embodiments, the IRES sequence is linked to the protein-coding nucleic acid sequence region in
a non-native configuration.

[0096] The disclosure also provides a recombinant circular RNA molecule comprising a
protein-coding nucleic acid sequence region and an internal ribosome entry site (IRES) sequence
region operably linked to the protein-coding nucleic acid sequence; wherein the IRES is encoded
by any one of the nucleic acid sequences listed in SEQ ID NOs: 138-17338, or a nucleic acid

sequence that has at least 90% or at least 95% identity or homology thereto. In some
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embodiments, the IRES sequence is linked to the protein-coding nucleic acid sequence region in

a non-native configuration.

Internal Ribosome Entry Sequences

[0097] The recombinant circular RNAs described herein comprise an internal ribosome entry
site (IRES). These IRES sequences may be operably linked to a protein-coding sequence of the
circRNA. Inclusion of an IRES permits the translation of one or more open reading frames from
a circular RNA. The IRES attracts a eukaryotic ribosomal translation initiation complex and
promotes translation initiation.

[0098] Provided herein are various IRES sequences which, when present in a circRNA, drive
translation of a protein encoded by the circRNA. In some embodiments, the IRES of a circRNA
may be operably linked to a protein-coding nucleic acid sequence. In some embodiments, the
IRES of a circRNA is operably linked to a protein-coding nucleic acid sequence in a non-native
configuration. In some embodiments, the IRES is a human IRES. In some embodiments, the
IRES is a viral IRES. In some embodiments, the IRES is a type 1 IRES.

[0099]  Asused herein, the term “non-native configuration” refers to a linkage between an
IRES and a protein-coding nucleic acid that does not occur in a naturally occurring circRNA
molecule. For example, a viral IRES may be operably linked to a protein-coding nucleic acid
sequence in a circular RNA, or an IRES that is not found in naturally occurring circRNA
molecules may be operably linked to a protein-coding nucleic acid sequence in a circRNA. In
some embodiments, an IRES that is found in naturally occurring circRNA molecules operably
linked to a certain protein-coding nucleic acid is operably linked to a different protein-coding
nucleic acid (i.e., a nucleic acid to which the IRES is not operably linked in any naturally-
occurring circRNA). In some embodiments, an IRES that is found in naturally occurring linear
mRNAs is operably linked to a protein coding sequence in a circular RNA.

[00100] A number of linear IRES sequences are known and may be included in a recombinant
circular RNA molecule as described herein. For example, linear IRES sequences may be derived
from a wide variety of viruses, such as from leader sequences of picornaviruses (e.g.,
encephalomyocarditis virus (EMCV) UTR) (Jang et al., J. Virol., 63: 1651-1660 (1989)), the
polio leader sequence, the hepatitis A virus leader, the hepatitis C virus IRES, human rhinovirus

type 2 IRES (Dobrikova et al., Proc. Natl. Acad. Sci., 100(25): 15125-15130 (2003)), an IRES
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element from the foot and mouth disease virus (Ramesh et al., Nucl. Acid Res., 24: 2697-2700
(1996)), and a giardiavirus IRES (Garlapati et al., J. Biol. Chem., 279(5): 3389-3397 (2004)). A
variety of nonviral IRES sequences also can be included in a circular RNA molecule, including
but not limited to, IRES sequences from yeast, the human angiotensin II type 1 receptor IRES
(Martin et al., Mol. Cell Endocrinol., 212: 51-61 (2003)), fibroblast growth factor IRESs (e.g.,
FGF-1 IRES and FGF-2 IRES, Martineau et al., Mol. Cell. Biol., 24(17): 7622-7635 (2004)),
vascular endothelial growth factor IRES (Baranick et al., Proc. Natl. Acad. Sci. U.S.A., 105(12):
4733-4738 (2008); Stein et al., Mol. Cell. Biol., 18(6): 3112-3119 (1998); Bert et al., RNA, 12(6):
1074-1083(2006)), and insulin-like growth factor 2 IRES (Pedersen et al., Biochem. J., 363(Pt
1): 37-44 (2002)).

[00101] IRES sequences and vectors encoding IRES elements are commercially available
from a variety of sources, such as, for example, Clontech (Mountain View, CA), Invivogen (San
Diego, CA), Addgene (Cambridge, MA) and GeneCopoeia (Rockville, MD), and IRESite: The
database of experimentally verified IRES structures (iresite.org). Notably, these databases focus
on activity of IRES sequences in mRNA (i.e., linear RNAs), and do not focus on circRNA IRES

activity profiles.

Viral IRES Sequences

[00102] In some embodiments, the circRNAs described herein comprise viral IRES sequence.
The viral IRES sequence may be operably linked to a protein-coding sequence in a non-native
configuration. For example, the viral IRES sequence may be operably linked to a sequence that
encodes a non-viral protein. In some embodiments, the protein coding sequence encodes an
animal protein, a plant protein, a bacterial protein, a fungal protein, or an artificial protein. In
some embodiments, the protein coding sequence encodes a mammalian protein, such as a human
protein. In some embodiments, the viral IRES sequence, when placed into a circular RNA,
drives potent translation of a protein encoded by the circular RNA.

[00103] Table 7 below provides a non-limiting list of viral IRES that may be used in a
circRNA to drive expression of a protein encoded by the circular RNA. Also provided in Table 7
are GenBank Accession Nos. for the genomic sequences from which the viral IRES were

identified. Sequences encoding the viral IRES are provided in the SEQUENCE APPENDIX.
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Viral IRES GenBank Accession No.
iPV1 NC 002058
iPV2 DO00625
iPV3 AJ293918
iHRV1 NC 038311
iHRV2 X02316
iHRV-B3 NC 038312
iCVAI AF499635
iCVAI16 KC117318
iCVB2 AF081485
iCVB3 NC 038307
iIEV-AT71 KT354875
iEV-A120 LKO021688
iIEV71 HMO003207
iEV-B107 AB426609
iHRV-A9 FJ445177
iHRV-A21 FJ445121
iHRV-A57 IN614995
iHRV-A89 NC 001617
iHRV-A100 FJ445175
iHRV-B4 DQ473490
iHRV-B17 EF173420
iHRV-B26 FJ445124
iHRV-B37 EF173423
iHRV-B92 FJ445169
iHRV-C3 EF186077
iHRV-C11 EU840952
iHRV-C54 KP282614
iCVB1 M16560
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iCVBS5 AF114383
iEchoV1 AF029859
iEchoV-El11 X80059
iEchoV-E15 AY302541
iCVA20 AF499642
iIEV-D9%4 DQ916376
iSimianEV-A NC 003988
iSimianAS AF326751
iSimianV4 NC 038309
iSwineVesciular MKO038999
iHRV-B3 SC2220 KY684757
iHRV-B5 FJ445112
iHRV-B6 DQ473486
iHRV-B14 MN306034
iHRV-B27 FJ445186
iHRV-B35 DQ473487
iHRV-B42 FJ445130
iHRV-B48 DQ473488
iHRV-B52 FJ445188
iHRV-B69 FJ445151
iHRV-B70 DQ473489
iHRV-B72 FJ445153
iHRV-B79 FJ445155
iHRV-B83 MN306025
iHRV-B84 FJ445162
iHRV-B86 FJ445164
iHRV-B91 FJ445168
iHRV-B93 EF173425
iHRV-B97 FJ445172
iHRV-B99 FJ445174
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iHRVB_SC0739 MN306037
iHRVB_GO001-19 MN212904
iHRVB R93 KF958309
iHRVB BCH214 GU568096
iHRVB 3039 KF958308
iIEV-B69 AY302560
iEV-B73 AF241359
iIEV-B74 AY556057
iIEV-B75 AY556070
iIEV-B77 AJ493062
iIEV-B79 AB426610
iIEV-B80 AY843298
iIEV-B81 AY843299
iIEV-B82 AY843300
iIEV-B83 AY843301
iIEV-B84 DQ902712
iIEV-B85 AY843303
iIEV-B86 AY843304
iIEV-B87 KC292019
iEV-B88 AY843306
iEV-B93 MN580134
iIEV-B97 AY843307
iIEV-B98 AB426608
iEV-B100 DQ902713
iIEV-B101 AY843308
iIEV-B106 KF990476
iIEV-B107 _TN94-0349 | AB426609
iIEV-B111 KF312882
iIEV-B113 K(C344833
1IEV-D68 NC 038308
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iIEV-D70 NC 001430
1IEV-D9%4 DQ916376
iIEV-D111 MKO032895
iHCosV-B1 NC 012801
iEcho-E7 LS451295
iEcho-E9 AF524866
iPV3 PAK1019536 KY941934.1
iPV3 NIE1219535 KY941933.1
iPV3_ SWI10947 FJ914252.2
iPV3 FIN84 FJ842158.1

[00104] In some embodiments, a circRNA comprises any one of the IRES in Table 7, or a
fragment or derivative thereof. In some embodiments, a circRNA comprises an IRES encoded by
any one of SEQ ID NO: 101-125, or a fragment or derivative thereof.

[00105] In some embodiments, the IRES is a Type 1 IRES. Type I IRES elements occur in the
RNA genome of enterovirus species, including poliovirus (PV), coxsackievirus B3 (CVB3),
enterovirus 71 (EV71), and human rhinovirus (HRV). In some embodiments, the IRES is an
enterovirus IRES. In some embodiments, the IRES is an HRV IRES.

[00106] In some embodiments, a circRNA comprises any one of the following IRES:
iCVA20; iEchoV-E11, iSimianEV-A, iCovid19, iHRV-A57, iEchoV11, iCrPV, iHRV-A89,
iHRV-B26, iBEV, iEchoV1, iHRV-A21, iPV1, iCVB3, iEMCV, iHCV, iCVBS,
iSwineVesicular, iHRV-A2, iHRV-C3, iHRV-C11, iCVB1, iPV2, iHRV-B17, iEchoV-E15,
iEV71, iHRV-A9, iSiminanV4, iEV-D94, iSimianAS5, iPV3, iHRV-C54, iHRV-A100, iHR V-
B37,1HRV-B4, iHRV-B92, iHRV-B3, iHRV-A1, iEV107, or a fragment or derivative thereof.
[00107] In some embodiments, a circRNA comprises any one of the following IRES: iEMCV,
iHCV, iCVBS, iSwineVesicular, iHRV-A2, iHRV-C3, iHRV-C11, iCVBI1, iPV2, iHRV-B17,
iEchoV-E15, iEV71, iHRV-A9, iSiminanV4, iEV-D94, iSimianA5, iPV3, iHRV-C54, iHR V-
A100, iHRV-B37, iHRV-B4, iHRV-B92, iHRV-B3, iHRV-A1, iEV107, or a fragment or
derivative thereof.

[00108] In some embodiments, a circRNA comprises any of the following IRES: iEV-B79,
iEV-B77,iPV3_SWI10947, iHRV-B26, iHRV-B37, iHRV-A89, iEV-B86, iEV-B113, iEV-B87,
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iHRVAO021, iEV-B88, iHRV-C11, iEV-B93, iEVD70, iEV-B111, iHRV-B92, iEV-B69, iEV-
B73,iEV-B107, iEV107, iHRV-C54, iEV-B100, iHRVB_BCH214, iEV-B9S,

iPV3 NIE21219535, iEV-D111, iEcho-E9, iEV-B82, iEV-D94, iEV-B75, iEV97, iEV-B84,
iHRV-C3, iHRV-A1, iEcho-E7, iEV-B81, iPV3_PAK 1019536, iHRV-A9, iEV-B106, iHRV-
A100, iPV3_FIN84, iEV-B85, iHRV-B86, iEV-B101, iHRV-B3, iHRV-B17, iHRVB_G001-10,
iHRV-B70, iEV-B74, iEV-B80, iCVB3, iEV-B83, iHRV-A57, iHRV-B35, iHRV-B4, iEV-D68,
iHRVB R93, iHRV-BS, iHRVB-B52, iHRVB-B93, iHRV-B84, iHRV-B83 SC2220, iIHRV-
B72, iHRV-B69, iHRVB_SC0739, iHRV-B91, iHRV-B42, iHRV-B6, iHRV-B83, iHRV-B48,
iHRV-B99, iHRV-B79, iHRV-B97, iHRV-B27, iHRVB 3039, iHRVB-B14, iCosV-BI.
[00109] In some embodiments, a circRNA comprises any of the following IRES: iEV-BS83,
iHRV-A57, iHRV-B35, iHRV-B4, iEV-D68, iHRVB_R93, iHRV-B5, iHRVB-B52, iHRVB-
B93, iHRV-B84, iHRV-B83 SC2220, iHRV-B72, iHRV-B69, iHRVB_SC0739, iHRV-B91,
iHRV-B42, iHRV-B6, iHRV-B83, iHRV-B48, iHRV-B99, iHRV-B79, iHRV-B97, iHRV-B27,
iHRVB 3039, iHRVB-B14, iCosV-B1, or a fragment or derivative thereof.

[00110] In some embodiments, a circRNA comprises the iCVB3 IRES. In some embodiments,
a circRNA comprises a fragment or derivative of the iCVB3 IRES.

[00111] In some embodiments, a circRNA comprises the iHRV-B3 IRES. In some
embodiments, a circRNA comprises a fragment or derivative of the iHRV-B3 IRES.

Synthetic IRES

[00112] In some embodiments, a circRNA comprises a synthetic IRES. A “synthetic IRES” is
an IRES that is modified relative to a wildtype IRES in order to modulate its structure and/or
activity. For example, in some embodiments, an IRES that is modified to incorporate an aptamer
sequence is a synthetic IRES.

[00113] In some embodiments, a synthetic IRES comprises an aptamer. In some
embodiments, a synthetic IRES comprises a first aptamer and a second aptamer. In some
embodiments, a synthetic comprises two, three, four, five, six, seven, eight, nine, ten, or more
aptamers.

[00114] In some embodiments, the aptamer is a wildtype aptamer. In some embodiments, the
aptamer is a fragment of a wildtype aptamer. In some embodiments, the aptamer is an aptamer

that was designed to bind DNA or RNA. Synthetic aptamers can be created that bind a specific
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DNA or RNA sequence by evolution through one or more rounds of evolution using, for
example, SELEX technology.

[00115] In some embodiments, the aptamer is a modified version of a known aptamer (e.g., a
mutant aptamer). In some embodiments, the aptamer is modified to have an extended stem
region. For example, the length of the stem region may be extended by about 10% to about 25%,
about 25% to about 50%, about 50% to about 75%, about 75% to about 100%, about 125%,
about 150%, about 175%, about 200% or more. In some embodiments, the length of the stem
region is extended by about 1, about 2, about 3, about 4, about 5, about 6, about 7, about 8, about
9, about 10 base pairs. As will be understood by those of skill in the art, extension of a stem
region by 1 base pair comprises adding 2 nucleotides to the aptamer sequence. Accordingly, an
aptamer which comprises a stem region extended by 3 base pairs have a nucleotide sequence that
is 6 nucleotides longer than the same aptamer in which the stem region is not extended.

[00116] The aptamer may be inserted into the IRES sequence in any location which is
permissive to such changes. In some embodiments, the aptamer is positioned within the
secondary structure of the IRES so that is spatially proximal to portion of the IRES responsible
for translation initiation. In some embodiments, the aptamer is located in a position where it can
bind to one or more translation initiation factors, such as eI[F4G. In some embodiments, the
aptamer does not interrupt the native eIF4G binding site of the IRES. In some embodiments, the
IRES does not interrupt a native GRNA tetraloop within the IRES.

[00117] In some embodiments, the aptamer is an e[F4G-binding aptamer, such as any one of
the aptamers listed in Table 6. In some embodiments, the aptamer is a fragment or derivative of
any of the aptamers listed in Table 6. In some embodiments, the el[F4G-binding aptamer
comprises or 1s encoded by the sequence of SEQ ID NO: 99. In some embodiments, the elF4G-
binding aptamer comprises the sequence of SEQ ID NO: 134.

Table 6: eIF4G-Binding Aptamers

Aptamer | DNA Sequence RNA Sequence SEQ ID
ID NOs:
A TAA TAC GACTCA CTA UAAUACGACUCACUAUAGG | 126, 130
TAG GG ACTC ACT ATT TGT | GACUCACUAUUUGUUUUCG
TTT CGC GCC CAGTTG
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CAA AAA GTG TCG CCG CGCCCAGUUGCAAAAAGUG

CAT CTA GAG GGC C UCGCCGCAUCUAGAGGGCC

TAA TAC GACTCA CTA UAAUACGACUCACUAUAGG | 127, 131
TAG GGT CCA GAC CCC GUCCAGACCCCAACAGACU

AAC AGA CTC CAT AAC CCAUAACUAAUAUGUCGCA

TAA TAT GTC GCA AAA AAACCGCAUCUAGAGGGCC

CCG CAT CTA GAG GGCC

TAA TAC GACTCA CTA UAAUACGACUCACUAUAGG | 128,132
TAG GGT CCG TAG AAA GUCCGUAGAAACGCGUUAA

CGC GTT AAG GTG AAA GGUGAAAGUUUGAGGGCUC

GTT TGA GGG CTC CTC CUCACCGCAUCUAGAGGGC

ACC GCATCT AGA GGG CC | C

TAA TAC GACTCA CTA UAAUACGACUCACUAUAGG | 129, 133
TAG GGT CCG CGG CGC GUCCGCGGCGCCAUCUCAU

CAT CTC ATGTTT AGT TGT | GUUUAGUUGUCCUAUGUCG

CCT ATG TCG AGC CCG AGCCCGCAUCUAGAGGGCC

CAT CTA GAG GGC C

ACTCACTATTTGTTTTCGCG | ACUCACUAUUUGUUUUCGC | 99, 134
CCCAGTTGCAAAAAGTGTC | GCCCAGUUGCAAAAAGUGU

G CG

In some embodiments, the IRES is a type I IRES. In some embodiments, the IRES is

an enterovirus IRES. In some embodiments, the IRES is an HRV IREs.

[00119] SEQ ID NO: 101-125 shown in the SEQUENCE APPENDIX provide illustrative
IRES sequences, wherein the IRES sequences comprise an aptamer. The aptamer insertion is
shown in capital letters.

[00120]
IRES. In some embodiments, the modified iCVB3 IRES comprises an aptamer inserted in
domain I, IL IIL, IV, V, VI, or VII thereof. In some embodiments the modified iCVB3 IRES

In some embodiments, a synthetic IRES sequence comprises a modified iCVB3

comprises an aptamer inserted in domain I, IL, ITI, IV, V, VI, or VII thereof, in a location that

minimally disrupts the native RNA structure. In some embodiments, the modified iCVB3 IRES
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comprises an aptamer inserted in domain I'V thereof. In some embodiments, the aptamer is
modified to have an extended stem region. The stem region may be extended, for example, by 1,
2,3,4,5, 6, or more base pairs. In some embodiments, the aptamer is positioned within the
secondary structure of the IRES so that is spatially proximal to portion of the IRES responsible
for translation initiation. In some embodiments, the aptamer does not interrupt the native elF4G
binding site of the IRES and/or does not interrupt a native GRNA tetraloop within the IRES.
[00121] In some embodiments, a synthetic IRES sequence comprises a modified iHRV-B3
IRES. In some embodiments, the modified iHRV-B3 IRES comprises an aptamer inserted in
domain I, IL IIL, IV, V, VI, or VII thereof. In some embodiments, the modified iHRV-B3 IRES
comprises an aptamer inserted in domain I'V thereof. In some embodiments, the aptamer is
modified to have an extended stem region. The stem region may be extended, for example, by 1,
2,3,4,5, 6, or more base pairs. In some embodiments, the aptamer is positioned within the
secondary structure of the IRES so that is spatially proximal to portion of the IRES responsible
for translation initiation. In some embodiments, the aptamer does not interrupt the native elF4G

binding site of the IRES and/or does not interrupt a native GRNA tetraloop within the IRES.

IRES Elements and Features

[00122] In some embodiments, a circRNA comprises an IRES, such as a synthetic or viral
IRES, that comprises one or more of the IRES elements or features described below.

[00123] In some embodiments, a circRNA comprises an IRES that comprises at least one
RNA secondary structure element. Intramolecular RNA base pairing is often the basis of RNA
secondary structure and in some circumstances be a critical determinant of overall
macromolecular folding. In conjunction with cofactors and RNA binding proteins (RBPs),
secondary structure elements can form higher order tertiary structures and thereby confer
catalytic, regulatory, and scaffolding functions to RNA. Thus, the IRES may comprise any RNA
secondary structure element that imparts such structural or functional determinants.

[00124] In some embodiments, the RNA secondary structure may be formed from the
nucleotides at about position 40 to about position 60 of the IRES, relative to the 5’ end thereof.
The most common RNA secondary structures are helices, loops, bulges, and junctions, with
stem-loops or hairpin loops being the most common element of RNA secondary structure. A

stem-loop is formed when the RNA chains fold back on themselves to form a double helical tract
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called the stem, with the unpaired nucleotides forming a single-stranded region called the loop.
Bulges and internal loops are formed by separation of the double helical tract on either one
strand (bulge) or on both strands (internal loops) by unpaired nucleotides. A tetraloop is a four-
base pairs hairpin RNA structure. There are three common families of tetraloop in ribosomal
RNA: UNCG (SEQ ID NO: 135), GNRA (SEQ ID NO: 136), and CUUG (SEQ ID NO: 137) (N
is one of the four nucleotides and R is a purine). Pseudoknots are formed when nucleotides from
the hairpin loop pair with a single stranded region outside of the hairpin to form a helical
segment. RNA secondary structure is further described in, e.g., Vandivier et al.,, Annu Rev Plant
Biol., 67: 463-488 (2016); and Tinoco and Bustamante, supra). In some embodiments, the IRES
of the recombinant circRNA molecule comprises at least one stem-loop structure. The at least
one RNA secondary structure element may be located at any position of the IRES, so long as
translation is efficiently initiated from the IRES. In some embodiments, the stem portion of the
stem-loop may comprise from 3-7 base pairs, 4, 5,6, 7, 8, 9, 10, 11 or 12 base pairs or more. The
loop portion of the stem-loop may comprise from 3-12 nucleotides, including 4, 5, 6, 7, 8, 9, 10,
11, 12 or more nucleotides. The stem-loop structure may also have on either side of the stem one
or more bulges (mismatches). In some embodiments, the RNA secondary structure element is
formed from the nucleotides at about position 40 to about position 60 of the IRES, wherein the
first nucleic acid at the 5° end of the IRES is considered to be position 1. In some embodiments,
the sequence that is complementary to an 18S rRNA is located 5’ to the at least one RNA
secondary structure element (i.e., in the range of about position 1 to about position 40 of the
IRES). In some embodiments, the sequence that is complementary to an 18S rRNA is located 3’
to the a least one RNA secondary structure element (i.e., in the range of about position 61 to the
end of the IRES). Sequences encoding exemplary secondary structure-forming RNA sequences
that may be included in the IRES described herein are set forth in SEQ ID NOs: 17339-29113.
[00125] In some embodiments, the at least one RNA secondary structure element of the IRES
is a stem-loop. In some embodiments, the at least one RNA secondary structure element is
encoded by any one of the nucleic acid sequences listed in SEQ ID NOs: 17339-29113. In some
embodiments, the at least one RNA secondary structure element is encoded by a nucleic acid
sequence having at least 80%, at least 85%, 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% sequence
identity relative to any one of the nucleic acid sequences listed in SEQ ID NOs: 17339-29113. In
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some embodiments, the at least one RNA secondary structure element is encoded by a nucleic
acid sequence having 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, or more nucleotide substitutions relative to any one of the nucleic
acid sequences listed in SEQ ID NOs: 17339-29113.

[00126] RNA secondary structure typically can be predicted from experimental
thermodynamic data coupled with chemical mapping, nuclear magnetic resonance (NMR)
spectroscopy, and/or sequence comparison. In some embodiments, the RNA secondary structure
is predicted by a machine-learning/deep-learning algorithm (e.g., CNN) (See, Zhao, Q., et al.,
“Review of Machine-Learning Methods for RNA Secondary Structure Prediction,” Sept 1, 2020
(available on the world wide web at: arxiv.org/abs/2009.08868). A variety of algorithms and
software packages for RNA secondary structure prediction and analysis are known in the art and
can be used in the context of the present disclosure (see, e.g., Hofacker I.L. (2014) Energy-
Directed RNA Structure Prediction. In: Gorodkin J., Ruzzo W. (eds) RNA Sequence, Structure,
and Function: Computational and Bioinformatic Methods. Methods in Molecular Biology
(Methods and Protocols), vol 1097. Humana Press, Totowa, NJ; Mathews et al., supra; Mathews,
et al. “RNA secondary structure prediction,” Current Protocols in Nucleic Acid Chemistry,
Chapter 11 (2007): Unit 11.2. doi:10.1002/0471142700.nc1102s28; Lorenz et al., Methods, 103:
86-98 (2016);, Mathews et al., Cold Spring Harb Perspect Biol., 2(12): a003665 (2010)).
[00127] In some embodiments, the IRES of the recombinant circRNA may comprise a nucleic
acid sequence that is complementary to 18S ribosomal RNA (rRNA). Eukaryotic ribosomes,
also known as “80S” ribosomes, have two unequal subunits, designated small subunit (40S) (also
referred to as “SSU”) and large subunit (60S) (also referred to as “LSU”) according to their
sedimentation coefficients. Both subunits contain dozens of ribosomal proteins arranged on a
scaffold composed of ribosomal RNA (rRNA). In eukaryotes, eukaryotic 80S ribosomes contain
greater than 5500 nucleotides of rRNA: 18S rRNA in the small subunit, and 5S, 5.8S, and 25S
rRNA in the large subunit. The small subunit monitors the complementarity between tRNA
anticodon and mRNA, while the large subunit catalyzes peptide bond formation. Ribosomes
typically contain about 60% rRNA and about 40% protein. Although the primary structure of
rRNA sequences can vary across organisms, base-pairing within these sequences commonly

forms stem-loop configurations.
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[00128] In some embodiments, the IRES of the recombinant circRNA may comprise any
nucleic acid sequence that is complementary to any eukaryotic 18S rRNA sequence. In some
embodiments, the nucleic acid sequence that is complementary to 18S rRNA is encoded by any
one of the nucleic acid sequences set forth in Table 3. In some embodiments, the nucleic acid
sequence that is complementary to 18S rRNA is encoded by a nucleic acid sequence that has at
least 80%, at least 85%, 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% identity or homology to a
sequence set forth in Table 3. In some embodiments, the nucleic acid sequence that is
complementary to 18S rRNA is encoded by a nucleic acid sequence that has 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, or more

nucleotide substitutions relative to a nucleic acid sequence set forth in Table 3.

Table 3: Illustrative DNA sequences that encode RNA sequences that are complementary

to 18S RNA

SEQ ID | Nucleic Acid Sequence
NO:

CACCTACGGAAACCTTGTTACGACTTTTACTTCCTCTAGATAGTCAAGTTC

GACCGTCTTCTCAGCGCTCCGCCAGGGCCGTGGGCCGACCCCGGCGGGGC
CGATCCGAGGGCCTCACTAAACCATCCAATCGGTAGTAGCGACGGGCGGT
GTGTACAAAGGGCAGGGACTTAATCAACGCAAGCTTATGACCCGCACTTA
33084 CTGGGAATTCCTCGTTCATGGGGAATAATTGCAATCCCC

GGGACGCCGACCGCTCGGGGGTCGCGTAACTAGTTAGCATGCCAGAGTCT
CGTTCGTTATCGGAATTAACCAGACAAATCGCTCCACCAACTAAGAACGG
33085 CCATGCACCACCACCC

GTTTATGGTCGGAACTACGACGGTATCTGATCGTCTTCGAACCTCCGACTT
TCGTTCTTGATTAATGAAAACATTCTTGGCAAATGCTTTCGCTCTGGTCCGT
CTTGCGCCGGTCCAAGAATTTCACCTCTAGCGGCGCAATACGAATGCCCCC
GGCCGTCCCTCTTAATCATGGCCTCAGTTCCGAAAACCAACAAAATAGAA
CCGCGGTCCTATTCCATTATTCCTAGCTGCGGTATCCAGGCGGCTCGGGCC
33086 TGCTTTGAACACTCTAATTTTTTCAAAGTAAACGCTTCGGG
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AGAGCATCGAGGGGGCGCCGAGAGGCAAGGGGCGGGGACGGGCGGTGGC
33087 TCGCCTCGCGGCGGACCGCCCGCCCGCTCCC
33088 TACGAGCTTT
ATACGCTATTGGAGCTGGAATTACCGCGGCTGCTGGCACCAGACTTGCCCT
CCAATGGATCCTCGTTAAAGGATTTAAAGTGGACTCATTCCAATTACAGGG
33089 CCTCGAAAGAGTCCTGTA
GGGGGCGTGCGATCGGCCCGAGGTTATCTAGAGTCACCAAAGCCGCCGGC
33090 GCCCGCCCCCCGGCCGGGGCCGGAGAGGGG

[00129] The most commonly used criterion for RNA secondary structure prediction is the

minimum free energy (MFE), since, according to thermodynamics, the MFE structure is not only

the most stable, but also the most probable one in thermodynamic equilibrium. The MFE of an

RNA or DNA molecule is affected by three properties of nucleotides in the RNA/DNA

sequence: number, composition, and arrangement. For example, longer sequences are on average

more stable because they can form more stacking and hydrogen bond interactions, guanine-

cytosine (GC)-rich RNAs are typically more stable than adenine-uracil (AU)-rich sequences, and

nucleotide order influences the folding structure stability because it determines the number and

the extension of loops and double-helix conformations. It has been found that mRNAs and

microRNA precursors, unlike other non-coding RNAs, have greater negative MFE than expected

given their nucleotide numbers and compositions. Thus, free energy also can be employed as a

criterion for the identification of functional RNAs.

[00130] The IRES of the recombinant circRNA molecule may comprise a minimum free

energy (MFE) of less than about -15 kJ/mol (e.g., less than about -16 kJ/mol, less than about -17

kJ/mol, less than about -18.5 kJ/mol, less than about -19 kJ/mol, less than about -18.9 kJ/mol,

less than about -20 kJ/mol, less than about -30 kJ/mol). In some embodiments, the MFE is

greater than about -90 kJ/mol (e.g., greater than about -85 kJ/mol, greater than about -80 kJ/mol,

greater than about -70 kJ/mol, greater than about -60 kJ/mol, greater than about -50 kJ/mol,

greater than about -40 kJ/mol). In some embodiments, the IRES has a has a minimum free

energy (MFE) of about -18.9 kJ/mol or less. In some embodiments, the IRES has a MFE in the

range of about -15.9 kJ/mol to about -79.9 kJ/mol. In some embodiments, the IRES may

comprise a MFE in the range of about -12.55 kJ/mol to about -100.15 kJ/mol. In some
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embodiments, the IRES is a viral IRES and has an MFE in the range of about -15.9 kJ/mol to
about -79.9 kJ/mol. In some embodiments, the IRES is a human IRES and has a MFE in the
range of about -12.55 kJ/mol to about -100.15 kJ/mol.

[00131] In some embodiments, the at least one secondary structure element of an IRES of
may comprise a minimum free energy (MFE) of less than about -0.4 kJ/mol, less than about -0.5
kJ/mol, less than about -0.6 kJ/mol, less than about -0.7 kJ/mol, less than about -0.8 kJ/mol, less
than about -0.9 kJ/mol, or less than about -1.0 kJ/mol. In some embodiments, the at least one
secondary structure element of the IRES may comprise a MFE of less than about -0.7 kJ/mol.
[00132] Insome embodiments, the RNA sequence comprising the nucleotides at about
position 40 to about position 60 of an IRES of a circRNA described herein may comprise a
minimum free energy (MFE) of less than about -0.4 kJ/mol, less than about -0.5 kJ/mol, less than
about -0.6 kJ/mol, less than about -0.7 kJ/mol, less than about -0.8 kJ/mol, less than about -0.9
kJ/mol, or less than about -1.0 kJ/mol. In some embodiments, the RNA sequence comprising the
nucleotides at about position 40 to about position 60 of the IRES may comprise an MFE of less
than about -0.7 kJ/mol.

[00133] As discussed, above, the minimum free energy of a particular RNA (e.g., an RNA
produced from a DNA sequence) may be determined using a variety of computational methods
and algorithms. The most commonly used software programs, employed to predict the secondary
RNA or DNA structures by MFE algorithms, make use of the so-called nearest-neighbor energy
model. This model uses free energy rules based on empirical thermodynamic parameters
(Mathews et al., J Mol Biol, 288: 911-940 (1999); and Mathews et al., Proc Natl Acad Sci USA,
101:7287-7292 (2004)) and computes the overall stability of an RNA or DNA structure by
adding independent contributions of local free energy interactions due to adjacent base pairs and
loop regions. In sequences with homogeneous nucleotide arrangements and compositions, the
additive and independent nature of the local free energy contributions suggests a linear
relationship between computed MFE and sequence length (Trotta, E., PLoS One, 9(11): e113380
(2014)). Algorithms for determining MFE are further described in, e.g., Hajiaghayi et al., BMC
Bioinformatics, 13: 22 (2012), Mathews, D.H., Bioinformatics, Volume 21, Issue 10: 2246-2253
(2005); and Doshi et al., BMC Bioinformatics, 5: 105 (2004) doi 10.1186/1471-2105-5-105).
[00134] One of ordinary skill in the art will appreciate that the melting temperature (Tm) of a

particular circRNA molecule may also be indicative of stability. Indeed, RNA sequences with
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high Tm generally contain thermo-stable functionally important RNA structures (see, e.g.,
Nucleic Acids Res., 45(10): 6109-6118 (2017)). Thus, in some embodiments, the IRES of the
recombinant circRNA molecule has a melting temperature of at least 35.0°C. In some
embodiments, the IRES of the recombinant circRNA molecule has a melting temperature of at
least 35.0 °C, but not more than about 85 °C. In some embodiments, in some embodiments, the
RNA secondary structure has a melting temperature of at least 35 °C, at least 36 °C, at least 37
°C, at least 38 °C, at least 39 °C, at least 40 °C, at least 41 °C, at least 42 °C, at least 43 °C, at
least 44 °C, at least 45 °C, at least 46 °C, at least 47 °C, at least 48 °C, at least 49 °C or greater. In
some embodiments, the melting temperature is not more than about 85 °C, not more than about
75 °C, not more than about 70 °C, not more than about 65 °C, not more than about 60 °C, not
more than about 55 °C, not more than about 50 °C or less.

[00135] The melting temperature of a particular nucleic acid molecule can be determined
using thermodynamic analyses and algorithms described herein and known in the art (see, e.g.,
Kibbe W.A., Nucleic Acids Res., 35(Web Server issue): W43-W46 (2007).
doi:10.1093/nar/gkm234; and Dumousseau et al., BMC Bioinformatics, 13: 101 (2012).
doi.org/10.1186/1471-2105-13-101).

[00136] In some embodiments, the IRES comprises at least one RNA secondary structure
element; and a nucleic acid sequence that is complementary to an 18S ribosomal RNA (rRNA);
wherein the IRES has a minimum free energy (MFE) of -18.9 kJ/mol or less and a melting
temperature of at least 35.0°C. In some embodiments, the RNA secondary structure element of
the IRES has a has a minimum free energy (MFE) of less than -18.9 kJ/mol, and is formed from
the nucleotides at about position 40 to about position 60 of the IRES, wherein the first nucleic
acid at the 5” end of the IRES is considered to be position 1. In some embodiments, the RNA
secondary structure element has a melting temperature of at least 35.0°C, and is formed from the
nucleotides at about position 40 to about position 60 of the IRES, wherein the first nucleic acid at
the 57 end of the IRES is considered to be position 1.

