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Here we identify the existence and possible roles of conserved motifs in untranslated
regions (5’ and 3’) of SARS-CoV-2’s genome. The first discovered motif (5’
CGATCTCTTGT 3’), which was detected near the terminal of 5’UTR of the genome,
has similar characteristics as 5’ terminal oligopyrimidine (TOP) motif in eukaryotic
mRNAs. This motif could play an essential role in recapping of the viral RNAs, hence
enhancing their expression. The second motif (5 GGAAGAGC 3’) detected in 3’'UTR
was shown to be likely the seed region of two virus-encoded miRNAs. Using
bioinformatics predictions of the miRNAs’ targets, we showed that the viral miRNAs
could inhibit the cellular immune response and contribute to the phenomenon of
delayed innate immune response to SARS-CoV-2 infection. These predictions of the
study may offer new avenues in investigating the pathogenic mechanisms of the virus
and in devising new treatments for the disease.
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Supplemental Material

Table S4. Predicted viral pre-miRNAs of SARS-CoV2 and scores by Vmir

Viral pre-miRNAs  Orientation Precursor sequence (Vmir) Score
CTAGGGAGAGCTGCCTATATGGAAGAGCCCTAATG 71
V-md1 direct TGTAAAATTAATTTTAGTAGTGCTATCCCCATGTG
ATTTTAATAGCTTCTITAG

CCTAATGTGTAAAATTAATTTTAGTAGTGCTATCCCCATG 52.8
V-md2 direct TGATTTTAATAGCTTCTTAGG

ACATTAGGGCTCTTCCATATAGGCAGCTCTCCCTAGCATT  63.5
V-mri reverse  GTTCACTGTACACTCGATCGTACTCCGCGTGGCCTCGGTG
AAAATGTGGTGGCTCTTTCAAGTCCTCCCTAATGT

(Note: Sequences in red and blue are octanucleotide motif and s2m motif respectively)

Viruses Sequence of s2m motif
Conserved motif CGNGG (N) CCACG NN GNGT (N)A NN A N CGAGGGT (N) ACAG

SARS-CoV-2 CGAGG CCACG CG GAGT A CG A T CGAGTIGT ACAG
SARS-CoV CGAGG CCACG CG GAGT A CG A T CGAGGGT ACAG
12345 67 8 910 1112 13141516 17 1819 20 21 22232425262728 29303132

Figure S5. s2m motif of SARS-CoV-2 and SARS-CoV
Nucleotide which is underlined is mutated from Guanine-26 into Thymine-26 in s2m motif
of SARS-CoV-2 while Guanine-26 is conserved in s2m of SARS-CoV.
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Figure S1. Motif discovery in 5’UTR of betacoronavirus (n=5) and alphacoronavirus (n=5) by MEME
(A) Motifs were discovered in 3’'UTR of human-infecting betacoronaviruses. (B) Motifs were discovered in
5’UTR of two human-infecting alphacoronaviruses and three other alphacoronaviruses. (C) Locations of

discovered motifs of betacoronavirus 5’UTRs (D) Locations of discovered motifs of alphacoronavirus 5UTRs.
NC_006213.1 (HCOV-OC43); NC_006577.2 (HCoV-HKU1) NC_019843.3 (MERS-CoV); NC_004718.3 (SARS-CoV) NC_045512.2 (SARS-CoV-2),
NC_002645.1 (HCoV-229E), NC_005831.2 (HCoV-NL63), MH817484.1 (FCoV-SB22), MK977618.1 (SeACoV-p10), MH938450.1 (Bat-CoV/P)
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Figure S2. Location of TOP-like motif on stem-loop structures of betacoronavirus’ 5’UTR

TOP-like motif of five human-infecting betacoronaviruses, which is highlighted in yellow color,

locates in SL2 in stem-loop structure of 5UTR. SL is short for stem loop.
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Figure S6. Alignment with mammalian mature miRNAs of
SARS-CoV-2 viral precursor miRNAs (v-mrl, v-md1) by
miRBase

(A) Alignment of v-mrl with mature miRNA of mammalia.
Sequence in red is predicted to be viral mature miRNA and
octanucleotide sequence highlighted in yellow box. Human
mature miRNA sequence is bold.

(B) Alignment of v-md1 with mature miRNA of mammalia.
Sequence in red is predicted to be viral mature miRNA and
octanucleotide sequence highlighted in yellow box. Human
mature miRNA sequence is bold.

