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ʉʇʀʉʆʂ ʉʆʂʈɸʑɽʅʀʁ 

 

ANA (ʦʪ ʘʥʛʣ. arabinonucleic acid) ï ʘʨʘʙʠʥʦʥʫʢʣʝʠʥʦʚʘʷ ʢʠʩʣʦʪʘ; 

BNA (ʦʪ ʘʥʛʣ. bridged nucleic acids) ï çʤʦʩʪʠʢʦʚʳʝè ʥʫʢʣʝʠʥʦʚʳʝ ʢʠʩʣʦʪʳ; 

CRISPR (ʦʪ ʘʥʛʣ. clustered regulatory interspaced short palindromic repeats) ï ʢʦʨʦʪʢʠʝ 

ʧʘʣʠʥʜʨʦʤʥʳʝ ʧʦʚʪʦʨʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʛʨʫʧʧʘʤʠ, ʨʘʚʥʦʤʝʨʥʦ ʫʜʘʣʝʥʥʳʤʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ; 

crʈʅʂ (ʦʪ ʘʥʛʣ. CRISPR RNA) ï CRISPR ʈʅʂ; 

DSB (ʦʪ ʘʥʛʣ. double strand break) ï ʜʚʫʥʠʪʝʚʦʡ ʨʘʟʨʳʚ ɼʅʂ; 

GFP (ʦʪ ʘʥʛʣ. green fluorescent protein) ï ʟʝʣʝʥʳʡ ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʙʝʣʦʢ; 

FAM (ʦʪ ʘʥʛʣ. fluorescein)ï ʬʣʫʦʨʝʩʮʝʠʥ; 

2ô-F ï ʤʦʜʠʬʠʢʘʮʠʷ ʨʠʙʦʟʳ ʧʦ 2-ʦʤʫ ʧʦʣʦʞʝʥʠʶ ʬʪʦʨʦʤ; 

2ô-F-ANA (ʦʪ ʘʥʛʣ. 2ô-deoxy-2ô-fluoro-ɓ-d-arabinonucleic acid) ï 2ô-ʜʝʦʢʩʠ, 2ô-

ʬʣʫʦʨʦʘʨʘʙʠʥʦ-ʥʫʢʣʝʠʥʦʚʘʷ ʢʠʩʣʦʪʘ; 

HDR (ʦʪ ʘʥʛʣ. homology-directed repair) ï ʛʦʤʦʣʦʛʠʯʝʩʢʠ ʥʘʧʨʘʚʣʝʥʥʘʷ ʨʝʧʘʨʘʮʠʷ; 

HEX (ʦʪ ʘʥʛʣ. hexachlorofluorescein) ï ʛʝʢʩʘʭʣʦʨʬʣʫʦʨʝʩʮʝʠʥ; 

HEPES (ʦʪ ʘʥʛʣ. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)ï 4-(2-

ʛʠʜʨʦʢʩʠʵʪʠʣ)-1-ʧʠʧʝʨʘʟʠʥʵʪʘʥʩʫʣʴʬʦʥʦʚʘʷ ʢʠʩʣʦʪʘ; 

HEPN (ʦʪ ʘʥʛʣ. higher eukaryotes and prokaryotes nucleotide-binding domain) ï ʜʦʤʝʥ 

ʙʝʣʢʦʚ Cas, ʩʚʷʟʳʚʘʶʱʠʡʩʷ ʩ ɼʅʂ ʠ ʧʨʠʩʫʪʩʪʚʫʶʱʠʡ ʚ ʵʫʢʘʨʠʦʪʘʭ ʠ ʧʨʦʢʘʨʠʦʪʘʭ; 

LNA (ʦʪ ʘʥʛʣ. locked nucleic acids) ï çʟʘʙʣʦʢʠʨʦʚʘʥʥʳʝè ʥʫʢʣʝʠʥʦʚʳʝ ʢʠʩʣʦʪʳ; 

m6A ï N -ʤʝʪʠʣʘʜʝʥʦʟʠʥ; 

m5C ï 5-ʤʝʪʠʣʮʠʪʠʜʠʥ; 

m1Ɋ ï N1- ʤʝʪʠʣʧʩʝʚʜʦʫʨʠʜʠʥ; 

M ï 2ô-OMe-ʤʝʪʠʣʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ; 

MS ï 2ô-OMe-3ô-ʬʦʩʬʦʨʦʪʠʦʘʪ; 

MSP ï 2ô-OMe-3ô-ʪʠʦʬʦʩʬʦʥʦʘʮʝʪʘʪ; 

MP ï ʬʦʩʬʦʥʦʘʮʝʪʘʪ; 
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NHEJ (ʦʪ ʘʥʛʣ. non-homologous end joining) ï ʥʝʛʦʤʦʣʦʛʠʯʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʢʦʥʮʦʚ; 

NM ï ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʈʅʂ; 

NUC (ʦʪ ʘʥʛʣ. nuclease lobe) ï ʥʫʢʣʝʘʟʥʘ ̫ʦʙʣʘʩʪʴ ʚ ʙʝʣʢʘʭ Cas; 

PAM (ʦʪ ʘʥʛʣ. protospacer adjacent motif) ï ʤʦʪʠʚ, ʧʨʠʣʝʞʘʱʠʡ ʢ ʧʨʦʪʦʩʧʝʡʩʝʨʫ; 

PFS (ʦʪ ʘʥʛʣ. protospacer flanking site) ï ʬʣʘʥʢʠʨʫʶʱʠʡ ʧʨʦʪʦʩʧʝʡʩʝʨ ʫʯʘʩʪʦʢ; 

PS (ʦʪ ʘʥʛʣ. phosphorothioate) ï ʪʠʦʬʦʩʬʘʪʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ; 

REC (ʦʪ ʘʥʛʣ. recognition lobe) ï ʦʙʣʘʩʪ ɹʨʘʩʧʦʟʥʘʚʘʥʠʷ ʚ ʙʝʣʢʘʭ Cas; 

RIG-I (ʦʪ ʘʥʛʣ. retinoic acid-inducible gene I) ï ʨʝʮʝʧʪʦʨ ʛʨʫʧʧʳ RIG-I-ʧʦʜʦʙʥʳʭ 

ʨʝʮʝʧʪʦʨʦʚ, ʬʝʨʤʝʥʪ ʭʝʣʠʢʘʟʘ; 

Seed-ʨʝʛʠʦʥ ï ʢʦʨʦʪʢʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʚ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ, ʢʦʪʦʨʘʷ 

ʦʭʚʘʪʳʚʘʝʪ ʧʝʨʚʳʝ 10-12 ʥʫʢʣʝʦʪʠʜʦʚ ʥʘ 3ô-ʢʦʥʮʝ ʚʳʰʝ ʩʘʡʪʘ PAM; 

siʈʅʂ (ʦʪ ʘʥʛʣ. small interfering RNA) ï ʤʘʣʳʝ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʝ ʈʅʂ, ʢʦʨʦʪʢʠʝ 

ʨʝʛʫʣʷʪʦʨʥʳʝ ʤʦʣʝʢʫʣʳ ʈʅʂ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʧʦʩʪʪʨʘʥʩʢʨʠʧʮʠʦʥʥʦ ʧʦʜʘʚʣʷʪʴ ʛʝʥʳ; 

sgʈʅʂ (ʦʪ ʘʥʛʣ. single guide RNA) ï ʝʜʠʥʘʷ ʥʘʧʨʘʚʣʷʶʱʘʷ ʈʅʂ; 

TALEN (ʦʪ ʘʥʛʣ. transcription activator-like effector nuclease) ï ʵʬʬʝʢʪʦʨʥʳʝ 

ʥʫʢʣʝʘʟʳ, ʧʦʜʦʙʥʳʝ ʘʢʪʠʚʘʪʦʨʘʤ ʪʨʘʥʩʢʨʠʧʮʠʠ; 

tracrʈʅʂ (ʦʪ ʘʥʛʣ. trans-activating crʈʅʂ) ï ʪʨʘʥʩ-ʘʢʪʠʚʠʨʫʶʱʘʷ CRISPR ʈʅʂ; 

ZFN (ʦʪ ʘʥʛʣ. Zinc finger nuclease ZFN) ï ʩʠʩʪʝʤʘ ʥʫʢʣʝʘʟ ʮʠʥʢʦʚʳʭ ʧʘʣʴʮʝʚ; 

Ɋ ï ʧʩʝʚʜʦʫʨʠʜʠʥ; 

ɼʊʊ ï ʜʠʪʠʦʪʨʠʵʪʦʣ; 

ʌɻï ʬʦʩʬʦʨʠʣʛʫʘʥʠʜʠʥʦʚʘʷ ʛʨʫʧʧʘ; 

ʄɼɼ ï ʄʳʰʝʯʥʘʷ ʜʠʩʪʨʦʬʠʷ ɼʶʰʝʥʘ; 

ʤʈʅʂ ï ʤʘʪʨʠʯʥʘʷ ʈʅʂ; 

ʅʊʌ ï ʥʫʢʣʝʦʪʠʜʪʨʠʬʦʩʬʘʪ; 