[00137] Because circRNA molecules are often generated from linear RNAs by back-splicing
of a downstream 5 splice site (splice donor) to an upstream 3 splice site (splice acceptor), the
recombinant circular RNA molecule may further comprise a back-splice junction. In some
embodiments, the IRES may be located within about 100 to about 200 nucleotides of the back-

splice junction. In addition, it has been observed that regions of RNA with higher G-C content
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have more stable secondary structures than RNA strands with lower G-C content. Thus, in some
embodiments, the IRES of the recombinant circRNA molecule may further comprise a minimum
level of G-C base pairs. For example, the non-native IRES of the recombinant circRNA
molecule may comprise a G-C content of at least 25% (e.g., at least 30%, at least 35%, at least
40%, at least 45% or more), but not more than about 75% (e.g., about 70%, about 65%, about
60%, about 55%, about 50% or less). In some embodiments, the IRES has a G-C content of at
least 25%.

[00138] G-C content of a given nucleic acid sequence may be measured using any method
known in the art, such as, for example chemical mapping methods (see, e.g., Cheng et al., PNAS,
114 (37): 9876-9881 (2017); and Tian, S. and Das, R., Quarterly Reviews of Biophysics, 49: €7
doi:10.1017/S0033583516000020 (2016)).

[00139] Exemplary sequences encoding IRESs for use in the circRNA molecules of the
present disclosure are set forth in SEQ ID NOs: 138-17338. Thus, the disclosure further
provides a recombinant circular RNA molecule comprising a protein-coding nucleic acid
sequence and an IRES operably linked to the protein-coding nucleic acid sequence in a non-
native configuration, wherein the IRES is encoded by any one of the nucleic acid sequences of
SEQ ID NOs: 138-17338.

[00140] In some embodiments, the IRES is encoded by any one of the nucleic acid sequences
set forth in SEQ ID NOs: 138-365. In some embodiments, the IRES is encoded by a nucleic acid
sequence that has at least 80%, at least 85%, 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% identity to
one or the nucleic acid sequences of SEQ ID NOs: 138-365. In some embodiments, the IRES is
encoded by a nucleic acid sequence that has 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 or more nucleotide substitutions relative to any
one of the sequences in SEQ ID NOs: 138-365.

[00141] In some embodiments, the IRES is encoded by any one of the nucleic acid sequences
set forth in SEQ ID NOs: 366-17338. In some embodiments, the IRES is encoded by a nucleic
acid sequence that has at least 80%, at least 85%, 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% identity or
homology to one or the nucleic acid sequences of SEQ ID NOs: 366-17338. In some

embodiments, the IRES is encoded by a nucleic acid sequence that has at least 1, at least 2, at
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least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10 or more
nucleotide substitutions relative to any one of the sequences of SEQ ID NOs: 366-17338.
[00142] In some embodiments, the IRES is encoded by the nucleic acid sequences denoted
Index 876 (SEQ ID NO: 668), 6063 (SEQ ID NO: 2407), 7005 (SEQ ID NO: 2739), 8228 (SEQ
ID NO: 3179), or 8778 (SEQ ID NO: 3381). In some embodiments, the IRES is encoded by the
nucleic acid sequence of SEQ ID NO: 33093.

[00143] In some embodiments, the IRES is encoded by any one of the nucleic acid sequences
set forth in Table 5. In some embodiments, the IRES is encoded by a nucleic acid sequence that
has at least 80%, at least 85%, 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% identity or homology to
one or the nucleic acid sequences of Table 5. In some embodiments, the IRES is encoded by a
nucleic acid sequence that has 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 or more nucleotide substitutions relative to any one of the

sequences in Table 5.

Table S: Illustrative Sequences Encoding IRES sequences

Oligo- Sequence SEQ
nucleotide ID
Identifier NO:

CATCCTCCTGCTGAAGTGACAAGCCACGCTGCTTCTGGA
GCCAAAGCTGACCAAGAAGAACAAATCCACCCCAGATC
TAGACTCAGGTCACCTCCTGAAGCCCTCGTTCAGGGTCG | 33091
ATATCCCCACATCAAGGACGGTGAGGATCTTAAAGACCA
4173 CTCAACAGAAAGTAAAAAA
GCAGAAGGGAAACGTGAAGAAGGTGAAGATGGCGGTGG
CCAGGGCCGGGGTCTTGGGAGTCCAGTGGCTGCAAAGG
GCATCCCGGAACGTGATGCCGCTGGGCGCACGGACAGC | 33092
CTCCCACATGACCAAGGACATGTTCCCGGGGCCCTATCC
2125 TAGGACCCCAGAAGAACGGGC
AGACTCGGGAACTGCCTGAATGTGGTTTGGGACACGAG
6742 ACCTCATCATATTGATGAGCGAACAAACAAGAACATTTC

33093
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Oligo- Sequence SEQ
nucleotide ID
Identifier NO:

CTCCCTCCCCTCCTTTGAATTGAAATGGCACATTAAGACT
TGTCACGGCTTCTCACTGGGACTGGAGACCTCGTTCCTTC
ACCCCGCGTGTCGCCAG

AGGTGGGCGGTGGCGGTAGGTGGGTGGCCAGCGACTGG
CAACGCGGTGGCTTAGACGCGCGAGATCCGGCCAGGGT
CAGAGTACTGTAAGATTGATGTTAAAGGCATGGTGTTCA | 33094
CCCCACTTCATCAGCGTACATAAGTTATCTCTTCTTTTGG
8839 ACCCTTATTTTATGCCATA

GGAGGCAGGTTGATGTGTTTGTGCTTCCTTCTACAGCCA
ATATGAAAAGGCCTAGTAAGTGGGGTCGGGAGGCGGGC
GTGGAGGGACCCACGTCTGGAAGTTGCTGCAGCCACCAC | 33095
GACGCTCTTCTACGGCTACGGCTTTGTCTCTGCTGAGTTA
8279 AAGAAAGCAAGTAAACGC

ATTTATAAGCAATAGTAGCTTATTTGGCTCACAGTTCTG
GAGGCTGAGAAGATCGTGAGGCTGCATCTGGCAAGGGC
CTTCTTGCTGCTTCATAACATGGCAGAAGACATCATGCG | 33096
GGTGTGTGTCTGGGGAAGAGACTTACAGAAGTGGAGTT
1637 GCTGAGTCAAAGATCTAACC

TCTTTTGGTGCAGAAGGTGACGGGAAACAGGCCGCAGA
CCTGAACTTCCAACCGTATGTAGGCGAGAAGCCGGTGCC
GATACTCCCACTATCCCACAATGTCCCACTGGGCCCCAG | 33097
AGTGGAAGAGGGCGGAGGCTAATCCAAGAGACCTTGGG
27147 GCCAGCTGGGATGTCAGGGG

ATCCACCATGAAGCAGAATCTAAAGAAAAAGGTCCAAG
CATGAAGGAACCAAATCCAATTTCTCCACCAATTTTCCA
TGGTCTGGACACCCTAACCGTGATGGGCATTGCGTTTGC | 33098
AGCCTTTGTGATCGGAGCACTCCTGACGGGGGCCTTGTG
7408 GTACATCTATTCTCACACA
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Oligo- Sequence SEQ
nucleotide 1D
Identifier NO:

CAGATTAGAGGACGGGCGCTTTGGAGCCGGCCCCAGGC
AGCGTGTGTCGGTCGCCTAGTCTGGAGAACTAGTCCTCG
ACTCACGTGCAAGGATGATGCTGAAAGGAATAACAAGG | 33099
CTTATCTCTAGGATCCATAAGGCCAAGCATGGGGATCAG
29135 CACGAGGGTCAGCACTACAA

CTCTCGGGGGCCAGGGGTCATCGGTTTGACCCCTGACCT
ATAAGCCAAGATACCCCATAAACACACTCAGAAAGCAG
AGAAAAAGGACAAGAGTCTGTGTTTGAGAGGGGGTCTG | 33100
CCATTCCTGCTTGGGGACTGGTGGGGAAGAGGGCCAGG
7806 ACATCTTCTGAGCCAGGACGT

AGTCTGGCTGCGGCGGCAGAGCTGAAGTGAGCGGAGCC
ACCAGGAGGCCATGTCGGGTGAGGACGCTGAGGTCCGG
GCAGTCTCTGAAGATGTCTCCAATGGAAGCAGTGGCTCG | 33101
CCCAGCCCTGGGGACACACTGCCCTGGAACCTTGGGAAA
661 ACGCAGCGGAGCCGGCGCAG

ATCTGCCTCAGCCTCTTTGTCACTGCCTGGACCATTGTCC
CTGCTGTTTCTCAGACAGCATAGAGGCTGAGGCTGGGGC
CAGGACCCAGACAGAGACACACGGTCACTGCAGCTGAA | 33102
GCCGCTGCCCCTGCTACAGGCACCACCAGGACCAGCTGA
1258 TCATTCCAGCCCACAGCA

CTCAGGCTGTGGCCCCACCTGCCCCCAAGCCCACCCAGG
CTGGGGAAGGAACGCTGTCAGAGGCCCTGCTGCAGCTG
CAGTTTGATGATGAAGACCTGGGGGCCTTGCTTGGCAAC | 33103
AGCACAGACCCAGCTGTGTTCACAGACCTGGCATCCGTC
6757 GACAACTCCGAGTTTCAGC

CTCAAGGTTTTGAAGAGACAGGGGACACGCTCTATGCCC
CCTATTCCACACATTTTCAGCTGCAGAACCAGCCTCCCC | 33104
5825 AAAAGGAATTCTCCATCCCACGGGCCCACGCTTGGCCGA
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Oligo- Sequence SEQ

nucleotide ID

Identifier NO:
GCCCTTACAAAGACTATGAAGTAAAGAAAGAGGGCAGC
TAACTCTGTCCTGAAGAGT

GCTTCCGTAGAGGCCAGCTGGTTGCTACGCAGCAACAGG
AAACATTCCGCGCTACCGAGTACTTTCTACTCCCGACCA
GGCATTGCTCTCTCTGGAGACCCTCGGCGGTGGTTGCTG | 33105
TATTTTGACTTGGAGTAAGGATGACTTTTCGGGCCACAG
27115 ATAGTGAATTTGACCTGA

CTGGAGGGCCGCACTCCCGTTCCAGCCAGGCTGAGCCTT
CTGTCCCCTGCCTCTGGGGCCTGGGAACCCCCCTTCTTCT
TTCTCCTGAATGGCACCCCCGCCCTAGAATCCAGACACC | 33106
GAGTTTCCCACTGTGGCTGGTTCAAGGAGCTCCCTGGTG
3130 ACAGTCTGTGGCTGAGC

TAGAGTGGGGGGTGGAAGATGATTCTCGCCTGTTGCTGG
GGATTTATGAACATGGCTATGGAAACTGGGAGTTAATTA
AAACAGACCCAGAGCTTAAATTAACTGACAAAATTCTGC | 33107
CGGTGGAGACAGATAAAAAGCCTCAGGGGAAGCAGCTA
5065 CAGACCCGAGCGGATTACT

AGCGGCTGCAGCATCCAGCCAGCTTGGATGTCTGGCCTG
TGAGCCTGGGGAAACTATTATTAATAATATTTACTGTTG
ATAATATTGGGGAAAACAGCCCTTAACTCTGAGGTTTCT | 33108
GCTGTGCTCCTTTCCAAAACAGACTTCCAGGACTCTGAA
8066 GAAACAGTTACAAGCAGG

AAGGGAGGAGGCGCCGAGCTGACCGGGCGACGCCGCGG
GAGGTTCTGGAAACGCCGGGAGCTGCGAGTGTCCAGAC
ACTTCCCTCTGTGACCATGAAACTCTGGGTGTCTGCATTG | 33109
CTGATGGCCTGGTTTGGTGTCCTGAGCTGTGTGCAGGCC
1952 GAATTCTTCACCTCTATTG
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Oligo- Sequence SEQ
nucleotide 1D
Identifier NO:

GCGAACTGAAGGTGGCCCAAGGGAAGGCTCTGCAAGAG
AATTTGGCCCTCCTGACCCAGACCCTAGCTGAAAGAGAA
GAGGAGGTGGAGACTCTGCGGGGACAAATCCAGGAACT | 33110
GGAGAAGCAACGGGAAATGCAGAAGGCTGCTTTGGAAT
5020 TGCTGTCTCTGGACCTGAAGA

AGGAAGCCGAGGAAGGCTGTGTTTCTGACTCACACGGG
GGAGTCGGGGGAGTCGTAAACAACCCTGAAGAGAACAG
CCAGGCCTGGCGCTCTGGGCTTGGTCCTGGGACACCCGT | 33111
TTGACACTGTAAAGGTGAGGCTGCAGACCCAGACCACCT
8766 ACCGGGGCATCGTTGATTGC

CTGCCTCCCCCCCGCTCCCGCTCCCCTGAGCCCAGCCAG
ACCCCGCGCCGCCCGCGCCCCGCTCGACTCCGGAGGCTC
CCGCAGCCCCGGCGTCCGCCCCGCTGCCCCCTCCCCCGG | 33112
GGGCCATGGGGGCGCCCCCGGGCTACCGGCCCTCAGCTT
27433 GGGTGCATCTCCTCCACC

CTCAGTGAAGCAACGAGGATGCCGGGGAGAGGGAAGGG
GCTGGGCTCTGGGCGGTGCCAAGTCTGTGAGGGGGCGC
GGTCACCGCCCAGGGTTCCCACGAACGCCAAGGCGGCC | 33113
ACGTCCTGCTCCCCCTGGTGAAGAAGCTGCCCTGGGCTT
27818 GTCGTCCTAGGGTCTCCAGAC

CTGATGTGAGCTAGTTTGTCTGGTTGAGTTGGATGTTTAA
ATAGAAGGCAGAACAACAACAGGTACTCCACATCAGCA
TTCTCAAGACTGGAGAAGTTAGGCCTCAGACATCCCAAG | 33114
CCTTCTCCTTTCATTGGAAACTTGACATTTTTCCGCCAGG
8861 GTTTTTGGGAAAGCCAA

GCCACATTCCACACTAACGTGTTGGTGAATTCTTCTGGG
CATTGCCAGTACCTGCCTCCAGGCATATTCAAGAGTTCC | 33115
8040 TGCTACATCGATGTACGCTGGTTTCCCTTTGATGTGCAGC
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Oligo- Sequence SEQ

nucleotide ID

Identifier NO:
ACTGCAAACTGAAGTTTGGGTCCTGGTCTTACGGAGGCT
GGTCCTTGGATCTGCAG

TCCTGCCTCGGCAACCCCGGGCCCTGAGGGCAGGCCCCA
ACCGCGGAGGAGCAGGAGAGGGCGGAGGCCGGCGGGEC
CATGCCCTGGTCGTCCCGCGGCGCCCTCCTTCGGGACCT | 33116
GGTCCTGGGCGTGCTGGGCACCGCCGCCTTCCTGCTCGA
27907 CCTGGGCACCGACCTGTGGG

AAGTTTGAAACTGGTAACTTCGGGAGTTGAGCCACGAGC
TGTTGTGCATCCAGAGGTGGAATTGGGGCCCGGCATTCC
CTCCTCGTCCCGGGCTGGCCCTTGCCCCCACCCTGCAACT | 33117
CCTGGTTGAGATGGGCTCAGCCAAGAGCGTCCCAGTCAC
2392 ACCAGCGCGGCCTCCGC

AGCCTTCGCTGGATCTCCTTCCCGAACTCACAAATCCTG
ACGAGCTCCTGTCTTATCTGGACCCCCCCGACCTGCCGA
GCAATAGTAACGATGACCTCCTGTCTCTATTTGAGAACA | 33118
ACTGAGGGCCACCCGGTCGGGGCCATCCCTCCACACTCT
7802 GCATCCTACCCCACCTAC

TTTTTAGAGGTTGGTTGTTGTGTTTTAGGATTCTGTCCAT
TTTCTTTTAAAGTTATAAACACGTACTTGTGCGAATTATT
TTTTTAAAGTGATTTGCCATTTTTGAAAGCGTATTTAATG | 33119
ATAGAATACTATCGAGCCAACATGTACTGACATGGAAA
7655 GATGTCAAAGATATGT

AGCCAGCGGACGTCCAGGAACCGGGATGCCTCCAGCAG
TGAGGCGGTCAGCCTGCAGCATGGGATGGCTGTGGATCT
TTGGGGCAGCCCTGGGGCAGTGTCTGGGCTACAGTTCAC | 33120
AGCAGCAAAGGGTGCCATTTCTTCAGCCTCCCGGTCAAA
981 GTCAACTGCAAGCGAGTTA
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Oligo- Sequence SEQ
nucleotide ID
Identifier NO:

GGGACCAGGAACTGGAGGCTCTGCAGCAAGAACAGCAG
CAGGCCCAGGGACAGGAGGAGAGGGTGAAGGAAAAGG
CAGACGCCCTCCAGGGAGCTCTGGAGCAAGCCCATATG | 33121
ACACTGAAGGAGCGTCATGGAGAGCTTCAGGACCACAA
5027 GGAACAGGCACGAAGGCTGGAGG

CTACTCCGGAGCCTGAGGTGGGAGGATCGCTTGAGTCTG
GGAGGCAGAGGCTGCATTGAGCTATGATCATGGCACTGC
ATTCCAGCCTGGGTGACAGTGCAAGACCTTGTCTCAGAA | 33122
TAAATAAAGTATGTGATGAAGATGTGCATACATTATATG
7683 CAAATACTGTTTTTTTTT

CACCAATTCGGCTGGCGTCTCCGAGACCGCGGACTCCCG
TAGGGTCCCCGTGGCCCCGAGTTGTAGTCGGGACACCCC
GGCCGCGGGTGATCGTCGGGTCTCCACGCGCCCGGGTCG | 33123
CTGACGCGGATCCGGCCTCGGCGCCTTCTCAGGGCGCCC
8650 TGCAAGGCCGCAGGCAGG

CCTCCTCTCTGGCTAATCAACAGCTGCCCCCAGCCTGTG
GTGCCAGGCAACTCAGCAAGCTGAAAAGGTTCCTTACTA
CCCTGCAGCAGTTTGGCAATGACATTTCACCCGAGATAG | 33124
GAGAAAGAGTTCGCACCCTCGTTCTGGGACTAGTGAACT
6898 CCACTTTGACAATTGAAG

TTTAGTGTCACAGGAGACACGAGGGCAAAGTGCTGAGG
AAACTCTAGAGCAACATCGGAATGCATGGTGAAGCATC
AGATGGTGAAGGAGAAGGAGACACAGAAGTGATGCAGC | 33125
AGGAGACAGTTCCAGTTCCTGTACCTTCAGAGAAAACCA
2042 AACAGCCTAAAGAATGTTTTT

GCCACTTCTCTTCCCTTCATTCTTCGCCAGGCTCTCTGCT
GACTCAAGTTCTTCAGTTCACGATCTTCTAGTTGCAGCG | 33126
1686 ATGAGTGCACGAGTGAGATCAAGATCCAGAGGAAGAGG
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Oligo- Sequence SEQ

nucleotide ID

Identifier NO:
AGATGGTCAGGAGGCTCCCGATGTGGTTGCATTCGTGGC
TCCCGGTGAATCTCAGCA

CTTCAACTTGGCAACAGTTGCCTGGGGTAGCTCTACACA
ACTCTGTCCAGCCCACAGCAATGATTCCAGAGGCCATGG
GGAGTGGACAGCAGCTAGCTGACTGGAGGAATGCCCAC | 33127
TCTCATGGCAACCAGTACAGCACTATCATGCAGCAGCCA
5902 TCCTTGCTGACTAACCATG

CACCCTGACCCAAGCCGAGACAGGTTCCAAACCTCAACC
TGCAGCCGGAAGGGGGAAGTGAAACTCGGCTGGGGGTG
GGGGCTCAGAAGCCGCCCCAGAAAGCACTGAAAGCCAC | 33128
AGCACGTACACCCACTCCAGGGATCTGCCAGCACCCTGT
3399 GGGGCCCAGACTACAGGCTG

GGGACGCCATTGTGATTGGGGCGGGGATCCAGGGCTGCT
TCACTGCATACCACCTGGCCAAACACAGGAAGAGGATC
CTCCTGCTGGAGCAGTTCTTTCTACCACACTCCCGAGGA | 33129
AGCTCCCATGGACAAAGCCGGATAATCCGAAAGGCGTA
6560 CCTGGAAGACTTTTACACCC

CACCGTAGTGCTTAGAGGCCGAAAAAGTACAGCCCCTTC
CGGGCTCCGCGGTACGGGAAGACAGCTTTGGGATGTCG
GAAGATCCTAGAGGTCCCAAGGTACCACGAAAGGCAGT | 33130
GGTAGAAAAGCCAGCTCGGGCAGCAGAGCGAGAGGCCC
2890 GGGCCCTGCTGGAGAAGAACC

ATTGGCTGAGCCCGGCTGTCAGTCCTTTCGCGCCTCGGC
GGCGCGGCATAGCCCGGCTCGGCCTGTAAAGCAGTCTCA
AGCCTGCCGCAGGGAGAAGATGGCGGTCGCCGTGAGAA | 33131
CTTTGCAGGAACAGCTGGAAAAGGCCAAAGAGAGTCTT
4343 AAGAACGTGGATGAGAACAT
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Oligo- Sequence SEQ
nucleotide 1D
Identifier NO:

ACAAGGAGACTGGGAGGTGTCTCAAGTGCCTGTACCAC
ACGGAAGGGGAACACTGTCAGTTCTGCCGGTTTGGATAC
TATGGTGATGCCCTCCAGCAGGACTGTCGAAAGTGTGTC | 33132
TGTAATTACCTGGGCACCGTGCAAGAGCACTGTAACGGC
6138 TCTGACTGCCAGTGCGACA

GAGGAAGGAGAGAGTGGAGGAGGAGGGCTTTGGGTTAG
GGAGAGTGCTTTCGTTTGTTTTAAATGGGAGAAACTGGA
GCATGTTGCCAAGGGCAGAGAGCCAGCAGAGAGGGGTG | 33133
AATGGAAGAAGGAGCGAGAAGGGGGTTACTGACGAAGC
2241 CTTATCCTGGAGGAGAGAAGG

CAAGTGGTCCTGTCGAAGTATTTATCACTGAGACTCCGA
GTCAGCCCAACTCCCACCCCATCCAGTGGAATGCACCAC
AGCCATCTCACATTTCCAAGTACATTCTCAGGTGGAGAC | 33134
CTAAAAATTCTGTAGGCCGTTGGAAGGAAGCTACCATAC
5715 CAGGCCACTTAAACTCCT

CTAGACCAAAGGGTGCGGCTGCTGCAGAGGTGGCTGAT
GCAGGTTTCCATCCTTGGGGAATGACCACGCAACTGGGC
CCAGCCCTGGTGCTGGGGGTGGCCCTGTGCCTGGGTTGT | 33135
GGCCAGCCCCTACCACAGGTCCCTGAACGCCCCTTCTCT
3456 GTGCTGTGGAATGTACCCT

ATCTCCAGCCATTGCTCCTCCAACAGAGACCATGGCTCC
TCCAGTCAGGGATCCTGTTCCTGGGAAACCCACGGTCAC
CATCCGGACTCGAGGCGCCATTATTCAAACCCCAACCCT | 33136
AGGCCCCATCCAGCCTACTCGGGTGTCAGAAGCTGGCAC
5260 CACAGTTCCTGGCCAGAT

GGAGGCAGGCGGTGCCGCGGCGCCGGGACCCGACTCAT
CCGGTGCTTGCGTGTGGTGGTGAGCGCAGCGCCGAGGAT | 33137
1288 GAGGAGGTGCAACAGCGGCTCCGGGCCGCCGCCGTCGC
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Oligo- Sequence SEQ

nucleotide ID

Identifier NO:
TGCTGCTGCTGCTGCTGTGGCTGCTCGCGGTTCCCGGCG
CTAACGCGGCCCCGCGGTCG

CACCCCCACCGACCTCTCGGAGACAGGAATCCGCTCTGC
CCCTGCATCCTCCTCTGCTCACCCTTCTCTCAGTAGTGTT
TGTCAGACACCAGTCCGGACCTCAGCTCTCGATCTAGTT | 33138
CCCGAGTAAGATTTAGCTCCCGGGAAAGCGTGCCTGAAA
8756 CAAGCCGGAGTGAGCCT

CCTGTACCATAACCAGGAGGCTGATGGTTGCTCAGGCCT
CCCTCAAACTAGCCAATGAGAAGTGCACGGGTCCTGGTC
GCCTAGGAAACCGCGTGACAACAAGATGGCGGCGCTGC | 33139
GGGACGGCTAGCGGCCCTGCGTGGGAGTTCCTGACAGCT
8952 GGATTCTAGAAGTAGAACT

TTCCCCGGAAGTGTTGGTTAAAGCCCCTCCAATCAGCGG
CTCGGTGCGGCAAGTTTGAATTTCGTGGAGGCTCGGGTT
GTGAGGGTTCCTGCTTCGGAGTCGGCGGTGGTCGTCCAG | 33140
ACCGAGTGTTCTTTACTTTTTGTTTGGTTGAGGTTTCACG
2759 CTAGAAGGTGGCTCAGG

CTGTCCATACACTCTCTCATCATCCTGTTCCTTGGATTGG
ACTTCACTAAGCAATTTATCACTCACCTTCAGACTTACAT
GTGGGAGTTTTCACAACAGTAGTTTTGGAATCATTAGAA | 33141
CTTGGATTGATTTCATCATTTAACAGAAACAAACAGCCC
1241 AAATTACTTTATCACC

GAGCTCCAGCCTCCAGGCACCCGGGATCCAGCGCCGCCG
CTCATAACACCCGCGACCCCGCAGCTAAGCGCAGCTCCC
GACGCAATGGACCCGGCGCTGGCAGCCCAGATGAGCGA | 33142
GGCTGTGGCCGAGAAGATGCTCCAGTACCGGCGGGACA
28013 CAGCAGGCTGGAAGATTTGC
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Oligo- Sequence SEQ
nucleotide 1D
Identifier NO:

TGTTGACTCATGCAAATGAGGTATCTGAACTGCAGCTTC
AGTATTAGCAGAGCCACAGGCCGCCTCTGTGGCATCACC
AGGGTTTCTCTGAAGAAGAGGGTCTGCATTTTCCTAAAC | 33143
CCAGTGCTGCTCTCCCATCTCCCATCTTCCTCTCGCAGCT
4681 TGATGAGCCCCGGTGTG

TGCCCCAGCCCTCAGGGCCGCCAGCAAGGAAGAAATTT
GTGATACCCCTCGACGAGGATGAGGTCCCTCCTGGAGTG
GCCAAGCCCTTATTCCGATCTACACAGAGCCTTCCCACT | 33144
GTGGACACCTCGGCCCAGGCGGCCCCTCAGACCTACGCC
5602 GAATATGCCATCTCACAGC

GAGAGGCCGGCGTCTCTCCCCCAGTTTGCCGTTCACCCG
GAGCGCTCGGGACTTGCCGATAGTGGTGACGGCGGCAA
CATGTCTGTGGCTTTCGCGGCCCCGAGGCAGCGAGGCAA | 33145
GGGGGAGATCACTCCCGCTGCGATTCAGAAGATGTTGGA
1945 TGACAATAACCATCTTATT

AACCCCAACCCTAGGCCCCATCCAGCCTACTCGGGTGTC
AGAAGCTGGCACCACAGTTCCTGGCCAGATTCGCCCAAC
GATGACCATTCCTGGCTATGTGGAGCCTACTGCAGTTGC | 33146
TACCCCTCCCACAACCACCACCAAGAAGCCACGAGTATC
5229 CACACCAAAACCAGCAAC

CTGCAGCATCTTCTACGTCGGGACCACAGCCTCCGCCTC
CACAAAGCCTGAACCTCCTTTCGCAGGCTCAGCTGCAGG
CACAGCCTCTTGCGCCAGGCGGAACTCAAATGAAAAAG | 33147
AAAAGTGGCTTCCAGATAACTAGCGTTACTCCTGCTCAG
7542 ATCTCCGCTAGTATCAGCT

CCAATACCTGGGATCCATTGCCTCTCCTTCTGTGCACCCA
GCAACGCCCATTTCACCTGGACGTGCCAGCGGCATGACA | 33148
6866 ACCCTCTCTGCAGAACTTTCCAGTCGACTCTCAACGGCA
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Oligo- Sequence SEQ

nucleotide ID

Identifier NO:
CCCGACCTGACAGCGTTCAGCGACCCGCGCCAGTTCCCC
GCGCTGCCCTCCATCTC

TCTCTTGCTTCAACAGTGTTTGGACGGAACAGATCCGGG
GACTCTCTTCCAGCCTCCGACCGCCCTCCGATTTCCTCTC
CGCTTGCAACCTCCGGGACCATCTTCTCGGCCATCTCCTG | 33149
CTTCTGGGACCTGCCAGCACCGTTTTTGTGGTTAGCTCCT
1849 TCTTGCCAACCAACC

AGTTACCTCTCCCCTTTCACGTAGTTTTCATTTGTGGTGA
GATTCTCTCCCAGGCCACAAGACATTTCCTGCTCGGAAC
CTTGTTTACTAATTTCCACTGCTTTTAAGGCCCTGCACTG | 33150
AAAATGCAAGCTCAGGCGCCGGTGGTCGTTGTGACCCAA
2558 CCTGGAGTCGGTCCCG

ATCAGCCCAAAGGTAGGCTCAGGCTCCGACGGTGGCCG
GCGGGGGTCACGAGGCTTCGTAGTGGAGGAACGGGTTT
GGCGTGTGGGACGCAGCTGCCTCTGTACTGGGGAGTCAC | 33151
GGAGTGGCCGGGCTCCAGGGACATGGCGGCGGCCTCTG
2109 CGGTGTCGGTGCTGCTGGTGG

ATCCGGAGGCAGCCTGCAGGAAGCCGTAGCGCCGGTAC
GTGCCCCTCTCCTGTCTGGAGGCGGGTGTAGAAGTCCGA
CCGCGGAAGCCAGACTGCTGTCCAGTCGGCGAGCGCGT | 33152
ACCATTCAGCATCGGCTCCGCCCGAGTCCCACCTTCCTC
297 AGGCTCTGATTGGCTGACAC

CAACAGAAGCCAAGAAGGAAGCCGTCTATCTTGTGGCG
ATCATGTATAAGCTGGCCTCCTGCTGTTTGCTTTTCATAG
GATTCTTAAATCCTCTCTTATCTCTTCCTCTCCTTGACTCC | 33153
AGGGAAATATCCTTTCAACTCTCAGCACCTCATGAAGAC
2621 GCGCGCTTAACTCCGG
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Oligo- Sequence SEQ
nucleotide 1D
Identifier NO:

TGGCTGACACATTCCTGGAGCACATGTGCCGCCTGGACA
TTGATTCACCACCCATCACAGCCCGGAACACTGGCATCA
TCTGTACCATTGGCCCAGCTTCCCGATCAGTGGAGCTGA | 33154
AGAAGGGAGCCACTCTCAAAATCACGCTGGATAACGCC
6574 TACATGGAAAAGTGTGACG

GACATTTACATCCTGCCCAGCGACAACTCTGGACAAGTC
AGTCCCCCAGAGTCTCCAACTGTGACCACTTCCTGGCAG
TCTGAGAGCTTACCTGTGTCACTGTCAGCTAGCCAGAGT | 33155
TGGCACACAGAAAGCCTGCCAGTGTCACTAGGCCCTGAG
1033 TCCTGGCAGCAGATTGCA

CCTCTGACTTGACCCAATGAAAGAAGCATATGGCACTTG
TGAAGATAAATGTTACTCCTCCCTTTTTAATTGGAACTTC
TGCTTAGGACCTGTGTATGACGTTTCACCTGTGATCTGTT | 33156
CTTTCGGTAGCCACTGACTTTGAGTTACAGGAAGGTCTC
8789 CGAAGATTTGTGTCAA

CTTCCCTGAGGAGGACGACCCCACCAACTGGCTGCGTTG
CTACTACTACGAAGACACCATCAGCACCATCAAGTCTGT
GGCCTGGGAGGGAGGGGCCTGTCCAGCCTTCCTGCCATC | 33157
CCTACGACCACTGCCCCTCACATCACCTTCTCATGGGTCC
6392 CTCTCCCACTCCAAAGC

ATTTATGATTTCAACATGGATACATATTTCAGTTCTTTCT
TTTTCTCACTATCTGAAAATACATTTCCCTCCCTCTCTTC
CCCCCAATATCTCCCTTTTTTTCTCTCTTCCTCTATCTTCC | 33158
AAACCCCACTTTCTCCCTCCTCCTTTTCCTGTGTTCTCTTA
6885 AGCAGATAGCAC

CCCTTCCGGCTGGCCCCGCTCAGTCACCCGCAGCAGGCG
TGCAGTTTCCCGGCTCTCCGCGCGGCCGGGGAAGGTCAG | 33159
561 CGCCGTAATGGCGTTCTTGGCGTCGGGACCCTACCTGAC
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Oligo- Sequence SEQ

nucleotide ID

Identifier NO:
CCATCAGCAAAAGGTGTTGCGGCTTTATAAGCGGGCGCT
ACGCCACCTCGAGTCGTG

ATACAAATTTGCCTTTGGCACAACAGATACCACTAAGTT
CTACCCAGTTCTCCGCACAATCATTAGCTCAGGCAATTG
GAAGCCAAATTGAAGATGCCAGGCGTGCAGCGGAGCCC | 33160
TCCTTAGTTGGCTTACCTCAGACTATCAGTGGTGACAGT
7556 GGGGGAATGTCAGCAGTTT

TCCGTCCTCCAGGATCTGGGGAGAAAGAGCCCCATCCCT
TCTCTCTCTGCCACCATTTCGGACACCCCGCAGGGACTC
GTTTTGGGATTCGCACTGACTTCAAGGAAGGACGCGAAC | 33161
CCTTCTCTGACCCCAGCTCGGGCGGCCACCTGTCTTTGCC
8800 GCGGTGACCCTTCTCTC

GTTTACTTCCCCTGCCAGCATTGGGGTGCTCTCTAAGCA
ACAGTAGGCGGAGAGTGGTCTGGCGTATTAAAAACAAA
GGATCGTCAAGTGGGCCTTCCCAGGCATTGCTTTGACTT | 33162
AGTACATGTAGAGGATGTGGCAGTTCTCTCCGTCCCTGC
5781 CACTGCTGGTTTCTTTGTT

TATTTTAAGCCCAGTCTTCCCTGGGCCACCTTTAGCAGAT
CCTCGTGCGCCCCCGCCCCCTGGCCGTGAAACTCAGCCT
CTATCCAGCAGCGACGACAAGTAAAGTGGCCCGCCGGTT | 33163
TCTGAGCCTTCTGCCCTGCGGGGACACGGTCTGCACCCT
2930 GCCCGCGGCCACGGACC

CCAGCGGAAGTAATTCTTTCGACTGCCCCGGAACCCACC
GGAGCAGGCAGCTGGGGGTGGGGGGGCGGCCCTGGGAT
AGGGGCTGTGGCAGTACGCGGGGACCCGGCTGCGGTGG | 33164
CTGCGGGACTGACGAATGGAGAGGAGAAAACCTATGGT
3426 GGCTGTGAAGGACCTGATGCC
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nucleotide 1D
Identifier NO:

ATGGGGAAGGTGAAGGTCGGAGTCAACGGATTTGGTCG
TATTGGGCGCCTGGTCACCAGGGCTGCTTTTAACTCTGG
TAAAGTGGATATTGTTGCCATCAATGACCCCTTCATTGA | 33165
CCTCAACTACATGGTTTACATGTTCCAATATGATTCCACC
5800 CATGGCAAATTCCATGGC

CTGCCTCCCCCCCGCTCCCGCTCCCCTGAGCCCAGCCAG
ACCCCGCGCCGCCCGCGCCCCGCTCGACTCCGGAGGCTC
CCGCAGCCCCGGCGTCCGCCCCGCTGCCCCCTCCCCCGG | 33166
GGGCCATGGGGGCGCCCCCGGGCTACCGGCCCTCAGCTT
27433 GGGTGCATCTCCTCCACC