(Hsa: human, cfa: dog, ptr: chimp, bta: cow, ssc: pig, ppy: bornean

orangutan, eca: horse, chi: domestic goat, pal: Collared flycatcher, dno:

armadillo, ocu: rabbit, dma: aye-aye, pha: baboon)
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Figure S8. The number of predicted target sites of each SARS-

CoV-2-encoded miRNAs at seed region of target transcripts
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Abstract:

Here we identify the existence and possible roles of conserved motifs in
untranslated regions (5’ and 3”) of SARS-CoV-2’s genome. The first discovered motif
(5 CGATCTCTTGT 3’), which was detected near the terminal of 5’UTR of the
genome, has similar characteristics as 5’ terminal oligopyrimidine (TOP) motif in
eukaryotic mMRNAs. This motif could play an essential role in recapping of the viral
RNAs, hence enhancing their expression. The second motif (5 GGAAGAGC 3’)
detected in 3’UTR was shown to be likely the seed region of two virus-encoded
miRNAs. Using bioinformatics predictions of the miRNAs’ targets, we showed that the
viral miRNAs could inhibit the cellular immune response and contribute to the
phenomenon of delayed innate immune response to SARS-CoV-2 infection. These
predictions of the study may offer new avenues in investigating the pathogenic

mechanisms of the virus and in devising new treatments for the disease.

Keywords: Untranslated regions; viral miRNAs; RNA recapping; antagonistic

mechanism; delayed immune response; SARS-CoV-2 infection.
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I. Introduction

SARS-CoV-2 virus, a positive-stranded RNA virus belonging to genus
Betacoronavirus (betaCoV) of the subfamily Orthocoronavirinae of the Coronaviridae
family, is causing a pandemic (COVID-19) on unprecedented scale ®. Researchers
around the world have poured the resources to identify molecular features that make the
outbreak of this virus so dangerous. For example, the observation that spike protein
attached to angiotensin-converting enzyme 2 (ACE2) with high affinity helps to explain
why SARS-CoV-2 transmits more efficiently and rapidly than SARS-CoV 2. A high rate
of asymptomatic transmission cases is another factor that makes the disease difficult to
contain 3. The reason of this characteristics has not been clarified at present *.

Noncoding (nc) regions consisting of 5’ and 3’UTR of SARS-CoV-2 genome are
being received less attention than the coding regions. Stem-loop secondary structure
motifs are highly conserved in 5’UTR and 3’UTR of coronavirus °. The important role
of those strutural motifs for viral replication and transcription has been proved °.
Secondary structural elements in the RNA genome of coronavirus have also been
suggested to contribute to the viral pathogenesis °; however, their specific roles in the
pathogenesis require further studies. The nc regions can also be the source of ncCRNA
molecules such as microRNAs (miRNAs), which have a strong hint by the presence of
the stem-loop structures in coronaviral UTRs. Although ncRNAs are most prevalent in
DNA viruses, they have been proved to exist in some retroviruses as well as negative-
and positive-strand RNA viruses 8. Several studies in vivo and in silico have

discovered virus-derived miRNAs in both negative and positive strand RNA viruses and



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

their host targets ®1%11, These ncRNAs could contribute to the regulation of cellular gene
expression and host response to infection 2. However, there is a need to know more
about sequential and structural features of 5’ and 3’UTR of SARS-CoV-2 genome as
well as their potential biological roles.

Here we investigated SARS-CoV-2’s UTRs for conserved motifs in silico and we
found two well-conserved motifs. One discovered motif locates in the 3°’UTR with many
stem-loop structures, leading to a hypothesis that SAR-CoV-2 virus could encode viral
miRNAS that contribute to viral pathogenesis by inhibiting expression of viral infection-
responsive genes. Our results suggest three most significant miRNAs in SARS-CoV-
2’s 3’UTR: vrl-miR-1270, vd1-miR-1270 and vd1-miR-6769a-5p. Their predicted
targets are MRNA transcripts of genes that are important for modulating various cellular
processes including interferon production, antigen representation, ER stress response,
and translation initiation. This could explain how SARS-CoV-2 evades host immune
response and other cellular immunity mechanisms. Furthermore, unexpectedly we
found in the 5’UTR of SARS-CoV-2 and other human-infecting betacoronaviruses a
well-conserved motif, which shares common characteristics with 5’ terminal
oligopyrimidine (TOP) of eukaryotic mMRNAs. 5°TOP is indicated as a signal for
recapping process which restores translatability of uncapped 5>TOP mRNAs?3. Thus,
we suggest a role of SARS-CoV-2’s TOP-like motif as a recapping signal that helps
viral RNAs to exploit host recapping pathway for the promotion of viral protein

synthesis. The identified conserved motifs and their predicted roles provide new
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perspectives for further experimental investigation to confirm the pathogenesis of
SARS-CoV-2.
I1. Data and methods
2.1. Motif discovery in untranslated region sequences of betacoronavirus and
alphacoronavirus

The untranslated region sequences in FASTA format of five human-infecting
betacoronavirus and two human-infecting alphacoronavirus were retrieved from Gene
bank (NCBI) (Table 1). Multiple em for motif elicitation (MEME), a webserver for
local multiple alignment was used to discover ungapped motifs (recurring, fixed-length
patterns) in 3’UTR and 5’UTR of beta- and alpha-coronaviruses. Setting options were
classic mode, Zero or One Occurrence Per Sequence, 1 motif, 0-order model of
sequences, minimum width 4, and maximum width 14 for 5’'UTR and minimum width 8,
and maximum width 22 for 3’'UTR. Clustal Omega, a webserver for global multiple
alignment was utilized to explore conserved sequences and location in coronaviral
UTRs. Setting options were DNA, ClustalW with character counts, dealign input
sequence (NO), MBED-like clustering guide (YES), MBED-like clustering (YES),
number of combine (default), and max guide tree (default), max HMM (default), and
order (aligned).