ʇʎʈ ï ʧʦʣʠʤʝʨʘʟʥʘʷ ʮʝʧʥʘʷ ʨʝʘʢʮʠʷ; 

ʈʅʇ- ʨʠʙʦʥʫʢʣʝʦ-ʧʨʦʪʝʠʥʦʚʳʡ ʢʦʤʧʣʝʢʩ;  

https://en.wikipedia.org/wiki/Transcription_activator-like_effector_nuclease
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ɺɺɽɼɽʅʀɽ 

ʉʠʩʪʝʤʳ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ 

ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʧʦʟʚʦʣʷʶʪ ʥʘʧʨʷʤʫʶ ʤʘʥʠʧʫʣʠʨʦʚʘʪʴ 

ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʳʤ ʛʝʥʦʤ ʚ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘʭ ʢʣʝʪʦʢ ʠ ʦʨʛʘʥʠʟʤʘʭ. ʈʘʥʥʠʝ ʤʝʪʦʜʳ 

ʛʝʥʝʨʘʮʠʠ ʜʚʫʥʠʪʝʚʳʭ ʨʘʟʨʳʚʦʚ ʚ ɼʅʂ ʦʩʥʦʚʘʥʳ ʥʘ ʩʠʩʪʝʤʘʭ ʙʝʣʢʦʚ. ʉʨʝʜʠ ʥʠʭ ʥʘʠʙʦʣʝʝ 

ʠʟʚʝʩʪʥʳ ʩʠʩʪʝʤʳ ʥʫʢʣʝʘʟ ʮʠʥʢʦʚʳʭ ʧʘʣʴʮʝʚ ZFN ʠ ʵʬʬʝʢʪʦʨʥʳʭ ʥʫʢʣʝʘʟ TALEN [1]. ʕʪʠ 

ʧʣʘʪʬʦʨʤʳ ʧʦʟʚʦʣʠʣʠ ʜʦʙʠʪʴʩʷ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʩʧʝʭʦʚ ʚ ʦʙʣʘʩʪʠ ʛʝʥʦʤʥʦʛʦ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʥʦ ʦʥʠ ʦʯʝʥʴ ʩʣʦʞʥʳ ʠ ʪʨʝʙʫʶʪ ʙʦʣʴʰʠʭ ʟʘʪʨʘʪ ʠ ʚʨʝʤʝʥʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

[1]. ʆʪʢʨʳʪʘʷ ʚ 1987 ʛʦʜʫ ʩʠʩʪʝʤʘ CRISPR/Cas ʩʪʘʣʘ ʧʨʦʩʪʦʡ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ 

ʩʠʩʪʝʤʘʤ ZFN ʠ TALEN [1].  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʝʭʥʦʣʦʛʠʠ CRISPR/Cas ʧʨʠʤʝʥʷʶʪ ʜʣʷ ʥʘʧʨʘʚʣʝʥʥʦʛʦ 

ʧʦʜʘʚʣʝʥʠʷ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʭ ʛʝʥʦʚ, ʠʟʤʝʥʝʥʠʷ ʵʧʠʛʝʥʝʪʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ, ʧʨʦʚʝʜʝʥʠʷ 

ʧʦʣʥʦʛʝʥʦʤʥʦʛʦ ʩʢʨʠʥʠʥʛʘ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʭʨʦʤʦʩʦʤ [2,3]. ɼʘʥʥʳʝ ʧʣʘʪʬʦʨʤʳ ʧʦʟʚʦʣʷʶʪ 

ʠʩʩʣʝʜʦʚʘʪʴ ʬʫʥʢʮʠʶ ʥʝʩʢʦʣʴʢʠʭ ʛʝʥʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʩʠʥʭʨʦʥʥʦ ʚʦʟʜʝʡʩʪʚʫʷ ʥʘ 

ʥʝʩʢʦʣʴʢʦ ʛʝʥʦʤʥʳʭ ʣʦʢʫʩʦʚ ʚ ʦʜʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ [4]. ʅʝʩʤʦʪʨʷ ʥʘ ʚʩʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ 

ʧʝʨʩʧʝʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʠʩʪʝʤ CRISPR/Cas ʩʫʱʝʩʪʚʫʶʪ ʥʝʢʦʪʦʨʳʝ ʧʨʝʧʷʪʩʪʚʠʷ 

ʚʥʝʜʨʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʚ ʧʨʘʢʪʠʢʫ. ʇʨʦʙʣʝʤʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ ʧʨʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤʘʤʠ CRISPR/Cas ʩʯʠʪʘʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʦʩʥʦʚʥʳʭ [5]. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʦʜʭʦʜʦʤ ʢ ʝʸ ʨʝʰʝʥʠʶ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ. 

ʎʝʣɹ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩ ɹ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʠ ʦʩʪʘʪʢʦʚ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʬʦʩʬʦʨʠʣʛʫʘʥʠʜʠʥʦʚʳʤʠ 

(ʌɻ) ʛʨʫʧʧʘʤʠ ʚ ʩʪʨʫʢʪʫʨʝ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9.  

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʇʨʦʚʝʩʪʠ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ m6A, 

Ɋ, m5C ʠ m1Ɋ, ʘ ʪʘʢʞʝ ʦʩʪʘʪʢʦʚ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʌɻ-ʛʨʫʧʧʘʤʠ ʚ ʩʦʩʪʘʚʝ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro; 

2. ɺʳʷʚʠʪʴ ʵʬʬʝʢʪ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʚ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

CRISPR/Cas9 in vitro; 
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3. ʇʨʦʚʝʩʪʠ ʩʨʘʚʥʝʥʠʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʭʠʤʝʨʥʳʭ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ ʦʩʪʘʪʢʠ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ 

ʝʜʠʥʠʯʥʳʤʠ ʠ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷʤʠ, ʩ crʈʅʂ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ 

ʪʠʦʬʦʩʬʘʪʥʳʤʠ (PS) ʠ 2ô-F ʛʨʫʧʧʘʤʠ;  

4. ʀʩʩʣʝʜʦʚʘʪʴ ʩʧʦʩʦʙʥʦʩʪʴ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ ʢʘʢ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ, ʪʘʢ ʠ ʌɻ-ʛʨʫʧʧʳ ʧʦʜʜʝʨʞʠʚʘʪʴ ʛʝʥʦʤʥʦʝ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʚ ʢʫʣʴʪʠʚʠʨʫʝʤʳʭ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʤʧʣʝʢʩʳ ʙʝʣʢʘ Cas9 ʩ 

ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ, 

ʧʦʜʜʝʨʞʠʚʘʶʪ ʛʝʥʦʤʥʦʝ ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʢʘʢ in vitro, ʪʘʢ ʠ ʚ ʢʫʣʴʪʠʚʠʨʫʝʤʳʭ ʢʣʝʪʢʘʭ 

ʯʝʣʦʚʝʢʘ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʢʘʟʘʥʦ ʫʚʝʣʠʯʝʥʠʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʧʨʠ 

ʚʢʣʶʯʝʥʠʠ ʜʘʥʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ.  

ɺʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʳ ʭʠʤʝʨʥʳʝ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʦʩʪʘʪʢʠ 

ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷʤʠ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʬʦʨʤʠʨʦʚʘʪʴ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩ ʙʝʣʢʦʤ Cas9. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ ʚ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʧʦʟʚʦʣʷʶʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʘʢʪʠʚʥʦʩʪʴ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʪʴ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro. ɺʧʝʨʚʳʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ 

ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʌɻ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʭʠʤʝʨʥʳʭ crʈʅʂ ʜʣʷ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʤʝʪʦʜʦʤ ʬʨʘʛʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʘʧʠʣʣʷʨʥʦʛʦ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʧʨʦʚʝʜʝʥʘ ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ 

ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʈʅʂ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʤʙʠʥʘʮʠʷ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʩ ʚʳʜʝʣʝʥʠʝʤ ɼʅʂ ʥʘ 

ʤʘʛʥʠʪʥʳʭ ʯʘʩʘʪʠʮʘʭ ʧʦʟʚʦʣʷʝʪ ʙʳʩʪʨʦ ʠ ʵʬʬʝʢʪʠʚʥʦ ʦʮʝʥʠʪʴ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 in vitro ʜʣʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ. 

