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Article overview

Systematic analysis and screening of R2 retrotransposons
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Generation of en-R2Tg by engineering donor RNA and protein
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Overview of Transposons

DNA transposons

_ Randomly integrated mobile elements

eg: PiggyBac (PB)
PB  (HERV-K)(LINE1 -
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R2 is a site-specific retrotransposon targeted only 28S rDNA.



Typical gene integration system disigned from DNA transposons.

Transposon system

Donor plasmid
TSD Spacer Spacer, 1SD

C TIR——PGK puroR eGFP —TIR j

Helper plasmid

C CMV =~ Tnp :]



Advantages of R2 to target gene integration

288 rDNA loci within nucleolus
5 UTR R2O0ORF 3 UTR
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Study Objectives

» Systematic R2 retrotransposons analysis
» Engineering R2 elements for enhanced integration

« Demonstrating all-RNA-mediated targeted integration in mammalian cells

Systematic analysis and screening of R2 retrotransposons
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Generation of en-R2Tg by engineering donor RNA and protein
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Bioinformatcs screened 62 complete R2 (integral for transposition)

SUR Collect zel I | Extract proteins 1 BRI RE R2Bm
El 3UTR TS protein sequences | RT | with RT and ZF domains | ,’ _
ORF 2 : R ] - [ BN RLE Protein-1
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Modular expression system

5UTR R2O0RF 3 UTR

CAG NLS
—

Vector 1
NLS SV40 pA
R2 protein -l-.—T—
3x Flag
Vector 2
SV40 pA

donor —T—



GFP-intron reporter system

R2 protein
3'UTR

LHA 5UTR SD SA 3 UTR RHA 5 UTR
donor —

HSV-TK pA B-globin intron CMV “‘\(\BFP

donor RNA iTranscnptmn " 100-bp LHA “¥.--"100-bp RHA .

’ 28S rDNA locus
¢ Retrotransposition

¢ Intron splicing
mature donor RNA
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R2Tg has optimal retrotransposition activity

20 mmm \Vector 1 + Vector 2
15 Vector 2

______

All-in-one L1 construct

An, W. et al. Characterization of a synthetic human LINE-1
retrotransposon ORFeus-Hs. Mobile DNA, 2011.



Engineering strategy

— R2 protein
Vector 1
CAG NLS NLS SV40 pA
R2 protein ~|-.—T—
3x Flag
Vector 2 —
CAG SV40 pA

o T

— RNA donor



RNA structure determined by SHAPE-Map

SHAPE modification

Mutation counting
Folded S— =
RNA
S
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Mutational profiling i
SHAPE profile
Adduct-induced
M"2+_§ mutation

cDNA
RNA
SHAPE adduct l

Structure modeling
Library preparation & sequencing

dsDNA

. Y G

Siegfried NA et al., "RNA motif discovery by SHAPE and mutational profiling (SHAPE-MaP)," Nat Methods, 2014
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Point mutation in R2 protein
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Strategy 1. Arginine with positive charge enhances DNA binding ability.



Point mutation in R2 protein

ZF  Myb RT + Thumb RLE
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Numbering of R2Tg protein sequence
Strategy 2. Integrate consensus amino acids of RT domain.

Glassification
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Point mutation in R2 protein

8- Second round screening 10 Third round screening
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Domain insertion in R2 protein

Eﬁ:ﬁi _'EJI‘._||FT E:h_ro_rn;tl; r;lr:)_dlia;m_g ;Je_ph_de_ _Rﬁ _R_N;S;H_d;n:a;_gtt; _St;?T:!_SS_B_ _TE _T_5;x;n_uae_as_51 M IL-1 (191-192) IL-2 (432-433)
5t T | Yo . }
T5
Banoe: R2 protein ks
' . ‘F'"'S:; R2Tg protein
2 integration
- -4 e ervor ovpuemy 223 1A gf/
FHHHHHH “ Sto
Enhancing DNA targeting Degrading hyblrd RNA donor  Protecting cDNA Promoting strand hybridization c' IL-3 (1112-1113)
and elongation
IL-1
R2Tg 181 LSKNDQUDLUAQFLPSKFPPNLAENDLALL'ur'NLEF\"RSDLHU\"ECVHFAAHNEGLSGLPE'\H’EQLAPQPCUGETLHSSLPRDSELFVEGSE ESED
R2Bm BB o st inoil Tacin miin o e ey e i R AR T B AR R AR B R R R R ik e | i B RO Ae R s TR e i Al e Sl g aroaian (A MDGCITIR G[HV T AL
IL-2
R2Tg 385 R LLSRI(F'AE REEPGTICHHT RAAASLRTEPEMSHHAQAEDRDNGPGRRPL RAAAGRTMD IHPDKG SE Q A '\"I(KT EE
R2Bm 196 QL4 - - - - - - Y RALVOIALUARIFG SO & vie vv i v v wiws 5ie 60 e 0 snie ks 4 PSSGCSAEP - - - - AS[S DPSA

R2Tg 1073 CF EKE L HKIKIL I AGGDRENIPSIHEAPPSSEPPNNVSTN E'In’|_|AF' DKFPKF’CN KNEFKKHT ASQG VNFE DKIKNH hII
R2Bm 822 RIAA KSD KLR W ....................... LRRFERVDSTIIRPSV. .RLFIE4FH. .. .. SUDE RESTEAT PTHET K{IR



Domain insertion in R2 protein
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Engineered RNA donor and R2 protein enhances integration synergisticly.
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Combination of strategies generated en-R2Tg

CMP(N)-CMP(IL-2)-R2Tg(A793V/Q955R/G1098R)

Coupled with donor= R2Tg™ CMP ZF Myb CMP RT+Thumb RLE
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Bigger than 2.5kb insertion capacity.
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(in HEK293T cells by extended cell culture)



Integrate different genes in HEK293T.

20 1 4 - 8 1 4 -

— 151 3 6 3

3 .l ¢ | i

5& 10 1 5 2 Ej 44 B¢ % 24 |'s

o ¥ 1- 3 14

0- 0 4—r—p— 0 ————pr— 0 A——r——p—

HETQDH + - + - + = + =
donor=  + + - + - + + +

gene GFP EPO GDNF FiX-Padua

In-vitro transcribed RNA, delivered by Lipo3000.



Examples in multiple cell lines and zygote cells.
Microinjection of RNAs into mouse zygotes
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Precise integration specificity at 28S rDNA.

LHA 5 UTR GOl 3 UTR RHA
donor RNA
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Deep sequencing and analysis

89.8% of 5’ junction reads have exact integration sites

1007 somms w00
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99.4% of 3’ junction reads have exact integration sites
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On-target integration
3’ junction
mmm Off-target integration
99.4% 98.9%
Total UMIs 201,153 150,366

Capturing retrotransposon-integrated transgene sequencing (CRIT-seq)



Models explain the differences between 5’ and 3’ junction precision

rDNA loci

Template jumping? @
" \ cDNA of transgene

Cellular RNAs ?



Summary

« Systematic analysis and screening of naturally occurring R2 retrotransposons.
» Engineering of donor RNA and protein enhances R2-mediated gene insertion activity.
» All-RNA-delivered en-R2Tg enables effective gene integration in mammalian cells.

« Optimized en-R2Tg system has high on-target integration specificity in genome.