Table 1. List of coronavirus candidates and accession numbers

No. Coronavirus candidates Accession

number
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Betacoronavirus

1 Human coronavirus HKU1 (HCoV-HUKUL1) NC_006577.2

2 Human coronavirus OC43 (HCoV-0C43) NC 006213.1

3 Middle East respiratory syndrome coronavirus NC _019843.3

(MERS-CoV)

4  Severe acute respiratory syndrome coronavirus NC 004718.3

(SARS-CoV)

5  Severe acute respiratory syndrome coronavirus 2 NC_045512.2

(SARS-CoV-2)

Alphacoronavirus

1 Human coronavirus 229E (HCoV-229E) NC_002645.1

2 Human Coronavirus NL63 (HCoV-NL63) NC _005831.2

2.2. Prediction of SARS-Cov-2 viral microRNA candidate precursors and mature
microRNAs

Viral miRNA precursors of SARS-CoV-2 were analyzed by using Vmir
program® (VMir Analyzer v2.3 / VMir Viewer v1.6). The software program is designed
specifically to identify pre-miRNAs in viral genomes. with the following setting
options: confirmation (linear), orientation (both), window site (500), step size (10), min.
hairpin size (50), max. harpin size (any), and score (any). Then, all sequences of
predictable miRNA precursors were inputted into RNAfold webserver!® to predict their

secondary structures with setting options: fold algorithms (Minimum free energy and
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partition function, avoid isolated base pairs), dangling end options (dangling energies
on both sides of helix in any case), energy parameters (RNA parameters-Tuner model
2004), slope (1.9), intercept (-0.7), rescale energy parameters to given temperature
(37). RNAfold web server was used to validate structures and predict minimum free
energy (MFE) of miRNA precursors produced by Vmir software. Those having MFE
equal or less than -15 kcal/mol were considered potential precursor candidates.
Subsequentially, we aligned viral precursor sequences with mature miRNAs of human
and mammalia in miRbase program?!’ to identify whether viral miRNAs conserved in
human and other mammalians and obtain possible mature sequences of SARS-CoV-2
viral microRNAs with setting options: search algorithm (BLASTN), sequence database
(mature), e-value cutoff (10), max alignments (100), word size (4), match score (+5),
mismatch penalty (-4), species filter (human or mammalia).
2.3. Prediction of potential human messenger RNA targets of viral microRNAs
Mature sequences of SARS-CoV-2 miRNAs are hybridized with mRNA
transcripts of interferon type I, interferon type Il, interferon-inducting factors, antigen
representation genes, methylation/demethylation enzymes, and translation factors in
order to indicate potential targets and target sites of SARS-CoV-2 miRNAs (Table 2).
We focus on those genes because previous evidences suggested that SARS-CoV,
coronaviruses, and other RNA viruses modulate the following cellular processes:
interferon/cytokines production®®, antigen representation®, endoplasmic reticulum
stress induction’®, DNA methylation®, and cellular translation'®. These target

candidates are supposed to be suppressed during host immune evasion and gene
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expression modulation by SARS-CoV-2. CLIP-based prediction of microRNA binding
sites tool (Sfold webserver)?® was used for hybridization with the following setting
options: V-CLIP- based model (Human) and species for prediction (Human). Target
sites at 3’UTR/5’UTR/CDS seed with AG total <0 and AG hybrid > 15 were considered
significant and reported. Most significant target sides are those at 3°’UTR seed with AG
total <0 and AG hybrid > 15.

Table 2. List of human gene candidates and accession numbers

No. Gene candidates Accession

number
Interferon
1 IFNA1 NM_024013.3
2 IFNB1 NM_002176.4
3 IFNG NM_000619.3

Interferon/cytokine production induction

1  STATSB NM_012448.4

2 STAT5A NM_001288720.1
3 STAT1 KR709942.1

4 STAT2 NM_005419.4

5  AP-1(FOS) NM_005252.4

6  AP-1(JUN) NM_002228.4

7 IRF3 NM_001197123.2




8

NFKB1 NM_003998.4

Antigen representation

9 HLA-A NM_002116.8
10 HLA-B NM_005514.8
11 HLA-C NM_001243042.1
12 TAP1 NM_000593.6
13 TAP2 NM_001290043.2

Endoplasmic reticulum stress induction

14 BI-1 NM_003217.3
15 XBP1 NM_001079539.1
16 ECD NM_007265.3

DNA methylation/demethylation

17 DNMT1 NM_001130823.3
18 DNMT3A NM_153759.3
19 DNMT3B NM_006892.4
20 TDG NM_003211.6

Translation initiation

21 EIF1 NM_005801.4
22 EIF5 NM_001969.5
23 EIF6 NM_002212.4
24 EIF3A NM_003750.4
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25 EIF4G3 NM_001198801.2