ʈʘʟʨʘʙʦʪʘʥ ʧʨʦʪʦʢʦʣ ʦʮʝʥʢʠ ɻʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʚ ʢʫʣʴʪʠʚʠʨʫʝʤʳʭ 

ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ, ʚʢʣʶʯʘʶʱʠʡ ʵʣʝʢʪʨʦʧʦʨʘʮʠʶ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʪʨʘʥʩʬʝʢʮʠʠ NeonTM 

ʠ ʮʠʬʨʦʚʫʶ ʇʎʈ. ʎʠʬʨʦʚʘʷ ʇʎʈ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʧʨʠʙʦʨʝ QIAcuity One (Qiagen, 

ɻʝʨʤʘʥʠʷ), ʢʦʪʦʨʳʡ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ 

ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʦʙʥʘʨʫʞʠʚʘʪʴ ʦʜʠʥʦʯʥʳʝ ʤʫʪʘʮʠʠ ʚ 

ʥʝʩʦʨʪʠʨʦʚʘʥʥʦʡ ʠ ʛʝʪʝʨʦʛʝʥʥʦʡ ʧʦʧʫʣʷʮʠʠ ʢʣʝʪʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʣʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 
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ʛʝʥʦʤʥʦʡ ɼʅʂ, ʯʪʦ ʫʧʨʦʱʘʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ 

ʈʅʂ in vivo.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʠ 

ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʜʘʥʥʳʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʷʚʣʷʶʪʩʷ ʧʦʣʝʟʥʳʤ ʜʦʧʦʣʥʝʥʠʝʤ ʢ ʥʘʙʦʨʫ 

ʠʥʩʪʨʫʤʝʥʪʦʚ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ, ʩʧʦʩʦʙʥʳʭ ʧʦʜʜʝʨʞʠʚʘʪʴ ʙʘʣʘʥʩ ʤʝʞʜʫ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴʶ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. 

 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʅʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʢʘʢ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ m6A, 

Ɋ, m5C ʠ m1Ɋ, ʪʘʢ ʠ ʦʩʪʘʪʢʠ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʬʦʩʬʦʨʠʣʛʫʘʥʠʜʠʥʦʚʳʤʠ (ʌɻ) 

ʛʨʫʧʧʘʤʠ, ʬʦʨʤʠʨʫʶʪ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʢʦʤʧʣʝʢʩʳ ʩ ʙʝʣʢʦʤ Cas9. ʇʨʠ 

ʚʢʣʶʯʝʥʠʠ m6A, Ɋ, m5C ʠ m1Ɋ ʚ sgʈʅʂ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ 

ʷʚʣʷʝʪʩʷ ʩʠʢʚʝʥʩ-ʩʧʝʮʠʬʠʯʥʦʡ ʠ ʟʘʚʠʩʠʪ ʦʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʧʝʡʩʝʨʘ. ɼʣʷ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʌɻ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʭʠʤʝʨʥʳʭ 

crʈʅʂ ʢʨʠʪʠʯʥʳʤ ʷʚʣʷʝʪʩʷ 4-ʦʝ ʧʦʣʦʞʝʥʠʝ ʌɻ-ʛʨʫʧʧʳ ʩ 5ô-ʢʦʥʮʘ. 

2. ɿʘʤʝʥʘ ʢʘʥʦʥʠʯʝʩʢʠʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʥʘ ʠʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʘʥʘʣʦʛʠ ʚ 

sgʈʅʂ ʫʚʝʣʠʯʠʚʘʝʪ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro ʜʦ 35 ʨʘʟ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʚʘʨʠʘʥʪʦʤ sgʈʅʂ. 

3. ɺʢʣʶʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʌɻ-ʛʨʫʧʧ ʚ PAM-ʜʠʩʪʘʣʴʥʳʡ ʨʘʡʦʥ ʭʠʤʝʨʥʳʭ crʈʅʂ, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ 4-ʦʛʦ ʧʦʣʦʞʝʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʰʘʪʴ ʪʦʯʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ ʙʝʣʢʦʤ Cas9 in vitro ʜʦ 40 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ crʈʅʂ 

ʠ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ ʪʠʦʬʦʩʬʘʪʥʳʝ ʠ 2ô-F ʤʦʜʠʬʠʢʘʮʠʠ. 

4. ʅʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʢʘʢ ʥʝʢʘʥʦʥʠʯʝʩʢʠʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ, ʪʘʢ ʠ ʌɻ-

ʛʨʫʧʧʳ, ʧʦʜʜʝʨʞʠʚʘʶʪ Cas9-ʦʧʦʩʨʝʜʦʚʘʥʥʦʝ ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʛʝʥʦʚ ʚ ʢʫʣʴʪʠʚʠʨʫʝʤʳʭ 

ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʧʫʙʣʠʢʘʮʠʠ 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 3 ʨʘʙʦʪʳ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ 

ʞʫʨʥʘʣʘʭ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ: FEBS Virtual Congress 

(ʦʥʣʘʡʥ ʫʯʘʩʪʠʝ, 2021), ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʉʠʥʪʝʪʠʯʝʩʢʘʷ ʙʠʦʣʦʛʠʷ ʠ 

ʙʠʦʬʘʨʤʘʮʝʚʪʠʢʘè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2022), VII ʉʲʝʟʜʝ ʙʠʦʭʠʤʠʢʦʚ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ 
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ʙʠʦʣʦʛʦʚ ʈʦʩʩʠʠ (ʉʦʯʠ, ʈʦʩʩʠʷ, 2022), ʤʝʞʜʫʥʘʨʦʜʥʦʤ ʢʦʥʛʨʝʩʩʝ çCRISPR ï 2023è 

(ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2023), ʤʦʣʦʜʝʞʥʦʡ ʰʢʦʣʝ-ʢʦʥʬʝʨʝʥʮʠʠ çBioTop-2023. ɼʦʩʪʠʞʝʥʠʷ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʀʍɹʌʄ ʉʆ ʈɸʅè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2023), ʤʦʣʦʜʝʞʥʦʡ ʰʢʦʣʝ-

ʢʦʥʬʝʨʝʥʮʠʠ çʉʦʚʨʝʤʝʥʥʳʝ ʚʳʟʦʚʳ ʩʪʨʫʢʪʫʨʥʦʡ ʠ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʙʠʦʣʦʛʠʠè (ʐʝʨʝʛʝʰ, 

ʈʦʩʩʠʷ, 2024). 

 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʳ ʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʚʳʧʦʣʥʝʥʳ ʣʠʯʥʦ 

ʘʚʪʦʨʦʤ, ʣʠʙʦ ʩ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʫʯʘʩʪʠʝʤ. ʆʮʝʥʢʘ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ ʥʝʢʘʥʦʥʠʯʝʩʢʠʝ 

ʧʨʠʨʦʜʥʳʝ ʥʫʢʣʝʦʪʠʜʳ, ʧʨʦʚʝʜʝʥʘ ʩʦʚʤʝʩʪʥʦ ʩ ʩʪʫʜʝʥʪʢʦʡ 5-ʛʦ ʢʫʨʩʘ ʅɻʋ ʊʦʣʩʪʦʚʦʡ ʇ.ʆ., 

ʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʭʠʤʝʨʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩ ʌɻ-ʛʨʫʧʧʘʤʠ ʚʳʧʦʣʥʝʥʘ ʣʠʯʥʦ 

ʘʚʪʦʨʦʤ. ʉʦʚʤʝʩʪʥʦ ʩ ɾʫʨʘʚʣʝʚʳʤ ɽ.ʉ. (ʣʘʙʦʨʘʪʦʨʠʷ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʀʍɹʌʄ 

ʉʆ ʈɸʅ) ʚʳʧʦʣʥʝʥʘ ʨʘʙʦʪʘ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʩʦʜʝʨʞʘʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʠ ʦʮʝʥʢʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʩ 

ʧʦʤʦʱʴʶ ʬʨʘʛʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. ʄʘʪʚʝʝʚʦʡ ɸ. ʄ. (ʣʘʙʦʨʘʪʦʨʠʷ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

ʀʍɹʌʄ ʉʆ ʈɸʅ) ʚʳʧʦʣʥʝʥʘ ʨʘʙʦʪʘ ʧʦ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʶ ʢʣʝʪʦʢ 293T ʠ ʠʭ ʜʘʣʴʥʝʡʰʘʷ 

ʪʨʘʥʩʬʝʢʮʠʷ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ Neon ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ 

ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʈʅʂ.  

 

ʆʙʲʸʤ ʠ ʩʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʦʙʟʦʨʘ ʣʠʪʝʨʘʪʫʨʳ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ, 

ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʷ, ʟʘʢʣʶʯʝʥʠʷ, ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ ʠ ʧʨʠʣʦʞʝʥʠʡ. 

ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 138 ʩʪʨʘʥʠʮʘʭ, ʚʢʣʶʯʘʝʪ 41 ʨʠʩʫʥʦʢ, 7 ʪʘʙʣʠʮ ʠ 6 ʧʨʠʣʦʞʝʥʠʡ, ʩʧʠʩʦʢ 

ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 149 ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ. 
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ɻʃɸɺɸ 1. ʄʦʜʠʬʠʢʘʮʠʷ ʩʠʩʪʝʤ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas 

ʚʪʦʨʦʛʦ ʢʣʘʩʩʘ (ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ) 

1.1 ʉʠʩʪʝʤʳ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas 

CRISPR/ʉas ʧʦʚʪʦʨʳ ʙʳʣʠ ʚʧʝʨʚʳʝ ʥʘʡʜʝʥʳ ʚ 1987 ʛʦʜʫ ʚ ʛʝʥʦʤʝ Escherichia coli ʠ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʢʘʢ ʥʝʦʙʳʯʥʳʡ ʵʣʝʤʝʥʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʩʝʨʠʠ 29-

ʥʫʢʣʝʦʪʠʜʥʳʭ ʧʦʚʪʦʨʦʚ, ʨʘʟʜʝʣʝʥʥʳʭ ʫʥʠʢʘʣʴʥʳʤʠ 32-ʥʫʢʣʝʦʪʠʜʥʳʤʠ çʩʧʝʡʩʝʨʥʳʤʠè 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʷʤʠ [6]. ʇʦʟʞʝ ʘʥʘʣʦʛʠʯʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚʦ 

ʤʥʦʛʠʭ ʙʘʢʪʝʨʠʷʭ ʠ ʘʨʭʝʷʭ [7]. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʠʦʙʨʝʪʝʥʥʦʛʦ ʠʤʤʫʥʠʪʝʪʘ ʧʨʦʪʠʚ 

ʙʘʢʪʝʨʠʦʬʘʛʦʚʦʡ ʠʥʬʝʢʮʠʠ ʜʘʥʥʳʝ ʦʨʛʘʥʠʟʤʳ ʨʘʟʚʠʣʠ ʩʣʦʞʥʳʝ ʘʜʘʧʪʠʚʥʳʝ ʠʤʤʫʥʥʳʝ 

ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʈʅʂ, ʢʦʪʦʨʳʝ ʢʦʜʠʨʦʚʘʣʠʩʴ CRISPR ʣʦʢʫʩʘʤʠ.  

ɺ ʧʨʦʮʝʩʩʝ ʠʤʤʫʥʠʟʘʮʠʠ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʚʪʦʨʛʰʠʭʩʷ ʛʝʥʝʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ 

ʬʘʛʘ ʠʣʠ ʧʣʘʟʤʠʜ ʢʦʨʦʪʢʠʝ ʬʨʘʛʤʝʥʪʳ ʯʫʞʝʨʦʜʥʦʡ ɼʅʂ ʠʥʪʝʛʨʠʨʫʶʪʩʷ ʚ ʤʘʪʨʠʮʫ 

ʧʦʚʪʦʨʦʚ-ʩʧʝʡʩʝʨʦʚ CRISPR ʚ ʭʨʦʤʦʩʦʤʝ ʭʦʟʷʠʥʘ ʚ ʢʘʯʝʩʪʚʝ ʥʦʚʳʭ ʩʧʝʡʩʝʨʦʚ, ʪʝʤ ʩʘʤʳʤ 

ʟʘʧʫʩʢʘʷ ʛʝʥʝʪʠʯʝʩʢʫʶ ʟʘʧʠʩʴ ʠʥʬʝʢʮʠʠ, ʢʦʪʦʨʘʷ ʟʘʱʠʱʘʝʪ ʚ ʜʘʣʴʥʝʡʰʝʤ ʩʘʤʫ ʢʣʝʪʢʫ ʠ ʝʸ 

ʜʦʯʝʨʥʠʝ ʢʣʝʪʢʠ ʦʪ ʧʦʚʪʦʨʥʦʡ ʠʥʬʝʢʮʠʠ. ʇʦʩʣʝʜʫʶʱʘʷ ʪʨʘʥʩʢʨʠʧʮʠʷ ʤʘʩʩʠʚʘ CRISPR ʠ 

ʬʝʨʤʝʥʪʘʪʠʚʥʳʡ ʧʨʦʮʝʩʩʠʥʛ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ CRISPR ʪʨʘʥʩʢʨʠʧʪʦʚ ʧʦʩʨʝʜʩʪʚʦʤ 

ʵʥʜʦʥʫʢʣʝʦʣʠʪʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʨʦʪʢʠʭ ʟʨʝʣʳʭ crʈʅʂ. ʅʘ 

5ô-ʢʦʥʮʝ crʈʅʂ ʩʦʜʝʨʞʠʪ ʩʧʝʡʩʝʨ, ʢʦʨʦʪʢʠʡ ʩʝʛʤʝʥʪ ʈʅʂ, ʢʦʪʦʨʳʡ ʢʦʤʧʣʝʤʝʥʪʘʨʝʥ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠʟ ʯʫʞʝʨʦʜʥʦʛʦ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ, ʘ 3ô-ʢʦʥʝʮ ʩʦʜʝʨʞʠʪ ʯʘʩʪʴ 

ʧʦʚʪʦʨʷʶʱʝʡʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ CRISPR. ʇʨʠ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʬʝʢʮʠʠ ʛʠʙʨʠʜʠʟʘʮʠʷ 

ʤʝʞʜʫ ʩʧʝʡʩʝʨʦʤ crʈʅʂ ʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʯʫʞʝʨʦʜʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ-ʤʠʰʝʥʴʶ 

(ʧʨʦʪʦʩʧʝʡʩʝʨʦʤ) ʟʘʧʫʩʢʘʝʪ ʨʘʩʱʝʧʣʝʥʠʝ ʚʪʦʨʛʘʶʱʝʡʩʷ ɼʅʂ ʠʣʠ ʈʅʂ ʥʫʢʣʝʘʟʘʤʠ Cas. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʩʠʩʪʝʤ CRISPR/Cas ʷʚʣʷʝʪʩʷ ʩʙʦʨʢʘ ʟʨʝʣʳʭ crʈʅʂ ʩ ʙʝʣʢʘʤʠ Cas ʚ 

ʢʦʤʧʣʝʢʩʳ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ɼʅʂ-ʤʠʰʝʥʝʡ ʠ ʨʘʟʨʫʰʝʥʠʷ ɼʅʂ-ʤʦʣʝʢʫʣ, ʩʦʚʧʘʜʘʶʱʠʭ 

ʧʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʠʩʪʝʤ CRISPR/Cas ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʨʘʩʧʦʟʥʘʚʘʥʠʠ 

ʠ ʜʝʛʨʘʜʘʮʠʠ ʮʝʣʝʚʦʡ ɼʅʂ ʠʛʨʘʝʪ ʢʦʨʦʪʢʠʡ ʢʦʥʩʝʨʚʘʪʠʚʥʳʡ ʤʦʪʠʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ (2-

8 ʧ.ʥ.), ʧʨʠʤʳʢʘʶʱʠʡ ʢ ʮʝʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ crʈʅʂ ʥʘ ɼʅʂ ʤʠʰʝʥʠ, ʠʟʚʝʩʪʥʳʡ 

ʢʘʢ PAM [8]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʠʩʪʝʤʳ CRISPR ʨʘʟʜʝʣʝʥʳ ʥʘ ʜʚʘ ʢʣʘʩʩʘ ʠ ʰʝʩʪʴ ʪʠʧʦʚ (I ï VI), 

ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʝʪ ʫʥʠʢʘʣʴʥʳʡ ʥʘʙʦʨ ʙʝʣʢʦʚ Cas ʚʤʝʩʪʝ ʩ crʈʅʂ ʜʣʷ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ (ʈʠʩʫʥʦʢ 1).  
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ʈʠʩʫʥʦʢ 1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʨʘʙʦʪʳ ʨʘʟʥʳʭ ʢʣʘʩʩʦʚ ʠ ʪʠʧʦʚ 

ʩʠʩʪʝʤ CRISPR/Cas. ʅʦʞʥʠʮʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʩʘʡʪʳ ʛʠʜʨʦʣʠʟʘ ɼʅʂ ʠʣʠ ʈʅʂ. ʉʦʚʨʝʤʝʥʥʳʝ 

ʥʘʟʚʘʥʠʷ ʙʝʣʢʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʩʢʦʙʢʘʭ. PAM ð ʧʨʠʤʳʢʘʶʱʠʡ ʢ ʧʨʦʪʦʩʧʝʡʩʝʨʫ ʤʦʪʠʚ, PFS 

ðʬʣʘʥʢʠʨʫʶʱʠʡ ʩʘʡʪ ʧʨʦʪʦʩʧʝʡʩʝʨʘ, ʘ 3ô ʬʣʘʥʛ ð 3ô ʬʣʘʥʢʠʨʫʶʱʘ ̫ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʎʝʣʝʚʘʷ ʠʣʠ ʥʝʩʧʝʮʠʬʠʯʝʩʢʠ ʨʘʩʱʝʧʣʝʥʥʘʷ ʈʅʂ ʚʳʜʝʣʝʥʘ ʬʠʦʣʝʪʦʚʳʤ 

ʮʚʝʪʦʤ, crʈʅʂ ð ʢʨʘʩʥʳʤ, tracrʈʅʂ ð ʯʝʨʥʳʤ, ʘ ɼʅʂ ð ʩʠʥʠʤ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ 

[9]. 

