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Highlights

J Genome manipulation is moving from nuclease-mediated, stochastic disruption
toward deterministic, programmable genome writing.

] Precision technologies such as base and prime editors minimize genotoxicity by
bypassing endogenous double-strand break repair.

d RNA-guided platforms, including CRISPR-associated transposases and bridge
RNAs, enable seamless insertion of multi-kilobase modules, thereby overcoming
cargo limitations.

J Generative Artificial Intelligence (Al), structural biology, and novel delivery
architectures are revolutionizing the design of de novo synthetic effectors.

 These synergistic advancements are ushering in Generative Biology, transforming
genomes into dynamically programmable media for synthetic design.
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2. Mechanisms of CRISPR-Associated Nucleases, DNA Repair Pathway

Competition, and Associated Genotoxicities
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FIGURE 2. Mechanisms of clustered regularly interspaced short palindromic repeats (CRISPR)-associated nucleases, DNA
repair pathway competition, and associated genotoxicities



3. Mechanisms and Engineering of Deaminase-Mediated Base Editors
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FIGURE 3. Mechanisms and engineering of deaminase-mediated base editors



4. Mechanisms and Optimization of Prime Editing

4 (M-MLV RT
Nicking of :
PAM strand 5 3
PA
3 5
o) 3 :
TITTTTTTTITTT PBS of pegRNA is 5
3 5 paired with the TegaRicd04 pegRNA
D_|N_A nicked DNA
Reverse .
. 3'Fla
5 M-MLV RT PBS RTT transcription 3 P

M-MLV RT] (contains edit)
3 5' yy 3

T
|
5

t
Flap equilibrationu . 5'Flap

%Iacks edit)
5' L] g

nCas9(H840A)
pegRNA TTTTTTITTITI {TTTTTITTTT
-IIHHHIIHI‘HIH\HIHII”HHSr
PE+pegRNA N
PE2
£ £ Cas9 5
Trigger MMR : sgl'\;ﬁﬁ ‘Q{(%
g ¥ s Mons MEre v PE4 SIWMW—SY ﬂ 5I||||\\I\||||M4m||||\HHummnlunmnlsl
TITTTITTITITTITTTTITTTITT ITTTTTTTT FETTCITTTTTTTTTT i 5!
5 5,4—3” MLH"T':“F:MSz 5.X D 5 5 ¢ 3'|“mmm'"b’¥b” III\IIIIHHIHIHHIHIIIII\HIIISI <_\
- ; ] Sequential nicking
; Trlgger‘—% DNA Simultaneit
MLH1 dn ¢ MMR J e repair imultaneity )
: INERRRRRRRERRRER RN IIRRRERRRRRRRRRNEEEnN ‘ l
Misrﬁa_tch i 3IIHIIIIIIHHHIIHH 5IjIHIHIHHHIIIIIHH 5 PES
Evade MMR ~ P%" g g z
- 3 5 MSH2 MSH6 . PE5 5 3 \_s m l%\%(/ . 3
T T TTTTTTTT] FITTITTTTITTT o —_— — TTTTTTTTTTTT] AT T T T €—
LU d LLLIl]]] h
B T— o, e v <« I, € |l Tl
3 5 3 MLHAT PMS2 5 | ST s g UL Nl &
o ; Concurrent nicking
~________________________________ OO v,

FIGURE 4. Mechanism and optimization of prime editing



/(A) Transcriptional control
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6. Mechanisms of Large-Scale Genome Writing and Synthetic Design
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FIGURE 6(A, B, C). Mechanisms of large-scale genome writing and synthetic design.




6. Mechanisms of Large-Scale Genome Writing and Synthetic Design

(D) PASTE vs. PASSIGE (E) STITCHR

. PASTE PASSIGE
! M-MLV RT

R2

5' 3
3 d SpCas9 (H840A)
atgRNA + 3'UTR
l 5'UTR
Single flap
5 / %Tn‘n‘r 3 attB Gene of interest

K J-U-UJ-I.O/g_IJ_LL 5 5 HS'
i Second nick 5
3.“-'-“-'& H”'“'u
= attB 3
TTTT
i '

. attB : —

S\H}H}H}I\ T g

3I\HHHI\ LI \H\I\\Sy DNA Payload

donor
5 atfL attR 3 5 attl aftR 3
TTTTTTTTTTTTTITTTTT TITTITTTTTTTTTTTTIT TITTTTITTTTTTTITTT
alummmuun LN gy 3,J_u_m_m_u_x_x_u¢ LI g
Large genetic payload Large genetic payload

LTG -

i QLN @) -

RT —

35 -

Py : 53' g Lp Donor DNA Insertion ;;

LDG L5 e -

Donor binding loop T LPGL Y =

/umu%@um@ 33- QRN @) =

Bridge recombinase 3 Bridge RNA : RD —-—
1 35 ==

! 3 5

Bridge RNA-mediated DNA coordination

A

FIGURE 6(D, E, F). Mechanisms of large-scale genome writing and synthetic design.



7. Mechanisms of Precision Genome Recording and Temporal Recording
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FIGURE 7(A, B). Mechanisms of precision genomic recording and temporal logging.



7. Mechanisms of Precision Genome Recording and Temporal Recording
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8. Enabling Technologies for Precision Genome Engineering

(A) Generative Al-driven discovery of synthetic editors
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FIGURE 8(A). Enabling technologies for precision genome engineering.



8. Enabling Technologies for Precision Genome Engineering

(B) Advanced delivery modalities and intracellular mechanisms
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9. Precision Validation Strategies for Genome Engineering
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10. Reflections and Future Directions in Precision Genome Engineering
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FIGURE 10. Reflections and future directions in precision genome engineering.



Summary

d Genome engineering is transitioning from stochastic perturbation reliant on double-strand breaks and
endogenous DNA repair toward precise and predictable genome writing.

(d Base and prime editing enable single-nucleotide substitutions and small-scale sequence rewriting.

d Technologies such as CASTs, PASTE, and bridge RNAs further support the site-specific integration of
multi-kilobase functional modules.

d Efficiency, precision, and payload capacity remain difficult to optimize simultaneously, while off-target
effects, structural variants, immunogenicity, and in vivo delivery remain major barriers to clinical
translation.

d The convergence of generative Al, structural biology, high-throughput screening, and advanced delivery
platforms may enable more compact, safe, and efficient editors, transforming the genome into a
biological information platform that can be designed, rewritten, and dynamically regulated.
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