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targeting, A high-resolution temporal atlas of the SARS-CoV-2 translatome and transcriptome)
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Curriculum Vitae

Speaker Name: Daehyun Baek, Ph.D.

» Personal Info

Name Daehyun Baek
Title Associate Professor
Affiliation Seoul National University

» Contact Information

Address Rm 423, Bldg 504, Seoul National University
Seoul, South Korea, 08826
Email baek@snu.ac.kr

Phone Number  010-7737-0810

Research Interest
Artificial Intelligence (Deep Learning) for Biology and Medicine, Computational Biology and

Bioinformatics, Noncoding Genome, Cancer Genomics

Educational Experience
1999 B.S. in Electrical Engineering at KAIST (Minor in Biological Sciences)
2007 Ph.D. in Bioengineering at University of Washington (Advisor: Phil Green)

Professional Experience
2007-2010 Postdoctoral Fellow at Whitehead Institute / MIT / HHMI (Advisor: David Bartel)
2010-Present Assistant & Associate Professor of School of Biological Sciences at SNU

Selected Publications (5 maximum)

1. D. Kim*, S. Kim*, J. Park*, H. R. Chang*, J. Chang*, J. Ahn* .., M.-S. Park#, Y. K. Kim#, and D.
Baek#, A high-resolution temporal atlas of the SARS-CoV-2 translatome and transcriptome,
Nature Communications, 2021 (IF=14.92)

2. S. Kim*, S. Kim*, H. R. Chang* D. Kim*, .., C. Shin#, and D. Baek#, The regulatory impact of
RNA-binding proteins on microRNA targeting, Nature Communications, 2021 (IF=14.92)

3. D. Kim* Y. M. Sung* J. Park* .., and D. Baek, General Rules for Functional MicroRNA
Targeting, Nature Genetics, 2016 (cited 106 times, IF=38.33)

4. D. Garcia*, D. Baek*#, .., and D. Bartel#, Weak Seed-Pairing Stability and High Target-Site
Abundance Decrease the Proficiency of Isy-6 and Other miRNAs, MNature Structural and
Molecular Biology, 2011. (cited 920 times, IF=15.37)

5. D. Baek*, J. Villen*, C. Shin* .., and D. Bartel, The Impact of MicroRNAs on Protein Output,
Nature, 2008. (cited 4,005 times, IF=49.96)

(*co-first authors, #co-corresponding authors)
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» >1,000 miRNAs in human

» 200-400 functional targets/miRNA
» >60% of human protein-coding
genes are direct targets of miRNAs.

. 10-20% of miRNA targeting.

» The simple ternary
interaction and its known
determinants can explain only

- p Other determinants remain
~still unknown.
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| Rules for
croRNA Targeting

Daehyun Baek

School of Biological Sciences
Seoul National University

Canonical Site Types(CSTs) of miRNA Targeting

Seed match

PEE— N —

Bmersid « . vos o0 NNNNNN. ... ....

/mer-Al1site . . . ... NNNNNNA . . . . ...

/mer-m8 site.. . . . . NNNNNNN. . . .. ...

8mersite . ... ... NNNNNNNA . . . . ...

NNNNNNNNNNNNNII\III\II\FHI\J&H[\HLJN~5' mMiRNA
87654321

-

Seed

(Baek et al, Nature, 2008)




Noncanonical Site Types(NSTs) of miRNA Targeting

NS 00000000

Seed match |

. —— " |5 =nnnnnnnACAUGAAACUACNnnn-3’ mRNA
Offset 6mer site. . . NNNNNN ......... ‘ I I I I I I I I I I I I
e e NNNNNN. .. .oe 37 ~-GGGUUGUUGUACUUUGAUGGAU-5’ miRNA

7mer-A1 site. . . . .. NNNNNNA. . . . . ..
7mer-m8 site. . . . . NNNNNNN. . . o o v
8mersite . . .. ... TWWWA .......