ATTTCTGGGAAGCAGTCGATATTATCTGTACGCCTAGAA
CAGTGCCCTCTGCAGCTGAATAACCCTTTTAACGAGTAT
TCCAAATTTGATGGCAAGGGTCATGTAGGTACAACAGCA | 33167
ACCAAGAAGATCGATGTCTACCTCCCTCTGCACTCGAGC
424 CAGGACAGACTGCTGCCA

CTCTGGTGATACAGAAGAAAAGACAGTCTCCATTTTCAA
ACAGTCCCTCCTGGGAGAACACAGACAGGCAGAGGATT
ACAACACAAGGCAGCAAGCACTGGGAGACGAAAGTTTIT | 33168
GGCATCTGTTCCCTGGCTGTGCCAAGATGGGCGATTGGA
28259 GCTTCCTGGGAAATTTCCTG

GTCTACTATGTCTGAACTGTGGTTTCTTGTTTATCCTTTTT
TCCTTAGTTGGACTGTAATGTATGGTCTGTCAACCTGTGA
ATCTTTAAAGTATGATTCAGGTATTGTTGTATTCTTTACT | 33169
GTGTAATAAAAAAGTTGAAAAAAATCTGGATCCTCTGTC
6972 TCCCTCGTCCCCGG

TTTCGTGACCTTGTCCAGTAGAAGGCTATTTAATTTTCAC
AACTGCTTGAATTTTGACATACAAGATGAAGCAAGATGC | 33170
417 CTCAAGAAATGCTGCCTACACTGTGGATTGTGAAGATTA
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Identifier NO:
TGTGCATGTGGTAGAATTTAATCCCTTTGAGAATGGGGA
TTCAGGAAACCTAATTG

TGTCTGCACCAGCCGGCCTCCAGCCTGGCTGGACCCTGC
TGCCTGTGTGGCCCGGAGCCAGAGGCCCCCACACTCCCA
GCTGCTCTTCTACAGATGCCATCAACGAGCAGGACTCTG | 33171
GGTGGCTCCACTGTCTAAGGGCTCTGCGAGTGACCCGGC
8182 GGGCGAGCTCCGTGCTGC

CTTACGTAGTAATTACATTTCCTTGAAAAAACTATAGTG
AATAGAAATCCCTAGCCATTTCATTTTTTATGTTTTTAAT
GAAGATCTTTAAAATACCATAGGTGGTAATCGTGGAAAA | 33172
TTTGAAAAATCTCATGTCAGTGTATTAAGATGGTGGAGA
7572 AGTTTTTTTCTCCATTA

ATTCATGAAAATCCACTACTCCAGACAGACGGCTTTGGA
ATCCACCAGCTACATCCAGCTCCCTGAGGCAGAGTTGAG
AATGGAGAGAATGTTACCTCTCCTGGCTCTGGGGCTCTT | 33173
GGCGGCTGGGTTCTGCCCTGCTGTCCTCTGCCACCCTAA
1415 CAGCCCACTTGACGAGGA

GAGCTTCCAGGGATATTTGAGGCACCATCCCTGCCATTG
CCGGGCACTCGCGGCGCTGCTAACGGCCTGGTCACATGC
TCTCCGGAGAGCTACGGGAGGGCGCTGGGTAACCTCTAT | 33174
CCGAGCCGCGGCCGCGAGGAGGAGGGAAAAGGCGAGC
7327 AAAAAGGAAGAGTGGGAGGA

GCCCCCTCCCCTGACTATCAAAGCAGCGGCCGGCTGTTG
GGGTCCACCACGCCTTCCACCTGCCCCACTGCTTCTTCGC
TTCTCTCTTGGAAAGTCCAGTCTCTCCTCGGCTTGCAATG | 33175
GACCCCAACTGCTCCTGCGCCGCTGGTGTCTCCTGCACC
705 TGCGCTGGTTCCTGCA
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nucleotide ID
Identifier NO:

AGTCGCATAGTGGTTTTTCCGCTCGCGTCGCTGTGTGAA
AGTTGGCTCGCCGCTCTTTGCACGCCCTCCCTGGAGGCC
GACCCGAGACGCCAAGCTGGAGAGACCGTGCCTCCCCG | 33176
AGGCCGGCCGCCCCGCGAGCACAGCCTCCGCCCCCGTTG
8561 CACTGCCGGGCTGGGCAAT
GGTGGCGGGAAGAGGAGGCGCGAGAATGGAGGTGGAG
GCCGTCTGTGGTGGCGCGGGCGAGGTGGAGGCCCAGGA
CTCTGACCCTGCCCCTGCCTTCAGCAAGGCCCCCGGCAG | 33177
CGCCGGCCACTACGAACTGCCGTGGGTTGAAAAATATAG
1679 GCCAGTAAAGCTGAATGAAAT
TATTTCCCTCTACTGAGTAAACCCTATCTGTGATTCCCCC
AAACATCTGGCATGGCTCCCTTTTGTCCTTCCTGTGCCCT
GCAAATATTAGCAAAGAAGCTTCATGCCAGGTTAGGAA | 33178
GGCAGCATTCCATGACCAGAAACAGGGACAAAGAAATC
5635 CCCCCTTCAGAACAGAGG
TGTTACTTAAGAATGCTTTCCAGGTGGAAAGTTCCTTAA
GTTTGAGGCTTCAAATTCCATACAGCACATTAAAATCCC
ATTCATGAGTTTGAAATACTGCTCTGTTGTCTTGGAAATA | 33179
CCAATCAGATTGTTGGCTGAAGTGATGTGGATAAAGAAG
5583 GGATCTTAGAAAAACTA
ACGAAGTTCCGGAAATGGAATTACCGAGTCAGATGAGA
AACACAAGTCATCAATGAATTAACAAGCAACACATTGTC
ACATCCAGCTGTTGAAGAGTGGTTAACTCAGCTTGATCT | 33180
CCGAAGACTCTTCTGCACCCCACCCCGCCCCCAACTGCT
9027 TTCCAAAGAGAAACAGAAA

[00144] The IRES may be of any length or size. For example, the IRES may be about 100
nucleotides to about 600 nucleotides in length (e.g., about 200, about 225, about 250, about 275,

55



WO 2022/271965 PCT/US2022/034756

about 300, about 325, about 350, about 375, about 400, about 425, about 450, about 475, about
500, about 525, about 550, or about 575 nucleotides in length, or a range defined by any two of
the foregoing values). In some embodiments, the IRES may be about 200 nucleotides to about
800 nucleotides in length (about 200, about 210, about 220, about 240, about 260, about 280,
about 320, about 340, about 360, about 380, about 420, about 440, about 460, about 480, about
500, about 520, about 540, about 560, about 580, about 600, about 620, about 640, about 660,
about 680, about 700, about 720, about 740, about 760, about 780, or about 800 nucleotides in
length, or a range defined by any two of the foregoing values). In some embodiments, the IRES
may be about 200 to about 400, about 400 to about 600, about 600 to about 700, or about 600 to
about 800 nucleotides in length. In some embodiments, the IRES is about 210 nucleotides in
length. In some embodiments, the IRES may be about 100 to about 3000 nucleotides in length.
[00145] In some embodiments, a circular RNA molecule comprises of an IRES sequence that
consists of a sequence encoded by a DNA sequence from SEQ ID NOs: 138-17338. In some
embodiments, a circular RNA molecule comprises an IRES sequence encoded by a DNA
sequence from SEQ ID NOs: 138-17338, wherein the IRES sequence additionally comprises up
to 1000 additional nucleotides. In some embodiments, the IRES sequence is encoded by a
sequence from SEQ ID NOs: 138-17338 and additionally comprises up to 1000 additional
nucleotides located at the 5° end of that sequence. In some embodiments, the IRES sequence is
encoded by a sequence from SEQ ID NOs: 138-17338 and additionally comprises up to 1000
additional nucleotides located at the 3° end of that sequence. In some embodiments, the IRES
sequence is encoded by a sequence from SEQ ID NOs: 138-17338 and additionally comprises up
to 1000 additional nucleotides located at the 5° end of that sequence and up to 1000 additional
nucleotides located at the 5” end of that sequence.

[00146] In some embodiments, a circular RNA molecule comprises an internal ribosome entry
site (IRES) sequence region, wherein the IRES sequence region comprises a sequence encoded
by a DNA sequence from SEQ ID NOs: 138-17338, and wherein the sequence encoded by a
DNA sequence from SEQ ID NOs: 138-17338 has a minimum free energy (MFE) of less than -
18.9 kJ/mol and a melting temperature of at least 35.0°C.

[00147] In some embodiments, a circular RNA molecule comprises an internal ribosome entry
site (IRES) sequence region, wherein the IRES sequence region comprises a sequence encoded

by a DNA sequence from SEQ ID NOs: 138-17338, and wherein the IRES sequence region has a
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minimum free energy (MFE) of less than -18.9 kJ/mol and a melting temperature of at least
35.0°C, over its entire length.

[00148] In some embodiments, a circular RNA molecule comprises an internal ribosome entry
site (IRES) sequence region, wherein the IRES sequence region comprises a sequence encoded
by a DNA sequence from SEQ ID NOs: 138-17338, and additionally comprises up to 1000
additional nucleotides located at the 5’ end of and up to 1000 additional nucleotides located at
the 5” end, and wherein the IRES sequence region has a minimum free energy (MFE) of less than
-18.9 kJ/mol and a melting temperature of at least 35.0°C, over its entire length.

[00149] In some embodiments, the recombinant circular RNA molecule comprises a protein-
coding nucleic acid sequence operably linked to the IRES, optionally in a non-native
configuration. Any protein or polypeptide of interest (e.g., a peptide, polypeptide, protein
fragment, protein complex, fusion protein, recombinant protein, phosphoprotein, glycoprotein, or
lipoprotein) may be encoded by the protein-coding nucleic acid sequence. In some
embodiments, the protein coding-nucleic acid sequence encodes a therapeutic protein. Examples
of suitable therapeutic proteins include cytokines, toxins, tumor suppressor proteins, growth
factors, hormones, receptors, mitogens, immunoglobulins, neuropeptides, neurotransmitters, and
enzymes. Alternatively, the protein-coding nucleic acid sequence can encode an antigen of a
pathogen (e.g., a bacterium, virus, fungus, protist, or parasite), and the circRNA can be used as,
or as one component of, a vaccine. Therapeutic proteins, and examples thereof, are further
described in, e.g., Dimitrov, D.S., Methods Mol Biol., 899: 1-26 (2012), and Lagassé et al.,
F1000Research, 6: 113 (2017).

[00150] Ideally, the IRES is “in-frame” with respect to the protein-coding nucleic acid
sequence, that is, the IRES is positioned in the circRNA molecule in the correct reading frame
for the encoded protein. Examples of IRES elements that were found to be in-frame with one or
more coding sequences are set forth in SEQ ID NOs: 29114-33083. In some embodiments,
however, the IRES may be “out of frame” with respect to the protein-coding nucleic acid
sequence, such that the position of the IRES disrupts the ORF of the protein-coding nucleic acid
sequence. In other embodiments, the IRES may overlap with one or more ORFs of the protein-
coding nucleic acid sequence. In addition, while in some embodiments the protein-coding
nucleic acid sequence comprises at least one stop codon, in other embodiments the protein-

coding nucleic acid sequence may lack a stop codon. The instant inventors have found that a
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circRNA molecule comprising a protein-coding nucleic acid sequence having an in frame non-
native IRES and lacking a stop codon can initiate a recursive (i.e., infinite loop) translation
mechanism. Such recursive translation may produce a concatenated protein multimer (e.g., >200
kDa). This particular circRNA design allows for the production of repeating ORF units up to 10
times the size of the single ORF. Without being bound to any particular theory, use of the
circRNAs described herein for recursive gene encoding may represent a novel “data
compression” algorithm for genes, addressing the gene size limitation associated with many
current gene therapy applications.

[00151] In some embodiments, the IRES comprises (i) at least one RNA secondary structure
element and (i1) a sequence that is complementary to an 18S rRNA. In some embodiments, the
IRES comprises (1) at least one RNA secondary structure element and (ii) a sequence that is
complementary to an 18S rRNA, wherein the RNA secondary structure of the IRES is formed
from the nucleotides at about position 40 to about position 60 of the IRES, wherein the first
nucleic acid at the 5’ end of the IRES is considered to be position 1. The relative location of the
at least one RNA secondary structure and the sequence that is complementary to an 18S RNA
may vary. For example, in some embodiments, the IRES comprises (i) at least one RNA
secondary structure element and (i1) a sequence that is complementary to an 18S rRNA, and
wherein the at least one RNA secondary structure is located 5’ to the sequence that is
complementary to an 18S rRNA. In some embodiments, the IRES comprises (i) at least one
RNA secondary structure element and (ii) a sequence that is complementary to an 18S rRNA,
and wherein the at least one RNA secondary structure element is located 3’ to the sequence that
is complementary to an 18S rRNA).

[00152] In some embodiments, the circular RNA may comprise one or more IRES RNA
control elements. These elements may, in come embodiments, act as a conditional “off” switch.
For example, the IRES RNA control element may be a miRNA binding site. miRNA binding to
the circRNA may lead to degradation of the circRNA, destroying its activity.

DNA molecules and host cells
[00153] In some embodiments, the disclosure provides a DNA molecule comprising a nucleic
acid sequence encoding any one of the recombinant circRNA molecules disclosed herein.

Accordingly, described herein are DNA sequences that may be used to encode circular RNAs. In
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some embodiments, a DNA sequence encodes a circular RNA comprising an IRES. In some
embodiments, a DNA sequence encodes a circular RNA comprising a protein-coding nucleic
acid. In some embodiments, the DNA sequence encodes a circular RNA molecule; wherein the
circular RNA molecule comprises a protein-coding nucleic acid sequence and an internal
ribosome entry site (IRES) operably linked to the protein-coding nucleic acid sequence in a non-
native configuration. In some embodiments, the DNA sequence encodes a protein coding-
nucleic acid sequence, wherein the protein is a therapeutic protein.

[00154] The DNA sequences disclosed herein may, in some embodiments, comprise at least
one non-coding functional sequence. For example, the non-coding functional sequence may be a
microRNA (miRNA) sponge. A microRNA sponge may comprise a complementary binding site
to a miRNA of interest. In some embodiments, a sponge’s binding sites are specific to the
miRNA seed region, which allows them to block a whole family of related miRNAs. In some
embodiments, the miRNA sponge is selected from any one of the miRNA sponges shown in the

table below.

miRNA Binding sites  |Cell context

four bulged

92, empty ‘ rat cerebellar neuronal cultures
sites

‘ eight bulged )

miR-155, empty ) B cell lymphoma cell line
sites

15a, empty two perfect sites| human prostate cell lines, xenograft

113, empty two perfect sites| mouse cardiac myocytes, heart
seven bulged o

326, empty ‘ tail vein injection, TH cells
sites

four to nine ) )
16, 20, 21, 30-5p, CXCR4 ) mammalian cell lines
bulged sites

four to nine )
16, 20, CXCR4 ) mammalian cell lines
bulged sites

let-7, 22, 124, 125, 132, 143, five to seven )
rat hippocampal neuronal cultures

empty bulged sites
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seven bulged ‘

183, CXCR4 ) HEK293T cell line
sites

At 156,319, ‘ ‘
one bulged site | transgenic Arabidopsis plants

empty

seven to nine | human multiple myeloma cell

16, CXCR4

bulged sites

lines, xenograft

16, 23a, 142-3p.

four perfect or

U937 cell line, mouse hematopoietic

221, 223, four '
) ‘ stem/progenitor cells, transplant
nonspecific bulged sites
KSHV miR-K1, nine bulged
) BC-3 B cell lymphoma cell line
CXCR4, empty sites
21, 140-3p, one to two

140-5p, empty

perfect sites

mammalian cell lines

133, empty

three perfect

sites

mouse cardiac myocytes

204, 211, empty

two perfect sites

ST2 cell line, osteogenic and

adipogenic differentiation

96/182/183, empty

four bulged

sites each

mouse retina

let-7, 16, empty

six to nine

bulged sites

lung cancer cell line

D.m. 7, 8,9a, 276a 10 bulged sites | Transgenic fruitflies
eight bulged )

9, 10b, CXCR4 ‘ 4T1 breast cancer cell line, xenograft
sites

herpesvirus miR-K12-7, K12-8,
BARTI-5p, BART4, empty

six bulged sites

human B cell lines

144, 451, empty

four perfect

sites

mouse hematopoietic stem/progenitor

cells, transplant

let-7, 29, 125,

16 bulged sites

neural stem cells
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let-7/125,
128, empty
21, empty two perfect sites| mouse cardiocytes
18a, 19b, 20a, ‘ ‘
) one perfect site | K562 cell line
nonspecific
eight to nine o ‘
mouse hematopoietic stem/progenitor
145/146, empty bulged
‘ cells, transplant
sites each
seven bulged | MCF7-Ras breast cancer cell line,
31, CXCR4 ‘
sites xenograft

[00155] In some embodiments, the non-coding sequence may be an RNA binding protein site.
RNA binding proteins and binding sites therefore are listed in numerous databases known to
those of skill in the art, including RBPDB (rbpdb.ccbr.utoronto.ca). In some embodiments, the
RNA binding protein comprises one or more RNA-binding domains, selected from RNA-binding
domain (RBD, also known as RNP domain and RNA recognition motif, RRM), K-homology
(KH) domain (type I and type II), RGG (Arg-Gly-Gly) box, Sm domain; DEAD/DEAH box,
zinc finger (ZnF, mostly C-x8-X-x5-X-x3-H), double stranded RNA-binding domain (dsRBD),
cold-shock domain; Pumilio/FBF (PUF or Pum-HD) domain, and the Piwi/Argonaute/Zwille
(PAZ) domain.

[00156] In some embodiments, the DNA sequence comprises an aptamer. Aptamers are short,
single-stranded DNA molecules that can selectively bind to a specific target. The target may be,
for example, a protein, peptide, carbohydrate, small molecule, toxin, or a live cell. Some
aptamers can bind DNA, RNA, self-aptamers or other non-self aptamers. Aptamers assume a
variety of shapes due to their tendency to form helices and single-stranded loops. Illustrative
DNA and RNA aptamers are listed in the Aptamer database
(scicrunch.org/resources/Any/record/nlx 144509-1/SCR_001781/resolver?q=*&I=).

[00157] In some embodiments, the DNA sequence encodes a circular RNA molecule that
comprises between about 200 nucleotides and about 10,000 nucleotides.

[00158] In some embodiments, the DNA sequence encodes a circular RNA molecule that

comprises a spacer between the IRES and a start codon of the protein-coding nucleic acid
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sequence. The spacer may be of any length (e.g., 10 to 100 nucleotide, 10 to 90 nucleotides, 10
to 80 nucleotides, 10 to 70 nucleotides, 10 to 60 nucleotides, 10 to 50 nucleotides, 10 to 40
nucleotides, 10 to 30 nucleotides, 10 to 20 nucleotides, 20 to 100 nucleotides, 20 to 90
nucleotides, 20 to 80 nucleotides, 20 to 70 nucleotides, 20 to 60 nucleotides, 20 to 50
nucleotides, 20 to 40 nucleotides, 20 to 30 nucleotides, 30 to 100 nucleotides, 30 to 90
nucleotides, 30 to 80 nucleotides, 30 to 70 nucleotides, 30 to 60 nucleotides, 30 to 50
nucleotides, 30 to 40 nucleotides, 40 to 100 nucleotides, 40 to 90 nucleotides, 40 to 80
nucleotides, 40 to 70 nucleotides, 40 to 60 nucleotides, 40 to 50 nucleotides, 50 to 100
nucleotides, 50 to 90 nucleotides, 50 to 80 nucleotides, 50 to 70 nucleotides, 50 to 60
nucleotides, 60 to 100 nucleotides, 60 to 90 nucleotides, 60 to 80 nucleotides, 60 to 70
nucleotides, or 50 nucleotides). For example, in some embodiments, the length of the spacer is
selected to optimize translation of the protein-coding nucleic acid sequence.

[00159] In some embodiments, the DNA sequence encodes a circular RNA molecule
comprising an IRES that is configured to promote rolling circle translation. In some
embodiments, the DNA sequence encodes a circular RNA comprising a protein-coding nucleic
acid sequence that lacks a stop codon. In some embodiments, the DNA sequence encodes a
circular RNA molecule comprising (i) an IRES that is configured to promote rolling circle
translation, and (i1) a protein-coding nucleic acid sequence that lacks a stop codon.

[00160] The DNA sequences described herein may be comprised in one or more vectors. For
example, in some embodiments, a viral vector comprises a DNA sequence encoding a circular
RNA. The viral vector may be, for example, an adeno-associated virus (AAV) vector, an
adenovirus vector, a retrovirus vector, a lentivirus vector, a vaccinia or a herpesvirus vector.
[00161] In some embodiments, the viral vector is an AAV. As used herein, the term "adeno-
associated virus” {AAVY, includes but s not hmitted to, AAYVE, AAVZ, AAVS {including types 3
Aand 3B), AAVA, AAVS, AAVE, AAVT, AAVE, AAVO, AAVIO, AAVIL AAVIZ, avian
AAY, bovioe AAV, canine AAY, equine AAY, ovine AAY, and any other AAY now known or
tater discovered. 1n some embodiments, the AAY vector may be a modified form (1.2, a form
comprising one or more amino acid woditicatons relative thereto) of one or more of AAVE,
AAYZ, AAVS (including types 3 A and 38}, AAVY, AAVS, AAVO, AAVT, AAVS, AAVY,
AAVIO, AAVEE AAVIZ, avian AAV, bovine AAY, canine AAY, equing AAY, or ovine AAY.

Various AAVY serotypes and variants thereof are described, g, BERNARD N, FIELDN et al,
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YIROLOGY, volume 2, chapier 69 (dth ed., Lippincott-Raven Publishers). A mumwber of
relatively new AAY serotypes and clades have been identified (see, e.¢.. Gao et al. (20043 F
Virology 78:6381-6388; Moris et al. {2004} Virology 33-:375-383} The genomic sequences of
various serotypes of AAV, as well as the sequences of the native terminal repeats (TRs), Rep
proteins, and capsid subunits are known in the art. Such sequences may be found in the literature
or in public databases such as the GenBank® Database. See, e.g. , GenBank Accession Numbers
NC 044927, NC 002077, NC 001401 , NC 001729, NC 001863, NC 001829, NC 001862,
NC 000883, NC 001701, NC 001510, NC 006152, NC 006261, AF063497, U89790,
AF043303, AF028705, AF028704, J02275, JO 1901 , 02275, X01457, AF288061, AH009962,
AY028226, AY028223, NC 001358, NC 001540, AF513851, AF513852, AYS530579; the
disclosures of which are incorporated by reference herein for teaching parvovirus and AAV
nucleic acid and amino acid sequences. See also, e.g., Srivistava et al. (1983) J Virology 45:555;
Chiorini et al. ( 1998) J. Virology 71 :6823; Chiorini et al (1999) J Virology 73:1309; Bantel-
Schaal et al. (1999) J. Virology 73:939; Xiao et al. (1999) J. Virology 73:3994; Muramatsu et al.
(1996) Virology 221 :208; Shade et al. (1986) J Virol. 58:921 ; Gao et al. (2002) Proc. Nat.
Acad. Sci. USA 99: 1 1854; Moris et al. (2004) Virology 33-:375-383; international patent
publications WO 00/28061, WO 99/61601, WO 98/11244; and U.S. Patent No. 6,156,303; the
disclosures of which are incorporated by reference herein.

[00162] In some embodiments, a DNA sequence described herein is comprised in an AAV2
vector, or a variant thereof. In some embodiments, a DNA sequence described herein is
comprised an AAV4 vector, or a variant thereof. In some embodiments, a DNA sequence
described herein is comprised in an AAV8 vector, or a variant thereof. In some embodiments, a
DNA sequence described herein is comprised in an AAV9 vector, or a variant thereof.

[00163] In some embodiments, a DNA sequence described herein is comprised in a viral-like
particle (VLP). Viral like particles are molecules that closely resemble viruses, but are non-
infectious because they contain little or no viral genetic material. They can be naturally occurring
or synthesized through the individual expression of viral structural proteins, which can then self-
assemble into a virus-lie structure. Combinations of structural capsid proteins from different
viruses can be used to create VLPs. For example VLPs may be derived from the, AAVs,

retrovirus, Flaviviridae, paramyoxoviridae, or bacteriophages. VLPs can be produced in
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multiple cell culture systems, including bacteria, mammalian cell lines, insect cell lines, yeast
and plant cells.

[00164] In some embodiments, a DNA sequence described herein is comprised in a non-viral
vector. The non-viral vector may be, for example, a plasmid comprises the DNA sequence. In
some embodiments, the non-viral vector is a closed-ended DNA. A closed-ended DNA is a non-
viral, capsid-free DNA vector with covalently closed ends (see, e.g., W0O2019/169233). In some
embodiments, a mini-intronic plasmid vector comprises a DNA sequence described herein. Mini-
intronic plasmids are expression systems that contain a bacterial replication origin and selectable
marker maintaining the juxtaposition of the 5’ and the 3’ ends of transgene expression cassette as
in a minicircle (see, e.g., Lu, J, et al., Mol Ther (2013) 21(5) 954-963).

[00165] In some embodiments, a DNA sequence described herein is comprised in a lipid
nanoparticle. Lipid nanoparticles (or LNPs) are submicron-sized lipid emulsions, and may offer
one or more of the following advantages: (i) control and/or targeted drug release, (ii) high
stability, (ii1) biodegradability of the lipids used, (iv) avoid organic solvents, (v) easy to scale-up
and sterilize, (vi) less expensive than polymeric/surfactant based carriers, (vii) easier to validate
and gain regulatory approval. In some embodiments, the lipid nanoparticles range in diameter
between about 10 and about 1000 nm.

[00166] In some embodiments, a DNA sequence encodes a circular RNA molecule, wherein
the circular RNA molecule comprises a protein-coding nucleic acid sequence and an internal
ribosome entry site (IRES) operably linked to the protein-coding nucleic acid sequence in a non-
native configuration wherein the IRES comprises: at least one RNA secondary structure; and a
sequence that is complementary to an 18S ribosomal RNA (rRNA).

[00167] In some embodiments, a DNA sequence encodes a circular RNA molecule, wherein
the circular RNA molecule comprises a protein-coding nucleic acid sequence and an internal
ribosome entry site (IRES) operably linked to the protein-coding nucleic acid sequence in a non-
native configuration wherein the IRES comprises: at least one RNA secondary structure element;
and a sequence that is complementary to an 18S ribosomal RNA (rRNA); wherein the IRES has
a minimum free energy (MFE) of less than -18.9 kJ/mol and a melting temperature of at least
35.0°C; and wherein the RNA secondary structure element is formed from the nucleotides at
about position 40 to about position 60 of the IRES, wherein the first nucleic acid at the 5* end of
the IRES is considered to be position 1.
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[00168] In some embodiments, a DNA sequence comprises a nucleic acid sequence encoding
a circular RNA molecule; wherein the circular RNA molecule comprises a protein-coding
nucleic acid sequence and an internal ribosome entry site (IRES) operably linked to the protein-
coding nucleic acid sequence in a non-native configuration, wherein the IRES is encoded by any
one of the nucleic acid sequences listed in SEQ ID NOs: 138-17338, or a nucleic acid sequence
that 1s at least 90% or at least 95% identical thereto.

[00169] Also provided herein are cells comprising a recombinant circRNA molecule, a DNA
molecule, or a vector described herein. Any prokaryotic or eukaryotic cell that can be contacted
with and stably maintain the recombinant circRNA molecule, DNA molecule encoding the
recombinant circRNA molecule, or vector comprising the recombinant circRNA molecule may
be used in the context of the present disclosure. Examples of prokaryotic cells include, but are
not limited to, cells from the genera Bacillus (such as Bacillus subftilis and Bacillus brevis),
Escherichia (such as E. coli), Pseudomonas, Streptomyces, Salmonella, and Erwinia. In some
embodiments, the host cell is a eukaryotic cell. Suitable eukaryotic cells are known in the art
and include, for example, yeast cells, insect cells, and mammalian cells. Examples of yeast cells
include those from the genera Hansenula, Kluyveromyces, Pichia, Rhinosporidium,
Saccharomyces, and Schizosaccharomyces. Suitable insect cells include Sf-9 and HIS cells
(Invitrogen, Carlsbad, Calif) and are described in, for example, Kitts et al., Biotechniques, 14:
810-817 (1993); Lucklow, Curr. Opin. Biotechnol., 4. 564-572 (1993); and Lucklow et al., J.
Virol., 67: 4566-4579 (1993).

[00170] In some embodiments, the cell is a mammalian cell. A number of mammalian cells
are known in the art, many of which are available from the American Type Culture Collection
(ATCC, Manassas, Va.). Examples of mammalian cells include, but are not limited to, HeLa
cells, HepG2 cells, Chinese hamster ovary cells (CHO) (e.g., ATCC No. CCL61), CHO DHFR-
cells (Urlaub et al., Proc. Natl. Acad. Sci. USA, 97 4216-4220 (1980)), human embryonic kidney
(HEK) 293 or 293T cells (e.g., ATCC No. CRL1573), and 3T3 cells (e.g., ATCC No. CCL92).
Other mammalian cell lines are the monkey COS-1 (e.g., ATCC No. CRL1650) and COS-7 cell
lines (e.g., ATCC No. CRL1651), as well as the CV-1 cell line (e.g., ATCC No. CCL70). Further
exemplary mammalian host cells include primate cell lines and rodent cell lines, including
transformed cell lines. Normal diploid cells, cell strains derived from in vitro culture of primary

tissue, as well as primary explants also are suitable. Other mammalian cell lines include, but are
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not limited to, mouse neuroblastoma N2A cells, HeLa, mouse L-929 cells, and BHK or HaK
hamster cell lines, all of which are available from the American Type Culture Collection (ATCC,;
Manassas, VA). Methods for selecting mammalian cells and methods for transformation,
culture, amplification, screening, and purification of such cells are well known in the art (see,

e.g., Ausubel et al., supra). In some embodiments, the mammalian cell is a human cell.

Method of Producing a Protein

[00171] The disclosure further provides a method of producing a protein in a cell, which
comprises contacting a cell with the above-described recombinant circular RNA molecule, the
above-described DNA molecule comprising a nucleic acid sequence encoding the recombinant
circRNA molecule, or a vector comprising the recombinant circRNA molecule under conditions
whereby the protein-coding nucleic acid sequence is translated and the protein is produced in the
cell.

[00172] Insome embodiments, a method of producing a protein in a cell comprises contacting
a cell with a DNA sequence described herein, or a vector comprising the DNA sequence, under
conditions whereby the protein-coding nucleic acid sequence is translated and the protein is
produced in the cell. Also provided is a protein produced by the disclosed methods.

[00173] In some embodiments, production of the protein is tissue-specific. For example, the
protein may be selectively produced in one or more of the following tissues: muscle, liver,
kidney, brain, lung, skin, pancreas, blood, or heart.

[00174] In some embodiments, the protein is expressed recursively in the cell.

[00175] In some embodiments, the half-life of the circular RNA in the cell is about 1 to about
7 days. For example, the half-life of the circular RNA may be about 1, about 2, about 3, about 4,
about 5, about 6, about 7, or more days.

[00176] In some embodiments, the protein is produced in the cell for at least about 10%, at
least about 20%, or at least about 30% longer than if the protein-coding nucleic acid sequence is
provided to the cell using a viral vector encoding a linear RNA or as a linear RNA.

[00177] Insome embodiments, the protein is produced in the cell at a level that is at least
about 10%, at least about 20%, or at least about 30% higher than if the protein-coding nucleic

acid sequence is provided to the cell using a viral vector or as a linear RNA.
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[00178] Use of the IRES sequences described herein to express a protein from a circular RNA
may, in some embodiments, allow for continued expression of a protein from the circular RNA
in a cell even under stress conditions. In response to one or more stress conditions, production of
proteins from linear RNA is often suppressed. Accordingly, in some embodiments, circRNA can
be used as an alternative for production of proteins from linear RNAs during stress conditions. In
some embodiments, a protein expressed from a circular RNA in a cell is expressed under one or
more stress conditions. In some embodiments, expression of a protein from a circular RNA in a
cell is not substantially disrupted when the cell is exposed to one or more stress conditions. For
example, exposure of the cell to one or more stress conditions may change expression of a
protein from a circular RNA by less than 15%, less than 10%, less than 5%, less than 3%, less
than 1%, or less than 0.5%. In some embodiments, a protein expressed from a circular RNA is
expressed at a level under one or more stress conditions that is substantially the same as the level
expressed in the same cell in the absence of the one or more stress conditions. In some
embodiments, the level of expression of a protein from a circular RNA in a cell is at least about
70%, at least about 75%, at least about 80%, at least about 85%, at least about 90%, at least
about 95%, or at least about 99%, relative to the level of expression in the absence of the one or
more stress conditions. A non-limiting list of conditions which may cause cellular stress include
changes in temperature (including exposure to extreme temperatures and/or heat shock),
exposure to toxins (including viral or bacterial toxins, heavy metals, etc.), exposure to
electromagnetic radiation, mechanical damage, viral infection, etc.

[00179] In some embodiments, the circRNAs described herein (including components thereof,
such as the IRES sequences) facilitate cap-independent translation activity from the circRNA.
Canonical translation via a cap-independent mechanism may be reduced in some human
diseases. Accordingly, the use of circRNAs to express proteins may be particularly helpful for
treating such diseases. In some embodiments, use of the circRNAs described herein facilitates
cap-independent translation activity from the circRNA under conditions wherein cap-dependent
translation is reduced or turned-off in a cell.

[00180] As discussed above, translation of the protein-coding nucleic acid sequence may
occur in an infinite loop (i.e., recursively) when the IRES is in-frame with the protein-coding
nucleic acid sequence and the protein-coding sequence lacks a stop codon. Thus, in some

embodiments, the method of producing a protein in a cell produces a concatenated protein.
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[00181] Any prokaryotic or eukaryotic host cell described herein may be contacted with the
recombinant circRNA molecule or a vector comprising the circRNA molecule. The host cell
may be a mammalian cell, such as a human cell. In some embodiments, the cell is in vivo. In
some embodiments, the cell is in vitro. In some embodiments, the cell is ex vivo. In some
embodiments, the cell is in a mammal, such as a human.

[00182] In some embodiments, regardless of cell type chosen, 5’ cap-dependent translation is
impaired in the cell (e.g., decreased, reduced, inhibited, or completely obliterated). In some
embodiments, there is no substantial 5’ cap-dependent translation in the cell.

[00183] The circRNAs described herein may also be produced in vitro, such as by in vitro
transcription or other cell-free transcription system. Typical in vifro transcription protocols
comprise providing (1) a purified DNA template, wherein the DNA template encodes a circular
RNA, (i1) ribonucleotide triphosphates, (iii) a buffer system that includes DTT and magnesium
ions, and (iv) an appropriate phage RNA polymerase. The DNA template may comprise, for
example, a plasmid construct engineered by cloning, a cDNA template generated by first- and
second-strand synthesis from an RNA precursor (e.g., aRNA amplification), or a linear template
generated by PCR or by annealing chemically synthesized oligonucleotides. These components
are then combined, and incubated under conditions which allows the RNA polymerase to
transcribe the DNA to RNA, typically a linear RNA. Commercial kits are available for
performing in vitro transcription, such as the Invitrogen MAXIscript® or MEGAscript® kits. In
some embodiments, a polyA tail may be added to an RNA produced using in vifro transcription.
[00184] Linear RNAs produced in vitro may be circularized using one or more of the
following exemplary methods. For example, linear RNAs produced in vitro may be circularized
according to chemical methods, using a condensing agent such as cyanogen bromide. In some
embodiments, linear RNAs produced in vitro may be circularized using an enzymatic method.
For example, the linear RNAs may be circularized using RNA or DNA ligases (e.g., T4 RNA
ligase I or II). Alternatively, the linear RNAs may be circularized using ribozymatic methods,
such as methods which employ self-splicing introns.