26 EIF4E NM_001968.4

27 EIF2 NM_129557.4
I11. Results

3.1. Identification of a novel conserved oligopyrimidine motif in 5’UTR of SARS-
CoV-2

The result showed a highly-conserved motif (5 CGATCTCTTGT 3°) in 5’ end
of SARS-Cov-2 (nucleotides 47-53) and all other human-infecting betacoronavirus
candidates (Fig. 1A). The motif was the most significant prediction among three
predicted motifs by MEME (Supplementary Fig. S1A). The motif consists of a cysteine
followed by most pyrimidine nucleotides, which is similar to 5 terminal
oligopyrimidine (TOP) motif in 5’ end of eukaryotic mMRNAs. Global alignment found
that TOP-like motif was also conserved in location (near position 50 from 5’ end) in 5°
UTR of human-infecting betacoronaviruses (Fig. 1B), but other motifs were not
(Supplementary Fig. S1C). This motif was not found in the 5’UTRs of alphacoronavirus
candidates but other motifs that enrich in pyrimidines were identified (Supplementary
Fig. S1B) and their locations were quite conserved (Supplementary Fig. S1D).
Structural analysis revealed the location of TOP-like motif was in SL2 (SL: stem loop)
of 5’UTR of all betacoronavirus candidates (Supplementary Fig. S2). SL2 is the most
conserved secondary structure in the coronavirus 5'UTR and has been shown to be

important for subgenomic synthesis®.
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3.2. Presence of a known octanucleotide motif with unknown biological function in
3’UTR of SARS-CoV-2

Our analysis revealed an octanucleotide motif (5° GGAAGAGC 3’) was
completely conserved in novel virus SARS-CoV-2 (location: 120-127 in the 3’UTR)
and other human-infecting beta-, alpha- coronaviruses (Fig. 2A). Global alignment
showed that the location of the octanucleotide sequence in 3> UTR of those
coronaviruses was not conserved (Fig. 2B); however, secondary structure analysis
indicated that the octanucleotide resided in a stem-loop structure of all coronaviral
candidates including SARS-CoV-2 (Supplementary Fig. S3). The octanucleotide motif
Is previously indicated to be universally conserved in coronaviruses; however, its role
in viral pathogenesis remains unclear®. As we realized that the octanucleotide located
within the stem loop structure in 3’UTR of coronaviruses; we predicted that this
sequence could be a part of viral mMiRNA molecules.
3.3. Prediction of the role of the octanucleotide motif in the viral pathogenesis
through miRNA pathway

Hairpin prediction by Vmir program revealed three potential SARS-CoV-2
microRNA precursors (V-md1, V-md2, and V-mrl) in 3’UTR but not 5’UTR. V-md1
and V-md2 was discovered in direct orientation while v-mrl was found in reverse
orientation. The precursors (V-mdl and V-mrl) with higher scores contained the
octanucleotide (Supplementary Table S4). Our analysis revealed the existence of
conserved s2m element in SARS-CoV-2 (Figure S5) and this conserved element resided

in a stem loop of v-mrl (Supplementary Table S4). s2m is a mobile genetic element

11
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found in 3’UTR of many coronaviruses. As s2m folds into a stem loop structure, it has
been suggested to encode viral miRNAs?L,

It is previously showed virus could encode miRNAs as orthologs of host’s
miRNAs 2224 therefore, it is reasonable to assume that SARS-CoV-2-derived miRNAs
are orthologs of hosts” miRNAs. As miRNAs in bat and pangolin, the likely natural
reservoir of SARS-CoV-2, are unknown at present, we carried out the comparison of
viral precursor sequences with human and other animals’ mature miRNAs in order to
predict mature miRNA sequence of the virus. V-md1 and V-mrl aligned well with three
human mature miRNAs while there was no homology of V-md2 in human (Fig. 3).
Particularly, V-md1 precursor, which totally aligned with four mammalian miRNAS
(Supplementary Fig. S6B), were homologous with mature sequence of has-miR-6769a-
5p and has-miR-1270 so V-md1 was predicted to be processed into two viral mature
miRNAs named vd1-miR-6769a-5p and vd1-miR-1270 (Fig. 3A). V-mrl probably
produced two viral mature miRNAs named vrl-miR-1270 and vr-miR-1307-3p as V-
mrl aligned with two human mature miRNAs (Fig. 3C). Besides, our extensive
alignments showed that VV-md1 alternatively aligned with other two mammalian mature
miRNAs and especially a part of V-mrl was an ortholog of miR-1307 of 13 different
mammalians (Supplementary Fig. S6A). Interestingly, this part was derived from s2m
element in v-mrl. Secondary structure analysis suggested that vd1-miR-6769a-5p and
vd1l-miR-1270 had good hairpin loop structures. In contrast, vr1-miR-1270 and vrl-
miR-1307-3p was less likely because mature sequence of these predicted viral miRNAs