NNNNNNNNNNNNNNNNNNNNN-5' miRNA

87654321
Seed 3

(Friedman et al, Genome Research, 2009)

(Shin et al, Molecular Cell, 2010)

Noncanonical Site Types(NSTs) of miRNA Targeting
IS 009

Pivot Pairing Single Mismatch Sites

3'...AGUGUUAAUCGUAAUU 5 miR-155
G TUT(B) TTGCUUUAA
N1 (1) AGCUUUAA
.1 _ecuuua
mRNA 5-GUG CCUU-3’ (4) " GUAUUR

N2 (3) AGUAUUAA
(2) GUAUUAA

miR-124 3-CAC GGAAU-5 3 ...{1). AGUAUUA
876 54321 & (3) AZCAUUAA
I
o Na (3) T GeouuAa Non-canonl_cal
£ mRNA motifs
g ......{1)_AGCCUUAA 44/83

......{1) . AUAUURA
N6 (2) GUAAUAA
N7 (2)  GCAuuG
N8 (2) GCACUAA
TUUE) T S cAuuTa
N9 (1) AGCAUUUA

>50% of miR-155 dependent sites

(Chi et al, Nature, 2009)
(Chi et al, NSMB, 2011)
(Loeb et al, Molecular Cell, 2012)




Limitations and Solutions
I 0

Incomplete Searches Indirect Evidence

4 Canonical target sites @ AGO CLIPSeqg-based analysis
4 Offset 6-mer site 4 Based on limited number of miRNAs
4 Centered site 4 Pivot pairing site
& MIRZA sites
. 2 >

4 No one has performed the comprehensive and systematic search
for functional miRNA targeting rules.

|
4

Solution: Extensive Bioinformatics Analysis
4 Massive-scale search for functional, meaning those targets that
elicit detectable mRNA repression, miRNA targets.
# Goal: The most comprehensive discovery of miRNA
targeting principles

Challenge: Complexity of miRNA-mRNA Interactions
IS 000000

HERE QA _EEEEEIEEEEI

18 17 16 15 14 13 121110 ¢ 8 7 6 5 4 3 2

(A)m Poly(A)

B Match E§ Mismatch [BJ Bulge on miRNA Adenine at 1st mRNA position

E Other at 1st mRNA position Wobble pairing &l Bulge on mRNA
[E]-[E Internal loop [E] All but match [.] Does not matter

The number of site types(STs) that can occur
between human miRNAs and mRNAs with >8 targets:
~2 Billion




Comparison Nearch Spaces

Previously evaluated <1 million STs

>99.9% of the STs have remained
unexamined.

Method Overview

Mock miRNA/sIRNA Assoc_iatmn test for miBNA/SIRNA mBNA
. l site types
Transfection saguence sequences

Percentile (%) M
0 20 40 80 80 100 B

. . 1 0 _‘I L 1 ] L 1
%) 0‘5 i E ’ Predict hybrid structure
w (]
> 0.0

8-0.5 '

-1.04 '

175 microarrays . Site lype
CICIE EEEEEEN -
1817161514131211100 8 7 6 54 3 2 1 l
Downregulated Vichanged of ) g y
upregulated miRNA:mRNA interactions
Presencel 3,003 9,827

P=295x10"%

Measures of fold change T = M
(FC) in mRNA levels T J — i, A

l 1 Site types( 20hiJlion)
Sertea U Significantly associated = LJLICILILIE] EEEEEE.
. 10 site types JEGIEGIE | | CIIEJEJ JLE
€ ool _J o CEEOUEC B EE e
8“"4:15-(" 5108|838 O O] O[O O] A oooonoo m@mmm@@[
= JLLLLLLL L S ECEERE
3 UTRs sorted from LULLOLLLLLCEEEEELL] LILICIGILIL '.IT.EIE]?.'EJEEEJ )@
downregulated to upregulated 1817161514131211109 876 54 3 2 1 1817161514131211109 8 76 5 4 3 2 1
|

Iterated after removing 3" UTRs containing the most




Solution

B 000
High-Performance Hardware Optimized Software
4 High-performance server system @ Implemented in C/C++
4 >1,500 CPU cores @ Massive use of bit-operation
@ >1.2 PB of storage 4 Hash table based optimization