ʉʠʩʪʝʤʘʤ I-ʛʦ ʪʠʧʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʝʣʦʢ Cas3, ʩʦʜʝʨʞʘʱʠʡ ʥʫʢʣʝʘʟʥʳʝ ʠ ʛʝʣʠʢʘʟʥʳʝ 

ʜʦʤʝʥʳ, ʢʦʪʦʨʳʡ ʜʝʛʨʘʜʠʨʫʝʪ ʯʫʞʝʨʦʜʥʫʶ ɼʅʂ, ʧʦʩʨʝʜʩʪʚʦʤ ʩʙʦʨʢʠ ʙʦʣʴʰʦʛʦ ʤʫʣʴʪʠ-

Cas ʙʝʣʢʦʚʦʛʦ ʢʦʤʧʣʝʢʩʘ. ɺ ʩʠʩʪʝʤʘʭ II-ʛʦ ʪʠʧʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʡ 

ʤʫʣʴʪʠʜʦʤʝʥʥʳʡ ʙʝʣʦʢ Cas9 ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʠʥʪʝʨʬʝʨʝʥʮʠʠ. ʉʠʩʪʝʤʳ III-ʛʦ ʪʠʧʘ 

ʩʦʜʝʨʞʘʪ ʙʝʣʦʢ Cas10, ʢʦʪʦʨʳʡ ʧʦʩʨʝʜʩʪʚʦʤ ʢʘʩʢʘʜʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʙʝʣʢʦʚ ʨʘʩʱʝʧʣʷʝʪ ʢʘʢ 

ʈʅʂ, ʪʘʢ ʠ ɼʅʂ-ʤʠʰʝʥʠ. ʃʦʢʫʩʳ CRISPR/Cas IV-ʛʦ ʪʠʧʘ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʪʨʠ ʨʘʟʣʠʯʥʳʭ 

ʧʦʜʪʠʧʘ, IV-A, IV-B ʠ IV-ʉ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʙʝʣʢʠ Cas7 (Csf2) ʠ Cas5 (Csf3), ʚʭʦʜʷʱʠʝ ʚ 
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ʩʦʩʪʘʚ ʤʫʣʴʪʠʩʫʙʲʝʜʠʥʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ [10]. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʧʝʮʠʬʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ 

ʩʠʩʪʝʤ IV-ʛʦ ʪʠʧʘ ʩʣʘʙʦ ʠʟʫʯʝʥʘ [11]. ʉʠʩʪʝʤʳ V-ʛʦ ʪʠʧʘ ʩʦʜʝʨʞʘʪ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʙʝʣʦʢ 

Cas12: Cas12a (Cpf1), C2c1 ʠʣʠ C2c3, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʜʪʠʧʘ. ʉʠʩʪʝʤʳ VI-ʛʦ ʪʠʧʘ ʠʤʝʶʪ 

ʝʜʠʥʩʪʚʝʥʥʳʡ ʙʝʣʦʢ Cas13 (C2c2) ʩ ʜʚʫʤʷ ʈʅʂʘʟʥʳʤʠ ʜʦʤʝʥʘʤʠ HEPN. ʉʠʩʪʝʤʳ I-ʛʦ, III -

ʛʦ ʠ IV-ʛʦ ʪʠʧʘ ʚʢʣʶʯʝʥʳ ʚ 1-ʳʡ ʢʣʘʩʩ ʥʘ ʦʩʥʦʚʘʥʠʠ ʠʭ ʤʫʣʴʪʠʩʫʙʲʝʜʠʥʠʯʥʳʭ 

ʵʬʬʝʢʪʦʨʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʜʥʦʩʫʙʲʝʜʠʥʠʯʥʳʝ ʵʬʬʝʢʪʦʨʥʳʝ ʩʠʩʪʝʤʳ ʪʠʧʦʚ 

II-ʛʦ, V-ʛʦ ʠ VI-ʛʦ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʚ 2-ʦʡ ʢʣʘʩʩ [9]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʩʪʝʤʳ CRISPR/Cas ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʵʬʬʝʢʪʦʨʥʦʛʦ ʙʝʣʢʘ ʠ ʥʘʣʠʯʠʷ ʣʠʙʦ ʦʪʩʫʪʩʪʚʠʷ: ʩʠʛʥʘʪʫʨʥʳʭ ʛʝʥʦʚ, ʢʦʥʩʝʨʚʘʪʠʚʥʦʩʪʠ 

ʙʝʣʢʦʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠ ʦʨʛʘʥʠʟʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʦʢʫʩʦʚ ʛʝʥʦʤʘ (ʪʠʧʳ ʠ 

ʧʦʜʪʠʧʳ). ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ CRISPR/Cas ʩʠʩʪʝʤʳ 2-ʛʦ ʢʣʘʩʩʘ ʦʙʣʘʜʘʶʪ ʥʘʠʙʦʣʴʰʠʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʚ ʦʙʣʘʩʪʷʭ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʠ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʩʢʨʠʥʠʥʛʘ. ʉʨʝʜʠ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʩʠʩʪʝʤ 2-ʛʦ ʢʣʘʩʩʘ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʳʤʠ ʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ 

ʷʚʣʷʶʪʩʷ ʩʠʩʪʝʤʳ ʪʠʧʘ II (Cas9), V-A (Cas12a), V-B (Cas12b) ʠ VI-A (Cas13a) (ʈʠʩʫʥʦʢ 2).  

 

ʈʠʩʫʥʦʢ 2. ʉʨʘʚʥʝʥʠʝ ʩʠʩʪʝʤ CRISPR/Cas 2-ʛʦ ʢʣʘʩʩʘ. ɼʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ʩʠʩʪʝʤ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʢʦʤʧʣʝʢʩʘ ʤʝʞʜʫ ʵʬʬʝʢʪʦʨʥʳʤ ʙʝʣʢʦʤ, ʮʝʣʝʚʳʤ ʩʫʙʩʪʨʘʪʦʤ, crʈʅʂ ʠ, 

ʚ ʩʣʫʯʘʝ ʩʠʩʪʝʤ II-ʛʦ ʠ V-B ʪʠʧʘ, tracrʈʅʂ. ʇʦʣʦʞʝʥʠʝ ʤʦʪʠʚʘ, ʩʤʝʞʥʦʛʦ ʩ ʧʨʦʪʦʩʧʝʡʩʝʨʦʤ 

(PAM), ʠʣʠ ʬʣʘʥʢʠʨʫʶʱʝʛʦ ʩʘʡʪʘ ʧʨʦʪʦʩʧʝʡʩʝʨʘ (PFS) ʦʙʦʟʥʘʯʝʥʦ ʢʨʘʩʥʦʡ ʧʦʣʦʩʦʡ. 

ʄʘʣʝʥʴʢʠʝ ʢʨʘʩʥʳʝ ʪʨʝʫʛʦʣʴʥʠʢʠ ʦʙʦʟʥʘʯʘʶʪ ʧʦʣʦʞʝʥʠʝ ʨʘʟʨʝʟʘ ʠʣʠ ʨʘʟʨʝʟʦʚ ʚ ʮʝʣʝʚʦʡ 
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ʤʦʣʝʢʫʣʝ ɼʅʂ ʠʣʠ ʈʅʂ. ɼʮɼʅʂ ð ʜʚʫʭʮʝʧʦʯʝʯʥʘʷ ɼʅʂ; ʦʮʈʅʂ ð ʦʜʥʦʮʝʧʦʯʝʯʥʘʷ ʈʅʂ. 

ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [12] 

1.1.1. ʉʠʩʪʝʤʘ CRISPR/Cas9 

ʉʠʩʪʝʤʘ CRISPR/Cas9 ʪʠʧʘ II ʧʝʨʚʦʡ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʵʫʢʘʨʠʦʪʠʯʝʩʢʠʭ ʢʣʝʪʦʢ [13,14]. ʆʥʘ ʨʘʩʧʦʟʥʘʝʪ ʠ ʨʘʩʱʝʧʣʷʝʪ ɼʅʂ, 

ʩʦʜʝʨʞʘʱʫʶ PAM (5ô-NGG-3ô), ʢʦʤʧʣʝʢʩʦʤ ʙʝʣʢʘ Cas9 ʩ ʜʚʫʤʷ ʥʝʢʦʜʠʨʫʶʱʠʤʠ 

ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʈʅʂ: crʈʅʂ, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʢʦʤʧʣʝʤʝʥʪʘʨʥʫʶ 

ɼʅʂ-ʤʠʰʝʥʠ, ʠ tracrʈʅʂ, ʢʦʪʦʨʘʷ ʢʦʤʧʣʝʤʝʥʪʘʨʥʘ ʩʝʛʤʝʥʪʫ crʈʅʂ ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʦʙʨʘʟʦʚʘʥʠʶ ʈʅʇ [15ï17]. ʆʜʥʘʢʦ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 ʠʩʧʦʣʴʟʫʶʪ ʝʜʠʥʳʝ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ (sgʈʅʂ), ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʩʣʠʷʥʠʷ 

crʈʅʂ ʠ tracrʈʅʂ ʚ ʦʜʥʫ ʤʦʣʝʢʫʣʫ ʈʅʂ (ʈʠʩʫʥʦʢ 3) [18]. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ PAM ʜʣʷ ʚʩʝʭ 

ʙʝʣʢʦʚ Cas9 ʨʘʩʧʦʣʦʞʝʥʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ 3ô-ʢʦʥʮʘ ʦʪ ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʥʘ ʮʝʧʠ ɼʅʂ, ʥʝ 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ.  

 

ʈʠʩʫʥʦʢ 3. ʉʭʝʤʘ ʩʠʩʪʝʤʳ CRISPR/Cas9: ɸ ï ʩ sgʈʅʂ; ɹ ï ʩ crʈʅʂ ʠ tracrʈʅʂ. 