[00185] In some embodiments, a protein is produced from a circular RNA in a cell free
system. The cell-free system may comprise, for example, all factors required for transcribing

circular RNA from DNA, circularizing the RNA, and translating the protein from therefrom. In
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some embodiments, the circular RNA is more stable than a linear RNA in a cell-free system,
which allows for increased expression of a protein from the circular RNA.

[00186] In some embodiments, a method for producing a protein comprises contacting a
circular RNA with a cell-free extract comprising protein translation initiation factors (e.g., elF1,
elF2, elF3, elFS5, elF6), under conditions wherein the protein is expressed. In some
embodiments, a method for producing a protein comprises: (i) providing a linear RNA encoding
a protein of interest, (i) circularizing the RNA, (iii) contacting the circular RNA with a cell-free
extract comprising protein translation initiation factors, under conditions wherein the protein is
expressed.

[00187] In some embodiments, a method for producing a protein comprises contacting a linear
RNA with a cell-free extract comprising protein translation initiation factors, under conditions
wherein the RNA is circularized and the protein is expressed. In some embodiments, the linear
RNA may comprise self-splicing introns.

[00188] In some embodiments, a method for producing a protein comprises contacting a DNA
with a cell-free extract comprising protein translation initiation factors, under conditions wherein
a linear RNA is expressed, the linear RNA is circularized, and the protein is expressed. In some
embodiments, the DNA may encode may comprise self-splicing introns.

[00189] The recombinant circular RNA molecule, a DNA molecule encoding same, or vectors
comprising same, may be introduced into a cell by any method, including, for example, by
transfection, transformation, or transduction. The terms “transfection, transformation, and
“transduction  are used interchangeably herein and refer to the introduction of one or more
exogenous polynucleotides into a host cell by using physical or chemical methods. Many
transfection techniques are known in the art and include, for example, calcium phosphate DNA
co-precipitation (see, e.g., Murray E. J. (ed.), Methods in Molecular Biology, Vol. 7, Gene
Transfer and Expression Protocols, Humana Press (1991)); DEAE-dextran; electroporation;
cationic liposome-mediated transfection; tungsten particle-facilitated microparticle bombardment
(Johnston, Nature, 346: 776-777 (1990)); strontium phosphate DNA co-precipitation (Brash et
al., Mol. Cell. Biol., 7: 2031-2034 (1987); and magnetic nanoparticle-based gene delivery
(Dobson, J., Gene Ther, 13 (4): 283-7 (2000)).

[00190] Naked RNA, DNA molecules encoding circular RNA molecules, or vectors

comprising the circular RNAs or DNAs encoding circular RNAs may be administered to cells in
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the form of a composition. In some embodiments, the composition comprises a pharmaceutically
acceptable carrier. The choice of carrier will be determined in part by the particular circular
RNA molecule, DNA sequence, or vector and type of cell (or cells) into which the circular RNA
molecule, DNA sequence, or vector is introduced. Accordingly, a variety of formulations of the
composition are possible. For example, the composition may contain preservatives, such as, for
example, methylparaben, propylparaben, sodium benzoate, and benzalkonium chloride. A
mixture of two or more preservatives optionally may be used. In addition, buffering agents may
be used in the composition. Suitable buffering agents include, for example, citric acid, sodium
citrate, phosphoric acid, potassium phosphate, and various other acids and salts. A mixture of
two or more buffering agents optionally may be used. Methods for preparing compositions for
pharmaceutical use are known to those skilled in the art and are described in more detail in, for
example, Remington: The Science and Practice of Pharmacy, Lippincott Williams & Wilkins;
21st ed. (May 1, 2005).

[00191] In some embodiments, the composition containing the recombinant circular RNA
molecule, DNA sequence, or vector, can be formulated as an inclusion complex, such as
cyclodextrin inclusion complex, or as a liposome. Liposomes can be used to target host cells or
to increase the half-life of the circular RNA molecule. Methods for preparing liposome delivery
systems are described in, for example, Szoka et al., Ann. Rev. Biophys. Bioeng., 9: 467 (1980),
and U.S. Patents 4,235,871, 4,501,728; 4,837,028; and 5,019,369. The recombinant circRNA
molecule may also be formulated as a nanoparticle.

[00192] A host cell can be contacted in vivo or in vitro with a recombinant circRNA molecule,
a DNA sequence, or a vector, or compositions containing any of the foregoing. The term “in
vivo” refers to a method that is conducted within living organisms in their normal, intact state,
while an “in vitro” method is conducted using components of an organism that have been
isolated from its usual biological context. When the method is conducted iz vivo, in some
embodiments the production of the protein is tissue-specific. By “tissue-specific” is meant that
the protein is produced in only a subset of tissue types within an organism, or is produced at
higher levels in a subset of tissue types relative to the baseline expression across all tissue types.
The protein may be produced in any tissue type, such as, for example, tissues of muscle, liver,

kidney, brain, lung, skin, pancreas, blood, or heart.
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[00193] Various embodiments of this invention are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of these embodiments may
become apparent to those of ordinary skill in the art upon reading the foregoing description. The
inventors expect skilled artisans to employ such variations as appropriate, and the inventors
intend for the invention to be practiced otherwise than as specifically described herein.
Accordingly, this invention includes all modifications and equivalents of the subject matter
recited in the claims appended hereto as permitted by applicable law. Moreover, any
combination of the above-described elements in all possible variations thereof is encompassed by
the invention unless otherwise indicated herein or otherwise clearly contradicted by context.
[00194] All references, including publications, patent applications, and patents, cited herein
are hereby incorporated by reference to the same extent as if each reference were individually

and specifically indicated to be incorporated by reference and were set forth in its entirety herein.
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EXAMPLES
[00195] The following examples further illustrate the invention but, of course, should not be

construed as in any way limiting its scope.

Example 1: Viral IRES screen

[00196] The following example describes the development of a high-throughput screen to
systematically identify and quantify viral IRES RNA sequences that can direct circRNA
translation.

[00197] A large set of IRESs (see Table 7) representing a diverse range of viral species were
operably linked to a NanoLuciferase transgene (cloned from Promega vector #N1441) in a
circular RNA format. The IRESs were selected to sample a large phylogenetic range of
mammalian viral IRESs with well-annotated S’UTR regions provided on NCBI Virus in order to
better understand particular viral groups whose IRESs may drive strong translation in circRNAs
comprising a luciferase transgene. These synthesized circRNAs were tested by transfection into
HeLa and HepG2 cell lines. Protein production of NanoLuciferase was measured via luciferase
assay, normalized to constitutive expression of Firefly Luciferase. Normalized fold/CVB3 IRES
expression mean = SEM (standard error of the mean) are shown in FIG. 1.

[00198] As a result of this screen, type 1 IRESs and in particular human rhinovirus (HRV)
IRESs were identified as strong drivers of circular RNA (circRNA) translation from among a

diverse panel of IRESs.

Example 2: Rapid IRES screening with cell-free lysate

[00199] Because HRV IRESs were identified as strong drivers of circRNA translation in the
cell-based screen of Example 1, a focused screen of every sequenced and publicly-available
rhinovirus type B (HRV-B) and enterovirus B (EV) IRESs was performed in a cell-free assay. A
number of other IRESs, namely CVB3, served as benchmarking controls. Plasmids encoding
NanoLuciferase expression driven by the IRESs were cloned and served as template for in vitro
transcription reactions. circRNAs produced by these reactions served as template for in vitro
translation reactions with HeLLa lysate. Mean luminescence fold/mock = SEM are shown in FIG.

2.
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[00200] This screen identified stronger human rhinovirus (HRV) IRESs for circRNA

translation.

Example 3: Expanded viral IRES screen in diverse cell lines

[00201] To test the function of various IRES sequences in different cell lines, a number of
circRNAs comprising IRESs operably linked to NanoLuciferase were synthesized and tested by
transfection into Hela (cervical cancer), HepG2 (hepatocellular carcinoma), HEK293T (human
embryonic kidney), and KG-1 (macrophage) cell lines. Protein production of NanoLuciferase
transgene from the circRNA was measured via luciferase assay, normalized to constitutive
expression of Firefly Luciferase. Normalized fold/CVB3 IRES expression mean + SEM are
shown in FIG. 3. In this study, human rhinovirus (HRV) IRESs, particularly HRV-A1, HRV-B3,
HRV-B92, and HRV-B4, were identified to be the strongest drivers of circRNA translation in a
diverse set of cell lines.

[00202] As shown in FIG. 4, focusing in on data from this large-scale IRES testing reveals
that some IRESs have cell-type expression specificities. Hepatitis C (HCV) IRES had strong
expression in HEK293T cells, as did human rhinovirus B (HRVB) 37 and 92 IRESs. HRV-A100
had strong expression in KG-1 cells exclusively. Enterovirus (EV) 107 had strong expression in

all the tested cells, except for HeLa cells.

Example 4: Rational structural RNA engineering of iCVB3 IRES

[00203] To determine whether rational structural engineering of the aptamers identified in the
screens described above could further improve protein translation from a circRNA, an elF4G-
recruiting aptamer (FIG. SA) was inserted at various locations within the CVB3 IRES (see SEQ
ID NO: 101-125). The resulting synthetic IRES constructs were operably linked to a
NanoLuciferase transgene and synthesized into circRNA format. Protein expression from the
circRNAs was assayed after transfection thereof into HeLa cells. Specifically, NanoLuciferase
expression from the circRNA was assayed and normalized to mock-transfected cells.

[00204] As shown in FIG. 5B, wild-type iHRV-B3 IRES was a strong IRES, followed by
wild-type iCVB3 IRES and the synthetic IRES variants (RCO1-11). Notably, aptamer elF4G
insertion into position 6 and 8 (i.e., in the proximal loop of domain IV of the iCVB3 IRES,

wherein “proximal” is relative to Domain 5 of the natural eiF4G binding site of the IRES, see
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FIG. 5A) improved translation strength. Insertion in position 8 improved CVB3’s translation
strength to beyond that of HRV-B3.
[00205] Taken together, this data indicates that rational structural RNA engineering with

elF4G-recruiting aptamer insertions into iCVB3 IRES improves translation activity.

Example S: Rational structural engineering of the iHRV-B3 IREs

[00206] An elF4G-recruiting aptamer was inserted at various locations within the iHRV-B3
IRES to generate synthetic IRESs (FIG. 6A). Although iHRV-B3’s IRES structure is
uncharacterized, alignment of sequence between iHRVB3 and iCVB3 IRESs was sufficient to
identify key structural elements. Stem length was varied by truncating or lengthening the dsSRNA
stem region connecting the e[F4G aptamer to the rest of the IRES, and RNAfold predicted
structures are shown in FIG. 6B. The resulting constructs IRES constructs were operably linked
to a NanoLuciferase transgene, synthesized into circRNA format, and assayed by transfection
into HeLa cells. NanoLuciferase expression was assayed and normalized to constitutive
expression of Firefly Luciferase. Results are shown in FIG. 6B.

[00207] Taken together, this data shows that insertion of e[F4G-recruiting aptamer into HRV-
B3 IRES domain IV at the proximal leaf position and further RNA structural optimization at this

site engineered a synthetic IRES with improved translation.

Example 6: A full-length viral IRES is important for strong translation

[00208] Viral IRESs are diverse and highly-structured RNA regions found primarily in viral
5’ UTRs that promote cap-independent translation (Kieft 2008 Trends Biochem. Sci. 33, 274—
283, Filbin 2009 Curr. Opin. Struct. Biol. 19, 267-276, Martinez-Salas 2018 Front. Microbiol. 8,
2629). Because iCVB3 is nearly 750bp it was determined if it was possible to truncate an IRES
while retaining circRNA translation. A previous structure map of iICVB3 divided the sequence
into seven domains (Bailey 2007 J. Virol. 81, 650-668), beginning with domain I containing a
cloverleaf structure thought to be critical for viral replication (Murray 2004 J. Virol. 65, 5886—
5894). Domains II-V have also been reported to interact with multiple IRES trans-activating
factors (ITAFs) (de Breyne 2009 Proc. Natl. Acad. Sci. 106, 9197-9202, Souii 2013 Mol.
Biotechnol. 2013 552 55, 179-202, Sweeney 2013 EMBO J. 33, 76-92), while domain VI hosts

an AUG upstream of the true translation initiation site that recruits the 43S ribosomal
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preinitiation complex (Nicholson 1991 J. Virol. 65, 5886-5894, Yang 2003 Virology 305, 31—
43, Sweeny 2013; supra).

[00209] IRES domain truncations starting from the 5° end of iCVB3 were performed,
choosing truncations at boundaries where there was little known secondary structure base
pairing. Compared to the full-length IRES, deletion of domain I significantly cut circRNA
translation by 25%, and further deletions completely eliminated translational activity (Fig. 7A-
B). Successive truncations of iCVB3 from the 3’ end were then performed. This region between
domain VII and the start codon is highly variable in both sequence and length among different
picornavirus IRESs, so it was hypothesized that it would be amenable to shortening. 3’ deletion
of as few as ten terminal nucleotides from this region nearly ablated circRNA translation (Fig.
7C). Together, these data show that a full-length IRES is necessary for strong circRNA

translation.

[00210] Example 7: IRES-coding sequence junction secondary structure dictates
translation strength

[00211] Coding sequence-specific factors that influence translation initiation in circRNAs
were investigated by synthesizing circRNAs with nine different 24bp N-terminal leader
sequences in frame between the AUG start codon and the NanoLuc reporter (Fig. 7D). Various
features of these leader sequences — secondary structure, GC content, and translated
hydrophilicity — were compared against the resulting NanoLuc reporter strength. Indicators of
secondary structure stability, such as predicted minimum free energy and free energy change for
the most stable hairpin, were most correlated with NanoLuc translation (Gruber 2008 Nucleic
Acids Res. 36, W70-W74), with 34.2% and 28.3% of variation in translation strength explained
by those factors, respectively. On the other hand, the GC content of the N-terminal leader and
hydrophilicity of its encoded peptide were not predictive of translation efficiency. These findings
indicate that in silico optimization of base-pairing interactions between an IRES and coding

sequence can yield additional benefits for circRNA translation.
[00212] Example 8: Vector topology and spacer requirements for circRNA translation

[00213] Principles behind circRNA vector topology that are needed for strong translation

were investigated. First, circRNAs with the IRES downstream, or 3°, of the reporter NanoLuc
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gene, maintaining the reading frame through the residual scar formed by the self-splicing
reaction of the T4 td intron, were synthesized. In this orientation, translation through the splicing
scar is unavoidable. Hypothesizing that the highly structured scar sequence may obfuscate the
translation start site, circRNA variants with in-frame spacers of varying lengths between the
translation start and the splicing scar were synthesized. The peptides encoded by these spacers
reflected consensus viral leader peptide sequences from the rhinovirus family. Testing the
expression of these circRNAs indicated that increasing the spacer length was non-beneficial for
translation, and that the ribosome was unaffected by the td splicing scar’s secondary structure
(Fig. 8).

[00214] The topology of the circRNA vector was reversed, placing the IRES immediately
upstream of the NanoLuc gene. When the IRES is 3’ to the NanoLuc reporter, translation
through the td splicing scar is unavoidable. The predicted secondary structure of this scar is
shown in FIG. 8. Flanking this translation cassette, adding spacers derived from random 50% GC
content sequences of varying lengths in the 5’ and 3’ untranslated regions (UTRs) of the
circRNA was tested. When assayed for NanoLuc expression, it was found that circRNAs with
spacers 50bp in length yielded the strongest translation (Fig. 8 and Fig. 16D). It was also tested
whether the number of stop codons following the coding sequence affected circRNA expression
and found that adding more than two stop codons reduced translation strength (Fig. 9) but did not
affect the size of the encoded protein (Fig. 16D, Fig. 18A and Fig. 18B). The results indicate that
IRES-mediated translation of circRNAs can occur readily through an intron splicing scar, though
with reduced efficiency compared to the IRES being directly upstream of a gene. Furthermore,
translation of circRNAs can be improved by the addition of 50bp spacers separating the IRES

and gene of interest from the splicing scar.

[00215] Example 9: Synthetic IRES engineering with an eIF4G-binding aptamer
[00216] iCVB3 was engineered to have greater affinity for e[F4G. Apt-elF4G, an elF4G-
recruiting aptamer, can improve cap-dependent translation when inserted in the 5 UTR of
mRNAs (Tusup 2018 Int. J. Med. Heal. Sci. (ISSN 2456 - 6063) 4, 29-37). Synthetic variants of
the iICVB3 where Apt-elF4G was inserted at hypothetically permissible regions within the IRES
were generated (Fig. 10A). These positions were either within the flexible non-base-paired

interdomain regions (synIRESO1, 03, 05, 09, and 11), which were chosen to avoid aberrant Apt-
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elF4G-linker interactions, or at the end of loop domains (synIRES02, 04, 06, 07, 08, and 10),
with removal of several wild-type nucleotides to smoothly transition from the stem-loop
structure into Apt-elF4G’s RNA stem. In all cases, rational engineering choices were informed
by in silico RNA structure prediction (FIG. 19). Using the NanoLuc assay, it was found that
domain IV’s cruciform structure was the most permissive to Apt-elF4G insertion. Both
synIRES06 and synIRES08, where Apt-elF4G was inserted in the distal and proximal loops of
domain IV, respectively, showed significantly improved translation over wild-type iCVB3.
Conversely, insertion at the apical loop of domain IV completely abrogated translation,
consistent with reports of an essential internal C-rich loop and GNRA tetraloops at this site
(Garmarnik 2000 Nat. Methods 6, 343-345, Bhattacharyya 2006 Rna.3.2.2990 3, 60-68).
[00217] Using flow cytometry, the result was validated with a different reporter,
mNeonGreen, a bright monomeric green fluorescent protein (Shaner 2013 Cell Res. 27, 315-
328). Compared to CleanCap and 100% N1¥-modified mRNA or unmodified circRNA with
random 5’ and 3° UTRs, 5% mo6A-modified circRNA with the 5° PABP spacer and HBA1 3’
UTR exhibited greater mNeonGreen expression (Fig. 10B). This was further improved by
aptamer engineering of iCVB3 to include Apt-elF4G. For gating strategy, see Fig. 10C.
[00218] Experiments were conducted to determine if iCVB3 domain V elF4G footprint
deletions could be rescued through addition of Apt-eIF4G to the proximal loop of domain IV
(Fig. 11). However, no recovery of translation was achieved by this strategy for any of the four
variants. Prior toe-printing analysis deduced conformational changes in domain VI and the 3’
end of iICVB3 following the recruitment of elF4G and elF4A (de Breyne 2009; supra). The
results indicate that these RNA conformational changes are important for proper ribosome

assembly and that simply recruiting e[F4G locally is insufficient for translation initiation.

[00219] Example 10: Identification of robust higher-strength IRESs

[00220] IRESs have evolved a variety of mechanisms to utilize host factors for initiating
translation. Based on these mechanisms, IRESs have been categorized into several types — type 1
IRESs can be found in enteroviruses, type 2 in cardioviruses and aphthoviruses, type 3 in some
picornaviruses, and type 4 in teschoviruses (Daijogo 2011). To further optimize circRNA
expression, experiments were performed to identify IRESs with stronger translation than those

previously described in the literature (Mokrejs 2006, Wesselhoeft 2018). Over several rounds of
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synthesis and testing, a number of IRESs spanning different types and species were characterized
in circRNAs. IRESs representing canonical IRES types (type in parenthesis), such as from CVB3
(1), poliovirus 1 (PV1) (1), human rhinovirus A1 (HRV-A1) (1), encephalomyocarditis virus
(EMCYV) (2), hepatitis C virus (HCV) (3), and cricket paralysis virus (CrPV) (4) were first
investigated. Type 1 IRESs appeared to drive strong translation in the context of circRNAs (Fig.
12). These IRESs have extended structures that may allow them to scaffold a full set of ITAFs to
initiate translation (Filbin 2009). The screen was expanded to include a large set of putative type
1 IRESs from the enterovirus genus, which were incorporated into circRNAs and assayed for
NanoLuc translation.

[00221] In the screen, IRESs with stronger translation than iCVB3 across multiple cell lines
were identified (Fig. 12). In particular, IRESs from the human rhinovirus B (HRV-B) and
enterovirus B (EV-B) species drove strong circRNA translation.

[00222] IRESs from every HRV-B and EV-B subspecies with a publicly available sequence
on NCBI Virus were synthesized and incorporated into circRNA expression plasmids. An in
vitro coupled transcription-translation (IVTT) approach, using circRNA expression plasmids
rather than purified circRNAs as the input material, was used (Fig. 13A). In the IVTT-based
NanoLuc assay, a large number of HRV-B and EV-B IRESs with greater translational activity
than iICVB3 were found. Some of these IRESs were validated in cellulo using purified circRNAs
(Fig. 13B). While many hits turned out to be false positives, the discovery of iHRV-B92 and
iHRV-B97 as higher-strength IRESs were recapitulated. When these same IRESs were also
tested in a linear RNA format, relative differences in translation strength held, but with a 100-
fold reduction in absolute expression compared to circRNAs (FIG 13B). For the strongest IRESs,
NanoLuc translation was tested in four different cell lines and it was found that the many drove
efficient translation independent of cell type (Fig. 13C). At the same time, some IRESs
demonstrated stronger translation in a specific cell type, such as HEK293T cells for iHCV and
iHRV-C54 and KG-1 cells for iIHRV-A100 and iHRV-B4.

[00223] Example 11: Synthetic IRES engineering through unbiased DNA shuffling
[00224] DNA shuffling is an unbiased approach commonly used to generate large diverse
libraries for selecting novel engineered proteins (Michnick 1999 Nat. Biotechnol. 1999 1712 17,
1159-1160). Shuffling particularly makes sense over other library generating strategies, such as

point mutagenesis, when a homologous family of related proteins is available to act as seed
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templates for the shuffling reaction. Because the strongest translation overall was observed with
IRESs from HRV, DNA shuffling by fragmenting 41 HRV IRESs and cloning the resulting pool
into circRNA plasmids (Fig. 14A). 93 circRNA expression plasmids with unique shuffled IRESs
were isolated and their translation strength measured using an IVTT assay, with iHRV-B3 as an
internal benchmarking control. From these 93 shuffled IRESs, nine with significantly stronger
translational activity than wild-type iHRV-B3 were identified, illustrating the ability of IRES
shuffling to engineer improved IRESs for circRNA applications (FIG. 14C).

[00225] Example 12: Validation of Apt-eIF4G IRES engineering with iHRV-B3

[00226] It was contemplated that the aptamer engineering approach with Apt-e[F4G might
also improve translation for IRESs of indeterminate structure. To test this, the domain
architecture of iHRV-B3 was predicted in silico (Gruber 2008 Nucleic Acids Res. 36, W70—
W74), which identified six domains including a cruciform structure in domain IV (Fig. 14B).
With a focus on loops within this cruciform structure, Apt-eIF4G insertions were performed at
the distal, apical, and proximal loop locations, varying the length of the resulting stem by
rationally inserting base-paired RNA nucleotides and validating the structure in silico. By
assessing a range of stem lengths, a particular position for Apt-e[F4G most favorable to
cooperative binding effects was identified. It was found that Apt-eIF4G insertions at the
proximal loop of domain IV significantly improved circRNA translation compared to wild-type
iHRV-B3, demonstrating the broader utility of the aptamer engineering strategy to synthesize
stronger IRESs. As with iCVB3, apical loop insertions of Apt-elF4G also destroyed iHRV-B3
activity, consistent with a predicted GNRA tetraloop in this region. When a double aptamer
insertion of Apt-eIF4G was performed at both the distal and proximal loops, this greatly reduced
circRNA translation.

[00227] Example 13: the effects of 2-thiouridine (2ThioU) and 2’-O-methylcitidine
(20MeC) modifications on circRNA translation

[00228] A panel of RNA modifications was analyzed, many with unknown prior effects on
translation (Fig 15A). In a first-pass synthesis, all the modifications were incorporated at a 10%
level in circRNA synthesis. This incorporation level was chosen to allow for screening of
modifications that lead to difficulty in T7 polymerase-based in vifro transcription or circRNA
circularization, or severe blunting of translation. While most modifications had a deleterious

effect on circRNA translation, 2-thiouridine (2ThioU) and 2'-O-methylcitidine (20MeC)
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modifications improved circRNA translation. A further small-scale experiment exploring these
modifications indicated that 2.5% incorporation level was the most advantageous for each
modification (Fig 15B). Dual incorporation of 2ThioU or 20MeC or m°A in pairs blunted
translation.

[00229] A final round of circRNA synthesis was performed comparing these newly-optimized
circRNA modifications alongside modifications previously characterized for improving mRNA
translation (Fig 16A). Alongside translation strength, RNA stability was characterized using an
in vitro titrated digestion assay in fetal bovine serum (FBS). mRNA or circRNA was diluted
with FBS and digested for 30 minutes at 37° C. In this period, RNases present in the FBS digest
RNA to nucleotides, which eliminates ethidium bromide stain in the agarose gel. While both
mRNA and unmodified circRNA rapidly degraded fully in just 1.0% FBS, the addition of 5%
m®A improved stability to full degradation at 2%. Interestingly, 2.5% 2ThioU and 2.5% 20MeC
modifications conferred resistance to degradation and fully degraded at 3% FBS.

[00230] These results indicate that the mechanism behind 2ThioU and 20MeC-based
translation enhancement is likely due to improved stability to RNases that allow for improved
integrated translational output over the RNA’s life. 2-thiouridine and 2'-O-methylcytidine are
moderate and potent enhancers, respectively, of circRNA translation activity. RNA
modifications substantially improve stability to RNase degradation and thus translation half-life.
The above findings suggest that the same modifications that have previously been characterized
to improve mRNA translation (e.g., 5-hydroxymethyluridine, S-methyoxyuridine, 5-
methylcitidine, pseudouridine, and N1-methylpseudouridine) do not function in the same way for
circRNAs. Thus, circRNA-specific screening of RNA modifications is necessary for identifying
modifications that function in this context.

[00231] The results of this Example further support that the specific level of circRNA
modification needs to be titrated to optimally enhance translation. Thus, circRNA modifications
may be synthesized to drive differing functionalities, such as modification to specifically
improve circRNA half-life, to improve amenability to lipid nanoparticle packaging and delivery,
or to target specific cell types or cellular organelles.

[00232] Example 14: RNA modifications improve translation strength and stability
[00233] An unmodified circRNA encoding NanoLuc driven by the coxsackievirus B3 (CVB3)
IRES (1CVB3) from the picornavirus family, with the translation cassette flanked by 50bp
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random sequence spacers was used as a control. In separate syntheses, eight RNA modifications
— 5-methylcytidine (SmC), S-methyluridine (SmU), 5-methoxycytidine (SmoC), 5-
methoxyuridine (SmoU), 5-hydroxymethylcytidine (ShmC), 5-hydroxymethyluridine (ShmU),
pseudouridine (¥), and N1-methylpseudouridine (N1%¥) — that have demonstrated relevancy in
improving mRNA translation (Karik6 2005); N6-methyladenosine (m6A) because of its
relevance in modulating circRNA immunity (Chen 2019 Mol. Cell 67, 228-238.e5); and five
RNA modifications — N1-ethylpseudouridine (N1ethW), 2'-fluoro-2'-deoxycytidine (2’FdC), 2'-
fluoro-2'-deoxyuridine (2’FdU), 2-thiouridine (2ThioU), and 2'-O-Methylcytidine (2’0OMeC) —
whose effects on RNA translation have not been described were incorporated into cirRNAs (Fig.
17A). On first-pass, all RNA modifications were tested at a 10% incorporation level to ensure a
large effect size, and upon synthesis it was found that none of these modifications greatly
reduced circRNA yield. When assayed for translation of NanoLuc, most modifications at 10%
incorporation blunted translation compared to unmodified circRNA. However, 2ThioU and
2’0OMeC inhibited translation to a lesser extent, indicating that further titration of their
incorporation levels might improve translation strength.

[00234] Following further titration of RNA modifications at 2.5% and 5% incorporation
optimized incorporation levels for eight RNA modifications in circRNAs were identified (Fig.
16A). Of these, 2’0OMeC significantly improved translation while m6A and 2ThioU resulted in
non-significant increases. Changes in translation were not due to differences in the amount of
transfected RNA, which was equivalent among circRNA samples (Fig. 17B). Noticeably,
nucleoside modifications known to improve mRNA translation such as N1¥ (Kariko 2005,
Durbin 2016, Svitkin 2017) did not have the same effect in circRNAs.

[00235] A fetal bovine serum (FBS) degradation assay, which makes use of the endogenous
RNases in FBS, was performed (Fig. 17C). CleanCap and 100% N1¥-modified mRNA, the
industry standard for mRNA-based therapies, was fully degraded by 1% FBS alongside
unmodified circRNA. Conversely, circRNA containing 5% m6A was more resistant to nucleases
and was not fully degraded until 2% FBS. These results indicate that nucleoside modification of
circRNAs can confer stability against nucleases (Fig. 17C), which may help extend translation
duration. However, when circRNAs are delivered into cells, certain RNA modifications improve

translation strength despite having equivalent intracellular RNA stability (Fig. 16A).
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[00236] Although circRNA translation in vitro was greatest with 2.5% 2’OMeC, attempts to
combine this modification with m6A to block immune recognition abrogated translation
efficiency. To compare the expression kinetics of 5% m6A-modified circRNA with CleanCap
and 100% N1W¥W-modified mRNA, a time course using secreted NanoLuc as the reporter was
performed (Fig. 17D). mRNA and circRNA was electroporated into cells and media was
harvested at time points out to 24 days, at which the NanoLuc signal was indistinguishable from
background. While mRNA yielded a stronger maximum translation signal, translation rapidly
dropped after 48 hours. On the other hand, circRNA translation peaked at 48 hours but continued
yielding detectable expression out to almost 20 days.

[00237] Example 15: Methods

[00238] circRNA synthesis

[00239] CircRNAs were synthesized using in vitro transcription (IVT) kits (HiScribe T7 High
Yield RNA Synthesis Kit). IVT templates were PCR amplified (Q5 Hot Start High-Fidelity 2x
Master Mix) for 30 cycles and column purified prior to RNA synthesis (DNA Clean &
Concentrator-100). The following forward and reverse oligos were used circBB-T7promoter F:
AAAAAAAAAAAAAAAAAAAAAAAAAAAggccagtgaattgtaatacgactcactataggg

circBB (SEQ ID NO:33181)-intron-poly(A)
RTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTtagaaggcacagttaacgcggecge
(SEQ ID NO:33182)

[00240] One microgram of circRNA template was used per 20 uL IVT reaction. Reactions
were incubated overnight at 37°C with shaking at 1,000 rpm with a heated lid. IVT templates
were subsequently degraded with 2 uLL of Dnasel per IVT reaction for 20 minutes at 37°C with
shaking at 1,000 rpm. The remaining RNA was column purified prior to further enzymatic
reactions.

[00241] Toisolate circRNAs, column purified RNA was digested with one unit of RnaseR per
microgram of RNA for 60 minutes at 37°C with shaking at 1,000 rpm. Samples were then
column purified, quantified using a Nanodrop One spectrophotometer, and verified for complete
digestion using an Agilent TapeStation. In some instances, due to reagent shortages, verification
was performed with agarose gel under formamide-based denaturing conditions (NEB B0363S).
In cases of incomplete digestion of linear RNAs, RnaseR digestion was repeated.

[00242] mRNA synthesis
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[00243] IVT templates for mRNA synthesis were PCR amplified (Q5 Hot Start High-Fidelity
2x Master Mix) for 30 cycles and column purified prior to RNA synthesis (DNA Clean &
Concentrator-100). The reverse primer in this reaction incorporated a 100bp poly(A) tail after the
37 UTR. mRNA was then synthesized using IVT kits (HiScribe T7 High Yield RNA Synthesis
Kit) with the following modifications: CleanCap AG (TriLink N-7113) was added to a 4 mM
final concentration, and N1¥ (TriLink N-1019) was fully substituted for UTP.

[00244] One microgram of mRNA template was used per 20 uL IVT reaction, Reactions were
incubated for 2 hours at 37°C with shaking at 1,000 rpm with a heated lid. IVT templates were
subsequently degraded with 2 uL. of Dnasel per IVT reaction for 20 minutes at 37°C with
shaking at 1,000 rpm. The remaining mRNA was column purified prior to use.

[00245] RNA gel electrophoresis

[00246] 1% agarose gels were prepared by melting RNase-free agarose in Tris-acetate-EDTA
running buffer with addition of ethidium bromide. RNA was denatured in RNA loading bufter
(Thermo Fisher) by diluting 1:1 volumetrically, heating to 72°C for 3 minutes, and cooling on
ice for 1 minute. RNA was loaded into each well and run at 100 V at room temperature until the
bromophenol blue dye reached the edge of the gel. Images were taken using a Bio-Rad Gel Doc
XR and Image Lab 5.2 software using the “SYBR-Safe” settings.

[00247] Cell culture and transfection

[00248] HeLa (CCL-2), HEK293T (CRL-11268), HepG2 (HB-8065), and KG-1 (CCL-246)
cells from ATCC were maintained with DMEM (Thermo Fisher) supplemented with 10% FBS
(Gibco) and 1% penicillin-streptomycin (Gibco). For routine subculture, 0.25% TrypLE (Thermo
Fisher) was used for cell dissociation. For the selection of transduced cells, puromycin (Thermo
Fisher) was used at a final concentration of 1 pg/mL.

[00249] RNA delivery was achieved with TransIT-mRNA transfection, Lipofectamine
transfection, or NEON electroporation. Within each experiment, the molar amount of mRNA or
circRNA delivered and transfection method used was the same for all samples. For TransIT-
mRNA transfections, 3 pL of TransIT-mRNA reagent (Mirus Bio) was used per microgram of
circRNA. Besides this change, transfections were performed following manufacturer’s
instructions.

[00250] In vitro NanoLuciferase assay
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[00251] Cells were electroporated with the pGL4.54[luc2/TK] vector (Promega) expressing
firefly luciferase and transfected with mRNA or circRNA 48 hours later. Cells were harvested at
24 hours post-transfection in 100 uL of passive lysis buffer (Promega) and lysed by rocking and
pipetting for roughly 15 minutes at room temperature. Lysate was centrifuged at 4,000 rcf for 10
minutes to clear debris, and 5 pL of clarified lysate was transferred into a 384-well white-bottom
assay plate (Perkin Elmer). To each well, 10 pL. of ONE-Glo EX from the Promega Nano-Glo
Dual-Luciferase Reporter Assay System was added, after which the plate was vortexed for 1
minute, incubated at room temperature for an additional 2 minutes, and read on a TECAN
Infinite Pro microplate reader.

[00252] Samples were first measured for firefly luminescence, which was used as a
constitutive control. To each well, 10 puL of freshly-made NanoDLR Stop & Glo Reagent was
then added, after which the plate vortexed for 1 minute and incubated at room temperature for an
additional 9 minutes before NanoLuc luminescence was read. Normalized luminescence per well
was calculated by dividing NanoLuc signal by firefly luminescence. Within each experiment,
normalized luminescence was displayed in terms of fold change relative to mock (no RNA)
transfections.

[00253] mNeonGreen flow cytometry assay

[00254] CircRNAs and mRNAs expressing mNeonGreen driven by different iterations of
RNA backbones were electroporated into HeLa cells via NEON electroporation. At 24 hours
post-electroporation, cells were lifted using warmed TrypLE (Thermo Fisher), which was
quenched with DMEM (Thermo Fisher), and incubated in PBS containing propidium iodide live-
dead stain (Thermo Fisher) at room temperature for 15 minutes. Cells were analyzed via flow
cytometry on an Attune NxT with the same voltages applied to all conditions. At least 50,000
live singlet cells were recorded per sample.

[00255] In vitro transcription-translation

[00256] Coupled IVTT was performed using the 1-Step Human Coupled IVT kit (Thermo
Scientific) following manufacturer’s instructions. Briefly, circRNA plasmids were incubated
with HeLa lysate, accessory proteins, and the reaction mix for at least 90 minutes. An aliquot
from each reaction was then used to measure NanoLuc activity as described above.