@ Fast compression algorithm for
data transfer

Known Local Context of CSTs
[ 2000 000

3’Additional Pairing

Local AU Content — | Context Score : TargetScan3

Site Location

Target Site Abundance L | context+Score : TargetScan6

Seed Pairing Stability

5 known determinants for the overall proficiency of CSTs

(Grimson et al, Molecular Cell, 2007)
(Garcia and Baek et a/, NSMB, 2011)




Discovery of Functional CDNSTs

S 000000
Seed
87654321 2
3’—NNNNNNNNNNNNN!|\II‘\I!|\II\I‘II\IH?IN—5’ miBNA
8-mer .. 0000000A 75

O All target sites
W Top 25% of 7-mer-m8 ... ....... 0000000B 227

Rank-sum - CSTs
P values context scores 7 o A1 @o00000A 185
17 % 10—57 6 -mer .. e e e ZFO00000B 596

13“8223 E Gmer Bl ovss s sw aw g @OOOOOA 512 7]
1.2x18:]ﬁ ] Offset 7-mer. . ....... .. 00000008. 145 | NSTs

6.9 x

28x 181?1 e Offset 6-mer. . ......... @O000008. 445 |

28 ]81?0 ¢ gl OORSTA wnsvsmos o s s @O0000B 469 ]

8.4x1073 CDNST2 ............. oogoooa 182

11 x10_§ — L CDNSTs
9819~ g CONST3 ........... ooogogoZ. 934

g-ng - —mmall CONST4 ... ...... 0BBZ000A 825

9.4 x 1073 1 NSTs combined 1,283

16x107* 1 CDNSTs combined 4,557

2 R M ' Number of target sites
@ © * & O
/QQ })Q })Q })Q o° per 10,000 randomly
Mean log, (FC) chosen 3" UTRs on
average for a mature

miRNA

Validation of NSTs and CDNSTs: Luciferase Assays

-
Seed Seed
B7654321 87654321

F-NMNMNNMNNNMNMNNNNN -5 mRRNA F-NNNNNNNNNNNNNNNN -5 mRNA
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Fold repression
s &
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n

CDNST1 W PP PO °°;@=- PSS S ,@o & CDNST2

70% of NST and CDNST targets were validated
by luciferase assays.
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Validation of NSTs and CDNSTs: Luciferase Assays

Fold repression

P=30x10"
P=95x10"%
[ I
202 P=29x107%
1.54
c
=]
—
IS
a 1.0+
o
e}
© — G
0.5 *
0.0 - L . )
2 NSTs 2 CDNSTs 3 non-
(a and b) (cand d) functional STs

Relative proficiencies of the CSTs, NSTs, and CDNSTs
combined from three single-miRNA luciferase assays

3.0 4
2.5
2.0 4
1.5
1.04
0.5

00~ 'S > N 5 N 'S 'S N Y >

& & X F O E @A A& A

f & & 0 P

AT A7 54 0@2’&& o ¢ o O

O Wild type  miR-124-3p

B Mutant miR-155-5p

miR-223-3p

70% of NST and CDNST targets were validated
by luciferase assays.

Validation of NSTs and CDNSTs: miRNA KO/KD Data

Mean log, (FC)

0.5

NSTs combined
CDNSTs combined

0.0 04 0.2 0.3 0.4
8-mer : : |-—0—|I I
7-merm8 T
T-mer-Al [ 34—
B6-mer Er _________ = E
6-mer-Al E 'l
Offset 7-mer i i
Offset 6-mer i i
NSTs combined i i
CDNSTs combined : i
600 005 010 015 w20
6-mer : : El—l I
6-mer-A1 i
Offset 7-mer
Offset 6-mer

miRNA knockout in mouse and MZ dicer-null zebrafish

Rank-sum
P values (n)

2.2 x 107" (273)

B.7 % 10 %(534)

=31

6.5 % 107" (459)

1.6 107°%(1,214)

4%107 (2,041
» 107 Essu; !
10713 (408|

107 {MBE

=107% (1,526)

%107 [440)

3 x 1071(4,065)
455107 51_158;
0.014  (9,881)
2.4x107* (2.593)

1.4
92
23
8.3
1.7
2.0

miRNA knockdown in ES2, OVSAYO, and MCF-7 cell lines

Mean log, (FC)