respectively resides on a big internal loop and stem loop of v-mrl secondary structure
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(Fig. 3D). Notably, the octanucleotide located in v-mdl and v-mrl viral miRNA
precursors and even in their predicted mature sequences. The octanucleotide locates 1-
8 and 4-12 in vr1-miR-1270, and vd1-miR-6769a-5p respectively (Supplementary Fig.
S7), which implicates that the octanucleotide contribute to the seed region and binding
site of viral miRNAs. In summary, four viral miRNAs consisting of vd1-miR-6769a-
3p, vd1-miR-1270, vr1-miR-1307-3p, and vr1-miR-1270 were predicted to be produced
by the 3’UTR of SARS-CoV-2. These predicted miRNAs were further searched for their
potential human targets.

Sfold program?® was used to identify the miRNAs’ target sites in 3°’UTR, CDS,
5’UTR seed regions of genes involving in imminity response pathways, stress response,
cellular translation, and DNA methylation. Most significant target sites were at 3’UTRS
of the genes. Four predicted viral miRNAs hybridized significantly with 27 human
MRNASs at 79 target sites (Supplementary Table S8) and distribution of 79 sites for each
viral miRNAs and different seed regions is shown in supplementary data
(Supplementary Fig. S9). This showed that viral miRNAs are likely to modulate a wide
range of genes with various functions including innate immune stimulation, cytokine
production, antigen representation, cellular translation, DNA
methylation/demethylation, and ER stress response control. Three viral microRNAs
(vd1-miR-1270, vr-miR-1270, and vd1-miR-6769a-5p) produced 20 most significant
interactions with 11 human mRNA transcripts of interferon gamma (INFG), interferon-
stimulating genes (STAT5A, STAT5B)?, antigen presentation genes (HLA-A, TAP1,

TAP2)%, a negative regulator of cytokine production (PCBP2)°, a negative regulator
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of ER stress response (BI-1)%, and initiation translation factors (EIF5, EIF6, EIF4E)
(Table 3). Hybridization sites revealed that the octanucleotide contributed to seed site
of vd1l-miR-6769a-5p and vrl-miR-1270 respectively but not of vdl-miR-1270.
Notably, INF-y were targeted at three sites at 3’UTR seed by vd1-miR-6769a-5p and

vd1l-miR-1270. Although vrl-miR-1307-3p was conserved in many mammalians and

derived from s2m element, vr1-miR-1307-3p does not have many target sites on our

human gene candidates (Supplementary Table S7).
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Figure 1. Motif discovery in S’UTR of betacoronavirus candidates

(A) Motif discovery by ungapped motif search tool (MEME) in betacoronavirus
(n=5). Conserved oligopyrimidine motif is highlighted by a gray box (e-value = 1.3e-

011). (B) Global multiple alignment of 5’UTR of betacoronavirus (n=5) by Clustal

Omega. Conserved oligopyrimidine motif is bold and in a red frame.
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B Coronavirus 3 Untranslated Region Sequence Location
SARS-Cov-2 ATCCACGTGTA----CAG—TGAACAATCCTACGCAGAGCTGCCTATATGGAAGAGOCCTA 131
Beta- SARS-Cowv ATCCAGCGGTA----CAG--TCGAATAATCGCTAGGCAGACGCTCCCTATATGGAAGAGOUCTA 274
MERS-Cov TTAAAGACTGTCACCTCT-GCTTGATTGCAAGTGAACAGTGLCCCCCHGGAAGAGC|'CTA 943
HCoV-HKU1 TATAAGGTTT-======== AGCTGTAGTATA=====—=~ ARCGCCTCCYGGAAGAGOTATC 900
HCoV-0C43 TGAAAGACTT-==--==-=-- GCGGAAGTAATTGCCGACARGTGCCCAAGGGAAGAGOUAGT 222
Aloh HCoV-NLGE3 TETTTETETTGTTGGAGTACTTAAAGATCGCATAGGCGCGCCAACAATGGAAGAGOUAAC 225
pha HCoV-229E TTACARATGTCGCTGGAGTAATCARAGATCGCATTCGACGAGCCAACANTGGAAGAGOCAGT 360

235

236  Figure 2. Motif discovery in 3’UTR of alpha- and beta- coronavirus candidates

237 (A) Motif discovery by ungapped motif search tool (MEME) in betacoronavirus
238 (n=5) and alphacoronavirus (n=2). Conserved octanucleotide motif is highlighted by a
239 gray box (e-value = 3.0e-008). (B) Global multiple alignment of in betacoronavirus
240 (n=5) and human-infecting alphacoronavirus (n=2) by Clustal Omega. Conserved