[00257] Western blotting
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[00258] HelLa cells were lysed 24 hours after electroporation using RIPA Lysis and Extraction
Buffer (Thermo Fisher) containing Halt Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher). The resulting lysate was clarified by centrifugation and quantified for protein using
bicinchoninic acid. Subsequently, 10 ug of total protein from each sample was separated on a
Bis-Tris gel and transferred to a nitrocellulose membrane using the iBlot 2 Gel Transfer Device.
After blocking with 5% bovine serum albumin in 0.1% Tween-20 diluted in PBS for one hour at
room temperature, the membrane was stained with a 1:500 dilution of anti-NanoLuc antibody
(R&D Systems, MAB10026) in blocking buffer overnight at 4°C. Following washes, the
membrane was then incubated with a 1:10,000 dilution of IRDye 680RD goat anti-mouse
secondary antibody (LI-COR Biosciences, 926-68070) and visualized on an Odyssey CLx
Imaging System (LI-COR Biosciences).

[00259] RNA structure predictions

[00260] RNA structures were predicted using the RNAfold web server
(rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) with default settings except for
deselecting “avoid isolated base pairs.” The optimal secondary structure based on minimal free
energy prediction was subsequently used to represent the RNA sequence.

[00261] Embodiments. Exemplary embodiments of the disclosure are shown below.

[00262] 1. A circular RNA molecule comprising an internal ribosome entry site (IRES)
sequence operably linked to a protein-coding sequence; wherein the IRES sequence is a viral
sequence; and wherein the protein-coding sequence encodes a non-viral protein.

[00263] 2. The circular RNA molecule of claim 1, wherein the non-viral protein is a
mammalian protein.

[00264] 3. The circular RNA molecule of claim 1, wherein the non-viral protein is a human
protein.

[00265] 4. The circular RNA molecule of claim 1, wherein the IRES is a Type 1 IRES.
[00266] 5. The circular RNA molecule of claim 1, wherein the IRES is an enterovirus IRES.
[00267] 6. The circular RNA molecule of claim 1, wherein the IRES is a human rhinovirus
(HRV) IRES.

[00268] 7. The circular RNA molecule of any one of claims 1-4, wherein the IRES is any
one of the IRES listed in Table 7.
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[00269] 8. The circular RNA molecule of any one of claims 1-4, wherein the IRES is any
one of the following IRES: iIEMCV, iHCV, iCVBS5, iSwineVesicular, iIHRV-A2, iHRV-C3,
iHRV-C11, iCVBI, iPV2, iHRV-B17, iEchoV-E15, iEV71, iHRV-A9, iSiminanV4, iEV-D94,
iSimianAS, iPV3, iHRV-C54, iHRV-A100, iHRV-B37, iHRV-B4, iHRV-B92, iHRV-B3,
iHRV-A1, iEV107, or a fragment or derivative thereof.

[00270] 9. The circular RNA molecule of any one of claims 1-4, wherein the IRES is any
one of the following IRES: iEV-B83, iHRV-A57, iHRV-B35, iHRV-B4, iEV-D68,
iHRVB_R93, iHRV-B5, iHRVB-B52, iHRVB-B93, iHRV-B84, iHRV-B83 SC2220, iHR V-
B72, iHRV-B69, iHRVB_SC0739, iHRV-B91, iHRV-B42, iHRV-B6, iHRV-B83, iHRV-B43,
iHRV-B99, iHRV-B79, iHRV-B97, iHRV-B27, iHRVB 3039, iHRVB-B14, iCosV-Bl1, or a
fragment or derivative thereof.

[00271] 10. The circular RNA molecule of any one of claims 1-4, wherein the IRES is
iCVB3, or a fragment or derivative thereof.

[00272] 11. The circular RNA molecule of any one of claims 1-4, wherein the IRES is
iHRV-B3, or a fragment or derivative thereof.

[00273] 12. A circular RNA molecule comprising a synthetic internal ribosome entry
site (IRES) sequence operably linked to a protein-coding sequence.

[00274] 13. The circular RNA molecule of claim 12, wherein the synthetic IRES
sequence is upstream of said protein coding sequence.

[00275] 14. The circular RNA molecule of claim 12, wherein the synthetic IRES
sequence comprises at least one aptamer.

[00276] 15. The circular RNA molecule of any one of claims 12-14, wherein the
aptamer is a wildtype aptamer.

[00277] 16. The circular RNA molecule of claims 12-14, wherein the aptamer is a
mutant aptamer.

[00278] 17. The circular RNA molecule of claim 16, wherein the aptamer is modified to have
an extended stem region.

[00279] 18. The circular RNA molecule of any one of claims 13-17, wherein the
aptamer is positioned within the secondary structure of the IRES so that is spatially proximal to

portion of the IRES responsible for translation initiation.
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[00280] 19. The circular RNA molecule of any one of claims 13-18, wherein the
aptamer does not interrupt the native elF4G binding site of the IRES and does not interrupt a

native GRNA tetraloop within the IRES.

[00281] 20. The circular RNA molecule of any one of claims 13-19, wherein the
aptamer is an el[F4G-binding aptamer.

[00282] 21. The circular RNA molecule of claim 20, wherein the elF4G-binding
aptamer is encoded by the sequence of SEQ ID NO: 99.

[00283] 22. The circular RNA of any one of claims 12-21, wherein the IRES is a Type
1 IRES.

[00284] 23. The circular RNA of any one of claims 12-22, wherein the IRES is a
modified enterovirus IRES.

[00285] 24. The circular RNA of any one of claims 12-22, wherein the IRES is a
modified human rhinovirus (HRV) IRES.

[00286] 25. The circular RNA molecule of claim 13, wherein the synthetic IRES
sequence is a modified iCVB3 IRES.

[00287] 26. The circular RNA molecule of claim 25, wherein the modified iCVB3

IRES comprises an aptamer inserted in domain I, II, I, IV, V, VI or VII thereof.

[00288] 27. The circular RNA molecule of claim 25, wherein the modified iCVB3
IRES comprises an aptamer inserted in domain IV thereof.

[00289] 28. The circular RNA molecule of any one of claims 25-27, wherein the aptamer is
modified to have an extended stem region.

[00290] 29. The circular RNA molecule of any one of claims 25-27, wherein the
aptamer is positioned within the secondary structure of the IRES so that is spatially proximal to
portion of the IRES responsible for translation initiation.

[00291] 30. The circular RNA molecule of any one of claims 25-27, wherein the
aptamer does not interrupt the native eIF4G binding site of the IRES and does not interrupt a

native GRNA tetraloop within the IRES.

[00292] 31. The circular RNA molecule of claim 13, wherein the synthetic IRES
sequence is a modified iIHRV-B3 IRES.
[00293] 32. The circular RNA molecule of claim 31, wherein the modified iHRV-B3

IRES comprises an aptamer inserted in domain I, II, III, IV, V, or VI thereof.
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[00294] 33. The circular RNA molecule of claim 31, wherein the modified iHRV-B3
IRES comprises an aptamer inserted in domain IV thereof.

[00295] 34. The circular RNA molecule of any one of claims 32-33, wherein the aptamer is
modified to have an extended stem region.

[00296] 35. The circular RNA molecule of any one of claims 32-34, wherein the
aptamer is positioned within the secondary structure of the IRES so that is spatially proximal to
portion of the IRES responsible for translation initiation.

[00297] 36. The circular RNA molecule of any one of claims 35-35, wherein the
aptamer does not interrupt the native elF4G binding site of the IRES and does not interrupt a
native GRNA tetraloop within the IRES.

[00298] 37. The circular RNA molecule of any of the preceding claims, wherein said circular
RNA molecule comprises at least one 2-thiouridine (2ThioU) or at least one 2'-O-methylcitidine
(20MeC).

[00299] 38. The circular RNA molecule of claim 37, which comprises at least one 2-
thiouridine.

[00300] 39. The circular RNA molecule of claim 38, which comprises about 2% to about 5%
2-thiouridine.

[00301] 40. The circular RNA molecule of claim 39, which comprises about 2.5% 2-
thiouridine.

[00302] 41. The circular RNA molecule of claim 37, which comprises at least one 2'-O-
methylcitidine.

[00303] 42. The circular RNA molecule of claim 41, which comprises about 2% to about 5%
2'-O-methylcitidine.

[00304] 43. The circular RNA molecule of claim 42, which comprises about 2.5% 2'-O-
methylcitidine.

[00305] 44. The circular RNA molecule of any of the preceding claims, wherein said

molecule comprises a nucleic acid spacer upstream of said IRES.

[00306] 45. A nucleic acid that encodes the circular RNA molecule of any one of
claims 1-44.
[00307] 4. A composition comprising the circular RNA molecule of any one of

claims 1-44 or the nucleic acid of claim 45

88



WO 2022/271965 PCT/US2022/034756

[00308] 47. A host cell comprising the circular RNA molecule of any one of claims 1-
44 or the nucleic acid of claim 45.

[00309] 48. A method of producing a protein in a cell, the method comprising
contacting a cell with the circular RNA molecule of any one of claims 1-44 or the nucleic acid of
claim 45 under conditions whereby the protein-coding nucleic acid sequence of the circular RNA
is translated and the protein is produced in the cell.

[00310] 49. A method of producing a protein in vitro, the method comprising
contacting a cell-free extract with the circular RNA molecule of any one of claims 1-44 or the
nucleic acid of claim 45 under conditions whereby the protein-coding nucleic acid sequence of
the circular RNA is translated and the protein is produced.

[00311] 50. A protein produced by the method of any one of claims 48-49.
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SEQUENCE APPENDIX
Description Sequence SEQ ID NO:

iPV1 IRES

ttaaaacagctctggggttgtacccaccccagaggeccacgtggeggctagtactceggtattg
cggtacccttgtacgectgttttatactcecttcccgtaacttagacgcacaaaaccaagttcaata
gaaggggotacaaaccagtaccaccacgaacaageacttetgtttccecggtgatgtegtatag
actgcttgcgtggttgaaagcgacggatcegttatcegettatgtacttcgagaageccagtace

acctcggaatcttcgatgegttgecgetcageactcaaccccagagtgtagettaggetgatgagt
ctggacatccctcaccggtgacggtggtccaggetgegttggeggectacctatggctaacge

catgggacgctagttgtgaacaaggtgtgaagagectattgagctacataagaatectecggec
cctgaatgcggctaatcccaacctcggageaggtggtcacaaaccagtgattggectgtegtaa
cgcgeaagtecgtggeggaaccgactactttgggtgtecgtgtttecttttattttattotgoctact
tatggtgacaatcacagattgttatcataaagcgaattggattggccatccggtgaaagtgagac

tcattatctatctgtttgctggatccgetecattgagtgtgtttactctaagtacaatttcaacagttatt

tcaatcagacaattgtatcata

1

iPV2 IRES

ttaaaacagctctggggttgttcccaccccagaggeccacgtggeggccagtacactggtate
gcggtacctttgtacgectgttttatactcecttcccecgtaacttagaageacaacgtccaagttc
aatagaagggggtacaaaccagtaccaccacgaacaagceacttctgttccececggtgaggctg
tataggctgtttccacggctaaaageggctgatecgttatccgeteatgtacttcgagaagectag
tatcaccttggaatcttcgatgcgttgcgctcaacactcaaccccagagtgtagettaggtegatg
agtctggacgttcctcaccggegacggtggteccaggetgegttggeggectacctgtggecca
aagccacaggacgctagttgtgaacaaggtgtgaagagectattgagetacctgagagtecte
cggceccctgaatgeggctaatcctaaccacggageaggeagtggeaatccagegaccagect
gtcgtaacgegeaagttcgtggcggaaccgactactttgggtatecgtgtttecttttatttttacaa
tggctgcttatggteacaattattgatagttatcataaagcaaattggattggccatccggtgagaa
tttgattattaaattactctcttgttgggattgetcctttgaaatectgtgeactcacacctattggaatt
acctcattgttgagatattattaccact
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ttaaaacagctctggggttgctcccaccccagaggeccacgtggeggecagtactetggtattg | 3
cggtacctttgtacgectgttttatactccctecccecgtgeaactttagaagaaatccacaaagtt
caatagagggggtgcaaaccagecaccaccacgaacaageacttctgtttccccggtgatgteg
tataagctgtacccacggctgaaggegacggatecgttatccgettgagtacttcgagaagect
agtattaccttggaatcttcgacgcegttgegctcageactctaccccgagtgtagettaggtcgat
gagtctgggcacgecccaccggegacggtggeccaggetgegttggeggectaccecatgge
tatcaccatgggacgctagttgtgaacaaggtgtgaagagectattgagetacccaagagtect
ccggeccctgaatgeggctaatcctaaccacggageaagtgtectcaacccaggggatggctt
gtcgtaacgcgaaagtetgtggeggaaccgactactttgggtatecgtgtttecttttatttttatgt
atggctgcttatggtgacaatcaaaggttgttaccataaagcaatttggattggccatceggtgag
aatcaaacatattatctacctgtttgttgggottttcttcttttacttgaacaatacctctaataataactg
iPV3 IRES ctatattgtcaataagacattatcatcaca

ttaaaactgggtgtgggttattcccacccacaccacccaatgggtgttgtactctgttattccggta | 4
actttgtacgccagtttttccctccectecccatecttttacgtaacttagaagttttaaatacaagac
caatagtaggcaactctccaggttgtctaaggtcaageacttctgtttccccggttgatgttgatat
gctccaacagggcaaaaacaacagataccgttatccgcaaagtgcectacacagagettagtag
gattctgaaagatctttggttggtegttcagetgeatacccageagtagaccttgecagatgaggcet
ggacattccccactggtaacagtggtecagectgegtggctgectgegeacctcetcatgaggtg
tgaagccaaagatcggacagggtgtgaagagecgegtgtgcteactttgagtectcecggecce
tgaatgcggctaaccttaaacctgcagecatggetcataagecaatgagtttatggtcgtaacga
gtaattgcgggatgggoaccgactactttgggtgtecgtgtttcactttttcctttattaattgettatg
iHRV1 IRES gtgacaatatatatattgatatatattggcatc

ttaaaactggatccaggttgttcccacctggatttcccacagggagtggtactctgttattacggta | S
actttgtacgccagttttatctccettcccccatgtaacttagaagtttttcacaaagaccaatagec
ggtaatcagccagattactgaaggtcaageacttctgtttccccggtcaatgttgatatgetccaa
cagggcaaaaacaactgcgatcgttaaccgcaaagegectacgcaaagettagtageatetttg
aaatcgtttggctggtcgatcecgcecatttccectggtagacctggcagatgaggetagaaatace
ccactggcgacagtgttctagectgegtggetgcctgeacacectatgggtgtgaagecaaac
aatggacaaggtgtgaagagccccgtgtgctegetttgagtecteccggeccectgaatgtggeta
iHRV2 IRES accttaaccctgecagctagagcacgtaacccaatgtgtatctagtcgtaatgageaattgeggga
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tgggaccaactactttgggtgatccgtgtttcactttttcctttatatttgcttatggtgacaatatatac

aatatatatattggcacc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactctggtacttegtace | 6
tttgtacgcctgttcttcccattgtacecttcctgaacttccaacccaagtaacgttagaagetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccceggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttcecctccactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaacccagettatg
ctgggacgcctttttatagacatggtoteaagactcgeatgtgcttggttgteattectccggecee
ctgaatgcggctaaccttaaccetggagecttgtgtcacaaaccagtgatgataaggtcgtaatg
agcaattccgggacgggaccgactactttgggtgtecgtgtttcttatttttcttattattgtcttatgg
iHRV-B3 IRES tcacagcatatatataacatatactgtgatc

ttaaaacagctctggggttgttcccaccccagaggeccacgtggeggecagtactetggtattg | 7
cggtacctttgtacgcctgttttatatccectecccaagtaactttagaageaattcacaaagttcaa
tagagggggtacaaaccagtaccaccatgaacaagcacttetgtttccceggtgaagetgtata
gactgttcccacggtcgaaaatggeagatccgttatcecgetcacgtacttcgagaagectagtat
catcttggaatcttcgacgcegttgcgctcageactctaccecgagtgtagettaggecgatgagt
ctgggcataccccaccggegacggtggcccaggetgegttggeggcctacccatggctaatg
tcatgggacgctagttgtgaacaaggtetgaagagectattgagetacttgagagtectccgge
ccctgaatgeggctaatectaaccatggageaagtgeccacaagecagtgggtagcttgtegt
aatgcgcaagtctatggcggaaccgactactttgggtatecgtgtttecttttattettattatggct
gcttatggtgacaacctaagattgttgtcatatagettttggattggecatccggtgatctttgagat
iCVA1 IRES taatataccttccttattacttcatagtactcatttattcattacactactgtagttaca

92




WO 2022/271965 PCT/US2022/034756

ttaaaacagcctgtgggttgttcccacccacagggeccactgggegctageacactgattetac | 8
gggatccttgtgegectgttttataatccttcccccaagtageaacttagaagetttgtacaatcac
gaccagtagtgggcgtggcgcgecagtcacgtcttggtcaageacttetgtatccecggactga
gtatcaatagactgctcacgeggttgaaggagaaaacgttegttacccggctaactacttcgag
aaacccagtagcaccgtgaaagttgcggagtgtttcgctcageacttcccecgtgtagatcagg
tcgatgagtcactgtaaaccccacgggcgaccgtgacagtggctgcgttggeggectgeccat
ggggtaacccatgggacgctctaatacagacacggtgtgaagagtctattgagetagttagtag
tectccggeccctgaatgeggctaatectaactgeggagegegeaccctcaacccagggggc
ggcgtgtegtaatgggtaactctgcageggaaccgactactttgggtgtecgtgtttecttttatte
cttattggctgcttatggtgacaattgaaaagttgttaccatatagetattggattggecatccggtg
tctaatagagctattgtttacttatttattggatacgtcectcttaatctcaaagtcattcaaactcttga
iCVA16 IRES ttatatattgctccttaactgtaagaa

ttaaaacagcctgtgggttgatcccacccacagggeccactgggcgctageacactggtattac | 9
ggtacctttgtgegectgttttatctaccettgeccaatgcaacatagaagettagtccaaaaggte
aataggcagcccagtgcaccaactgggtccagaccaageacttetgttaccccggaccaagta
tcagtaggctgctcacgeggtgaaggagaaaacgttegttacccggecaactacttcgagaaa
cctagtagcaccatgaaggttgcgeagtgtttcgetccgeacagecccagtgtagatcaggteg
atgagccaccgeattcceccacggggtgaccgtggegggtegctgcgttegcggcctgeecat
ggggtaacccatgggacgcttcaatactgacatggtgtgaagagtctattgagetagttggtagt
cctecggeccctgaatgeggctaatectaactgeggagegtgcgettgcaacccagtgagtag
cacgtcgtaatgggtaactctgcageggaaccgactactttgggtgatecgtgtttectttattectt
gtctggetgcttatggtgacaattgagagattgttgecatatagetattggattggecatceggtat
ctaacagggcgatcatttacctgtttgttggtttcatacccttgaatcttgaggtttataataccctca
iCVB2 IRES ctcttataataaaactcaatacatcaag

ttaaaacagcctgtgggttgatcccacccacagggeccattgggcgctageactetggtatcac | 10
ggtacctttgtgegcectgttttatacccectcccccaactgtaacttagaagtaacacacaccgat
caacagtcagcgtggcacaccagecacgttttgatcaageacttetgttaccccggactgagtat
caatagactgctcacgcggttgaaggagaaagegttcgttatccggecaactacttcgaaaaac
ctagtaacaccgtggaagttgcagagtgtttcgctcageactaccccagtgtagatcaggtcgat

gagtcaccgcattccccacgggegaccgtggeggtggctacgttggcggcctgeccatggg
iCVB3 IRES gaaacccatgggacgctctaatacagacatggtgcgaagagtctattgagetagttggtagtect
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ccggeccctgaatgeggctaatectaactgeggageacacaccctcaagecagagggeagte
tgtcgtaacgggcaactctgcageggaaccgactactttgggatatccgtgtttcattttattectat
actggctgcttatggtgacaattgagagattgttaccatatagcetattggattggccatceggtga
ccaatagagctattatatatctctttgttgggtttataccacttagettgaaagaggttaaaacattac

aattcattgttaagttgaatacagcaaa

ttaaaacagcctgtgggttgcacccactcacagggeccacgtggegcetageactetggttctac | 11
ggaacctttgtgegectgttttacgecccttcecccaatttgecaacttagaagcaatacacaacac
tggtcaacagtaggcatggegeaccagecatgtettgatcaageacttetgtttcecccggaceg
agtatcaatagactgctcacgcggttgaaggagaaagegtecgttatccggetaactacttcga
gaaacttagtaacaccattgaagctgcagagtgtttcgeteggeacttcceccgtgtagatcagg
tcgatgagtcactgcaatccccacgggtgaccgtggeagtggctgegetggeggcectgectat
ggggtaacccataggacgctctaatgecggacatggtecgaagagtcetattgagetagttagtgg
tectccggeccctgaatgeggctaatectaactgeggageacatgecttcaatccagagggtag
tgtgtcgtaatgggcaactctgecageggaaccgactactttgggtatecgtgtttecttttattetta
tattggctgcttatggtgacaattacagaattgttaccatatagcetattggattggecatceggtgtg
caatagagctattatatacctatttgttggctttgtgccactaaccttaaaatctataaccacectcg

iIEV-A71 IRES actttatactaaccctcaatacagtcaaac

ttaaaacagcctgtgggttgtacccacccacagggeccactgggegctageacactgatttcac | 12
ggaatccttgtgcgectgttttacacccectccecccaactcagtaacttagaagttgtaaacaca
cgtggccaacagegggcgtagegeaccagetatgtettggtcaageacttctgtttceccggac
agagtatcaataagctgcttgcgeggctgaaggagaaaatgttcgttacccggtcaactacttcg
agaaacctagtagcatcatgaatgttgcgaggcgtttcgetcageacttcccecgtgtagatcag
gtcgatgagtcactgeactccccacgggegaccgtggeagtggctgcgttggeggectgece
atggggtgacccatgggacgcttcaatacggacatggtgtgaagagtctattgagetagttgata
atcctccggeccctgaatgeggctaatectaactgeggageacatacectcaacccagggggc
ggtotgtcgtaacgggcaactetgcageggaaccgactactttgggtgtecgtgtttecttttata
cttatactggctgcttatggtgacaattgaagaattgttaccatatagetattggattggecateeg
gtgactaacagagctattatatatttatttgttggatttgttccattaacatacacatctttcageacttt

iIEV-A120 IRES | acacctcattttacaatacaatacaagaaa
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ttaaaacagcctgtgggttgcacccactcacagggeccactgggegeaageactctggtacet | 13
cggtacctttgtgcgectgttttacaccccceccccagtgaaacttagaagecageaaaccacgat
caatagcgggcataacgctccagttatgtcttgatcaageacttetgtttccccggactgagtatce
aatagactgctcgegeggttgaaggagaaaacgttegttatccggetagetacttcgggaaacc
tagtaacaccatgaaagttgcggagagcttcgttcageactcceeccagtgtagatcaggtegat
gagtcaccgcattccccacgggegaccgtggeggtggctgegttggeggectgeccatggg
gtaacccatggggcgctctaatacggacatggtgtgaagagtctactgagetagttagtagtect
ccggeccctgaatgeggctaatceccaactgeggageacacgeccacaagecagegggtage
gtgtcgtaacgggtaactctgcageggaaccgactactttgggtgatecgtgtttctttttatctttat
actggctgcttatggtgacaattaaagaattgttaccatatagctattggattggccatccggtgte
caacagagcaattgtttacctattcattggtttcgtaccattaaccttgaagtctgtgaccaccctta
iIEV71 IRES actacatcttgacccttaacacagctaaac

ttaaaacagcctgtgggttgttcccacccgeagggeccactgggegetageacactggtateee | 14
ggtacccttgtgegectgttttatataccctcccecttatgtaacttagaagtatgattcaaacggte
gacaggcggctcagtgcaccaactgagtcatgaccaageacttetgttaccccggactgagtat
caataagctgttcacacggctgaaggagaaaacgttcgttacccggecaattacttcgagaaac
ctagtaccaccatgaaggttgcgcagtgtttcgctccacacaaccccagtgtagatcaggtegat
gagtcaccgcattccccacgggegaccgtggeggtggctgegttggeggectgeccatggg
gcaacccatgggacgcttcaatactgacatggtgtgaagagtctattgagetaattggtagtect
ccggeccctgaatgeggctaatcecaactgtggageagatactcacaaaccagtgageggtct
gtcgtaacgggcaactccgeageggaaccgactactttgggtgatecgtgtttctttttattcttaca
ttggctgcttatggteacaattgacaaattgttaccatatagctattggattggecatccggtgaca
aacagagctattgtttacttgtttgttggtttcataccattaaattacaaggtcttagaaactctcaact
iIEV-B107 IRES | ttattttgacactcaatacagcaaa

ttaaaactggatctgggttgttcccactcagatcteccacgtggagtagtacactattattacggta | 15
atcttgtacgccagttttataatccecttacccaagtaacttagaagataaacacaaagaccaata
ggagatgatcatccagatcatcataggtcaageacttctgtttccccggtcaaggttgatatgcte
taacagggcaaaaacagctgagatcgttatccgcaaagegectacgcaaagectagtaactat
ctggaagttgcttggttogtcgctecgecatatcecatggtagacctggcagatgaggctagaa
attccccactggtgacagtgttctagectgegtggetgectgeacaccctetgggtgtgaaacca

iHRV-A9 IRES agtaatggacagggtgtgaagageccegtgtgctegcetttgagtecteceggeccctgaatgteg
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ctaaccttaaccctgcagctagggcacacaatccagtgtgtatctagtcgtaatgageaattgeg
ggatgggaccaactactttgggtatccgtgtttettgtttttcttttatgtttgcttatggtgacaatata
tagtaatatatrttggcatc

ttaaaactgggtccaggttgttcccacctggatctectattgggagttgatactctattattccggtaa | 16
ttttgtacgccagttttatctccecttccccaattgcaacttagaagtttatcaatatgaccaatagge
ggtagttagccaaactaccagaggtcaageacttctgtttccccggtcaaagttgatatgeteca
acagggcaaaaacaactgagatcgttatccgcaaagtgectacgcaaagectagtaacaccttt
gaagatttatggttggtcgttcegctatttcccatagtagacctggeagatgaggctagaaattee
ccactggcgacagtgttctagectgegtggetgectgegeaccecttgggtgcgaagecatac
attggacaaggtgtgaagagccccgtgtgcteactttgagtectecggecectgaatgtggcta
accttaaccctgcagctagtgcatgtaatccaacatgttgctagtcgtaatgageaattgeggga
cgggaccaactactttgggtatccgtgtttcactttttecttttaatattgcttatggtgacaatatata
iHRV-A21 IRES | taaacatatatattgacacc

ttgtttgatgccagttttatctccccccccaattgeaacttagaagatgtacacaaagaccaatagg | 17
cagtggtcacccagaccactgaaggtcaageacttetgtetceccggtcaaagttgatatgetee
aacagggcaaaaacaacttagatcgttatccgcaaagtgectacgcaaagettagtaccatcttt
gagagcctatggttggtegetccactgaaccccacagtagacctggeagatgaggctagaaga
cceccactggegacagtgttetagectgegtggetgectgeacaceettacgggtgtgaagec
atatgtttgacaaggtgcgaagagecccgtgtgctcactttgagtectcecggeccctgaatgtgg
ctaaccttaaccctgcagctagtgcacacaagecagtgtgttgctagtcgtaatgageaattgeg
ggatgggaccaactactttgggtgtccgtgtttcactttttacctttattttgcttatggtoacaatata
iHRV-AS57 IRES | tatagtatatatattggcacc

ttaaaactgggagtgggttgttcccactcactccacccatgeggtgttgtactetgttattacggta | 18
actttgtacgccagtttttcccacccttccccataatgtaacttagaagtttgtacaatatgaccaat
aggtgacaatcatccagactgtcaaaggtcaagceacttctgtttccccggtcaatgaggatatge
tttacccaaggcaaaaaccttagagatcgttatccccacactgectacacagageccagtaccat
ttttgatataattgggttggtegetccctgecaaacccageagtagacctggcagatgaggctgga
iHRV-A89 IRES | cattccccactggegacagtggtecagectgegtggetgectgetcacecttettgggtgagaa
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gcctaattattgacaaggtgtgaagagecgegtgtgcteagtgtacttectccggeccctgaatg
tggctaaccttaaccctgecagecgttgeccataatccaatgggtttgcggtegtaatgegtaagt

gcgggatgggaccaactactttgggatatccgtgtttectgttttctittgattgcattttatggteac
aatttatagtgtatagattgtcatc

ttaaaactgaatccagattgttcccatctggatttcctacatggagttgtactctattattccggtaatt | 19
ttgtacgccagttttatcaccccttcccccgtaacttagaagtttgaaacaaaagaccaataggag
gtaactatccaagttactataggtcaagcacttctgtttccccggtcaaagttgatatgetccacca
gggcaaaaacaattgagatcgttatccgcaaagtgectacgcaaagectagtagtatcttgaaa

agcatgtggttggttgctccgetgtaccccacagtaaacctggeagatgaggcetagaagttece

cactggtgacagtgttctagectgegtggctgectgegeactctttgagtgcgaagecatatgttt
gacaaggtgtgaagagccccgtgtgeteactttgagtectceggeccctgaatgtggcetaacctt
aaccctgcagctagtgcatgcaatccageatgtggetagtcgtaatgageaattgecgggatggg
iHRV-A100 accaactactttgggtgtccgtgtttcacttttttccttttataattgettatggtgacaatatatagtga
IRES tatatattgacacc

ttaaaacagcggatgggtttcccaccatccgacceactgggtgtagtectetggtattttgtacett | 20
tgcacgcctgtttcccatttgtacecttecttaatctecttcecccgtaacgttagaagttttggaattt
taaagtacaataggaagcgccacatccagtggtgttgegtacaaatacttetgtttacccggage
gaggtataggttotacccacggccaaaagectttaaccgttatccgecaatcaactacgtaacg
gctagtatcatcttgcttttgatttggtottcgatcaggtggtatcccecactagtetggtegatgag
gctaggaattcceccacgggegaccgtgtectagectgegtggeggecageccagcttttgctg
ggacgccttttcaaagacatggtgtgaagacctgeatgtgcttggttgtgagtectcecggecect
gaatgcggctaaccttaaccctggageccageageataatccaatgttgtitggotegtaatgag
caattccgggacgggaccgactactttgggatatccgtgtttecttttattcttacattgtcttatggte
iHRV-B4 IRES acagcatatatattatatatactgtgatc
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tttaaacagcggatgggttcccecaccatccgacceactgggtgtagtactctggtattttgtacett | 21
tgtacgcctgtttctccectacctcccaacctaaacaatectggtaacttagaagacttaaatcate
gtacaataggtgctgtcacatccagtgacggctagtacaageacttetgtttcccecggagegga
gtataaatggccaccgcetgtcaaaagetcttaaccgttatccgecaattaactacgcaacggeta
gtaacatcttgttatttttagggcgttcgatcaggtgagtaaaccectcactagtetggtegatgag
gctgagaattccecacgggegaccgtgtetcagectgegtggeggecageccagetaatgcet
gggacgccttaattgtgacatggtgtgaagacccacgtgtgcttaattgtgagtectceggecce
tgaatgcggctaacctaaaccctggagecttgagacacaatccagtgttggcaaggtcgtaatg
agtaattccgggacgggaccgactactttgggtgatecgtgtttecttttattttcaaattgttcttatg
iHRV-B17 IRES | gtcacaatataagtaatatattgtgatc

ttaaaacagcgggtgggtatcccaccacccgacccactgggtgttgtacactggtattttgtacct | 22
ttgtatgectgtttgcacctecccaccccttccaattacccttaccecgaattrtattatgcggtaacat
tagaagaagtgaacacagtgcaataggacgtatcacatccagtgatataaagcacaageaattc
ttgttccccggagetggatatagactgctaacgtggttgaaggtecttaaccgttatccgecaace
aactacgagacggctagtaatatcatgtttgtctttgagegttcgatcaggtgaattcceccattcac
tagtttggtcgatgaggctgagaactccccacaggtgactgtgtctcagectgegtggeggeca
acccagccacggcetgggacgeccactgatagacatggtgtgaagacccaattgtecttggttgt
gactccteccggeccctgaatgeggcetaacctcaaccccggagecttgtagtgtaagecaacac
atacaaggtcgtaatgggcaactctgggacgggaccgactactttgggtateegtgtttectttat
iHRV-B26 IRES | ttttatcttttgtgtcttatggttacaagtattgattgtaacc

tttaaacagcggatgggtatcccaccatccgacceactgggtgtagtactctggtattttgtacctt | 23
tgtacgcctgttgttcctaatgtacccaccctaaaacttcctacccaagtaacgttagaagtttcate
aacaagtacaataggaagcatcacatccagtggtgttttgtacaageacttetgtttccecggag
cgaggtataggctgtacccactgecgaaagectttaaccgttatccgecaaccaactacgtaaa
agctagtatcatcatgttttaaaataggcgttcgatcaggtggatccccectecactagtttggteg
atgaggctaggaactccccacgggtgacegtgtectagectgegtggeggecaacccagette
tgctgggacgcctttttatggacatggtgtgaagactcgeatgtgettggttatgactectecgge
ccctgaatgeggctaaccttaaccecggagecctgtgttgcaatccagtaacattagggtegtaa
tgagcaatttcgggacgggaccgactactttgggtgtecgtgtttctcatttttcttattattgtcttat
iHRV-B37 IRES | ggtcacagcatatatataacgtatatactgtgatc
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ttaaaacagcggatgggtatcccaccatccggeccactgggtgtagtactetggtacattgtace | 24
tttgtacgcctgttttcccectettgtaccegececttcaagetecttgeccaagtaacgttagaagtt
tgaacattggtacaataggaagcatcacatccagtggtgtactgtacaaacacttctgttgccee
ggagcgaggtatagatggtecccaccgtcaaaagectttaaccgttatccgecaatcaactacg
taatggctagtagcaccttggatttaagttggcgttcgatcaggtggtaacccccactagtttggt
cgatgaggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaacccage
atccgctgggacgccaatttaatgacatggtgtgaagacctgeatgtgcttgattgtgagtectee
ggcccctgaatgeggcetaaccctaaccecggagecttgcageacaatcecagtgttgttaaggte
gtaatgagcaattctgggatgggaccgactactttgggtatecgtgtttcttatttttcttgaattttte
iHRV-B92 IRES | ttatggtcacagcatatatacattatatactgtgatc

ttaaagctggatcatggttgttcccaccatgattacccacgeggtgcagtggtettgtattacggta | 25
catttccataccagttttatacaccccaccccgaaactcatagaagtttgtacacaatgaccaata
ggtggtooccatccaggtcgetaatggtcaageacttetgtttcecccggeacccttgtatacgett
cacccgaggcegaaaaatgaggttgtegttatccgcaaagtgectacgaaaagectagtaacac
tttgaaaacccatggttggtcgetcagcetgtttacccaacagtagacctggeagatgaggctaga
cattccccaccagegatggtggtctagectgegtggetgectgeacacectgecgggtgtgaa
gccagaaagtggacaaggtgtgaagagcectattgtgcteactttgagtectceggeccetgaat
gtggctaaccctaacccegtagetgttgeatgtaacccaacatgtatgcagtcgtaatgggcaac
tatgggatgggaccaactactttgggtateegtgtttectgttttactttttcattgettatggteacaa
iHRV-C3 IRES ttgtatctgatacacttgttacc