Rank-sum

0.00 0.05 0.10 Pvalues (n)
8.mer E—Iu I 5.9 x107% (390)
7-mer-m8 [ F—3}— 1.5 = 107 (620)
7-mer-Al [ —— 4.4 %107 (596)
emer | FE— 81 %107 (1,343)
B-mer-A1 é i é:gaﬁ w E;%?g?;ﬁ}
Offset 7-mer i i 5:?4}‘ 1! ﬁgg))
Offset 6-mer i i é? : }gf Elssua)g}
NSTs combined i g fz?: :g_f E?ggg:}’
CDNSTSs combined | E oo (5
fHsen e e o
0.00 0.03 " vos
B-mer —H——3— ' I
B-mer-A1
Offset 7-mer
Offset 6-mer
NSTs combined
O All target sites
CDNSTs combined

M Top 25% of
context scores




log,, (enrichment P value)

15 1

10 +

-5

Evaluation of Previously Reported NSTs

A0
-15 -
0% 20% 40% 60% 80%
3'UTRs sorted from

downregulated to upregulated

— pivot pairing

— centered site

1 60%

seed

87654321

O 00 .

miRNA

Consistent with a
(Agarwal et al, elife, 2015)

Evaluation of Previously Reported NSTs
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recent work by the Bartel lab. |

- 10 -




Comprehensive View on Functional miRNA Targeting

[ 000
_Seed
87654321 2
3’—NNNNNNNNNNNNNI|\H‘\II|\H}H?JI}IN—5’ miBNA
8-mer .. OO00000A 757

O All target sites
W Top 25% of 7-mer-m8 ... ....... 0000000B 227

Rank-sum - CSTs
P values context scores 7 o A1 @o00000A 185
17 % 10—57 B6-mer 0 ... ZFO00000B 596

L = I
15% ]8223 E Gmer Bl ovss s sw aw g @OOOOOA 512 7]
1.2x18:]3 ] Offset 7-mer. . ....... .. 00000008. 145 | NSTs

6.9 x
%gi}gjﬂ sl Offset 6-mer........... @O00000@. 445
28 181?0 ¢ gl OORSTA wnsvsmos o s s @O0000B 469 ]
8.4x107; BONER 2" coocoismmn s w0 | 00000A 182
11%10° —e==] - CDNSTs
98x10% g CDNST3 ........... 000Z0god. 934
g-g2x5 - d (615] 12 [ og@@goooa 825 |
9.4 x 1073 1 NSTs combined 1,283
16x107* # CDNSTs combined 4,557
' ' ' ' ' Number of target sites
@ © > & O
})'Q /Q'Q /Q‘Q p‘-o o° per 10,000 randomly
Mean log, (FC) chosen 3’ UTRs on
average for a mature
miBRNA
The Impact of Functional miRNA Targeting
I 0 0

8mer

7mer-m8

7mer-A1l

6mer

6mer-A1

offset 7mer

offset Bmer

CSTs combined
NSTs combined
CDNSTs combined
NSTs and CDNSTs combined

T
500 1000 1500

Estimated amount of overall mRNA derepression in
miRNA K.O./K.D. in human, mouse, and zebrafish

Nl H UUUHUHU
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The Impact of Functional miRNA Targeting

I 20000 YrTE
Site type PhyloP score? Rank-sum
name Site type Site  Control Pvalue
8-mer ... 00000002 0.521 0.218 <1.0 x 10-320b
7-mer-m8 ... .. 0000000B 0.241 0.172  <1.0 x 10-320b
7-mer-Al ... ... ... @000000a 0.291 0.221  <1.0 x 10-320b
6-mer ... @000000B 0.193 0.175 6.3 x 10748
6-mer-Al ... ... ... ... gooooor 0.281 0.265 1.9 x 10-3°
Offset 7-mer . .......... ooooooo@. 0.235 0.184 2.8 x 1025/
Offset 6-mer . .......... @oo0000g. 0.210 0.177 7.2 x 10-120
CDNST 1¢ ... ... ... .. @00000B 0.263 0.252 1.6 x 10-12
CDNST2¢ ... ... ot oogoooa 0.387 0.361 3.5 x 10729
CDNST 3¢  ......u.... ooogogog. 0.189 0.172 9.0 x 10-19
CDNST 4¢ ... ....... og@woooa 0.275 0.291 1.0

Conclusions
I 2000

@ We have constructed a massive-scale bioinformatics pipeline
that aims to systematically and comprehensively evaluate miRNA-
target interactions.