ʂʨʘʩʥʳʤ ʪʨʝʫʛʦʣʴʥʠʢʦʤ ʦʙʦʟʥʘʯʝʥ ʩʘʡʪ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. ɺ ɼʅʂ-ʩʫʙʩʪʨʘʪʝ 

ʢʨʘʩʥʳʤ ʚʳʜʝʣʝʥ PAM, ʘ ʪʘʢʞʝ ʚ ʮʝʣʝʚʦʤ ʩʘʡʪʝ ʦʙʦʟʥʘʯʝʥʳ PAM-ʜʠʩʪʘʣʴʥʘʷ ʠ PAM-

ʧʨʦʢʩʠʤʘʣʴʥʘʷ ʦʙʣʘʩʪʴ. ɺ sgʈʅʂ ʠ crʈʅʂ ʤʘʣʠʥʦʚʳʤ ʮʚʝʪʦʤ ʚʳʜʝʣʝʥ ʩʧʝʡʩʝʨ, ʚ crʈʅʂ 

ʦʨʘʥʞʝʚʳʤ ʠ ʚ tracrʈʅʂ ʩʠʥʠʤ ʮʚʝʪʦʤ ʚʳʜʝʣʝʥʘ ʦʙʣʘʩʪʴ ʠʭ ʩʚʷʟʳʚʘʥʠʷ, ʩʦʦʪʚʝʪʩʚʝʥʥʦ. 

ɹʝʣʦʢ Cas9 ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʦʙʣʘʩʪʝʡ: ʦʙʣʘʩʪʠ ʨʘʩʧʦʟʥʘʚʘʥʠʷ (REC) ʠ ʥʫʢʣʝʘʟʥʦʡ 

ʦʙʣʘʩʪʠ (NUC) [19]. ʆʙʣʘʩʪʴ REC, ʩʦʩʪʦʷʱʘʷ ʠʟ ʜʣʠʥʥʦʡ ʤʦʩʪʠʢʦʚʦʡ Ŭ-ʩʧʠʨʘʣʠ, ʜʦʤʝʥʘ 
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REC1 ʠ ʜʦʤʝʥʘ REC2, ʨʘʩʧʦʟʥʘʝʪ ɼʅʂ-ʤʠʰʝʥʴ. ɺ ʦʙʣʘʩʪʠ NUC ʧʨʠʩʫʪʩʪʚʫʝʪ PAM-

ʫʟʥʘʶʱʠʡ ʜʦʤʝʥ (PI) ʠ ʜʚʘ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʮʝʥʪʨʘ: HNH ʠ RuvC, ʢʦʪʦʨʳʝ ʨʘʩʱʝʧʣʷʶʪ ʥʠʪʠ 

ɼʅʂ, ʢʦʤʧʣʝʤʝʥʪʘʨʥʫʶ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ (ʮʝʣʝʚʫʶ) ʠ ʥʝʢʦʤʧʣʝʤʝʥʪʘʨʥʫʶ 

(ʥʝʮʝʣʝʚʫʶ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [19ï21]. ʀʥʘʢʪʠʚʘʮʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʤʫʪʘʮʠʠ ʣʶʙʦʛʦ ʠʟ 

ʜʦʤʝʥʦʚ ʥʫʢʣʝʘʟʳ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʠʢʘʟʳ Cas9, ʨʘʩʱʝʧʣʷʶʱʝʡ ʪʦʣʴʢʦ ʦʜʥʫ ʠʟ 

ʮʝʧʝʡ ɼʅʂ, ʪʦʛʜʘ ʢʘʢ ʠʥʘʢʪʠʚʘʮʠʷ ʦʙʦʠʭ ʜʦʤʝʥʦʚ ʥʫʢʣʝʘʟʳ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠ çʤʝʨʪʚʦʛʦè Cas9 (dCas9), ʢʦʪʦʨʳʡ, ʦʜʥʘʢʦ, ʩʧʦʩʦʙʝʥ ʩʚʷʟʳʚʘʪʴ 

ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ɼʅʂ. ʄʝʭʘʥʠʟʤ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ɼʅʂ-ʤʠʰʝʥʠ ʠ 

ʚʥʝʩʝʥʠʷ ʚ ʥʝʝ ʜʚʫʭʮʝʧʦʯʝʯʥʦʛʦ ʨʘʟʨʳʚʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʩʣʝʜʫʶʱʠʝ ʩʪʘʜʠʠ (ʈʠʩʫʥʦʢ 4). 

 

ʈʠʩʫʥʦʢ 4. ʉʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʤʠʰʝʥʠ ʩʠʩʪʝʤʦʡ 

CRISPR/Cas9. ʇʝʨʝʜ ʫʟʥʘʚʘʥʠʝʤ sgʈʅʂ ʙʝʣʦʢ Cas9 ʧʨʝʪʝʨʧʝʚʘʝʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʫʶ 

ʧʝʨʝʩʪʨʦʡʢʫ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ PAM-ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʘʷ ʦʙʣʘʩʪʴ (ʧʫʥʢʪʠʨʥʳʡ ʢʨʫʛ) ʠ 

ʥʫʢʣʝʘʟʥʳʝ ʜʦʤʝʥʳ ʘʢʪʠʚʠʨʫʶʪʩʷ ʠ ʧʨʦʠʩʭʦʜʠʪ ʩʚʷʟʳʚʘʥʠʝ ʙʝʣʢʘ ʩ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ. 

ʇʦʩʣʝ seed-ʨʝʛʠʦʥ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʢʦʥʬʦʨʤʘʮʠʶ A-ʬʦʨʤʳ ʜʣʷ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʛʦ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. Cas9 ʜʘʣʝʝ ʘʢʪʠʚʠʨʫʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ 

ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʡ, ʥʘʯʠʥʘʷ ʩ ʨʘʩʧʦʟʥʘʚʘʥʠʷ PAM, ʟʘ ʢʦʪʦʨʳʤ ʩʣʝʜʫʝʪ ʣʦʢʘʣʴʥʦʝ ʧʣʘʚʣʝʥʠʝ 

ɼʅʂ, ʫʟʥʘʚʘʥʠʝ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ R-ʧʝʪʣʠ, ʘ ʪʘʢʞʝ ʘʣʣʦʩʪʝʨʠʯʝʩʢʘʷ 

ʨʝʛʫʣʷʮʠʷ ʜʦʤʝʥʘ RuvC ʧʫʪʝʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʜʦʤʝʥʘ HNH ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 
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ʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ. ʅʘʧʨʘʚʣʷʶʱʘʷ ʈʅʂ ʚʳʜʝʣʝʥʘ ʦʨʘʥʞʝʚʳʤ ʮʚʝʪʦʤ, 

ʮʝʣʝʚʘʷ ʮʝʧʴ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ð ʟʝʣʝʥʳʤ, ʥʝʮʝʣʝʚʘʷ ʮʝʧʴð ʩʠʥʠʤ, ʘ PAM ð ʢʨʘʩʥʳʤ. 

ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [8] 

ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʙʝʣʦʢ Cas9 ʨʘʩʧʦʟʥʘʝʪ PAM-ʧʨʦʢʩʠʤʘʣʴʥʫʶ ʦʙʣʘʩʪʴ ʠ ʰʧʠʣʝʯʥʫʶ 

ʦʙʣʘʩʪʴ sgʈʅʂ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʙʠʥʘʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Cas9:sgʈʅʂ. ɹʠʥʘʨʥʳʡ ʢʦʤʧʣʝʢʩ 

ʚʧʦʩʣʝʜʩʪʚʠʠ ʫʟʥʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ɼʅʂ, ʢʦʤʧʣʝʤʝʥʪʘʨʥʫʶ ʩʧʝʡʩʝʨʫ sgʈʅʂ, ʩ 

ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʢʦʥʝʯʥʦʛʦ ʪʨʦʡʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Cas9:sgʈʅʂ:ɼʅʂ. ʕʪʦʤʫ ʧʨʝʜʰʝʩʪʚʫʝʪ 

ʨʘʩʧʦʟʥʘʚʘʥʠʝ PI ʜʦʤʝʥʦʤ PAM ʥʘ ʥʝʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʮʝʧʠ, ʢʦʪʦʨʘʷ ʚʳʪʝʩʥʷʝʪʩʷ 

ʩʧʝʡʩʝʨʦʤ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʜʥʦʮʝʧʦʯʝʯʥʦʡ R-ʧʝʪʣʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʝʣʦʢ Cas9 ʧʨʝʪʝʨʧʝʚʘʝʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʘʢʪʠʚʘʮʠʠ ʝʛʦ 

ʥʫʢʣʝʘʟʥʳʭ ʜʦʤʝʥʦʚ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʥʘʣʠʯʠʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʡ ʤʝʞʜʫ ʮʝʣʝʚʦʡ ʮʝʧʴʶ ɼʅʂ ʠ 

ʩʧʝʡʩʝʨʦʤ sgʈʅʂ ʧʨʝʧʷʪʩʪʚʫʝʪ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤ ʧʨʝʩʪʨʦʡʢʘʤ ʙʝʣʢʘ. ʇʦʩʣʝ ʩʙʦʨʢʠ 

ʪʨʦʡʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʘʢʪʠʚʘʮʠʠ ʥʫʢʣʝʘʟʳ Cas9, ʬʦʩʬʦʜʠʵʬʠʨʥʳʡ ʦʩʪʦʚ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ 

ʛʠʜʨʦʣʠʟʫʝʪʩʷ ʜʚʫʤʷ ʨʘʟʣʠʯʥʳʤʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʮʝʥʪʨʘʤʠ: HNH ʨʘʩʱʝʧʣʷʝʪ ʮʝʣʝʚʫʶ 

ʮʝʧʴ ɼʅʂ, ʪʦʛʜʘ ʢʘʢ RuvC ð ʥʝʮʝʣʝʚʫʶ ʮʝʧʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʨʘʟʫʝʪʩ ̫ʜʚʫʮʝʧʦʯʝʯʥʳʡ 

ʨʘʟʨʳʚ ʩ ʪʫʧʳʤʠ ʢʦʥʮʘʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʧʦʩʣʝ 3-ʛʦ ʦʩʥʦʚʘʥʠʷ ʦʪ PAM ʥʘ ʦʙʝʠʭ ʮʝʧʷʭ 

ʚʥʫʪʨʠ ʧʨʦʪʦʩʧʝʡʩʝʨʘ ɼʅʂ-ʤʠʰʝʥʠ [19].  

ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʩʠʩʪʝʤʘ CRISPR/Cas9 ʠʥʜʫʮʠʨʦʚʘʣʘ ʜʚʫʭʮʝʧʦʯʝʯʥʳʡ ʨʘʟʨʳʚ ʚ 

ʮʝʣʝʚʦʤ ʩʘʡʪʝ, ʢʣʝʪʢʠ ʠʥʠʮʠʠʨʫʶʪ ʨʝʧʘʨʘʮʠʶ ɼʅʂ ʧʦʩʨʝʜʩʪʚʦʤ ʣʠʙʦ ʛʦʤʦʣʦʛʠʯʝʩʢʠ 

ʥʘʧʨʘʚʣʝʥʥʦʡ ʨʝʧʘʨʘʮʠʠ (HDR), ʣʠʙʦ ʥʝʛʦʤʦʣʦʛʠʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʢʦʥʮʦʚ (NHEJ). HDR 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʥʘʣʠʯʠʠ ʛʦʤʦʣʦʛʠʯʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ, ʠ ʚʝʜʝʪ ʢ ʨʝʧʘʨʘʮʠʠ ʩʘʡʪʘ-

ʤʠʰʝʥʠ ʠʣʠ ʚʩʪʘʚʢʝ ʯʫʞʝʨʦʜʥʦʡ ɼʅʂ. NHEJ ʥʝ ʠʩʧʦʣʴʟʫʝʪ ʛʦʤʦʣʦʛʠʯʥʫʶ ʤʘʪʨʠʮʫ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʠʥʩʝʨʮʠʷʤ ʠ ʜʝʣʝʮʠʷʤ, ʠ ʯʘʩʪʦ ʚʳʟʳʚʘʝʪ ʧʦʪʝʨʶ ʬʫʥʢʮʠʠ ʛʝʥʘ ʚ ʨʘʩʱʝʧʣʝʥʥʦʡ 

ʦʙʣʘʩʪʠ [13,14]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠ ʧʨʠʤʝʥʝʥʠʝ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʦʥʘ 

ʦʙʣʘʜʘʝʪ ʩʝʨʴʝʟʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ: ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ, ʥʠʟʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ, ʧʨʦʙʣʝʤʘ ʜʦʩʪʘʚʢʠ ʠ ʜʨʫʛʠʝ. ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ 

ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʥʝʮʝʣʝʚʳʭ ɻ ʬʬʝʢʪʦʚ. ʇʨʠʯʠʥʦʡ ʠʭ ʧʦʷʚʣʝʥʠʷ ʩʣʫʞʠʪ ʪʦ, ʯʪʦ ʜʣʠʥʘ ɼʅʂ-

ʤʠʰʝʥʠ, ʨʘʩʧʦʟʥʘʚʘʝʤʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ, ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ 20 ʧ.ʥ., ʘ ʙʝʣʦʢ Cas9 ʩʣʘʙʦ 

ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʥʝʩʦʚʧʘʜʝʥʠʷʤ ʤʝʞʜʫ ʮʝʣʝʚʳʤ ʩʘʡʪʦʤ ʠ 5ô-ʢʦʥʮʦʤ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʦ ʨʘʟʨʘʙʦʪʘʥʦ ʥʝʩʢʦʣʴʢʦ ʩʪʨʘʪʝʛʠʡ. ʉʨʝʜʠ ʥʠʭ 
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ʚʳʜʝʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ: ʤʦʜʠʬʠʢʘʮʠʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʠ ʧʦʣʫʯʝʥʠʝ ʥʦʚʳʭ ʚʘʨʠʘʥʪʦʚ 

ʙʝʣʢʘ Cas9. 

1.1.2. ʉʠʩʪʝʤʘ CRISPR/Cas12 

ʆʪʢʨʳʪʠʝ ʥʦʚʳʭ ʵʬʬʝʢʪʦʨʥʳʭ ʙʝʣʢʦʚ V-ʛʦ ʪʠʧʘ ʫʚʝʣʠʯʠʣʦ ʯʠʩʣʦ ʩʠʩʪʝʤ 

CRISPR/Cas 2-ʛʦ ʢʣʘʩʩʘ. ʅʦʚʦʝ ʧʦʢʦʣʝʥʠʝ ʥʫʢʣʝʘʟ CRISPR, ʙʳʣʠ ʥʘʟʚʘʥʳ Cpf1 ʠʣʠ Cas12a. 

Cas12a ð ʧʝʨʚʘʷ ʥʫʢʣʝʘʟʘ Cas12, ʢʦʪʦʨʘʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

ʛʝʥʦʤʘ. 

ɸʥʘʣʦʛʠʯʥʳʡ ʧʦ ʨʘʟʤʝʨʫ ʠ ʬʦʨʤʝ ʙʝʣʢʫ Cas9, ʵʬʬʝʢʪʦʨʥʳʡ ʙʝʣʦʢ Cas12ʘ ʩʦʩʪʦʠʪ 

ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʦʙʣʘʩʪʝʡ: NUC ʠ REC. ʆʙʣʘʩʪʴ REC ʚʢʣʶʯʘʝʪ ʜʚʘ ʜʦʤʝʥʘ REC1 ʠ REC2, 

ʪʦʛʜʘ ʢʘʢ NUC ʩʦʩʪʦʠʪ ʠʟ ʜʦʤʝʥʘ RuvC, ʨʘʟʜʝʣʝʥʥʦʛʦ ʥʘ ʪʨʠ ʯʘʩʪʠ, ʠ ʪʨʝʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʜʦʤʝʥʦʚ. ʅʫʢʣʝʘʟʝ Cas12a ʥʝ ʪʨʝʙʫʝʪʩʷ tracrʈʅʂ ʜʣʷ ʧʨʦʮʝʩʩʠʥʛʘ ʟʨʝʣʳʭ crʈʅʂ, ʘ ʢʘʪʘʣʠʟ 

ʧʨʦʮʝʩʩʠʥʛʘ ʧʨʝ-crʈʅʂ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʚʥʫʪʨʝʥʥʝʡ ʨʠʙʦʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩʘʤʦʛʦ 

ʙʝʣʢʘ. ɿʨʝʣʘʷ crʈʅʂ Cas12a ʩʦʩʪʦʠʪ ʠʟ 42-44 ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʢʦʨʦʯʝ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ 

ʙʝʣʢʘ Cas9. PAM ʙʝʣʢʦʚ ʩʝʤʝʡʩʪʚʘ Cas12 ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ T-ʙʦʛʘʪʳ ʠ ʥʘʭʦʜʷʪʩʷ ʥʘ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʢʦʥʮʝ ʧʨʦʪʦʩʧʝʡʩʝʨʘ ɼʅʂ-ʤʠʰʝʥʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ PAM ʙʝʣʢʘ Cas9. 