ttaaaactggatacaggttgttcccacctgtatcacccaagtggtatggtgctcttgtatttcggta | 26
cgtttgcacgccagtttgetaccectteccttttacgtaacttagaagtttacacaaagaccaatag
gcggtggtaaatccataccactaacggtcaaatacttetgtttccccggeatgegaggaatagg
ctccaaaagggctgaagecactagtgtcgttatccgeattggtactacgcaaagectagtattac
cttgaaaatttcttggetggtegetccaccagataccecactggtagacctggeagatgaggca
ggacttaccccactggegacagtggtectgectgegtggetgectgeacaccecttacggggt
gtgaagcccagaaacagacaaggtgtgaagageccegtgtgctactagtgagtecteeggee
cctgaatgcggctaatcttaccccacagetgttgcacgcaaaccagegtgtatgcagtegtaatg
agcaattgtgggatggaaccgactactttgggtgteegtgtttctttttattcctattatttgcttateg
iHRV-C11 IRES | tgacaatattgatattatcagtgttgtcatc
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ttaaaacagctgtgtggttgttcccaccaccaggeacactgtgcgttgtacactgggattecggt | 27
cactttgtacgcctgtttgctatcccccccaacttatgtaatttagaagatgtacacaacgeccatta
ggatgcggcecaaaccaggteegettagggcaageacttetgtttcccegggtgtgtgaatagac
tctaacagggttgaagcetgtageactcgttatccgegeaactactacgegaatgttagtageatce
ctgtgttgcatttgggatttcgcteccgcagaaaaccecatctgtagattagggcaatgaggctac
acataccccactggcgacagtggtgtagectgegtggtgecctacccaggecttettggectgg
gattccacttacaagacagggtgtgaaggcactagtgtgctagttgtgagtectecggeeectg
aatgcggctaatcttaacccegtagecceegeaagtaaaccaacttgtaggtegtcgtaatgagt
aattacgggatggaaccgactactttgggtgtcegtgtttecttttattctttatatttgcatcctatgg
iHRV-C54 IRES | ttacaacataagtaatc

ttaaaacagcctgtgggttgttcccacccacaggeccattgggcgetageactetggtatcacg | 28
gtacctttgtgcgectgttttacatcccctecccaaattgtaatttagaagtttcacacaccgatcatt
agcaagcgtggceacaccagecatgttttgatcaageacttctgttaccccggactgagtatcaat
agaccgctaacgceggttgaaggagaaaacgttcgttacccggecaactacttcgaaaaaccta
gtaacaccatggaagttgcggagtgtttcgctcageactaccccagtgtagatcaggtegatga
gtcaccgegttccccacgggegaccgtggeggtggctecgttggeggcctgectacgggga
aacccgtaggacgctctaatacagacatggtgcgaagagtctattgagetagttggtaatectee
ggcccctgaatgeggctaatectaactgeggageacataccctcaaaccagggggcagtgtat
cgtaacgggcaactctgecageggaaccgactactttgggtgtecgtgtttcattttattcctatact
ggctgcttatggtgacaattgacaggttgttaccatatagttattggattggccatccggtgactaa
cagagcaattatatatctctttgttgggtttataccacttagettgaaagaggttaaaacactacatc
iCVBI1 IRES tcatcattaaactaaatacaacaaa

ttaaaacagcctgtgggttgttcccacccgeagggeccactgggegecageactetggtatcac | 29
ggtacctttgtgegectgttttaaaaccctctccccaatttgaaacttagaagcaatacacctegat
caatagtaggcatgacacgccagcecatgtcttgatcaageacttetgtttcceceggactgagtat
caataaactgcttgcgeggtcgaaggagaaaacgtecgttacccgactaactacttcgagaaac
ccagtaacaccatggaaattgcggagtgtttcactcagcacattcccagtgtagatcaggtegat
gagtcaccgcattccccacgggtgaccgtggcggtegctgcgctggeggectgeccatggg
gcaacccatgggacgcttcaatatggacatggtgtgaagagtctattgagetagttagtagtect
ccggeccctgaatgeggctaatcctaactgeggageacgtgectecattccagggggtegcgt

iCVBS IRES gtcgtaacgggcaactctgcageggaaccgactactttgggtgatecgtgtttcttttaattttatact
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ggctgcttatggtoacaattgaaagattgttaccatatagctattggattggecatecggtatccaa
cagagcaattgtgtacctttttgttggatttgtaccacttaccagaacaagttttcatacactgtgtta

cattattagactaaacacagaaaa

ttaaaacagcctgtgggttgttcccacccacagggeccactgggegttageacactggtatcac | 30
ggtacctttgtgegcectgttttatactccccccectaaggaaactttagaagcaaagcaattgtgat
caatagtgggtatggcacaccagtcatatcttgatcaageacttctgttccceceggacttagtace
aatagactgctcaagcggttgaaggggaaaacgttegttatccggecaactacttcgagaaace
tagtagcaccatgaaagttgcggagtgtttcgctcageacttcceecgtgtagatcaggctgatg
agtcaccgtattccccacgggegaccgtgacggtggctgegttggeggectgeccatggggt
aacccatgggacgctctaaaacagacacggtgcgaagagtctattgagetagttggtagtecte
cggcececctgaatgeggecaatectaactgeggageacatactcccaatccagggageagtgt
gtcgtaatgggtaactctgcageggaaccgactactttgggtatecgtgtttecttttattctcacat
tgactgcttatggtgacaattgaaagattgttaccatatagctattggattggtcatccggtgagea
atagagctattgtttatcaatttgttggatttgtaccactcaacttttctgttttgagaacactcaacta
iEchoV1 IRES catcttactgctaaacacatcaaa

ttaaaacagcctgtgggttatacccacccacagggeccactgggegetageacactggtatca | 31
cggtacctttgtgcgcctgttttataccececttcccgcaaccgeaaatttagaagcaaagetaace
cgatcgatagcggatgcgceatgecagecgcattttgatcaagtacttetgtttccccggaccgag
tatcaatagactgctcacgeggttgaaggagaaaacgtecgttacccgaccaactacttcgaga
aacctagtaacatcatgaatgttgcagggcgtttcgatcagcacgaccctggtgtagatcagget
gatgagtcaccgcattccccacgggtgaccgtggeggtggctgegttggeggectgectatgg
ggtgacccataggacgctctaatacggacatggtgcgaagagtctattgagetagttggtagte

ctccggeccctgaatgeggttaatcctaactgeggacgacatacecectaatccaaggggeagt

iEchoV-E11 gtgtcgtaacgggcaactctgcageggaaccgactactttgggtgatecgtgtttecttttatttttat
IRES actggctgcttatggtgacaatctcagagttgttaccatatagcetattggattggecatceggtga
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gcaacagagctgtcatttatcagtttgttggctttatacctctaaatcacacggttttttttttttggaac

gcttgtattcatcttaaccctcaataaggcaaa

ttaaaacagcctgtgggttatacccacccacagggeccactgggegcetageactcetggtattac | 32
ggtacccttgtgegectgttttatataccccgecccaageaaacgcetagatgtaacgceacttatga
tcaatagcaggcgtggcactccagecacgttatgatcaageacttctgtctcccecggaccgagt
atcaatagactgctcacgcggtcgaaggagaaaacgttcgttacccgaccagcetacttcgaga
aacctagtaactccatggaggttgcagagtgtttcgttcagcacttcccecgtgtagatcagget
gatgagtcaccgcgttcctcacgggegacegtggeggtggctgcgttggeggcectgectatgg
gtatacccataggacgctctaatactgacatggtgecgaagagtctattgagetagttggtagtect
ccggceccctgaatgeggcetaatectaactgeggageacataccececcaacccagggggceagtg
tgtcgtaacgggtaactctgcagecggaaccgactactttgggtgtecgtgtttecttttattcttaca
ttggctgcttatggtgacaattgagagattgttaccatatagcetattggattggecatccagtgact
iEchoV-E15 aacagagctattatttacctttttgttggcttcgtatcacttggtttaaaagaggttagtactttatattg

IRES cattatattactaaacacgagaaa

ttaaaacagctctggggttgtacccaccccagaggeccacgtggeggctagtactceggtatta | 33
cggtacccttgtacgectgttttatactcectecctegtaacttagaagcacaaaaccaagttcaat
agaagggggtgocaaaccagtaccaccacgaacaagcatttetgtttccccggtgatgttgtata
gactgceccgegeggttgaaagcaacggatecgttacccgetcaagtacttcgagaagectagt
attaccttggaatcttcgatgcgttgcgttcagcactcgaccctggagtgtagettaggctgatga
gtctggacgteectcaccggtgacggtggtecaggetgegttggeggectacctatggetaac
gccataggacgctagttgtgaacaaggtgtgaagagectattgagetacttgagagtectecgg
cccctgaatgeggctaatectaaccatggageaggeggtcacagaccagtgactagettgtegt
aatgcgcaagtctatggcggaaccgactactttgggtgtecgtgtttecttttatttttattatggetg
cttatggtgacaatcattgattgttatcataaagcgaattggattggccatccggtgaaagcgaga
cttactatttacttacttgttggacttaccacacttaatacatttattctaggtgtcacttgtatagcaat

iCVA20 IRES tagaatcaaacagttgcatcata
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ttaaaacagcctgtgggttattcccaccccagaggeccacgtggeggecagtactctggtatca | 34
cggtacctttgtacgectgttttatatccccttcccccgeaacttagaagaaaacaaatcaagttca
ctaggagggggtacaaaccagtaccaccacgaacaagcacttctgtttccccggtgatgtcgta
tagactgtaaccacggttgaaaacgattgatccgttatccgcetcttgtacttcgaaaageccagta
tcaccttggaatcttcgatgegttgcgcetcageactcaaccccagagtgtagettaggtecgatga
gtctggacactcctcaccggegacggtggtecaggetgcgttggeggectacetgtggtecaa
agccacaggacgctagttgtgaacaaggtgtgaagagcectattgagetacaagagaatectee
ggcccctgaatgeggctaatcctaaccacggageaagggtacacaaaccagtgtatatettgte
gtaacgcgcaagtctgtggcggaaccgactactttgggtatecgtgtttecttttgtttttatcatgg
ctgcttatggtgacaatctaagattgttatcatatagetgttggattggecatccggtaatttattgag
iIEV-D94 IRES atttgagcatttgcttgtttcttcaacaatttcacctattcattgcatttcagcagtcaaa

gagtgttcccacccaacaggeccactgggtgttgtactctggtattacggtacctttgtacgecta | 35
ttttatttcccceccctttttgaaacttagaagttaataataaacacgcetcactaggtgcactacatee
agtagtgtaatgagcaagcacttctgtctyccccgggagggatatatggtacgetgtgcaaacg
gcggaaattaatcctaccgttaaccgeccacctactccgagaagectagtacctaattggatttat
caatggagttgcgctcagecaggtgaccctgacctgecagetecggetgatggacctgggcttte
cccacaggcegactgtggeccaggtegegtggeggecggeccacceccctgggteggacgc
cttgataatgacaaggtgggaagagectattgggactagetggtttectecggectectgaatgeg
gctaaccttaaccccagageatatggtagcaacccagcetactagtatgtcataatgegtaagtet
iSimianEV-A gggatggoaccgactactttggagagtccgtgtttctattgtttctttaatcaatcttatggtgacaa
IRES tttatagtgccctgagtattgattggttgttacttttgacaattattgagacatcacatagacata

ttaaaatagcctgtgggttgctcccacccacagggeccaagtggegtagtacttggtattceggt | 36
acctttgtacacctatttacaaaccctaccecttgtaaccttagaagcaattatttaaccgctcacta
ggggototoctatccaagcacatcaagagecaageacttctgteteccccgggaggggctaatgg
tacgctgtgeccacggeggaaatgagecctaccgttaaccggeagtetacttcgggaagecca
gtaactacattgaaactttgaggcgttacactcagcacataaccccaatgtgtagttctggtcgat
gagccttggeatcccecacaggegactgtggecaaggetgegttggcggecagectgegga
ccaaaagtccgtaggacgectaattgtggacatggtatgaagagectactgagetagactgtag
tectccggeccctgaatgeggctaatcctaaccctggageatcegegtgcaacccagtacgta
gggtotcgtaatgcgtaagtctgggatggaaccgactactttgggtgtecgtgtttcttgttttteat
iSimianAS IRES | actgggtcgcttatggttacaactaattgttgtaatcattggcagtgcgegetgaccacgegattat
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tgatatttccatttgttggatactccaatagtgtcaactcatatacacaacttttaccactgatcaaga

taaaa

ttaaaatagctgctgggttgttcccatccageaggeccactgggegtgatactetggtattgcggt | 37
acctttgtatgcctattttacctcecttcccectgaaacttagaagaaagaaacaaacacgeteact
aggtacactgcatccagcagtgtaatgagcaageacttctgtttccccggaagggatatatggta
cgctgtgcaaacggeggaaattaatcctacegttaaccgeccatctactccgagaagectagta
cctaattgaacttatcaatggagttgcgctcageaggtgaccetgacctgecagetceggetgat
ggacctgggcatcecccacaggegactgtggeccaggtegegtggeggecggeccactcttt
tgagtgggacgccttgataatgacaaggtgggaagagectattgggctagetggtttectcegg
cctectgaatgeggcetaaccctaaccccggagceatatggtggcaacccagecactggtatgte
gtaacgcgtaagtctgggatggoaccgactactttggagagtecgtgtttccattattttctitattg
aatcttatggtgacaaattgggagttactcgggtgacgattgattattacttctgaaaacgtagaga
iSimianV4 IRES | tatagaatcaacaca

ttaaaacagcctgtgggttgttcccacccacagggeccactgggegcetageacactggtatcac | 38
ggtacctttgtgegectgtttgacttaccctccccaaacgcaacttagaagcacaacttaaatggt
caataggcggctcagtatgccaactgagtetcgatcaageacttctgttaccceggactgagtac
caataggctgctcacgcggctgaaggggaaaccgttcgttaccegactaactacttcgagaaa
cctagtaccaccatgaaagttgcgeagegtttcgeteccgeacaaccecagtgtagatcaggteg
atgagtcaccgcaaaccccacgggegaccgtggeggtegetgcgetggeggectgeccatg
gggcaactcatgggacgcttcaatactgacatggtgcgaagagtetattgagetagttggtagte
ctccggeccctgaatgeggctaatectaactgeggageagatacccacgeaccagtgggeag
tctgtegtaatgggcaactetgcageggaaccgactactttgggtatecgtgtttecttttgttetta
tactggctacttatggtgacaattgagagattgtaaccatattgctattggattggccacccggeg
iSwineVesciular | acgaatagaacagttgcttacctgtttgttagtctcgtatcactgaactacaaatccttaaacaccct

IRES ttaatttcgtcataacgctcaatacgttaaa
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ttaaaacagcggatgggtatcccaccatccgacccactgggtgatagtactctggtactttgtacct | 39
ttgtacgcctgttcttcccattgtacecttcctaaacttccaacccaagtaacgttagaagetcaact
ttcagtacaataggaagcaccacatccagtggtgtttagtacaageacttctgtttccccggage
gaggtataggctgtacccactgccaaaagcectttaaccgttatccgecaaccaactacgtaaaa
gctagtaacatcatgtttgtaaatgggtattcgatcaggtggatttccectecactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggccaacccagegtat
gctgggacgcctttttatagacatggtgegaagactcgeatgtacttggttatgagtecteccgge
ccctgaatgeggcetaaccctaaccetggagecttgagtcacaatccagtgatggcaaggtegta
iHRV- atgagcaattccgggatgggaccgactactttgggtgtccgtgtttcteatttttcttattattgtctta
B3 SC2220 IRES | tggtcacagcatatatagtatatatactgtgatc

ttaaaacagcgggtgggtatcccaccacccgacccactgggtgtggtacactggtactttgtac | 40
ctttgtatgectgtttgcttccactcecectttacctaatattcttccccaagtatattttgeggtaacgtt
agaagaagcaaagttagtgcaataggatgtatcacaaccagtggtataaagcacaagcaattct
tgttccccggagetggatatagactgctaacgtggtcaaaagtecttaaccgttatccgecaget
aactgcgagaagactagtaacaccatgtttgtttttagacgttcgatcaggtgaataccecattca
ctagtttggtcgatgaggctgagaataccccacaggtaactgtgtctcagectgegtggeggee
aacccgactcatgtcgggacgcectactaatagacatggtgtgaagatcctattgegcettagttgt
gagtcetceggeccctgaatgeggctaaccctaaccecggagecttgtggtetaaaccaacatt
tgcaaggtcgtaatgagtaattctgggatgggaccgactactttgggtatccgtgtttectttattttt
iHRV-B5 IRES attgtgtgtgtcttatggttacaaatacaatttgtaatc

ttaatacagcggatgggtatcccaccatccgacccactgggtgtagtactctggtattatgtacet | 41
ttgtacgcctgttcttcccattgtaccettcccaaatttccaacccaagtaacgttagaagtttgaca
ttaaagtacaataggaggcaccacatccagtggtgttttgtacaageacttctgtttccccggage
gaggtataggctgtacccactgccaaaaacctttaaccgttacccgecagecaactacgtaaaa
gctagtaacatcttgtttgtaacttggegttcgatcaggtggattccccctecactagtttggtegat
gaggctaggaactccccacgggtgaccgtgtectagectgegtggeggecaaccecagetcett
gctgggacgceccttttatagacatggtgtgaagactcgeatgtgcttggttatgattcctecggece
cctgaatgeggctaaccctaaccetggagecttgtgttacaaaccagtaatattaaggtcgtaat
gagcaattccgggacgggaccgactactttgggatotccgtgttteteatttttcttattattgtettat
iHRV-B6 IRES ggtcacagcatatttgttaaatatactgtgatc
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tactctggtattatgtacctttgtacgcctgtttcttccctacaaccecttcctaaaactcccacceat | 42
gaaacgttagaagcttgacatttaagtacaataggtggcaccacatccagtggtgtctacgtaca
agcacttctgtttccccggagegaggtataggetgtacccactgecaaaagectttaaccgttat
ccgecaaccaactacgtaacagcetagtatcatettgttcttcactggacgttcgatcaggtggatt
ccccctecactagtttggtegatgaggctaggageteccccacgggtgaccgtgtectagectge
gtggcggccaacccagcetcatgetgggacgeccttttaaggacatggtgtgaagactegeatgt
gcttggttatgagtcctcecggeccctgaatgeggctaaccttaaceetggagecttatgeccacga
accagtggttgtaaggtcgtaacgagcaattccgggatgggaccgactactttgggtatcegtg
iHRV-B14 IRES | tttcctatttttctttatattgtcttatggtcacagcatatatataagtatatactgtgatce

ttaaaacagcggatgggtatcccaccatccgacccacagggtgtagtgctetggtattttgtacct | 43
ttgcacgcctgtttccccattgtaceectecttaaatttcctccccaagtaacgttagaagtttaagg
aaacaaatgtacaataggaagcatcacatccagtggtgttatgtacaageacttctgtttcccegg
agcgaggtataagtggtacccaccgecgaaagectttaaccgttatccgecaatcaactacgta
atggctagtattaccatgtttgtgacttggtgttcgatcaggtggttcecceccactagtttggtcgat
gaggctaggaactccccacgggtgaccgtgtectagectgegtggeggccaacccagettttg
ctgggacgcctttttacagacatggtgtgaagacctgeatgtgcttgattgtgagtecteceggece
ctgaatgcggctaaccttaaccccggagecttgcaacataatccaatgttgttgaggtegtaatg
agtaattctgggatggoaccgactactttgggotatcegtgtttecttttattctttatattgtettatggt
iHRV-B27 IRES | cacagcatatatagcatatatactgtgatc

ttaaaacagcggatgggttccctaccatccgacceactgggtgtagtactctggtactetgtacet | 44
ttgtacgcctgtttatccactacccttttcctaaattttccaccegtgtaaccttagaagcaaacaaat
tgtacaatagggtgcatcacaaccagtgatgtacagtacaageacttctgtttccccggagegg
ggtatagacggtcaccactgtcaaaagcccttaaccgttacccgecaaccaactacgtaacgg
ctagtaacaccatgaatttgtcttgacgttcgatcaggtggtaaccccccactagtttggtcgatg
aggctgagaactccccacgggtaaccgtgtetcagectgegtggeggecaacceagettetge
tgggacgccaattcattgacatggtgtgaagacctgeatgtgcttggttgtgattectecggeece
tgaatgcggctaaccctaaccccggagecacgeggcataatccaatgtegtatgggtegtaatg
agtaattctgggatgggaccgactactttgggototcegtgtttectgtttttccaaattattcttatggt
iHRV-B35 IRES | cacagcatataaatagatatatactgtgatc
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ttaaaacagcgggtgggtatcccaccacccgacccactgggtgtegtacactggtactttgtac | 45
ctttgtatgectgtttgcatccectteectttacctaacatccctceccaagttatattttgeggtaac
gttagaagaagtgaacAtagtgcaacaggaagtatcaccaccagtgatataacgcacaagea
attcttgttccccggagetggatatagactgctaacgtggttgaaagtecttaaccgttatcegec
aATCaactgcgaaaagactagtaacatcatgcacatttctaggtgttcgatcaggtgaaaace
ccattcactagtttggtcgatgaggctgagagtaccccacaggegactgtgtetcagectgegt
ggcggccaacccgacttatgtcgggacgectattaatagacatggtgtgaagatcctattgegcet
tagctgtgagtcetecggeccctgaatgeggctaaccttaaccecggagtcettgtgatgtaagec
aacatttgcaaggtcgtaatgagtaattctgggatgggaccgactactttgggtgtecgtgtttect
iHRV-B42 IRES | ttattcttatcatttgtgtttcatggttacaagcattgtttgtaatc

ttaaaacagcggatgggtatcccaccatccgacccactgggtgtagtactetggtactetgtace | 46
tttgtacgcctgtttctcctcaaccctccectaccegttatatatctcagtaacttagaagaATtcat
taccgcacaatagggaccgttgtaaccagcaacggtcagtgcaageacttetgtttccecggag
cggagtatagacggccactgcetgtcaaaagetcttaaccgttacccgecagtATactacacaa
cagctagtaacatcttgttgttcttagggcgttcgatcaggtgagtttaccccctcactagtetggt
cgatgaggctgagaaatccccacgggtgaccgtgtetcagectgegtggeggecageecage
ttatgctgggacgcecttaagtatgacatggtotgaagactegegtgtgcttagetgtgagtectee
ggcccctgaatgeggctaacctaaaccecggagecttgaggcacaatccagtgecegegagg
tcgtaacgagaaattctgggacgggaccgactactttgggtgtecgtgtttecttttatctttttgat
iHRV-B48 IRES | gttcttatggttacaatatataaagtatattgtaatc

ttaaaacagcggatgggtatcccaccatccgacccactgggtgtagtactctggtattatgtacet | 47
ttgtacgcctgtttctccceeccattaccectccccacatatcccagtaacttagaagaattaaatta
tcgcacaataggagctattacaaccagtaatagttagtgcaagtacttctgtttccccggagegg
agtatagatggccaccgctgtcaaaagctcttaaccgttatccgecagt A Tactacgtaacgg
ctagtaacatcttgttgtgcttaaggtgttcgatcaggtgaagagacacceccttcactagtetggt
cgatgaggctgagaaatccccacgggegaccgtgtetcageetgegtggeggecageecag
cttatgctgggacgcecttaagtatgacatggtgetgaagacccgeatgtgcttaactgtgagtecte
cggccecctgaatgeggctaaccttaacectggagecttggggtacaatccagtgctaacaaggt
cgtaacgagcaattccgggacgggaccgactactttgggtgtecgtgtttecttttatttcattattg
iHRV-B52 IRES | ttcttatggttacaatatatagagtatattgtaatc
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ttaaaacagcggatgggtatcccaccatccgacccactgggtgtagtactctggtactttgtacet | 48
ttgtacgcctgtttctcecteecttcccaacctaaacaatecttgtaacttagaaggtttcgattatcg
cacaatagggactattgcaaccagcaatagtcagtgcaageacttctgtttccccggageggag
tgtagatggccaccgetgtcaaaagetcttaaccgttatccgecagt A Tactacgcaacggcet
agtagtgccttgttgcttttatggegttcgatcaggegagatttacccectegetagtetggtegat
gaggctgagaattccccacgggegaccgtgtetcagectgegtggeggecageccagecttt
gctgggacgcecttgattgegacatggtgtgaagacccgegtgtgcttaactgtgagtectcegg
ccectgaatgeggetaacctaaaccctggagecttgaaacacaaccecagtgttcgcaaggtegt
aacgagcaattccgggacgggaccgactactttgggtgtecgtgtttcctttattctttcaattgtte
iHRV-B69 IRES | ttatggtcacaatataagtgttatattgtgatc

ttaaaacagctgatgggttccccaccatccgacccaatgggtgatagtactetggtattetgtacett | 49
tgtacgcctgtttctccccacceccecgtectaaataatcccagtaacttagaagatttgaattatce
gtacaataggtgctgtcacatccagtgatggctagtacaageacttctgtttccccggageggag
tatagatggccaccgcetgtcaaaagcetcttaaccgttatccgecaattaactacgcaacggttagt
aacatcttgtcatttttgaggcgttcgatcaggtgagtacaccectcactagtetggtegatgagg
ctgagaattccccacgggegaccgtgtetecagectgegtggcggccageccagettatgetgg
gacgccttaattgtgacatggtgcgaagacccacgtgtgcttaattgtgagtectceggecceeg
aatgcggctaacctaaaccccggagecttgagacacaatccagtgttagcaaggtegtaacga
gcaattctgggacgggaccgactactttgggatatccgtgtttectgttattctcaaattgttcttatg
iHRV-B70 IRES | gtcacaatataagtaatatatatattgtgatc

ttaaaacagcggatgggttctcccaccatccgacecactgggtgtagtactctggtatgatgtac | S0
ctttgtacgectgtttattcccaaacccccaccegttattcgeccaaccectgtaacgttagaagttt
ggaacttaattgtacaatagggagcaccatatccaatggtgtaacgtacaageacttetgtttcee
cggagcgaggtataggtggtacccactgecgaaagectttaaccgtcatccgecaatcaacta
cgtaacagctagtaacatcttgttgttgattggacgttcgatcaggtggttcaccccccactagttt
ggtcgatgaggctgggaateccccacgggtgaccgtgteccagectgegtggeggecaace
cagcttatgctgggacgcecctttcaatgacatggtgtgaagactegeatgtgcttgattgtgagte
cgeeggeccctgaatgeggcetaaccctaaccctggagecttgcaccacaatecagtggtgtet
gggtcgtaatgagtaattctgggatgggaccgactactttgggtgtccgtgtttcteatttttetttta
iHRV-B72 IRES | attgtcttatggtcacagcatatagtattatatactgtgatc
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ttaaaacagcggacgggtatcccaccatccggcetcactgagegtagtactetggtattgtgtace | S1
tttgtacgcctgttttccccaaatcecctaccctttatatctcctaccccgtaacgtaagaagttttca
aacagtacaataggaagcaccacatccagtggtgttatgtacaageacttctgtttccccggage
gaggtataggtggtcaccaccgccaaaagcectttaaccgttacccgecaaccaactacgtaatg
gctagtaacatcattgatttagattggcgttcgatcaggtggtatccccccactagtttggtegatg
aggctaggaataccccacgggtgaccgtgtectagectgegtggcggecaaccecageatacg
ctgggacgccagtttactgacatggtecgaagacttgeatgtgcttggttgagagtectecggee
cctgaatgcggctaaccttaaccceggagectcgeageataatccaatgttgtagaggtegtaa
cgagtaattctgggatgggaccgactactttgggtgtecgtgttteetgtttttctttaaaatgtcttat
iHRV-B79 IRES | ggtcacagcatatatactgtatatactgtgatc

gtacaataggttgcactacatccagtggtgtttcgtacaageacttetgtttccceggageggggt | 52
atagacggtacccactgtcaaaagcccttaaccgttatccgecaatcaactacgtaatggetagt
aacatcatgaaggtgagttoacgttcgatcaggtggtaacccccactagtttggtegatgaggct
aggaatcccccacgggtaaccgtgtectagectgegtggeggecaacccagegtitgetggg
acgccaattcactgacatggtgcgaatacttgeatgtgcttgattgtgattectecggeccctgaa
tgcggctaaccttaaccccggagecttgcageataaaccaatgttgtggaggtegtaatgagea
attctgggatgggaccgactactttgggtgtecgtgtttectgtttttctcaaattgtettatggtcac
iHRV-B83 IRES | agcatatatattgtatatactgtgatc

ttaaaacagcggatgggtatcccaccatccggeccactgggegtagtacactggtattctgtac | 53
ctttgtacgectgtttgecgeccctececcttttattaccacatttgtggtegetgeaacgttagaag
attttaaagtagtgcaataggaagcatcacaaccagtggtgttatgcacaaacacttetgtttcec
cggagcgaggtatagacggtccecactgtcaaaagectttaaccgttatccgecaaccaactac
gagacagctagtaatgccctgttetectgcaaggegttcgatcagacagatttcecctetgttagt
ctggtcgatgaggctagaagtaccccacaggtaactgtgttctagectgegtggeggecagece
cagcttctgctgggacgcectttcaagagacatggtgtgaagactcaattgtgcttggttgtgagte
ctccggeccctgaatgeggetaaccttaaacceggT Accatgetatgcaaaccageatagtta
tggtcgtaatgggcaactctgggatgggaccgactactttgggatatccgtgtttccatttttacttttt
iHRV-B84 IRES | gtgtcatttatggttacaattaagttgtaacc
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ttaaaacagcggatgggtaccctaccatccgacccactgggtgtagtacactggtacattgtace | 54
tttgtacgcctgtttctccctattgtaccttcectcacaatcctaaccectgtaacgttagaagatgtg
caactcgtgcaataggagatactgcaaccagtggtatcaagcacaagaacttetgtttcetegga
gcggagtatagatggteeccaccgtcaaaagetettaaccgttatccgecaatcaactacgtga
cgactggtagcaT cattttgacactttgacgttcgatcaggtaggcttaccccacctactagtttg
gccgatgaggctgggagtecctcacaggtaactgtgtcccagectgegtggeggecaacceca
gcaattgctgggacgccaatttgttgacatggtotgaagatcttaatgtgcttggttgtgagtecte
cggcccctgaatgeggctaaccttaaccccggagecttgtgtcacaagecagtgacattaaggt
cgtaatgagtaatttcgggatgggaccgactactttgggtgatecgtgtttectgtttttetttatgatt
iHRV-B86 IRES | gtcttatggtcacagcatatagtaattatatactgtgatc

ttaaaacagcggatgggtttcccaccatccgacceactgggtgtagtactctggtacattgtacet | 55
ttgtacgcctgtttctcccctecctcccaacctatacaatcccggeaacttagaagatttgaactatt
gtacaataggcgctgtcacatccagtggeggcetagtacaageacttctgtttccccggagegga
gtatagatggccaccgetgtcaaaagetcettaaccgttatccgecaattaactacgcaacggeta
gtaatatcatgtaacttttagggtgttcgatcaggtgagtgtaccectcactagtetggtcgatgag
gctgagaattcceccacgggegaccgtgtetcagectgegtggeggecageccagcettatgetg
ggacgccttaattgtgacatggtgtgaagaccecacgtgtgcttaattgtgagtectecggececect
gaatgcggctaacctaaaccctggagecttgaaacacaatccagtgttagcaaggtegtaatga
gtaattccgggacgggaccgactactttgggtateegtgtttecttttatttttaagttgttcttatggt
iHRV-B91 IRES | cacaatataagtaatatatattgtgatc

ttaaaacagtggatgggtttcctaccatccgacccactgggtgtagtgctctggtatattgtacett | 56
tgcacgcctgttttcccattgtacecttecttaaattcetceccatgtaacgttagaagtttaagaac
ataaatgtacaataggaagcatcacatccagtggtgtatggtacaageacttctgtttatccggag
cgaggtataagcggtacccactgetgaaagectttaaccgtATaccgecaatcaactacgtaa
cggctagtattaccttgtttgcaatctggegttcgatcaggtggttccceccactagtttggtcgat
gaggctaggagttccccacgggegaccgtgtectagectgegtggeggccaaccecageattt
gctgggacgcctttttgtagacatggtgtgaagacctgeatgtgcttgattgtgagtectecggec
cctgaatgeggctaaccttaacceccggagecttgtgacataatccaatgtcattaaggtegtaat
gagcaattctgggacgggaccgactactttgggtgtccgtgtttctctttattetttacattgtettat
iHRV-B93 IRES | ggtcacagcatatataatacatatatactgtgatc
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ttaaaacagcggatgggtttcccaccatccgacceactgggtgtagtactetggtattttgtacett | 57
tgcacgcctgtttccectttgtacccatectgaatttectcectetgcaacgttagaagtttgtgaaa
ttaaaagtacaataggaagcatcacatccagtggtgttcagtacaagcactectgtttcceegga
gcgaggtataggttgtacccacgaccgaaagectttaaccgttatccgecaatcaactacataac
ggctagtatcatcatgtttttgatctggegttcgatcaggtggtttcccccactagtetggtegatga
ggctaggatttccccacgggegaccgtgtectagectgegtggeggecageccagettatget
gggacgcctttttaaagacatggtgtgaagacctgeatgtgcttgattgtgagtectcecggeccct
gaatgcggctaaccttaaccctggageccgacageataatccaatgttgttitggotegtaatgag
caattccgggatgggaccgactactttgggtgtecgtgtttctttttattcttatattgtcttatggtea
iHRV-B97 IRES | cagcatatatagtatatatactgtgatc

ttaaaacagcgggtgggtatcccaccacccgacccactgggtgtagtacactggtattttgtace | 58
tttgtatgectgtttgecatecctecctetectettaceettaccecttattttgeggtaactttagaagtt
tgtaaatcacgcgcaatagggtataccacatccagtggtatgaagcacaagceaattettgttcee
cggagctggatataaactgctaacgtggttgaaagtecttaaccgttatccgecagt T Aactge
gagaagactagtaactccatgtttgtttttaagegttcgatcaggtggataccecattcactagtttg
gtcgatgaggctgggaatcceccacaggtaactgtgtetcagectgegtggeggecaaccca
gcttttgctgggacgcettactgacagacatggtatgaagatectattgegettaactgtgagtect
ccggeccctgaatgeggetaacctcaaccccggagecttgtggtgtaaaccaacactcgeaag
gtcgtaacgagtaattctgggacgggaccgactactttgggtatcegtgtttectttatttettattg
iHRV-B99 IRES | attgtctcctatggttacaaatttactgtaate

ttaaaacagcgggtgggtatcccaccacccgacccactgggtgtggtacactggtactttgtac | 59
ctttgtatgcctgtttgcatcectttccectegectaacatecttccccaaagtatattttgecggtaac
gttagaagaagtgaactcagtgcaacaggaagtatcaccaccagtgatataatgcacaagcaat
tettgttccccggagetggatatagactgctaacgtggttgaaagtecttaaccgttatccgecag
ctaactgcgagaagactagtaacatcatgtacatttctagacgttcgatcaggtgaataccccatt
cactagtttggtcgatgaggctgagagttccccacaggtgactgtgtctcagectgegtggegg
ccaacccgacttatgtcgggacgcectattaatggacatggtgcgaagatectattgegettaget
gtgagtcctccggeccctgaatgeggcetaaccttaaccecggagecttgtggtgcaaaccage
iHRVB SCO0739 | atttgcaaggtcgtaatgagcaattctgggatgggaccgactactttgggtgtecgtgtttecttta
IRES ttcttattatttgtgtttcatggttacaageatagtttgtaate
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TTAAAACAGCGGatgggtttcccaccatccgacccactgggtgtagtgctctggtatt | 60
ttgtacccttgcacgcectgtttcccatttgtacccttecttaatttcctaccectgtaacattagaagtt
ttggaattttacggtacaataggaagcgccacatccagtggtgttgtgtacaageacttetgtttac
ccggagcegaggtataggttatacccacggccaaaaaccttcaaccgttatccgecaaccaact

acgtaacggctagtatcatcttgtatttgacttggcgttcgatcaggtggtatcceccactagtetg

gtcgatgaggctaggaattccccacgggegaccgtgtectagectgegtggeggecageeca
gctttagetgggacgecttttcaaagacatggtgtgaagacctgeatgtgcttggttgtgagtect

ccggceccctgaatgeggcetaaccttaaccceggageccagtgacataatccaatgttatttgggt
iHRVB GO01-19 | cgtaatgagtaattccgggatgggaccgactactttgggtgteegtgtttecttttattetttatattgt
IRES cttatggtcacagcatatatagtatatatactgtgatc