@ We discovered 7 NSTs and CDNSTs, many of which have not
been reported previously.

€ Luciferase assays and independent data analyses suggest that
most of the newly discovered NSTs and CDNSTs may be
functional.

® The miRNA-target interactions and their gene regulatory
networks may be substantially more complex than currently
perceived.

-12 -



ARTICLES

nature
genetlcs

General rules for functional microRNA targeting

Doyeon Kim!24, You Me Sung?#, Jinman Park!?4, Sukjun Kim!"?, Jongkyu Kim"2, Junhee Park?, Haeok Ha?,
Jung Yoon Bae?, SoHui Kim !> & Daehyun Baek!-3

The functional rules for microRNA (miRNA) targeting remain controversial despite their biological importance because only a
small fraction of distinct interactions, called site types, have been examined among an astronomical number of site types that can
occur between miRNAs and their target mRNAs. To systematically discover functional site types and to evaluate the contradicting
rules reported previously, we used large-scale transcriptome data and statistically examined whether each of approximately

2 billion site types is enriched in differentially downregulated mRNAs responding to overexpressed miRNAs. Accordingly, we
identified seven non-canonical functional site types, most of which are novel, in addition to four canonical site types, while also
removing numerous false positives reported by previous studies. Extensive experimental validation and significantly elevated

3" UTR sequence conservation indicate that these non-canonical site types may have biologically relevant roles. Our expanded
catalog of functional site types suggests that the gene regulatory network controlled by miRNAs may be far more complex than
currently understood.

act of RNA-Binding Proteins
croRNA Targeting

Daehyun Baek

School of Biological Sciences
Seoul National University

- 13 -
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» The simple ternary
interaction and its known
determinants can explain only
10-20% of miRNA targeting.
» Other determinants remain
still unknown.

N -j pri-miRNA

Dgcr8
\ g

pre-miRNA

mature
N miRNA

TR

1

eArgonaute(AGO)

» >1,000 miRNAs in human N
» 200-400 functional targets/miRNA
» >60% of human protein-coding
genes are direct targets of miRNAs.

miRNA Targeting(MT)0ll S22 = RNA-Zg THHHZE(RBP)
[ 200

Ago |
PUM1 ) ‘ .
. M miR-221/miR-222

ﬁbindinxte ‘//
,027mRNA Cap—&ﬁj / ? An)

miRNA target site

Than, £
T e ?/M}
% m O’(Nam A An)

Structural change makes
target site accessible

> MT 2&lM:  Pumilio, PCBP2, FUS, and PTBP1
> MT MZZ|A: Dnd1, RBM38, HuR, IGF2BP1, and PTBP1

>800 RBPs x 22,000 3'UTR RBP-Zg} AIO|E =
~17 million 7H0]| O|2= Zg & 35| Lo A=

(Triboulet et a/, 2010, Nature Cell Biology)
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mRNA w ol | ReP & @ p(A)

5" UTR 3'UTR

What features of RBPs affect miRNA targeting (MT) efficacy?
« The distance to the 5' end or 3' end of mMRNA?

» The distance to the CDS start or CDS end?

* The distance to the miRNA target site?

« The number of RBP binding sites (RBSs)?

« The density of RBS?

« The intensity of RBP binding?

