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Highlights

C Genomemanipulationis moving from nucleasemediated,stochasticdisruption
towarddeterministicprogrammabl@enomenriting.

C Precisiontechnologiesuchasbaseand prime editorsminimize genotoxicity by
bypassingendogenoudoublestrandbreakrepait

C RNA-guided platforms, including CRISPRassociatedransposaseand bridge
RNAS, enableseamlessnsertionof multi-kilobasemodules,therebyovercoming
cargolimitations

C GenerativeArtificial Intelligence (Al), structural biology, and novel delivery
architecturesrerevolutionizingthe designof de novo syntheticeffectors

C Thesesynergisticadvancementareusheringn GenerativeBiology, transforming
genomesnto dynamicallyprogrammablenediafor syntheticdesign



1. Evolution of Genome Manipulation Technologies
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2. Mechanisms of CRISPR -Associated Nucleases, DNA Repair Pathway

Competition, and Associated Genotoxicities
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3. Mechanisms and Engineering of Deaminase

-Mediated Base Editors
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4. Mechanisms and Optimization of Prime Editing
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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 large4cale genome writing and synthetic design.




6. Mechanisms of Large -Scale Genome Writing and Synthetic Design
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7. Mechanisms of Precision Genome Recording and Temporal Recording

(A) Mechanisms of genomic recording mediated by CRISPR-Cas )
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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

&isgm\lﬁ

W
& = General.i.vé AII models Natural enzyme H t
3 — yper-compactness
N (LLMs/PLMs) (SpCas9) ._
X (3 ' De novo sequence Enhanced precision
= = Y - generation sgRNA P
Massive metagenomic datasets \ "‘(_, " (‘T / e L e < Reduced immunogenicity
Structural prediction Synthetic editor Expanded targeting ranges
(AlphaFold) (OpenCRISPR-1) '

\_ Higher efficiency and optimization

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

C Genomeengineeringis transitioningfrom stochasticperturbation reliant on double-strand breaksand
endogenouDNArepairtoward preciseand predictablegenomewriting.

C Baseandprime editingenablesinglenucleotidesubstitutionsand smallscalesequencaewriting.

C Technologiessuch as CASTsSPASTEand bridge RNAsfurther support the site-specificintegration of
multi-kilobasefunctionalmodules

C Efficiency,precision,and payloadcapacityremain difficult to optimize simultaneouslywhile off-target
effects, structural variants, immunogenicity,and in vivo delivery remain major barriers to clinical
translation

C Theconvergenceof generativeAl, structural biology, high-throughput screeningand advanceaddelivery
platforms may enable more compact, safe, and efficient editors, transforming the genome into a
biologicalinformation platform that canbe designedrewritten, and dynamicallyegulated
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