241  octanucleotide sequence is bold and in a red frame.
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Figure 3. Alignment with mammalian mature miRNAs and hairpin structure of
SARS-CoV-2 viral precursor miRNAs (v-md1, v-mr1)

(A) Alignment of v-md1l with mature miRNA of mammalia. Sequence in red is
predicted to be viral mature miRNA and octanucleotide sequence highlighted in yellow
box. Human mature miRNA sequence is bold (B) Predicted hairpin structure of v-md1
by RNAfold (MFE = -17.35 kcal/mol). Sequence in red is a predicted viral mature
miRNA conserved in human. Sequence highlighted in yellow is octanucleotide
(C) Alignment of v-mrl with mature miRNA of mammalian. Sequence in red is
predicted to be viral mature miRNA and octanucleotide sequence highlighted in yellow
box. Human mature miRNA sequence is bold. (D) Predicted hairpin structure of v-md1
by RNAfold (MFE = -32.50 kcal/mol). Sequence in red is a predicted viral mature
miRNA conserved in human. Sequence highlighted in yellow is octanucleotide.

MFE: Minimum Free Energy.

A v-mdl 11 cugccuauauggaagage 28 C vl 9 gcucuuccauauaggeag 26
T T HTHTTHTTE ]
hsa-miR-127@ 1 cuggagauauggaagage 18 hsa-miR-1270 18 gcucuuccauaucuccag 1
e-value= 6.3, score = 63/100 e-value= 8.7, score=63/100
v-ndl 18 uauggaagagcccu 31 v-mrl 62 acuccgcguggecucggu 79
| T LT I
hsa-miR-6769a-5p 8 uauggaggagcccu 21 hsa-niR-1387-3p 1 acucggeguggcgucggu 18

e-value= 9.1, score = 61/100 e-value= 15, score= 72
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Table 3. RNA hybridization of predicted SARS-CoV-2 encoded miRNAs with
259 human targets by SFold
AG
No Viral Hybridization Seed AG
Category  Gene hybri
MiRNA confirmation type total
d
vd1l-miR- -
AT 7mer.AL -8.841
1270 e 17.600
vilmiRe e | -
T I S ee§ " 6mer -8.163
T B0 1270 21.100
Y
mﬂrhsa—miR—ersga—uap
- CCG GAAGGUA
vdl-miR- 5 FO0,50088R, Offset- -
W W -8.713
6769a-5p 6mer 17.400
STA  vrl-miR- o o & Offset- .
Tv » -7.172
T5A 1270 6mer 19.600
Interferon/ S wemm s -0.861 -
vrl-miR- Atjggggg S Offset-
2 cytokine N T 16.600
STA 1270 emer
regulation
T5B R
vrl-miR- . T - -
| s 6mer
1270 L 12.389 19.200
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Figure 4. Model of cellular expression and immune evasion by SARS-CoV-2 virus’
non-coding elements.

3’UTR of SARS-CoV-2 predictably encodes for four mature miRNAs. Three of
them (Vd1-miR-1270, vrl-miR-1270 and vdl1-miR6769a-5p) significantly target
interferon gamma and interferon-inducing genes (STAT5A, STAT5B), which inhibits
production of interferons for anti-viral response. Additionally, these viral miRNAs
inhibit translation of HLA-A, TAP1, and TAP2 mRNA transcripts to interfere antigen
representation process, thereby preventing from infected-cell regconition. These two
effects contribute to the delay of immune response in general. In another scenario, vdl-
miR-1270 could inhibit PCBP2, a negative regulator of cytokine production in order to
induce cytokine production, consequently may contribute to the phenomenon of
cytokine storm. Viral miRNAs also target eukaryotic translation initiation factors
(EIF4E, EIF5, EIF6); therefore, inhibiting host translation. Vd1-miR-1270 and vd1-
mMiR6769a-5p potentially target Bl-1, a negative regulator of ER stress response, thereby
inducing ER stress response. ER stress subsequently activate recapping process which
targets TOP mRNAs. As 5’UTR of SARS-CoV-2’s genome contains a TOP-like motif,
it is likely to produce subgenomic RNAs containing TOP-like motif at 5’UTR terminal
after processing. This make these viral RNAs similar to host TOP mRNAs. As a result,
TOP-like motif viral RNAs might undergo recapping pathway as host TOP mRNAs to
activate translatability and promote viral translation. Both cellular expression inhibition
and viral translation enhancement effect lead to domination of viral protein synthesis.

In summary, domination of viral protein synthesis, delay of immune response, and
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increase of cytokine production which are mediated by TOP-like-motif and viral
miRNAs simultaneously contribute to viral pathogenesis.
IV. Discussion

In order to identify important molecular features in UTRs of SARS-CoV-2’s
genome, we have utilised classical methods of identifying conserved motifs in these
regions. The virus has just been classified into two type S and L recently and does not
have an adequate time to change significantly within genome of these two types?.
Therefore, we compared the UTR regions of these two types and different human-
infecting coronaviruses to find significantly real conserved motifs. In doing so, we
identified a novel conserved motif (5-CGAUCUCUUGT-3") in 5’UTR and a known
conserved motif (5 -GGAAGAGC-3") in 3’UTR of SARS-CoV-2’s genome. The motif
in the 5’UTR 1is also conserved in its location in all betacoronavirus candidates’
genomes. In the next step, we carried out bioinformatic and literature analyses to predict
biological roles of these motifs in activities and pathogenesis of the virus. We suggest a
model of cellular expression and immune evasion by SARS-CoV-2’s non-coding
elements (Figure 4).