ENCODE eCLIP-Seq HIO|E{(mRNA 42| RBP-ZE 2% HE)

UV crosslinked RBP-RNA

/—vv_h

l(Day 1) Lysis, fragmentation

| 2% of sample - for size-matched input (SMInput)

lBE% of sample - IP & washing
— ey ——
Dephosphorylation, (1 20 RB PS)
3’ adapter ligation Protein gel,
membrane
transfer

RBPs RBPs RBPs

A 4
Proteinase K,
(Bay 2) g isolation

—f— = g ... |solated
-1 1 1 1 region:
11 11 75 kDa
(Day 3) Reverse T ™ ahove RBP S
transcription _IP SMinput
ﬁ* -
l RNA removal
(Day 4)
- e , =P o .
.
3’ adapter ligation PCR amplify &
size-select

(Nostrand et al, 2016, Nature Methods)

47 BWER 30 \HepG2

103 RBPs)
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mRNA-seq / Microarrays

171 samples in total

Cell line Samples
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* OHCC: Other human cancer cell lines
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PUM1
binding site

p27 mRNA

miRNA target site

Structural change makes
target site accessible

(Triboulet et a/, 2010, Nature Cell Biology)
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AGO Binding Changes /n vitro - Gel Shift Assay (EMSA)
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AGO Binding Changes /n vivo - RNA IP Experiment
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Overlapping Sites: MTSs May Outcompete RBSs

plA)

e 0
Site types Seed pairing stability (SPS) RBP function
8mer Tmer- mB Tmer-A1 Gmer Strong Medium Weak Stabilization Destabilization
00
- Qg@! g
2-01
[ P—l] 06
o | 202
(g- s Y 0 = . P—U 98 =
[¥] -5
2 503 (il O P ERDE EF N R poe2 | P-020
£ P=0.20 .l ! L L
< P=22x10* — P-0.016 P=-0.011
Z 04 {' {- P=0.01 p-003 002
£ [
05 P=064
p-- - Binding affinity of
AGO-mIRNA -4 RRM domain
-
@ complex sy e
S 5 -.:::..-
I_ﬂ ..
% plA} g .==::::
& -8 .'.:v¢|.."
0 .
e > = oo.
w‘ "“I ‘g ..]. 9".I.
NS
.::"
Q—Q—mm ‘@7 -12 =

Highly conserved
87 miRNA seeds

For Numerous Cases, MTSs Consistently
Outcompete the Overlapping RBSs

Overlapping Sites: MTSs May Outcompete RBSs

P=23x10°

7

Site types Seed pairing stability (SPS) RBP function
8mer mer m8 Tmer-A1l 6mer Strong Medium Weak Stabilization Destabilization
q I;IE'! !
é’ -0.1
o P—U 06
o
2 E o PU B il P—U 98
Q -5
L5 g3 P_UUG Ps“m P=0.30 PDB4 P062 P029
£ _0 20 ) L
< P=22x10"* - P:O.U16 P:0.011
Z -04 P=0.01 P=0.03 -0l
£
-05 FE
P—3 4x102
_ . [o== l
(o]
g-01 L
o P=36x10"
w | £-02 S il
3 -F": 007 P=0.60 P9 7x102 - P P=0.68
T :—é -03 R oers P=56x104 P=016 | p=14x10+ P2 0%107
% -0.4 P=40x102" P=53x102
[
-0.5P=2. 5x10‘5
P=32x10%
0.0
2| g L=
= | 8-01
813 P=0.03
k1) (=]
8| g-02 P=4.4x10"
8|6 P=2. 6x10‘3 L |
5| z=-03 P—2 5x102 P=0.04 P=0.22 I_l
E | & P=17x10"
< | 5 04 P=58x10"%2 P=9.2x10°  P=19x107 P=3.7x107
gl 1]
© ~0.5 P=6.2x10% P=1.0x10"

- 23 -




Conclusions
I 0000

> To gain a global insight into the regulatory impact of RBPs on MT, we have
systematically evaluated the quantitative effect of 117 RBPs on MT efficacy.

> Most RBPs, if not all, significantly enhance MT, while no RBP detectably
suppresses MT on a global scale.

> RBPs make the local secondary structure of the MTS more accessible to
AGO and therefore enhance MT.

> MT should be understood in a context of hundreds of co-regulating RBPs
rather than the currently accepted simplified model of a ternary interplay
between AGO, miRNA, and mRNA target.