ttaaaacagcggatgggttctcccaccatccgacccactgggtgatagtactetggtattatgtace | 61
tttgtacgcctgtttattcccaaacccectecegttacatttccaaccectgtaacgttagaagtttg

gaacttaacagtacaataggaggcaccatatccaatggtgtaatgtacgagceacttctgtttceec
ggagcgaggtataggtggtacccaccgctgaaagcectttaaccgttatccgecaatcaactacg
taacagctagtagcattttgttgttgactggacgttcgatcaggtggtttaccccecccactagtttg

gtcgatgaggctggaaattccccacgggtgaccgtgttccagectgegtggeggecaaccca

gctcatgetgggacgecctttcaatgacatggtgtgaagactcgeatgtgettgattgtgaatect
ccggceccctgaatgeggctaaccctaaccecggagecttgeatcacaatccagtgatgttagg

iHRVB_R93 gtcgtaatgagtaattctgggatgggoaccgactactttgggtetccgtgtttcteatttttctttgaat
IRES tgtcttatggtcacagcatatagtaatatatactgtgate

ttaaaacagcgggtgggtatcccaccacccgacccactgggtgtggtacactggtactttgtac | 62
ctttgtatgcectgtttgcatccecttttcecttcacctaacatcctecccccaaagtatattttgeggtaac
gttagaagaagtgaactcagtgcaacaggaagtatcaccaccagtgatataacgcacaagceaa
ttcttgttccccggagetggatatagactgetaacgtggtcaaaagtecttaaccgttatccgeca
gctaactgcgagaagactagtaacatcatgeacatttctagacgttcgatcaggtgaatacececa
ttcactagtttggtcgatgaggctgagagttccccacaggtgactgtgtetcagectgegtggeg
gccaacccgacttatgtcgggacgectattaatggacatggtgtgaagatectattgegettage
tgtgagtcctccggeccctgaatgeggetaaccttaaccececggagecttgtggtecaaaccage
iHRVB BCH214 | atttgcaaggtcgtaatgagcaattctgggatgggaccgactactttgggtgtecgtgtttecttta
IRES ttcttattatttgtgtttcatggttacaageatagtttgtaate
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ttaaaacagcggatgggtatcccaccatccgacccactgggtgatagtactctggtattatgtacct | 63
ttgtacgccetgtttcteecteectaccaccccgecccacgtateecgtaacttagaagaattgaac
aatcgcacaataggagctattacaaccagtaatagttggtgcaagcacttctgtttccccggage
ggagtatagacggccaccgcetgtcaaaagetcttaaccgttacccgecagCtaactacgtaac
ggctagtaacatcttgtegtgcttagggtgttcgatcaggtgaagaaaaacccccttcactagtet
ggtcgatgaggctgagaagtccccacgggtaaccgtgtetcagectgegtggeggecagece
agcatatgctgggacgccttaagtatgacatggtgtgaagaccegeatgtgettagetgtgagte
ctccggeccctgaatgeggcetaacctaaaccetggagecttggagecacaagecagtgcttgea
iHRVB 3039 aggtcgtaatgagcaattccgggacgggaccgactactttgggtgtecgtgtttecttttatctcat
IRES tattgttcttatggttacaatatatagagtatattgtaatc

ttaaaacagcctgtgggttgtacccacccacagggeccactgggegctageacactggtatca | 64
cggtacctttgtgcgectgttttatacccectaccccaactttaaacttagaagcaaagcaaacce
gatcaatagcagatgtagcaagccagttgeatcttgatcaagtacttetgtetcececggactgagt
atcaatagactgctcacgcggttgaaggagaaaacgttegttacccgaccaactacttcgagaa
acctagtaacaccatgaaagtagcagggtgtttcgatcagcacaaccccagtgtagatcaggcet
gatgagtcaccgcatcceccacgggegaccgtggeggtggctgcgetggeggectgeccat
ggggcaacccatgggacgcetctaatatggacatggtotgaagagtctattgagetagttggtag
tectccggeccctgaatgeggctaatectaactgeggageacataccccaaagecaagggec
agtgtgtcgtaacgggcaactctgcageggaaccgactactttgggtgtecgtgtttecttttatte
tcaaactggctgcttatggtgacaatctcagagttgttaccatatagcetattggattggecatcegg
tgagcaacagagcaattgtctaccaatttgttggatttattccactcaatctageggttttcagaaca
iIEV-B69 IRES ttgaattatattctaaccctcaacaagacgaa

ttaaaacagcctgtgggttgtacccacccacagggeccactgggcgctageacactggtatca | 65
cggtacctttgtgcgectgttttatacccectaccccaactttaaacttagaagcaaagcaaacce
gatcaatagcagatgtagcaagccagttgeatcttgatcaagtacttetgtetcececggactgagt
atcaatagactgctcacgcggttgaaggagaaaacgttegttacccgaccaactacttcgagaa
acctagtaacaccatgaaagtagcagggtgtttcgatcagcacaaccccagtgtagatcaggcet
gatgagtcaccgcatcceccacgggegaccgtggeggtggctgcgetggeggectgeccat
ggggcaacccatgggacgcetctaatatggacatggtotgaagagtctattgagetagttggtag
tectccggeccctgaatgeggctaatectaactgeggageacataccccaaagecaagggec

iIEV-B73 IRES agtgtgtcgtaacgggcaactctgcageggaaccgactactttgggtgatecgtgtttecttttattc
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tcaaactggctgcttatggtgacaatctcagagttgttaccatatagcetattggattggecatcegg
tgagcaacagagcaattgtctaccaatttgttggatttattccactcaatctageggttttcagaaca

ttgaattatattctaaccctcaacaagacgaa

ttaaaacagcctgtgggttgttcccactcacagggeccactgggegctageacactggtatcac | 66
ggtacccttgtgegectgttttattcaccccccccaaatgtaacttagaageataacccaaatggt
caatagacagcccagtacaccagetgggtttcggccaagtacttctgttaccccggaccgagta
tcaataggctgctcacgeggctgaaggagaaaacgttegttatccggecaattacttcgagaaa
cctagtaacaccatgaaagttgcgcagtgtttcgetccgeacaaccecagtgtagatcaggteg
atgagtcaccgegttccccacgggegaccgtggcggtegctgcgttggeggectgeccatgg
ggcaacccatgggacgcttcaatactgacatggtgcgaagagtctattgagetaattggtagtee
tccggeccctgaatgeggctaatectaactgeggageagataccecacatgecagtgggeggte
tgtcgtaacgggcaactccgeageggaaccgactactttgggatatecgtgtttecttttattcttaa
tctggctgcttatggtgacaattgaaagattgttgccatatagetattggattggecatccggtgac
aaacagggcgattatttatttgtttgttggttttgttccattaaactatagagttttgaatactctagaat
iIEV-B74 IRES ttattataacactcaacacaacaaa

tttaaaacagtcctgtgggttgttacccacccacagggeccactgggegccageacactggtat | 67
cacggtacctttgtgcgectgttttatatacccttceectactaagtaacttagaagcaattaaacaa
agaccaacagtaagcacagcgcaccagetgtgtttcggtcaageacttctgttacceceggactg
agtatcaataggctactcacgtggctgaaggagaaaacgttcgttacccgaccaattacttcgag
aagcctagtaacaccatggaggttgcgeggegtttcgetccacacaaccccagtgeagatcag
gtcgatgagecaccgeattccecacgggegaccgtggeggtggctgcgttggcggcctgece
atggggcaacccatgggacgcttcaatactgacatggtgcgaagagtctattgagetaattggt
agtcctccggeccctgaatgeggctaatcccaactgeggageagatacccacgegecagteg
gcagtctgtcgtaatgggcaactctgcageggaaccgactactttgggtgtecgtgtttectttatt
cttatactggctgcttatggtgacaattgagagattgttaccatatagetattggattggccatecg
gtgacgagcagagctattatttacctatttgttggttttataccattgaactataaagttttaaaaacct
iIEV-B75 IRES taaacttcatcttagtactcaatacagcaaa
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ttaaaacagcctgtgggttgtacccacccacagggeccattgggcgctageacactggtattce | 68
ggtacccttgtgegectgttttatctacecttccctactgcaacttagaagttaaacagtcacggtc
gataggcggttcagtaaaccaactggatcttgaccaageacttetgttaccccggactgagtate
aataagctgcttacgtggctgaaggagaaaacgttcgttacccggecaattacttcgagaaacct
agtaccaccatgaaggttgcgcagcegtttcgetccgeacaaccecagtgtagatcaggtcgatg
agtcaccgcactcctcacgggegaccgtggcggtegctgcgctggcggectgeccatgggg
caacccatgggacgcttcaatactgacatggtgcgaagagtctattgagetaattggtaatecte
cggcececctgaatgeggctaatcccaactgeggageaggtacccacacaccagtgggcagect
gtcgtaacgggcaactctgeageggaaccgactactttgggtgtecgtgtttecttttattectata
ctggctgcttatggtgacaattgaaagattgttaccatatagetattggattggccatccagtgaca
aacagagcaattgtctatctatttgtcggttttotaccaataaatttcaaagtcctaaaaaccctcaa

iIEV-B77 IRES tttcatattgttacttaacacaacaag

ttaaaacagcctgtgggttgtacccacccacagggeccattgggcgctageacactggtatcac | 69
ggtacccttgtgegectgttttatccgecectecccattgtaacttagaagataactaaacacggt
cgttaggtggctcagtacgccaactgagtcttgaccaageacttctgttaccccggactgagtat
caataggctgctcacgeggctgaaggagaaaacgttcgttatccggecaattacttcgagaaac
ctagtaccaccatggaggttgcgcagtgtttcgetccgeacaaccecagtgtagatcaggeega
tgagtcaccgcattccecacgggegaccgtggeggtggctgcgetggeggeccgeccatgg
gtaacccatgggacgcttcaatactgacatggtgtgaagagtctattgagetaattggtagtecte
cggcececctgaatgeggctaatcccaactgeggageagatacccacacaccagtgggeagtct
gtcgtaacgggcaactctgecageggaaccgactactttgggtgtecgtgtttecttttattccaata
ctggctgcttatggtgacaattgaaagattgttaccatatagetattggattggccatccggtgaca
aacagagcgattgtttacctatttgtaggtttcataccattgaattttaaagttttaagaacccttaact

iIEV-B79 IRES ttatattagcacttaacacaacaaa
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ttaaaacagcctgtgggttgatcccacccacagggeccactgggegtcageactetggtatcac | 70
ggtacctttgtgegectgttttatactccctecccccaaccgtaacttagaageageactaactgat
caatagccagcgcggceatgecagecacgcttcgatcaageacttetgttaccecggactgagt
atcaatagactgctcacgcggttgaaggagaaaacgttcgtcatccggecaactacttcgagaa
acctagtaacaccatggaagttgcggagtgtttcgctcageactaccccagtgtagatcaggte
gatgagtcaccgcattccccacaggegactgtggeggtggctgegttggeggectgeccatg
gggaaacccatgggacgctcttatatagacatggtgcgaagagtctattgagetagttggtagte
ctccggeccctgaatgeggctaatcctaactgeggageatacaccctcaaaccagagggcagt
gtgtcgtaatgggcaactctgcageggaaccgactactttgggtgtecgtgtttcactttatttcta
aattggctgcttatggtgacaattgagagattgttaccatatagetattggattggccatccggtga
ccaatagagctattatatatctctttgttgggttcataccacttagettgaaagaggttaaaactctg
iIEV-B80 IRES cattacattatactattgaattccgcaaa

ttaaaacagcctgtgggttgtacccacccacagggeccattgggcgcttgcacactggtattce | 71
ggtacctttgtgegectgttttatacatcctaccccegtaacttagaagcaagatcacccgatcac
caggaaatgtggcaaaccagtcacattctgatcaageacttctgtttccccggactgagtatcaat
aggctgttcacacggcetgaaggagaaaacgttcgttacccggecaactacttcgaaaaaccta
gtatcaccgtgaacgttgcagagtgtttcgetcageactttcccegtgtagatcaggtegatgagt
caccgcattccccacgggegaccgtggeggtggctgegttggeggectgectgeggggcaa
cccgtaggacgctctaatacagacacggtgtgaagagtctattgagetagttggtagtecteeg
gcccctgaatgeggctaatcctaactgeggagegagegettgtaatccaacaggtagetegte
gtaacgggtaactctgcageggaaccgactactttgggtgaccgtgtttecttttatttcattactg
gctgcttatggtgacaatcacagagttgttaccatatagetattggattggccatceggtgtcaaat
agagcaattgtgtttctttttgttgggtttotaccacttgacttgaccagetacaacactctgtgctac
iIEV-B81 IRES attgttagattgaacacagcaaa
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ttaaaacagcctgtgggttgcacccaccegeagggeccactgggegctagtacactggtacee | 72
cggtacccttgtacgcectgttttatttctcecteccccaaccagtaacctagaagtaaagcaaace
cgatcaatagcaggtgcgacacaccagtcgtatcttgatcaageacttctgtaaccecgggecg
agtatcaatagactgctcacgcggttgagggagaaaacgetegttatccggetgactacttcga
gaaacccagtaacaccatagaagttgcagagtgtttcgetcageactttccecgtgtagatcagg
tcgatgagtcaccgceattccccacgggtgacegtggeggtggctgcgttggcggcctgectat
ggggcaacccatgggacgetctaatacagacatggtgtgaagagtcaattgagetagtcagtat
tectcecggeccctgaatgeggctaatectaactgeggageacgtgectccaatccagggggte
gcgtgtegtaacgggtaactctgecageggaaccgactactttgggtgtecgtgtttecttttattett
atcttggctgcttatggtgacaattgaaggattgttaccatatagetattggattggccatecggtg
actaacagagcaatcatataccaatttgttggttttataccattgaattacaaagttctaatcaccctt

iIEV-B82 IRES aaattcattttaacacttaatacgtcaaa

tttaaaacagcctgtgggttgttcccacccacagggeccactgggegctageactetggtatca | 73
cggtacccttgtgegectgttttatatccccaccccagtggaacattagaagcageacacctatg
atcaatagtgggcgtggcatccagtcacgttatgatcaageacttctgtgaccccggactgagta
tcaatagactgctcacgcggttgaaggagaaaacgttcgttacccggecagttacttcgagaaa
cccagtaacaccatgaatgttgcagagtgtttcgetcageacttcecccgtgtagatcaggtega
tgagccactgcattccccacgggegaccgtggeagtggctgcgttegcggcctgectatggg
gtcacccataggacgctctaatactgacatggtgcgaagagtctattgagetaactggtagtect
ccggeccctgaatgeggctaatcctaactgtggageacattcccccaatccagggggcagtat
gtcgtaacgggcaactctgecageggaaccgactactttgggtgatecgtgtttctttttattctcatat
tggctgcttatggteacaattacagaattgttaccatatagetattggattggecatccggtgacta

acagagcaattatttatcaattcgttggatttgtcccactcgatttcaaagcagtcaatacactctca

iIEV-B83 IRES tatatcgttacactcaacacaacaaa
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ttaaaacagcctgtgggttgttcccacccacagggeccaccgggegecageacactggtatca | 74
cggtacccttgtgegectgttttatccaccecttcccacagtaacttagaagecacaccatgtatac
ggtcaataggcggctcagtacaccaactgggccacgaccaageacttetgttaceccggactg
agtatcaataagctgctcacgcggctgaaggagaaaacgttcgttacccggecaattacttcga
gaaacccagtaccaccatgaaggttgcgcagcegtttcgttccgeacaaccecagtgtagatca
ggtcgatgagtcaccgegttectcacgggtgaccgtggeggtegctgcgttggeggectgece
atggggcaacccatgggacgcttcaatactgacatggtgcgaagagtctattgagetaattggt
agtcctccggeccctgaatgeggetaatcctaactgeggageagatacccacaaaccagtegg
cagtctgtcgtaacgggcaactctgcageggaaccgactactttgggtgtecgtgtttecttttate
cttacactggctgcttatggtgacaattgagaaattgttaccatatagetattggattggccatecg
gtgacaaacagagcagttgtttacctatttgttggtttcgtaccgctgaaccttaaagttctaaaga
iIEV-B84 IRES ccctcaattttatcttagcacttaacacagcaaa

ttaaaacagcctgtgggttgttcccacccacagggeccaccgggegcetageacactggtattge | 75
ggtacctttgtgegectgttttatacacccctecttaatgtaactcagaagtacaacattaccggte
aacagatgactcagtaaaccaactgagcctcgaccaageacttctgtttccccggaccgagtat
caataggctgctcacgecggctgaaggagaaagtgttcgttacccggecaattacttcgagaag
cccagtaccaccatggaggttgcgeggcgtttcgetecgeacatccccagtgtagatcaggcet
gatgagtcaccgegttccccacgggtgaccgtggeggtggctgcgctggeggectgeccatg
gggtaacccatgggacgcttcaatactgacatggtgtgaagagectattgagetaattggtagte
ctccggeccctgaatgeggctaatectaactgeggageagatacccacacaccagegggeag
tctgtcgtaacgggcaactctgcageggaaccgactactttgggtatecgtgtttecttttatttttat
gctggetgcttatggteacaattgaggaattgttaccatatagetattggattggccatccagtgte
caacagagcgatcatttacctgttcgttgggttcgtaccactaaaccacaagtcactcagecacac

iIEV-B85 IRES ttaattacattataactctcaacacaacaag

ttaaaacagcctgtgggttgtacccacccacagggeccactgggegetageacactggtattac | /0
ggtacccttgtgegectgttttatttaccectcccccacgcaacctagaageatgacttaageggt
caatagatggctcagtatgccaactgagttatgaccaagceacttctgttaccccggaccgagtat
caataggctgctcacgeggctgaaggagaaagtgttcgttacccggecagttacttcgagaaa
cctagtatcatcatgaaggttgcgaggcgtttcgetccacacgaccecggtgtagatcaggcetg

atgagtcaccgcattccccacgggegaccgtggeggtggetgegetggeggectgeccatgg
iIEV-B86 IRES ggcaacccatgggacgcttcaatattgacatggtgcgaagagtctattgagcetaactggtagtee
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tccggeccctgaatgeggctaatectaactgeggageagacacccacatgecagtgggcagt

ctgtcgtaacgggceaactctgcageggaaccgactactttgggtgtecgtgtttecttttattettat
attggctgcttatggtgacaattgaaagattgttgccatatagetattggattggccatccagtgac
taacagagcaattgtctacctgttcgttggttacgtaccactaaattataaagttttgaacacactta

attttattatagcacttaacaccttaaa

ttaaaacagcctgtgggttgttcccacccacagggeccatagggegecageactetggtatcee | 77
ggtacctttgtgcgectgttttatccacccttccccaagegtaacttagaageccatcatacacgg
tcaataggtggttcagtatgccaactgagtcttgaccaageacttctgttaccceggactgagtat
caataagctgctcacgeggcetgaaggagaaaacgttegttatccggecaattacttcgagaaac
ctagtaacaccatgaaggttgcgcagcegtttcgctccgeacaacceccagtgtagatcaggtcga
tgagtcaccgcactceccacgggegaccgtggcggtegctgegttggeggectgeccatggg
gcaacccatgggacgcttcaatactgacatggtgcgaagagtctattgagataattggtagtect
ccggeccctgaatgeggctaatcctaactgeggageagatacccacatgecagtgggeagtct
gtcgtaacgggcaactctgeageggaaccgactactttgggtgtecgtgtttecttttatttctata
ctggctgcttatggtgacaattgacagattgttaccatatagctattggattggccatccggtgac
gaacagagcaattatttacttatttgttggttttataccattaaatttcaaagttttaaaaaccctcaac

iIEV-B87 IRES ttagttttgtcactcaactcagcaaa

ttaaaacagcctgtgggttgatcccacccacagggeccactgggegcetageacactggtattee | 78
ggtacttttgtgcgectgttttatacacccttccccttcatgtaacttagaagtaaaacacaaacggt
caataggtagctcagcaaaccagctgagecteggecaageacttetgttaccccggactgagt
atcaataagctgttaacacggctgaaggagaaaacgttcgttatccggecaattacttcgagaaa
cctagtaacaccatgaaggttgcgtagegtttcgctccacacaaccccagtgtagatcaggteg
atgagtcaccgctctccccacgggtgacegtggcggtggctgcgttggeggcctgeccatgg
agcactccatgggacgcttcaatactgacatggtgtgaagagtctattgagetaattggtagtect
ccggeccctgaatgeggctaatectaactgeggageagacacccacacgecagtgggeagte
tgtcgtaatgggcaactctgcageggaaccgactactttgggtgtecgtgtttecttttattcttaca
ttggctgcttatggteacaatcaaggaattgttaccatatagetattggattggccatceggtatct
aacagagcaattgtttacctcttcaccggttttgtaccattgaattgcaatagtctcaacaccctttg
iIEV-B88 IRES ctatatcattaaattgaactcagcaaa
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aaagcaggctttaaaacagetctggggttgttcccacccacagggeccactgggegetageac | 79
tctggtatcacggtacctttgtgegectgtttttccaccectccccatacgcaacttagaagagag
actcaaccggtcaatagacagcctagtacaccaactaggttctgaccaagaacttctgtttccee
ggaccgagtatcaataggetgcttacgeggetgaaggagaaaacgttcgttacccggecaatt
acttcgagaaacctagtatcaccatggaagttgecgcagtgtttcgetccgeacaaccecagtgta
gatcaggtcgatgagtcaccgcattccccacaggegactgtggcggtggctgcgttagegge
ctgcecegtggggcaacccacgggacgettcaataccgacatggtgcgaagagtctattgaget
aattggtagtcctccggeccctgaatgeggetaatectaactgtggageagatacccacgegcec
agtgggcagtctgtcgtaatgggcaactccgcageggaaccgactactttgggtgtecgtgttte
cttttatcctcataatggetgcttatggtgacaattgaaagattgttaccatatagcetattggattgge
catccggtgactaacagagcaattatttatttgtttgttogatttotaccattgaactacaaggtectt
iIEV-B93 IRES aatactctaaactacattataagtcttaatacagtgca

ttaaaacagcctgtgggttgttcccacccacagggeccactgggegecageacactggtatca | 80
cggtacctttgtgcgcectgttttatccacccttccccaatgtaacttagaagtaaaactagaaagat
caatagcaagcacagtatgccaactgtgttatgatcaagcacttctgttaccccggactgagtatce
aataagctgctaaagcggctgaaggagaaaacgttcgttacccggecaactacttcgagaaac
ccagtaccaccatgaaggttgcgcagtgtttcgctccacacaatcccagtgtagatcaggtegat
gagtcaccgegttccccacgggegaccgtggeggtggctgcgttggcggcctgeccatggg
atgacccatgggacgcttcaatactgacatggtgcgaagagtctattgagetagttggtagtect
ccggeccctgaatgeggctaatectaactgeggageagatacccacacaccagtgggeagtct
gtcgtaacgggtaactctgcageggaaccgactactttgggatatecgtgtttctttttatcctcaaa
ttggctgcttatggteacaattgataagttgttaccatatagetattggattggecatceggtgtcta
acagagctattgtttatttatttgttggtttcgtgccactaaattacaaagtttttgaaactctcaactte

iIEV-B97 IRES attttgacactcaataaagcaaa

120




WO 2022/271965 PCT/US2022/034756

ttaaaacagcctgtgggttgttcccacccacagggeccaatgggcgccageactetggtattac | 81
ggtacctttgtgegcectgttttatatccecteccccaattgtaacttagaagcaacacgeaccgac
caacagtgggcgtggcacaccagecacgtettggtcaageacatetgtttccececggactgagta
tcaatagactgctcacgcggtcgaaggagaaaacgttcgttatccggecaactacttcgagaag
cccagtaacaccatgaatattgcgaagtgtttcgetcageacactcecagtgtagatcaggtega
tgagtcaccgcattccccacgggegaccgtggeggtagctgcgttggcggectgectatggg
gcaacccgtaggacgcttcaatatggacatggtgtgaagagtctattgagetagttggtagtect
ccggeccctgaatgeggctaatcctaaccgeggageaggeacccacaaaccagtgggcage
ttgtcgtaacgggtaactctgeggeggaaccgactactttgggtatecgtgtttecttttattcttat
actggctgcttatggtgacaattgagagattgttgccatatagctattggattggccatccggtea
caaacagagcaattgtttatctatttgttggttttataccgttaagttttaaagtcctaaaaacccttaa
iIEV-B98 IRES cttggtcatactactcaactcagcaaa

ttaaaacagtctgtgggttgttcccacccacagggeccacgtggegecageacactggtatcte | 82
ggtacctttgtgcgectgttttatccaccctaaaccecgttgtaacttagaagatgagcaacactg
atcaatagtgggtgcaacatgccagttgcatcacgatcaageacttctgtatccceggactgagt
atcaataggctgctcacgcggctgaaggagaaaacgttcgttatccggecagttacttcgagaa
acctagtaacatcatggaggttgcgeagtgtttcgctccgeacaccecccagtgtagatcaggte
gatgagtcaccgegttccccacgggegaccgtggeggtegctgegttggeggectgeccatg
ggataacccatgggacgcttcaatactgacatggtgtgaagagtctattgagetaactggtagte
ctccggeccctgaatgeggctaatcctaactgtggageagacacccacatgecagtgggeagt
ctgtcgtaacgggceaactccgcageggaaccgactactttgggtgtecgtgtttecttttattecta
tattggctgcttatggtgacaattgaaagattgttaccatatagcetattggattggccatceggtgte
aaacagagcaatcatttatttgtttgttggttttatacctctgaactttaaagtgctaaagactctcaat

iIEV-B100 IRES | tttatattatatctcaacaaatcagg
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ttaaaacagcctgtgggttgttcccacccacagggeccactgggegccageactetggtattac | 83
ggtacctttgtgcgcectgttttatatcccectecccacttgaaacttagaagtgaaacacactgate
aatagttgacatggcaagccagcecatgtcttgatcaagceacctetgtttccceggacctagtatca
atagactgctcgegeggttgaaagagaaagegttegttacceggetaactacttcgagaaactt
agtaacaccatggaagttgcggagtgtttcgctcageacatccccagtgtagatcaggecgatg
agtcaccgcattccccacgggegaccgtggcggtegctgcgttggeggectgectgtgggac
aacccacaggacgctctaatacaaacatggtgcgaagagtctattgagetagttagtagtectee
ggcccctgaatgeggctaatectaactgeggageacgtgcttccaatccaggaggtegcgtat
cgtaacgggtaactctgcageggaaccgactactttgggtgtecgtgtttecttttattettgeattg
gctgcttatggtgacaattgagagattgttaccatatagetattggattggecatceggtgacaaa
cagagcaattatatatctctttgttggatacattccattgaactacaaggagttaaaaaccctcaatt

iIEV-B101 IRES atattctgttcttgaattccgcaag

ttaaaacagcctgtgggttgttcccacccacagggeccatggggcgecageacactggtattg | 84
cggtacctttgtgcgectgttttattcaccctttcccaatgaaacttagaagettaactcaaccggte
gatagacagcccagtacaccaactgggttttgaccaagtacteetgtttccceggactgagtatce
aataagctgctcgegeggctgaaggagaaaacgttcgttacccggecaattacttcgagaaac
ctagtaccaccatgaacgttgcgeagtgtttcgetccgeacaaccccagtgtagatcaggtegat
gagtcaccgcaatccccacgggegaccgtggeggtggctgcgetggeggectgeccatggg
gcatcccatgggacgcttcaatactgacatggtgcgaagagtetattgagetaattggtaatecte
cggcccctgaatgeggctaatectaactgeggggcagacacccacacgecagtgggeagtct
gtcgtaacgggtaactccgeageggaaccgactactttgggtatecgtgtttecttttatctttatat
tggctgcttatggteacaattgaaagattgttgccatatagetattggattggccatccggtgteta
atagagcaattatatatctctttgttggcttcatcccgttaaataaagtgagetaccagaccetgtgc
iIEV-B106 IRES | tatattatcaaattgaacacaataaa

ttaaaacagcctgtgggttattcccacccgecagggeccactgggcgetageacactggtateee | 85
ggtacccttgtgegectgttttatatacccteecccecttatgtaacttagaagtatgattcaaacggte
gacaggcggctcagtgcaccaactgagtcatgaccaageacttctgttaccccggactgagtat
caataagctgttcacacggctgaaggagaaaacgttcgttacccggcecaattacttcgagaaac
ctagtaccaccatgaaggttgcgcagtgtttcgctccacacaaccccagtgtagatcaggtegat
iIEV-B107 TN94- | gagtcaccgcattccccacgggegaccgtggeggtggctgegttggcggectgeccatggg

0349 IRES gcaacccatgggacgcttcaatactgacatggtgtgaagagtctattgagcetaattggtagtect
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ccggeccctgaatgeggctaatcecaactgtggageagatactcacaaaccagtgageggtct
gtcgtaacgggcaactccgeageggaaccgactactttgggtgatecgtgtttctttttattcttaca
ttggctgcttatggteacaattgacaaattgttaccatatagctattggattggecatccggtgaca
aacagagctattgtttacttgtttgttggtttcataccattaaattacaaggtcttagaaactctcaact

ttattttgacactcaatacagcaaa

ttaaaacagcctgtgggttgttcccacccacagggeccactgggegecageacactggtatca | 86
cggtacccttgtgegectgttttataaacccttccccaatgeaacttagaagetcaactttaccggt
caatagacagtccagtacgccaactgggcttcgatcaageacttctgttaccccggactaagtat
caataggctgctcacgcggctgaaggagaaaacgttcgttacccggecaattacttcgagaaa
cccagtaacactatggaggttgcgeagtgtttcgttccacacaaccccagtgtagatcaggteg
atgagtcaccgctttccccacgggegacegtggcggtggctgcgttggeggcctgeccatgg
ggcaacccatgggacgcttcaatactgacatggtgtgaagagtctattgagetaattggtattect
ccggeccctgaatgeggctaatcctaactgeggageagatactcacgagecagtgggcagtet
gtcgtaacgggtaactctgcageggaaccgactactttgggtatecgtgtttecttttattcatatat
tggctgcttatggteacaattgagagattgttaccatatagetattggattggccatccggtgacta
atagagcaattgtttacctatttgttggctttgteccgttgaactacaaggttttaaaaactattaact
iIEV-B111 IRES acatcctagtacttaacacgttgaa

actctggtattgcggtacctttgtacgectgttttatatcccttccccatgtaactttagaageaatte | 87
acaaggttcaatagagggggtacaaaccagtaccaccacgaacaageacttctgtttccecggt
gaagctgtatagactgtccccacggtcaaaaacggeagatcegttatccgcttatgtacttcgag
aagcctagtatcatcttggaatcttcgatgegttgegttcageactctatcccgagtgtagettagg
tcgatgagtctgggcattccccaccggegacggtggeccaggetgegttggeggcctacecat
ggctaacgccatgggacgctagttgtgaacaaggtgtoaagagectattgagetacatgagag
tcctecggeccectgaatgeggctaatcccaaccacggageaagtactcacaacccagtgggc
agcttgtcgtaacgegtaagtctgtggcggaaccgactactttgggtgateegtgtttectttttatttt
tgatatggctgcttatggtgacatctaagattgttatcatatagettttggattggecatccggtgatt
iIEV-B113 IRES tttgagactaaaacgcttgtttgecttatcacacaatttagtattttgttatattcatacggtcata
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ttaaaacagctctggggttgttcccactcaagggeccacgtggeggctagtactetggtatetcg | 88
gtacctttgtacgcectgttttaattccctccccaacgtaacttagaagcttttaaaccaaagetcaat
aggtggagcgceaaaccagegctcttatgagcaageacttctgtetccceggtgtggttgatatag
actgtccccacggttgaaaacaacttatccgttaCecgctatagtacttcgagaaacctagtattg
ccttcggagtgttgatgegttgcgetcageacactaaccegtgtgtagettgggtegatgagtet
ggacgtaccccactggegacagtggtecaggetgegttggeggectactcatggtgaaaace
atgGgacgctagacatgaacaaggtgtgaagagtctattgagetgetatagagtectecggec
cctgaatgcggctaatectaaccatggageaagtgetcacaaaccagtgagttacttgtcgtaac
gcgeaagteegtggcggaaccgactactttgggtatecgtgttteactttttacttttatgactgceta
atggtgacaatttaatattgttaccatttggcttgtcgaattgatcacataagatctatagttttgttca
ctgatttgctttgaaataatctcacctcaaaacctccagtacataacatttaaagagtttaaacttatt

iIEV-D68 IRES tataaca

ttaaaacagctctggggttgttcccaccccagaggeccacgtggeggctagtactecggtacee | 89
cggtacccttgtacgectgttttatactcectttcccaagtaactttagaagaaataaactaatgttc
aacaggagggggotacaaaccagtaccaccacgaacacacacttetgtttccceggtgaagttg
catagactgtacccacggttgaaagcgatgaatcegttaccegcettaggtacttcgagaagecta
gtatcatcttggaatcttcgatgegttgecgatcageactctaccecgagtgtagettgggtcgatg
agtctggacaccccacaccggegacgtggtecaggetgegttggeggectacecatggetag
caccatgggacgctagttgtgaacaaggtecgaagagectattgagetacctgagagtcctee
ggcccctgaatgeggctaatcccaaccacggageaaatgetcacaatccagtgagtggtttate
gtaatgcgcaagtctgtggcggaaccgactactttgggtgtecgtgtttecttttatttttattatggc
tgcttatggtgacaatctgagattgttatcatatagetattggattagecatccggtgaCatcttga
aattttgccataactttttcacaaatcctacaacattacactacactttctcttgaataattgagacaa

iIEV-D70 IRES ctcata

ttaaaacagcctgtgggttgttcccaccccagaggeccacgtggeggecagtactetggtatca | 90
cggtacctttgtacgcctgttttatatccecttcccccgeaacttagaagaaaacaaatcaagttca
ctaggagggogtacaaaccagtaccaccacgaacaageacttetgtttccecggtgatgtegta
tagactgtaaccacggttgaaaacgattgatccgttatccgetcttgtacttcgaaaageccagta
tcaccttggaatcttcgatgegttgcgetcageactcaaccccagagtgtagettaggtegatga
gtctggacactcctcaccggegacggtggtecaggetgegttggcggectacctgtggtecaa

iIEV-D94 IRES agccacaggacgctagttgtgaacaaggtgtgaagagectattgagctacaagagaatcctee
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ggcccctgaatgeggctaatectaaccacggageaagggtacacaaaccagtgtatatettgte
gtaacgcgcaagtctgtggcggaaccgactactttgggtgtecgtgtttecttttgtttttatcatgg
ctgcttatggtoacaatctaagattgttatcatatagctgttggattggccatccggtaatttattgag
atttgagcatttgcttgtttcttcaacaatttcacctattcattgeatttcagcagtcaaa

ttcccaccctagaggeccacgtggeggctagtactetggtattacggtacctttgtacgectgtttt | 91
atatccctttccccattgtaacttagaagtttcaaagtacagttcaatagacagtagtacaaaccag
tactgctacgaacaagcacttctgttgccccggtgtagttgcatagactgtacccacggttgaaa
gcaactgatccgttatccgetttagtacttcgagaagectagtageaccttgggatcettcgatgeg
ttgcgetcageactcaaccccagagtgtagettgggtegatgagtetggacattectcaccgge
gacggtggtccaggetgegttggcggcctacctgtggeccaaagecacaggacgetagttgt
gaacaaggtgtgaagagcectattgagetactaaagagtectccggeccctgaatgeggctaate
ctaaccacggagcaagtgctcacagtccagtgagtagettgtcgtaatgageaattctgtggeg
gaaccgactactttgggtatcegtgtttecttttatttttatcattggctgcttatggtoacaatctaag
gttgccatcatatagettttggattggecatcecggtgatatttcgaattattcaatttgetgtttgea
gctecttttaaacagtattcactcaccagceattcatattttactcttgagttattaacaaatagtcaaa

iIEV-DI1T1IRES |a

ttgccagttttttgaaacgtgtggtttgacgtctaaccattatggeagtgggtegagtactgcaaag | 92
atgtcaccgtgctttacacggtttttgaaccccacaccggetgtttggcgettgcaggacageag
gtttattttcttttaactctctctttctageccacacacgatctatgtgtgtggecggagtgatacteec
gttecttettggacaggeggectccacgecctttgtggatcttaaggetaccaagtcactggtgtt
ggaaagtgaagagaaaggagttccttgggaactacatgtggcattgacagaggttatagegat
gctgtgtgtototgecggattacceccgtggegacacggacceccacaggecaaaagecctgtee
gaaaggacccacacagtggagcaaccccageteccctettcaatgttttgtgttagcaaccttgg
tattattttctctcaagcttccaatacaccgggecccaaagatgtectgaaggtacceegtgtatct
gaggatgagcaccatcaactacccggacttgttctttcgagaacagacgceatgtggtaacccag
ccecgatectaaggggtcggggcttttgctcactcageacaggatctgatcaggagacctecee
ccectgctttacagggggcgggggtttaaaaattgeccaaggectggeaaataacctagggga
iHCosV-B1 IRES | ctaggttttcctttttattttaaagttgtcaat
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ttcccacccacagggeccactgggegctageacactggtatcacggtacctttgtgcgectgttt | 93
tatccaccctcecccaatgtaacttagaagcacaccaaacgeggtcaataggeggetcagtaca
ccaactgagtctcgaccaageacttctgttaccccggactgagtatcaataggetgetcacgeg
gctgaaggagaaaacgttegttacccggecaattacttcgagaaacctagtaccaccatgaag
gttgcgeggcegtttcgetccacacaaccccagtgtagatcaggtegatgagecacegceatteee
cacgggcgaccgtggeggtggctgegetggeggectgeccatggggcaacceatgggacg
cttcaatactgacatggtgtgaagagtctattgagctaattggtagtecteccggeccctgaatgeg
gctaatcctaactgecggageagacacccacatgecagtgggeagtetgtcgtaacgggtaact
ctgcagcggaaccgactactttgggtgatecgtgtttecttttattctcatactggetgcttatggtea
caattgaaagattgttgccatatagcetattggattggccatceggtgacaaacagageggttgttt
acctatttgtcggttttataccattgaattacaaggttctgaaaaccctcaatttcattttagcacttaa
iEcho-E7 IRES taccacaaa

ttaaaacagcctgtgggttgttcccacccacagggeccattgggegctageacactggtatcac | 94
ggtacccttgtgegectgttttatccaccectecccatcgtaacctagaageatgactccaacggt
caatagacagctcagtaaaccaattgagecttgaccaageacttetgttaccccggactgagtat
caataggctgctcacgcggccgaaggagaaaatgttcgttacceggecaattacttcgagaaa
cctagtaccaccatgaaggttgegcggtgtttcgetcagecacaaccccagtgtagatcaggecg
atgagtcaccgeattccccacgggtgaccgtggeggtgoctecgetggeggectgeccatgg
ggcaacccatgggacgcttcaatactgacatggtgteaagagtctattgagctaattggtagtee
tccggeccctgaatgeggctaatectaactgecggageagatacccacgeaccagtgggcagt
ctgtcgtaacgggcaactctgcageggaaccgactactttgggtgtecgtgtttecttttattettgt
actggctgcttatggtgacaattgagagattgttaccatatagctattggattggccatccagtgte
aaacagagcgattgtctacttgttcattggttttataccattgagttacaaggttctagecactcttaa
iEcho-E9 IRES cttcattttaacactcaatacatcaaa
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tggggttaaaacagctctggggttgttcccaccccagaggeccacgtggeggctagtactetg | 95
gtatcatggtacctttgtacgcctgttttatacccctaccccacgtaactttagaagcaactcaaca
agttcaatagggggggtacaaaccagtaccaccacgaacaagceactcctgttaccccggtgat
cttgcataagctgtgeccacggetgaaggegagagatecgttatcegettgagtacttcgagaa
gcctagtatcaccttgggatcttcgacgegttgegetcageactccaccegagtgtagettagge
tgatgagcctgggcattccccaccggegacggtggeccaggcetgegttggeggectacceat

ggctaacaccatgggacgctagatgtgaacaaggtgteaagagcectattgagetactcaagag
tcctecggeccectgaatgeggctaatcccaaccacggageaggtgtcttcaacccagaaggta
gcctgtegtaacgegtaagtetgtggeggaaccgactactttgggtateegtgtttecttttatettt
tatatggctgcttatggtgacaatcacagattgttatcataaagegatttggattggecatecggtg
iPV3 PAK10195 | aagtacaaacacattatctacttgtttgttggatttactccactcacacaccccacccccaatataa