The novel conserved motif that we discovered in 5° UTR of SARS-CoV-2
genome consists of seven nucleotides in length and mainly pyrimidines (U/C), which
makes SARS-CoV-2 5’UTR motif similar to 5’ terminal oligopyrimidine (TOP) motif.
TOP is a sequence of 4-14 pyrimidines following a cysteine and locates in 5° end of
many eukaryotic mRNAs known as TOP mRNAs. However, the difference between our

motif and TOP is that the novel motif locates at position 47-53 of the 5’UTR, and TOP
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motif is adjacent to 5’terminal of eukaryotic mRNAs¥®. The latest study has revealed
the processing of new coronavirus’s UTRs to produce subgenomic RNAs with shorter
UTRs®. Hence, it is possible that the novel TOP-like motif becomes 5’terminal of
subgenomic RNAs after undergoing UTR processing. We also want to note that while
most eukaryotic TOP follows to a cysteine at 5° terminal, our motif locates downstream
of and non-pyrimidine nucleotide distance from a well-conserved cysteine. Because of
location and sequence similarities between two motifs, SARS-CoV-2’s RNAs may
undergo cellular processes that TOP mRNAs of Eukaryotes naturally undergo. Recent
evidence indicates that TOP is a signal for recapping process which restores
translatability and subsequently enhances expression of uncapped TOP mRNAs®,
Acquisition of 5’ cap structure is extremely critical for the stability and translation
initiation of MRNAs in Eukaryotes as well as viruses®?. Coronaviruses were also cap-
dependent and evolves their own enzymes for processing cap® as Eukaryotes, in specific,
SARS-CoV-2 genome has enough encoding non-structural proteins for capping
process®. Hence, we propose a hypothesis that SARS-CoV-2 exploits host recapping
pathway via TOP-like motif residing at 5’ terminal of processed subgenomic RNAs in
order to alternatively enhance viral translation.

Recapping pathway is likely activated during stress response because inhibition
of cytoplasmic recapping activity reduces ability of cells to recover from stress®.
Coronaviruses have been shown to induce stress responses, especially endoplasmic
reticulum (ER) stress response in host cells®*=". Due to ER stress induction, recapping

pathway can be activated to enhance the translation of cellular TOP mRNAs, and
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SARS-CoV-2 RNAs containing TOP-like motif at 5° terminal can take an advantage
from activation of recapping pathway to increase their translation. Interestingly, our
analysis identifies viral miIRNAs that might support 5° cap acquisition of viral RNAS by
suppressing a well-known negative regulator BI-1 of ER stress response?. In particular,
both vd1-miR-6769a-5p and vr1-miR-1270 predictably significantly target BI-1 mRNA
at 3’UTR seed and with low RNA hybrid energy. Therefore, SARS-CoV-2 is likely to
exploit ER stress response-induced recapping activation to gain 5° cap of host cells.
Since acquisition of 5° cap promote viral protein synthesis during infection, this activity
will contribute to the viral pathogenesis. Ribose 2’-O-methylation in viral caps allows
virus to escape cellular sensor of foreign cap by mimicking host caps, thereby not
triggering type | interferon production for anti-viral response®. Depletion of 2°0O
methyltransferase increased sensitivity to immune response and caused attenuation of
SARS-CoV virus in both in vitro and in vivo®, raising a promising target for vaccine
and drug development. Because previously interfering viral capping is effective for
SARS-CoV attenuation, disrupting TOP-like motif might attenuate SARS-CoV-2, too.

Octanucleotide 5’GGAAGAGC 3’ has been indicated to be conserved in the 3’
UTRs of coronaviruses for a long time; however, role of this conserved motif remains
unclear °. Mutational analysis on the octanucleotide reveals that it is not essential for
viral RNA synthesis but deletion of octanucleotide-containing hypervarible region
causes a dramatic attenuation of virulence in the mouse®. Our results recommend a

biological function of the octanucleotide as a seed region in viral predicted microRNAs
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which target multiple genes including interferons, interferon-inducing genes, antigen-
representation genes, translation factor genes, and ER stress regulatory gene.