> Our study illuminates the previously (EL‘—Q@O-”’
unappreciated, widespread regulatory
impact of RBPs on MT, unveiling the complex é’@%—@)—eﬂ‘”

nature of the gene regulatory network
governed by metazoan miRNAs.
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The regulatory impact of RNA-binding proteins on
microRNA targeting

Sukjun Kim@ ", Soyoung Kim®"", Hee Ryung l'.hang'-”. Doyeon Kim", Junehee Park!, Narae Son,
Joari Park® ¥4, Minhyuk Yoon?, Gwangung Chae’, Young-Kook Kim®, V. Narry Kim® '8, Yoon Ki Kim® 34,
lin-Wu Mam@ ! Chanseok Shin?89% g Daehyun Baek! 104

Argonaute is the primary mediator of metazoan miRNA targeting (MT). Among the currently
identified >1,500 human RNA-binding proteins (RBPs), there are only a handiul of RBPs
known to enhance MT and several others reported to suppress MT, leaving the global impact
of RBPs on MT elusive. In this study, we have systematically analyzed transcriptome-wide
binding sites for 150 human RBPs and evalusted the guantitative effect of individual RBPS on
MT efficacy. In contrast to previous studies, we show that most RBPs significantly affect MT
and that all of those MT-regulating REFs function as MT enhancers rather than suppressors,
by making the local secondary structure of the target site accessible to Argonaute. Our
findings illuminate the unappreciated regulatory impact of human RBPs on MT, and as these

REPs may play key roles in the gene regulalory network governed by metazoan miRNAs, MT
should be understood i the context of co-regulating REPs
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Artificial Intelligence vs. Deep Learning
I, @@

ARTIFICIAL
INTELLIGENCE

MACHINE
LEARNING

DEEP

LEARNING
A A
DA

1950's 1960's 1970's 1980's 1990's 2000's 2010s

Since an early flush of optimism in the 1950s, smaller subsets of artificial intelligence - first machine learning, then
deep learning, a subset of machine learning - have created ever larger disruptions.

(blogs.nvidia.com)

- 25 -



Deep Learning 7|2t2| miRNA E}Z 0| =

image and reduction of the number of
model parameters
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Convolution Neural Network(CNN) 2% for MT
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CNN Features: RBP Binding Information
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Convolution Neural Network(CNN) 22 for MT

miRNA target site + 100nt
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lution Temporal Atlas of
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COVID-19
e

> COVID-19 is caused by severe acute respiratory syndrome-related
coronavirus 2 (SARS-CoV-2), which infected >34 million people resulting
in >1 million deaths.

> As the United Nations has recently declared, COVID-19 is not only a
pandemic but also a substantial crisis deeply affecting the societies and
economics on a global scale

> Although the SARS-CoV-2 transcriptome has been recently reported (Kim
et al., 2020), temporal landscape of the SARS-CoV-2 translatome and its
impact on the human genome remain unexplored.

CORONAVIRUS DISEASE 2019

(www.fscluster.org)
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The Viral Life Cycle of Coronavirus
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The Mechanism of SARS-CoV-2 Viral Entry
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Genome Organization of SARS-CoV-2
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Model of Putative Coronavirus Replisome
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Discontinuous Transcription
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(Hartenian et al, 2020)

Innate Immune Antagonism by SARS-CoV

IFN-B / IFNAR interaction
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(Hartenian et al, 2020)
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Experimental Design
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Highly Reliable Data Quality
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Strong correlation between replicates indicates
that our datasets are highly reliable.
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Highly Reliable Data Quality
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Strong correlation between replicates indicates
that our datasets are highly reliable.

A High-Resolution Temporal Atlas of the SARS-CoV-2 Translatome
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Employing RPF-seq, QTl-seq, mRNA-seq, and sRNA-seq, a temporal
atlas of SARS-CoV-2 translatome and transcriptome was constructed.
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The overall increment in expression level for all ORFs
over time was observed on both mRNA and RPF levels.

ORF 10 May Be Functional

suggesting that ORF 10 might be
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ORF 10 exhibited a very high TE, ‘
albeit to its modest RPF level, e
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ORF 10 May Be Functional
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Leaky scanning of ribosome in N sgRNA might lead to
the translation of ORF 10.