36 IRES catctattgttttgttGacaagaaattactttcgaa

gttaaaacagctctggggttgttcccaccccagaggeccaagtggeggctagtactccggtate | 96
acggtacccttgtacgcctgttttatactcccttcccecgtaacttagaagagttaaaccaagttca
atagaagggggtacaaaccagtaccaccacgaacaageacttctgtttccccggtgatattgtat
agactgtacccacggtcgaaaatgattgatccgttatccgetctecatacttcgagaagectagtat
catcttggaatcttcgatgegttgegetcggeactcgatcccggagtgtagettaggtegatgag
tctggacactcctcaccggtgacggtggteccagactgegttggeggectacetgtggteccaaag
ccacaggacgctagttgtgaacaaggtgtgaagagcectattgagetatgagagagtectccgg
cccctgaatgeggcetaatcccaaccacggagegagagtgcgeaagecagegtatatetegte
gtaacgcgcaagtctgtggcggaaccgactactttgggtotecgtgtttccttttatttttgtattgg
ctgcttatggtgacaatcacagattgttatcataaagcgaattggattggccatccggtgaaagtg
iPV3 NIE121953 | aaatacattatttgcttatttattggattcagtccacctaattgctatactcacgaacccaccacage
5 IRES cgttttgttGactgaaagccggtaccaata

ttaaaacagctctggggttgttcccaccccagaggeccacgtggeggctagtactccggtatca | 97
cggtacccttgtacgectgttttatactcccttccccgtaacttagaagtatacaaaccaagttcaat
agaagggggtacaaaccagtaccaccacgaacaageacttetgtttccccggtgaagttgcat
agattgtccccacggtcgaaagegactgatccgttatcegctcttgtacttcgggaagectagtat
caccttcggatcttcgatgegttgcgetcageactcaaccccagagtgtagettaggtcgatgag
iPV3 SWI10947 | tctggacgaacctcactggtgacagtggtecaggetgcgttggcggcectacetgtggeccaaa
IRES gccacaggacgcetagttgtgaacaaggtgtgaagagcectactgagetacatgagagtectecg
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gcecctgaatgeggctaatcccaaccacggageaggtggteacaaaccagtggtttgectgte
gtaacgcgaaagtctgtggcggaaccgactactttgggtgtecgtgtttecttttattettattatgg
ctgcttatggtoacaatcttagattgttatcataaagcgaattggattggccatccggggaaaatta
agcatatcatacacttgtttgttggattcacccctctgattacacatactcttggcttgattaggattg
ttgcattgataagacactattgttgca

gggttgttcccaccccagaggeccacgtggeggctagtactccggtatcacggtacecttgtac | 98
gcctgttttatactcecttcccegtaacttagaagtatacaagecaagttcaatagaagggggtac
aaaccagtaccaccacgaacaageacttctgtttccccggtgaagttgcatagattgttcccacg
gtcgaaagcgactgatccgttacccgetcatgtacttcgggaagectagtatcaccttcggatett
cgatgcgttgcgetcageactcaaccecagagtgtagettaggtegatgagtetggacaaacct
cactggcgacagtggtccaggctgcgttggeggectacctgtggcccaaagecacaggacgc
tagttgtgaacaaggtgtgaagagectactgagetacatgagagtectecggecectgaatgeg
gctaatctcaaccacggagceaggtggtcacaaaccagtgatttgcctgtcgtaacgecgaaagte
tgtggcggaaccgactactttgggtgtecgtgtttecttttactctcattatggetgcttatggtgac
aatcctagattgttatcataaagcgagttggattggccatccggtgaaaatcaagcacatcatata

iPV3 FIN84 tttgtttgttggetttaaccctetgattgcacgeactettggettggttaggattattgtgtggaaaag
IRES gcaccatagttaca
Apt-elF4G ACTCACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCG 99

ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactetggtatcacg | 100
gtacctttgtgcgectgttttataccccct ACTCACTATTTGTTTTCGCGCCC

AGTTGCAAAAAGTGTCGccecccaactgtaacttagaagtaacacacaccgatc

aacagtcagcgtggcacaccagccacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagcegttegttatccggecaactacttcgaaaaacc
tagtaacaccgtggaagttgcagagtgtttcgctcageactaccccagtgtagatcaggtegatg
agtcaccgcattccccacgggegaccgtggeggtegctgcgttggcggectgeccatgggga
aacccatgggacgctctaatacagacatggtgcgaagagtctattgagcetagttggtagtcctee
ggcccctgaatgeggctaatectaactgecggageacacaccctcaagecagagggceagtgtg
tcgtaacgggcaactctgcageggaaccgactactttgggtgtegtgttteattttattcctatact

synIRES-RCO1 | ggctgcttatggtgacaattgagagatcgttaccatatagetattggattggccatccggtgacta
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atagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaat
tcattgttaagttgaatacagcaaa

ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactcetggtatcacg | 101
gtacctttgtgcgectgttttataccccctcceccaactgtaacttagaagtaacacacaccgatce
aacagtcagcgtgACTCACTATTTGTTTTCGCGCCCAGTTGCAAA
AAGTGTCGcacgttttgatcaagcacttctgttaccccggactgagtatcaatagactgct
cacgcggttgaaggagaaagegttegttatccggecaactacttcgaaaaacctagtaacace
gtggaagttgcagagtgtttcgctcageactaccecagtgtagatcaggtcgatgagtcaccge
attccccacgggegaccgtggeggtegctgcgttggeggectgeccatggggaaacceatgg
gacgctctaatacagacatggtgcgaagagtctattgagetagttggtagtccteceggecccetga
atgcggctaatcctaactgeggageacacaccctcaagecagagggeagtgtgtegtaacgg
gcaactctgcageggaaccgactactttgggtgategtgtttcattttattcctatactggetgcttat
ggtgacaattgagagatcgttaccatatagcetattggattggccatcecggtgactaatagagcetat
tatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaattcattgttaag
synIRES-RC02 ttgaatacagcaaa

ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactctggtatcacg | 102
gtacctttgtgcgectgttttataccccctcceccaactgtaacttagaagtaacacacaccgatce
aacagtcagcgtggcacaccagcecacgttttgatcaageacttctgttaccACTCACTAT
TTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGcecggactgagtate
aatagactgctcacgcggttgaaggagaaagegttegttatccggecaactacttcgaaaaacc
tagtaacaccgtggaagttgcagagtgtttcgctcagcactaccccagtgtagatcaggtegatg
agtcaccgcattccccacgggegaccgtggeggtegctgcgttggeggectgeccatgggga
aacccatgggacgctctaatacagacatggtgcgaagagtctattgagetagttggtagtectee
ggcccctgaatgeggctaatectaactgeggageacacaccctcaagecagagggcagtatg
tcgtaacgggcaactctgcageggaaccgactactttgggtgategtgttteattttattcctatact
ggctgcttatggtoacaattgagagatcgttaccatatagcetattggattggecatccggtgacta
atagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaat

synIRES-RCO03 tcattgttaagttgaatacagcaaa
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ttaaaacagcctgtgggttgatcccacccacaggeccattgggcgetageactetggtatcacg | 103
gtacctttgtgegectgttttatacccecteccccaactgtaacttagaagtaacacacaccgate
aacagtcagcgtggcacaccagccacgttttgatcaageacttctgttaccccggactgagtate
aatagactgc ACTCACTATTTGTTTTCGCGCCCAGTTGCAAAAA
GTGTCGgcggttgaaggagaaagegttcgttatccggecaactacttcgaaaaacctagt
aacaccgtggaagttgcagagtgtttcgctcageactaccccagtgtagatcaggtcgatgagt
caccgcattccccacgggegaccgtggeggtggctgegttggecggectgcccatggggaaa
cccatgggacgctctaatacagacatggtgcgaagagtctattgagetagttggtagtceeteeg
gcccctgaatgeggctaatectaactgeggageacacaccctcaagecagagggceagtgtgt
cgtaacgggcaactctgcageggaaccgactactttgggtgatcgtgtttcattttattcctatactg
gctgcettatggtgacaattgagagatcgttaccatatagetattggattggecatccggtgactaat
agagctattatatatccctttgttgggtttataccacttagettgaaagaggttaaaacattacaattc
synIRES-RC04 attgttaagttgaatacagcaaa

ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactetggtatcacg | 104
gtacctttgtgegectgttttatacccecteccccaactgtaacttagaagtaacacacaccgate
aacagtcagcgtggcacaccagccacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagegttcgttat ACTCACTATTTGTTT
TCGCGCCCAGTTGCAAAAAGTGTCGceceggcecaactacttcgaaaaace
tagtaacaccgtggaagttgcagagtgtttcgctcageactaccccagtgtagatcaggtegatg
agtcaccgcattccccacgggegaccgtggeggtegctgcgttggcggectgeccatgggga
aacccatgggacgctctaatacagacatggtgcgaagagtctattgagcetagttggtagtcctee
ggcccctgaatgeggctaatectaactgecggageacacaccctcaagecagagggceagtgtg
tcgtaacgggcaactctgcageggaaccgactactttgggtgtegtgttteattttattcctatact
ggctgcttatggtoacaattgagagatcgttaccatatagetattggattggccatceggtgacta
atagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaat
synIRES-RCO05 tcattgttaagttgaatacagcaaa
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ttaaaacagcctgtgggtteatcccacccacaggeccattgggegetageactetggtatcacg | 105
gtacctttgtgegectgttttatacccecteccccaactgtaacttagaagtaacacacaccgate
aacagtcagcgtggcacaccagccacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagcegttegttatccggecaactacttcgaaaaace
tagtaacaccgtggaagttgcagagtgtttcgctcagcact ACTCACTATTTGTTT
TCGCGCCCAGTTGCAAAAAGTGTCGagtgtagatcaggtcgatgagtca
ccgcattcceccacgggegaccgtggeggtggctgegttaggeggectgccecatggggaaacc
catgggacgctctaatacagacatggtgcgaagagtctattgagcetagttggtagtcctccgge
ccctgaatgeggctaatcctaactgeggageacacaccctcaagecagagggceagtgtgtegt
aacgggcaactctgcageggaaccgactactttgggtgtegtgttteattttattcctatactgget
gcttatggtgacaattgagagatcgttaccatatagetattggattggccatccggtgactaatag
agctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaattcatt
synIRES-RC06 gttaagttgaatacagcaaa

ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactctggtatcacg | 106
gtacctttgtgcgectgttttataccccctcceccaactgtaacttagaagtaacacacaccgatce
aacagtcagcgtggcacaccagecacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagegttegttatccggecaactacttcgaaaaacc
tagtaacaccgtggaagttgcagagtgtttcgctcagcactaccccagtgtagatcaggtegatg
agtcaccgCACTCACTATTTGTTTTCGCGCCCAGTTGCAAAAA
GTGTCGgcggtggctgegttggeggcctgcccatggggaaacccatgggacgctctaat
acagacatggtgcgaagagtctattgagetagttggtagtccteccggeccctgaatgeggctaa
tcctaactgeggageacacaccctcaagecagagggcagtgtgtcgtaacgggeaactetge
agcggaaccgactactttgggtgtegtgtttcattttattcctatactggetgcttatggtgacaatt
gagagatcgttaccatatagctattggattggccatccggtgactaatagagcetattatatatcect
ttgttggotttataccacttagcttgaaagaggttaaaacattacaattcattgttaagttgaatacag
synIRES-RCO7 caaa
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ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactetggtatcacg | 107
gtacctttgtgegectgttttatacccecteccccaactgtaacttagaagtaacacacaccgate

aacagtcagcgtggcacaccagccacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagcegttegttatccggecaactacttcgaaaaacc
tagtaacaccgtggaagttgcagagtgtttcgctcageactaccccagtgtagatcaggtegatg
agtcaccgcattccccacgggegaccgtggeggtagetgcgttggcggectgeccatggg A
CTCACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGcece
catgggacgctctaatacagacatggtgcgaagagtctattgagcetagttggtagtcctccgge

ccctgaatgeggctaatcctaactgeggageacacaccctcaagecagagggceagtgtgtegt
aacgggcaactctgcageggaaccgactactttgggtgtegtgttteattttattcctatactgget
gcttatggtgacaattgagagatcgttaccatatagetattggattggccatccggtgactaatag

agctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaattcatt
synIRES-RCO08 gttaagttgaatacagcaaa

ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactetggtatcacg | 108
gtacctttgtgcgectgttttataccccctcceccaactgtaacttagaagtaacacacaccgatce
aacagtcagcgtggcacaccagecacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagegttegttatccggecaactacttcgaaaaacc
tagtaacaccgtggaagttgcagagtgtttcgctcagcactaccccagtgtagatcaggtegatg
agtcaccgcattccccacgggegaccgtggeggtegctgcgttggeggectgeccatgggga
aacccatgggacgctctaatacagacatggtgcgaagagtctattgagetagttggtagtc AC
TCACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGCC
CCctccggeccctgaatgeggctaatectaactgeggageacacaccctcaagecagaggg
cagtgtgtcgtaacgggcaactctgcageggaaccgactactttgggtgtegtgtttcattttatte
ctatactggctgcttatggtgacaattgagagatcgttaccatatagetattggattggecatcegg
tgactaatagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacat
synIRES-RC09 tacaattcattgttaagttgaatacagcaaa
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ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactetggtatcacg | 109
gtacctttgtgegectgttttatacccecteccccaactgtaacttagaagtaacacacaccgate
aacagtcagcgtggcacaccagccacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagcegttegttatccggecaactacttcgaaaaacc
tagtaacaccgtggaagttgcagagtgtttcgctcageactaccccagtgtagatcaggtegatg
agtcaccgcattccccacgggegaccgtggeggtegctgcgttggcggectgeccatgggga
aacccatgggacgctctaatacagacatggtgcgaagagtctattgagcetagttggtagtcctee
ggcccctgaatgeggctaatectaactgeggageacacaccctcACTCACTATTTG
TTTTCGCGCCCAGTTGCAAAAAGTGTCGgagggcagtgtgtcgtaac
gggcaactctgecageggaaccgactactttgggtgtegtgtttcattttattcctatactggetgctt
atggtgacaattgagagatcgttaccatatagctattggattgeccatccggtgactaatagagcet
attatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaattcattgtta
synIRES-RC10 agttgaatacagcaaa

ttaaaacagcctgtgggttgatcccacccacaggeccattgggegetageactetggtatcacg | 110
gtacctttgtgegectgttttatacccecteccccaactgtaacttagaagtaacacacaccgate
aacagtcagcgtggcacaccagccacgttttgatcaageacttctgttaccccggactgagtate
aatagactgctcacgcggttgaaggagaaagcegttegttatccggecaactacttcgaaaaace
tagtaacaccgtggaagttgcagagtgtttcgctcageactaccccagtgtagatcaggtegatg
agtcaccgcattccccacgggegaccgtggeggtegctgcgttggcggectgeccatgggga
aacccatgggacgctctaatacagacatggtgcgaagagtctattgagcetagttggtagtcctee
ggcccctgaatgeggctaatectaactgecggageacacaccctcaagecagagggceagtgtg
tcgtaacgggcaactctgcageggaaccgactactttgggtgetcgtgtttcatttt ACTCAC
TATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGattcctatact
ggctgcttatggtoacaattgagagatcgttaccatatagetattggattggccatceggtgacta
atagagctattatatatccctttgttgggtttataccacttagcttgaaagaggttaaaacattacaat
synIRES-RC11 tcattgttaagttgaatacagcaaa
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ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactctggtacttegtace | 111
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggCACTCACTATTTGTTTT
CGCGCCCAGTTGCAAAAAGTGTCGGCC Cagtttggtcgatgaggctag
gaattccccacgggtgaccgtgtectagectgegtggeggecaacccagettatgetgggacg
cctttttatagacatggtgtgaagactcgcatgtgettggttgtgattcctcecggeccctgaatgeg
gctaaccttaaccctggagcecttgtgtcacaaaccagtgatgataaggtegtaatgageaattce
gggacgggaccgactactttgggtgtecgtgtttettatttttcttattattgtcttatggtcacageat
synIRES-RC12 atatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 112
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggCGACTCACTATTTGTTT
TCGCGCCCAGTTGCAAAAAGTGTCGCGCC Cagtttggtcgatgaggct
aggaattccccacgggtgaccgtgtectagectgegtggeggccaacccagettatgetggga
cgcctttttatagacatggtgtgaagactcgeatgtgcttggttgtgattectccggeccctgaatg
cggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtcgtaatgageaatt
ccgggacgggaccgactactttgggtatcegtgtttcttatttttcttattattgtettatggtcacag
synIRES-RC13 catatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactcetggtacttegtace | 113
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggCGGACTCACTATTTGTT
TTCGCGCCCAGTTGCAAAAAGTGTCGCCGCC Cagtttggtcgatga
ggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaaccecagcettatget
gggacgcctttttatagacatggtgtgaagactcgeatgtgcttggttgtgattectccggeccect
synIRES-RC14 gaatgcggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtegtaatga
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gcaattccgggacgggaccgactactttgggtatecgtgtttcttatttttcttattattgtettatggt

cacagcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 114
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtegaACTCACTATTTGTT
TTCGCGCCCAGTTGCAAAAAGTGTCGtccactagtttggtcgatgagge
taggaattccccacgggtgaccgtgtectagectgegtegeggecaaccecagcettatgetggg
acgcctttttatagacatggtgtgaagactcgeatgtgcttggttgtgattcctccggeccctgaat
gcggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtegtaatgageaa
ttccgggacgggaccgactactttgggtatcegtgtttcttatttttcttattattgtcttatggtcaca
synIRES-RC15 gcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactctggtacttegtace | 115
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag

cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa

agctagtagtattatgtttttaactaggcgttcgatcaggtegaGACTCACTATTTGT

TTTCGCGCCCAGTTGCAAAAAGTGTCGCtccactagtttggtcgatga
ggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaaccecagcettatget

gggacgcctttttatagacatggtgtgaagactcgeatgtgcttggttgtgattectccggeccect

gaatgcggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtcgtaatga

gcaattccgggacgggaccgactactttgggtatcegtgtttcttatttttcttattattgtettatggt
synIRES-RC16 cacagcatatatataacatatactgtgatc
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ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 116
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag

cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa

agctagtagtattatgtttttaactaggcgttcgatcaggtgegaGGACTCACTATTTG

TTTTCGCGCCCAGTTGCAAAAAGTGTCGCCtccactagtttggtcga
tgaggctaggaattccccacgggtgaccgtgtectageetgegtggeggccaacccagettat

gctgggacgcctttttatagacatggtgtgaagactegceatgtgcttggttgtgattectecggee

cctgaatgcggctaaccttaaccetggagecttgtgtcacaaaccagtgatgataaggtcgtaat
gagcaattccgggacgggaccgactactttgggtgtecgtgtttcttatttttcttattattgtcttatg
synIRES-RC17 | gtcacagcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 117
tttgtacgcctgttcttcccattgtacecttcctgaacttccaacccaagtaacgttagaagetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccceggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttcecctccactagtttggtegat
gaggctagga ACTCACTATTTGTTTTCGCGCCCAGTTGCAAAA
AGTGTCGtcctagectgegtggeggccaacccagettatgetgggacgectttttatagac
atggtgtgaagactcgceatgtgcttggttgtgattectccggeccctgaatgeggetaaccttaac
cctggagecttgtgtcacaaaccagtgatgataaggtcgtaatgageaattccgggacgggac
cgactactttgggtgtcegtgtttcttatttttcttattattgtcttatggtcacageatatatataacata
synIRES-RC18 | tactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 118
tttgtacgcctgttcttcccattgtacecttcctgaacttccaacccaagtaacgttagaagetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccceggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttcecctccactagtttggtegat
gaggctaggaattccccacggACTCACTATTTGTTTTCGCGCCCAGTT
GCAAAAAGTGTCGcecgtgtectagectgegtggcggecaacccagettatgetgg
gacgcctttttatagacatggtgtgaagactcgeatgtgcttggttgtgattectecggecectga

synIRES-RC19 | atgcggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtcgtaatgage
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aattccgggacgggaccgactactttgggtgtccgtgtttcttatttttcttattattgtcttatggtea

cagcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 119
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttccectccactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaacccACTC
ACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGgggacg
cctttttatagacatggtgtgaagactcgcatgtgettggttgtgattcctcecggeccctgaatgeg
gctaaccttaaccctggagcecttgtgtcacaaaccagtgatgataaggtegtaatgageaattce
gggacgggaccgactactttgggtgtecgtgtttettatttttcttattattgtcttatggtcacageat
synIRES-RC20 | atatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 120
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttccectccactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggccaacccGACT
CACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGCggg
acgcctttttatagacatggtgtgaagactcgeatgtgcttggttgtgattcctccggeccctgaat
gcggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtegtaatgageaa
ttccgggacgggaccgactactttgggtatcegtgtttcttatttttcttattattgtcttatggtcaca
synIRES-RC21 | gcatatatataacatatactgtgatc
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ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactctggtacttegtace | 121
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttccectccactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggccaacccGGAC
TCACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGCC
gggacgcctttttatagacatggtgtgaagactcgeatgtgcttggttgtgattectccggeccect
gaatgcggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtcgtaatga
gcaattccgggacgggaccgactactttgggtatcegtgtttcttatttttcttattattgtettatggt
synIRES-RC22 | cacagcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 122
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttccectccactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaacccagc AC
TCACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGgctg
ggacgcctttttatagacatggtgtgaagactcgceatgtgcttggttatgattccteceggeccectg
aatgcggctaaccttaaccctggagcecttgtgtcacaaaccagtgatgataaggtcgtaatgag
caattccgggacgggaccgactactttgggtatccgtgtttcttatttttcttattattgtcttatggte
synIRES-RC23 | acagcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 123
tttgtacgcctgttcttcccattgtacecttcctgaacttccaacccaagtaacgttagaagetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccceggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttcecctccactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaacccagcCA
CTCACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGG
gctgggacgcctttttatagacatggtgtgaagactegeatgtgettggttatgattccteceggee

synIRES-RC24 | cctgaatgcggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggtegtaat
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gagcaattccgggacgggaccgactactttgggtatccgtgtttcttatttttcttattattgtettatg

gtcacagcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactetggtacttegtace | 124
tttgtacgcctgttcttcccattgtacecttcctgaacttccaacccaagtaacgttagaagetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccceggag
cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa
agctagtagtattatgtttttaactaggcgttcgatcaggtggatttcecctccactagtttggtegat
gaggctaggaattccccacgggtgaccgtgtectagectgegtggeggecaacccagcCC
ACTCACTATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCG
GGgctgggacgcectttttatagacatggtgtgaagactcgeatgtgcttggttgtgattectecg
gcccctgaatgeggctaaccttaaccctggagecttgtgtcacaaaccagtgatgataaggteg
synTRES-RC25 taatgagcaattccgggacgggaccgactactttgggotatccgtgtttcttatttttettattattgtet

tatggtcacagcatatatataacatatactgtgatc

ttaaaacagcggatgggtaccccaccatccgacccactgggtgtagtactctggtacttegtace | 125
tttgtacgcctgttettcccattgtacccttcctgaacttccaacccaagtaacgttagaagcetcaac
atttagtacaacaggaagcaccacatccagtggtgtttagtacaagcacttctgtttccccggag

cgaggtataggctgtacccactgccaaaaacctttaaccgttatccgecaaccaactacgtaaa

agctagtagtattatgtttttaactaggcgttcgatcaggtegaACTCACTATTTGTT

TTCGCGCCCAGTTGCAAAAAGTGTCGtccactagtttggtcgatgagge
taggaattccccacgggtgaccgtgtectagectgegtggcggcecaacccagcACTCAC
TATTTGTTTTCGCGCCCAGTTGCAAAAAGTGTCGgctgggacg
cctttttatagacatggtgtgaagactcgcatgtgettggttgtgattcctccggeccctgaatgeg
gctaaccttaaccctggagcecttgtgtcacaaaccagtgatgataaggtegtaatgageaattce
gggacgggaccgactactttgggtgtecgtgtttettatttttcttattattgtcttatggtcacageat
synIRES-RC26 atatataacatatactgtgatc
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CLAIMS

What is claimed is:

1. A circular RNA molecule comprising an internal ribosome entry site (IRES) sequence
operably linked to a protein-coding sequence;
wherein the IRES sequence is a viral sequence; and

wherein the protein-coding sequence encodes a non-viral protein.

2. The circular RNA molecule of claim 1, wherein the non-viral protein is a mammalian
protein.
3. The circular RNA molecule of claim 1, wherein the non-viral protein is a human protein.

4. The circular RNA molecule of claim 1, wherein the IRES is a Type 1 IRES.

5. The circular RNA molecule of claim 1, wherein the IRES is an enterovirus IRES.

6. The circular RNA molecule of claim 1, wherein the IRES is a human rhinovirus (HRV)
IRES.

7. The circular RNA molecule of any one of claims 1-4, wherein the IRES is any one of the
IRES listed in Table 7.

8. The circular RNA molecule of any one of claims 1-4, wherein the IRES is any one of the

following IRES: iIEMCV, iHCV, iCVBS5, iSwineVesicular, iIHRV-A2, iHRV-C3, iHRV-C11,
iCVB1,1iPV2 iHRV-B17, iEchoV-E15,1EV71, iHRV-A9, iSiminanV4, iIEV-D94, iSimianAS,
iPV3, iHRV-C54, iHRV-A100, iHRV-B37, iHRV-B4, iHRV-B92, iHRV-B3, iHRV-Al,

1IEV107, or a fragment or derivative thereof.

0. The circular RNA molecule of any one of claims 1-4, wherein the IRES is any one of the

following IRES: iIEV-B83, iHRV-A57, iHRV-B35, iHRV-B4, iEV-D68, iHRVB R93, iHRV-
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B5, iHRVB-B52, iHRVB-B93, iHRV-B84, iHRV-B83_SC2220, iHRV-B72, iHRV-B69,
iHRVB_SC0739, iHRV-B91, iHRV-B42, iHRV-B6, iHRV-B83, iHRV-B48, iHRV-B99, iHRV-
B79, iHRV-B97, iHRV-B27, iHRVB 3039, iIHRVB-B14, iCosV-B1, or a fragment or derivative
thereof.

10. The circular RNA molecule of any one of claims 1-4, wherein the IRES is iCVB3, or a

fragment or derivative thereof.

11. The circular RNA molecule of any one of claims 1-4, wherein the IRES is iHRV-B3, or a

fragment or derivative thereof.

12. A circular RNA molecule comprising a synthetic internal ribosome entry site (IRES)

sequence operably linked to a protein-coding sequence.

13. The circular RNA molecule of claim 12, wherein the synthetic IRES sequence is

upstream of said protein coding sequence.

14. The circular RNA molecule of claim 12, wherein the synthetic IRES sequence comprises

at least one aptamer.

15.  The circular RNA molecule of any one of claims 12-14, wherein the aptamer is a

wildtype aptamer.

16. The circular RNA molecule of claims 12-14, wherein the aptamer is a mutant aptamer.

17. The circular RNA molecule of claim 16, wherein the aptamer is modified to have an

extended stem region.
18.  The circular RNA molecule of any one of claims 13-17, wherein the aptamer is

positioned within the secondary structure of the IRES so that is spatially proximal to portion of

the IRES responsible for translation initiation.
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19.  The circular RNA molecule of any one of claims 13-18, wherein the aptamer does not
interrupt the native elF4G binding site of the IRES and does not interrupt a native GRNA
tetraloop within the IRES.

20.  The circular RNA molecule of any one of claims 13-19, wherein the aptamer is an

elF4G-binding aptamer.

21. The circular RNA molecule of claim 20, wherein the eI[F4G-binding aptamer is encoded

by the sequence of SEQ ID NO: 99.

22. The circular RNA of any one of claims 12-21, wherein the IRES is a Type 1 IRES.

23.  The circular RNA of any one of claims 12-22, wherein the IRES is a modified

enterovirus IRES.

24. The circular RNA of any one of claims 12-22, wherein the IRES is a modified human
rhinovirus (HRV) IRES.

25. The circular RNA molecule of claim 13, wherein the synthetic IRES sequence is a

modified iCVB3 IRES.

26. The circular RNA molecule of claim 25, wherein the modified iCVB3 IRES comprises an
aptamer inserted in domain I, IL, IIT, IV, V, VI or VII thereof.

27. The circular RNA molecule of claim 25, wherein the modified iCVB3 IRES comprises an

aptamer inserted in domain I'V thereof

28.  The circular RNA molecule of any one of claims 25-27, wherein the aptamer is modified

to have an extended stem region.
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29.  The circular RNA molecule of any one of claims 25-27, wherein the aptamer is
positioned within the secondary structure of the IRES so that is spatially proximal to portion of

the IRES responsible for translation initiation.

30.  The circular RNA molecule of any one of claims 25-27, wherein the aptamer does not
interrupt the native elF4G binding site of the IRES and does not interrupt a native GRNA
tetraloop within the IRES.

31 The circular RNA molecule of claim 13, wherein the synthetic IRES sequence is a

modified iHRV-B3 IRES.

32. The circular RNA molecule of claim 31, wherein the modified iIHRV-B3 IRES comprises
an aptamer inserted in domain I, II, IIL, IV, V, or VI thereof.

33. The circular RNA molecule of claim 31, wherein the modified iIHRV-B3 IRES comprises

an aptamer inserted in domain IV thereof.

34.  The circular RNA molecule of any one of claims 32-33, wherein the aptamer is modified

to have an extended stem region.

35.  The circular RNA molecule of any one of claims 32-34, wherein the aptamer is
positioned within the secondary structure of the IRES so that is spatially proximal to portion of

the IRES responsible for translation initiation.

36.  The circular RNA molecule of any one of claims 35-35, wherein the aptamer does not
interrupt the native elF4G binding site of the IRES and does not interrupt a native GRNA
tetraloop within the IRES.

37. The circular RNA molecule of any of the preceding claims, wherein said circular RNA
molecule comprises at least one 2-thiouridine (2ThioU) or at least one 2'-O-methylcitidine

(20MeC).
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38. The circular RNA molecule of claim 37, which comprises at least one 2-thiouridine.

39. The circular RNA molecule of claim 38, which comprises about 2% to about 5% 2-

thiouridine.

40. The circular RNA molecule of claim 39, which comprises about 2.5% 2-thiouridine.

41. The circular RNA molecule of claim 37, which comprises at least one 2'-O-

methylcitidine.

42. The circular RNA molecule of claim 41, which comprises about 2% to about 5% 2'-O-

methylcitidine.

43, The circular RNA molecule of claim 42, which comprises about 2.5% 2'-O-
methylcitidine.

44, The circular RNA molecule of any of the preceding claims, wherein said molecule

comprises a nucleic acid spacer upstream of said IRES.

45. A nucleic acid that encodes the circular RNA molecule of any one of claims 1-44.

46. A composition comprising the circular RNA molecule of any one of claims 1-44 or the

nucleic acid of claim 45

47. A host cell comprising the circular RNA molecule of any one of claims 1-44 or the

nucleic acid of claim 45.

48. A method of producing a protein in a cell, the method comprising contacting a cell with
the circular RNA molecule of any one of claims 1-44 or the nucleic acid of claim 45 under
conditions whereby the protein-coding nucleic acid sequence of the circular RNA is translated

and the protein is produced in the cell.
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49. A method of producing a protein in vitro, the method comprising contacting a cell-free
extract with the circular RNA molecule of any one of claims 1-44 or the nucleic acid of claim 45
under conditions whereby the protein-coding nucleic acid sequence of the circular RNA is

translated and the protein is produced.

50. A protein produced by the method of any one of claims 48-49.
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