Viruses develop antagonistic mechanisms to evade host innate immune in
general*. Lack of interferon response in the early stage of coronavirus infection and
delayed immune response*? can be resulted from viral innate immune evasion. Here, we
suggest a viral miRNA-mediated antagonistic mechanism that potentially contributes to
the phenomenon of delayed innate immune response. This consequently may lead to
long incubation period and asymptomatic phenomenon in SARS-CoV-2 infection. After
pathogen recognition, normally INF-B and IFN-y, which are key pro-inflammatory
cytokines, are secreted to stimulate antiviral effect of innate immune system*® and
consequently inflammatory symptoms within several days since viral infection.
However, incubation period of SARS-CoV-2 infection (2-14 days, mean 5.1 days) is
longer than normal®. This could be due to the delayed innate immune caused by SARS-
CoV-2-encoded miRNAs (vdl-miR-6769a-5p, vd1l-miR-1270, and vrl-miR-1270).
After SARS-CoV-2 infection, viral miRNAs might be produced to inhibit expression of
interferon gamma via targeting IFN-y inducing genes such as IFN-, STAT5B,
STAT5A mRNA and directly targeting IFN-y mRNA. Inhibition of IFN-y expression
can disrupt stimulation of inflammatory cytokine production and further antiviral
response and viral clearance. The miRNA-interaction pathway also helps to explain why
a previous investigation did not find IFN system (IFN production and IFN signaling

pathway) was suppressed in SARS-CoV infection when measuring mRNA levels®4,

24



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

As a result, virus could bypass host antiviral activity by delaying immune response,
thereby allowing patients being asymptomatic in the early stage of infection. This
proposed mechanism is consistent with the following pre-clinical features: the decrease
of interferon-y is observed in serum of SARS patient*’, and low interferon concentration
links to severity of SARS-CoV-2 progression®. This can be a reason why interferon-y
is showed to be effective to treat SARS-CoV in vi vitro®. In fact, decrease of STAT5A
and STAT5B to bellow critical threshold induces production of pro-inflammatory
cytokines. This is a reason why virus only could evade immune system for a certain
period and when host cells bypass viral antagonistic mechanisms, immune reactions
will be stimulated to fight against viruses, resulting in clinical symptoms?®.

Besides interfering INF signaling, SARS-CoV-2 could involve mechanism of
preventing the antigen representation of MHC class | which triggers activity of T cell
against intracellular virus and pathogen. Our prediction demonstrates that expression of
HLA-A, TAP1 and TAP2 (HLA-A transporter)?” can be decreased by vr1-miR-1270,
vd1l-miR-1270 and vd1-miR-6769a-5p respectively, which limits antigen representation
on the surface of antigen-representing cells and latter limiting activity of T cells. Hence,
by miRNA-mediated antagonizing antigen representation, SARS-CoV-2 can escape
host immune attack when adaptive immune starts in the middle stage of viral infection.

Severity of SARS-CoV-2 infection is linked to cytokine storm in post stage. Here,
we found that PCPB2 was a common target of SARS-CoV-2 and H5N1 viral
microRNAs. H5N1 virus is proved to express microRNA-like small RNA, miR-HA-3p

in order to suppress expression of PCPB2. The inhibition of PCPB2 expression mediates
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enhanced cytokine production and increased risk of mortality!®. Therefore, similar to
miR-HA-3p, vr1l-miR-1270 encoded by SARS-CoV-2 can be a virulence factor for
cytokine storm in SARS-CoV-2 infection®.

Finally, we suggest that RNA viruses suppress host translation factors to reduce
host protein synthesis and activate an alternative pathway that favors viral RNA
translation®2. The results predicted that translation initiation factors (EIF4E, EIF5, and
EIF6) were targeted by vd1l-miR-6769a-5p and vd1l-miR-1270. Thus, SARS-CoV-2
possibly antagonizes normal translation pathways to induce non-canonical translation
mechanisms®® that allows to translate viral RNAs, thereby enhancing viral protein
synthesis.

V. Conclusion

In summary, in this study we clearly identified two conserved oligonucleotide
motifs in UTRs of SARS-CoV-2’s genome and provided sound explanations for
pathogenic role of the non-coding elements and virus-host interactions. The function of
novel TOP-like motifin 5’UTR and the octanucleotide motifin 3’'UTR of SARS-CoV-
2 are proposed to relate to recapping-mediated cap acquisition and viral miRNA
mechanism respectively. The novel TOP-like motif in 5°’UTR can be an option for
vaccine and drug development for SARS-CoV-2 infection. SARS-CoV-2 might develop
multiple strategies to modulate many cellular processes (interferon production, antigen
representation, ER stress response, and translation initiation) using virus-encoded
miRNASs (vr1-miR-1270, vd1-miR-6769a-5p and vd1-miR-1270) in order to maintain

viral infection in different infection stages. These miRNA interactions can explain a

26



413

414

415

416

417

418

419

420

421

422

423

424

425

426

serious discrepancy in previous experiments when only mRNA levels were measured.
Interestingly, the proposed interaction pathways link together the effect of both 5’UTR
and 3’UTR on the viral pathogenesis. We firmly believe that these results are worth to
investigate experimentally to produce more detailed insights into viral pathogenesis and
novel targets for anti-viral drug development.
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