Translation Initiation Site Located in the Leader (TIS-L)
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Substantial amount of the RPF-seq and QTI-seq reads were
mapped on a CUG codon located in the leader sequence
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Leader Sequence in SARS-CoV-2
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Leader sequence and TIS-L are included in
all gRNAs and sgRNAs of SARS-CoV-2

(Kim et al., Cell, 2020)

TIS-L Reads Uniquely Mapped to the SARS-CoV-2 Genome
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Most RPF-seq and QTl-seq reads (>95%) were mapped to
sgRNAs, while <5% of the reads were mapped to gRNA
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TIS-L Reads Uniquely Mapped to the SARS-CoV-2 Genome
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Translation Initiation at Annotated AUGs vs. TIS-L
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Consistent with Calu-3, a considerable amount of reads
were mapped to TIS-L in Caco-2.

TIS-L for ORF 1a
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For ORFs 1a and N, TIS-L is expected to create a short
uORF that is not overlapping with the annotated ORF
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TIS-L for ORF S
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TIS-L is in-frame with ORF S and thus expected to yield an
extended ORF or to function as a translation enhancer.

TIS-L for ORF 6
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TRS-B of ORF 6 is embedded in the middle of ORF M |
producing an uORF in-frame with the C-terminal region of ORF M
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TIS-L for the Other ORFs (3a, E, M, 7a, 7b, and 8)
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Most uORFs derived from TIS-L overlap with
annotated ORFs and are out of frame with them,
likely functioning as a translation suppressor.
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Experimental Validation by Luciferase Reporter Assay
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These results demonstrate that TIS-L has a
substantial regulatory impact on most SARS-CoV-2
OREFs either positively or negatively.

-41 -



The Impact of TIS-L on the SARS-CoV-2 Translatome
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Evolutionary Insight into TIS-L in Betacoronaviruses
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TIS-L may bypass the reduced global translation of
the host cells in response to viral infection.
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Evolutionary Insight into TIS-L in Betacoronaviruses
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SARS-CoV-2 MicroRNAs
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SARS-CoV-2 MicroRNAs May Help Evade Human Immune Response
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Conclusions

> We report the first high-resolution atlas of the translatome and
transcriptome of SARS-CoV-2 for various time points after infecting
human cells.

> Intriguingly, substantial amount of SARS-CoV-2 translation initiates at
a novel translation initiation site (TIS) located in the leader sequence,
that we termed TIS-L.

> Since TIS-L is included in all the genomic and subgenomic RNAs, the
SARS-CoV-2 translatome may be regulated by a sophisticated interplay
between TIS-L and downstream TISs.

> TIS-L functions as a strong translation enhancer for S protein, and as
translation suppressors for most of the other proteins.

> Our global temporal atlas provides compelling insight into unique
regulation of the SARS-CoV-2 translatome and helps comprehensively
evaluate its impact on the human genome.

- 45 -



_—4\L\/\
namre =
COMMUNICATIONS

ARTICLE W) s v spanen
OPEN

A high-resolution temporal atlas of the
SARS-CoV-2 translatome and transcriptome

Doyeon Kim'8, Sukjun Kim® ', Joori Park® 236, Hee Ryung Chang'®, Jeeyoon Chang® 238, lunhak Ahn@
Heedo Park@® “®, Junehee Park!, Narae Scn', Gihyeon Kang!, Jeonghun Kim®
Man-Seong Park’ ™ Yoon Ki Kim@ 237 & Daehyun Baek>™

, Kisoon Kim?,

COVID-19 i caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
which infected >200 million pesple resulting in >4 million deaths. However, temporal
landscape of the SARS-CoV-2 translatome and its impact on the human genome remain
unexplored. Here, we report a high-resolution atlas of the transltome and transcriptome of
SARS-CoV-2 for various time points after infecting human cells. Intriguingly, substantial
amount of SARS-CoV-2 transiation initiates at a novel translation initiation site (T15) located

in the leader sequence, termed TIS-L Since TIS-L is included in all the genomsc and sub-
genomic RMAs, the SARS-CoV-2 translatome may be regulated by a sophisticated interplay
between TIS-L and downstream T15s TIS-L functions as a strong translafion enhancer for
ORF S, and as translation suppressors for mast of the other ORFs. Our global temporal atlas
provides compelling insight into unique regulation of the SARS-CaV-2 translatome and helps

comprehensavely evaluate its impact on the heman genome
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