ʇʦʩʣʝ ʨʘʩʧʦʟʥʘʚʘʥʠʷ PAM ʙʝʣʢʦʤ Cas12a ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʢʨʫʯʠʚʘʥʠʝ ɼʅʂ ʠ ʦʙʨʘʟʦʚʘʥʠʝ 

R-ʧʝʪʣʠ, ʘ ʟʘʪʝʤ ʮʝʣʝʚʘʷ ʠ ʥʝʮʝʣʝʚʘʷ ʮʝʧʠ ɼʅʂ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʱʝʧʣʷʪʁʩʷ ʜʦʤʝʥʦʤ 

RuvC. ʉʘʡʪ ʨʘʩʱʝʧʣʝʥʠʷ ʥʘʭʦʜʠʪʩʷ ʧʦʩʣʝ 18-ʛʦ ʦʩʥʦʚʘʥʠʷ ʥʘ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ʠ ʧʦʩʣʝ 23-

ʛʦ ʦʩʥʦʚʘʥʠʷ ʥʘ ʮʝʣʝʚʦʡ ʮʝʧʠ ʦʪʥʦʩʠʪʝʣʴʥʦ PAM. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʙʝʣʦʢ Cas12ʘ ʛʝʥʝʨʠʨʫʝʪ 

ʣʠʧʢʠʝ ʢʦʥʮʳ, ʢʦʪʦʨʳʝ ʟʘʧʫʩʢʘʶʪ NHEJ [22]. ʇʦʤʠʤʦ ʚʳʩʦʢʦʩʧʝʮʠʬʠʯʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ 

ʜʚʫʭʮʝʧʦʯʝʯʥʦʡ ɼʅʂ, Cas12a ʩʧʦʩʦʙʝʥ ʥʝʠʟʙʠʨʘʪʝʣʴʥʦ ʜʝʛʨʘʜʠʨʦʚʘʪʴ ʣʶʙʳʝ 

ʦʜʥʦʮʝʧʦʯʝʯʥʳʝ ɼʅʂ (ʈʠʩʫʥʦʢ 5) [23]. 
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ʈʠʩʫʥʦʢ 5. ʄʝʭʘʥʠʟʤ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ CRISPR/Cas12a. ʅʘ ʩʭʝʤʝ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʜʝʡʩʪʚʠʝ ʩʠʩʪʝʤʳ CRISPR/Cas12a ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʚʫʭʮʝʧʦʯʝʯʥʦʛʦ (ʜʮɼʅʂ) ʠ 

ʦʜʥʦʮʝʧʦʯʝʯʥʦʛʦ (ʦʮɼʅʂ) ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. ɺ ʩʪʨʫʢʪʫʨʝ ʜʮɼʅʂ ʦʙʦʟʥʘʯʝʥʘ ʮʝʣʝʚʘʷ (ʎʎ) 

ʮʝʧʴ, ʩ ʢʦʪʦʨʦʡ ʩʚʷʟʳʚʘʝʪʩʷ ʥʘʧʨʘʚʣʷʶʱʘʷ crʈʅʂ, ʠ ʥʝʮʝʣʝʚʘʷ (ʅʎ) ʮʝʧʴ. RuvC 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʜʦʤʝʥ ʙʝʣʢʘ Cas12a, ʯʝʨʥʳʤʠ ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ 

ʚʳʜʝʣʝʥʳ ʩʘʡʪʳ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʤʠʰʝʥʝʡ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [23] 

ɼʨʫʛʠʤ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʩʠʩʪʝʤ CRISPR/Cas 2-ʛʦ ʢʣʘʩʩʘ V-ʛʦ ʪʠʧʘ ʷʚʣʷʝʪʩʷ ʜʚʦʡʥʘʷ 

ʈʅʂ-ʫʧʨʘʚʣʷʝʤʘʷ ʵʥʜʦʥʫʢʣʝʘʟʘ Cas12b, ʩʦʜʝʨʞʘʱʘʷ ʦʜʠʥ ʜʦʤʝʥ RuvC ʠ ʨʘʙʦʪʘʶʱʘʷ ʚ 

ʢʦʤʧʣʝʢʩʝ ʩ crʈʅʂ ʠ tracrʈʅʂ [24]. ɸʥʘʣʦʛʠʯʥʦ ʩʠʩʪʝʤʝ CRISPR/Cas9, ʜʫʧʣʝʢʩ 

crʈʅʂ:tracrʈʅʂ ʤʦʞʥʦ ʦʙʲʝʜʝʥʠʪʴ ʚ ʢʦʨʦʪʢʫʶ sgʈʅʂ ʙʝʟ ʧʦʪʝʨʠ ʘʢʪʠʚʥʦʩʪʠ. ʈʘʟʤʝʨ ʙʝʣʢʘ 

Cas12b ʤʝʥʴʰʝ, ʯʝʤ ʫ ʥʫʢʣʝʘʟ Cas12a ʠ Cas9, ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ in vivo [25]. 

ʇʦʜʦʙʥʦ Cas12a, Cas12b ʧʨʝʜʧʦʯʠʪʘʝʪ T-ʙʦʛʘʪʳʝ PAM ʠ ʨʘʩʱʝʧʣʷʝʪ ɼʅʂ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʣʠʧʢʠʭ ʢʦʥʮʦʚ. ʆʜʥʘʢʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʙʝʣʢʦʚ Cas9 ʠ Cas12a, ʥʫʢʣʝʘʟʘ Cas12b ʚʳʟʳʚʘʝʪ 

ʤʠʥʠʤʘʣʴʥʳʝ ʥʝʮʝʣʝʚʳʝ ʵʬʬʝʢʪʳ. ʅʝʜʘʚʥʦ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʦ, ʯʪʦ ʵʥʜʦʥʫʢʣʝʘʟʳ 

Cas12b ʠʟ Alicyclobacillus acidiphilus ʠ Bacillus hisashii ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʚ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ ʠ ʯʝʣʦʚʝʢʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [25,26].  

ʀʟ ʧʨʦʙʣʝʤ ʩʠʩʪʝʤʳ CRISPR/Cas12a ʦʩʥʦʚʥʳʤʠ ʷʚʣʷʶʪʩʷ ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʤʠʰʝʥʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʝʣʢʦʤ Cas9, ʠ ʥʘʣʠʯʠʝ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ 

[27]. ʈʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ 

ʩʠʩʪʝʤʳ, ʪʘʢʠʝ ʢʘʢ ʚʚʝʜʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ crʈʅʂ, 

ʧʨʠʤʝʥʝʥʠʝ ʤʘʣʳʭ ʤʦʣʝʢʫʣ ʠ ʤʦʜʠʬʠʢʘʮʠʷ ʙʝʣʢʘ Cas12a [28]. ɺ ʩʣʫʯʘʝ ʥʫʢʣʝʘʟʳ Cas12b 

ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʠʜʨʦʣʠʟʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʠ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʘʢʪʠʚʘʮʠʠ 
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ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʷ ʛʣʘʚʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ. ɼʣʷ ʠʭ ʧʨʝʦʜʦʣʝʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʥʦʚʳʝ 

ʤʫʪʘʥʪʥʳʝ ʚʘʨʠʘʥʪʳ ʙʝʣʢʘ Cas12b [25]. 

1.1.3. ʉʠʩʪʝʤʘ CRISPR/Cas13 

ʊʦʛʜʘ ʢʘʢ ʙʦʣʴʰʠʥʩʪʚʦ ʩʠʩʪʝʤ CRISPR/Cas ʥʘʮʝʣʝʥʳ ʥʘ ʨʘʩʱʝʧʣʝʥʠʝ 

ʜʚʫʭʮʝʧʦʯʝʯʥʳʭ ɼʅʂ, ʩʠʩʪʝʤʳ VI-ʛʦ ʪʠʧʘ ʨʘʙʦʪʘʶʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʩ ʈʅʂ ʤʦʣʝʢʫʣʘʤʠ. 

ɹʝʣʦʢ Cas13 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʨʭʝʪʠʧʠʯʝʩʢʠʡ ʙʝʣʦʢ VI-ʛʦ ʪʠʧʘ, ʫ ʢʦʪʦʨʦʛʦ ʦʪʩʫʪʩʚʫʝʪ 

ʜʦʤʝʥ ɼʅʂʘʟʳ ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʩʪʘʣʴʥʳʭ ʥʫʢʣʝʘʟ ʩʠʩʪʝʤ CRISPR/Cas 2-ʛʦ ʢʣʘʩʩʘ [29,30]. 

ʕʥʜʦʥʫʢʣʝʘʟʳ Cas13 ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʨʠʙʦʥʫʢʣʝʘʟʥʳʭ ʜʦʤʝʥʦʚ. REC ʦʪʚʝʯʘʝʪ ʟʘ 

ʧʨʦʮʝʩʩʠʥʛ ʧʨʝ-crʈʅʂ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʟʨʝʣʦʡ crʈʅʂ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ʩ ʙʝʣʢʦʤ 

Cas13. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ NUC ʚʢʣʶʯʘʝʪ ʜʚʘ HEPN ʜʦʤʝʥʘ, ʢʦʪʦʨʳʝ ʦʪʚʝʯʘʶʪ ʟʘ ʨʘʩʱʝʧʣʝʥʠʝ 

ʈʅʂ-ʤʠʰʝʥʠ ʥʘ ʵʪʘʧʝ ʚʠʨʫʩʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ [31].  

ɹʝʣʦʢ Cas13a ʚ ʢʦʤʧʣʝʢʩʝ ʩ crʈʅʂ ʨʘʩʧʦʟʥʘʝʪ ʫʯʘʩʪʢʠ ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ ʈʅʂ 

(ʦʮʈʅʂ) ʜʣʠʥʦʡ 22-28 ʥʫʢʣʝʦʪʠʜʦʚ, ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʝ ʩʧʝʡʩʝʨʫ crʈʅʂ, ʘ ʟʘʪʝʤ ʨʘʩʱʝʧʣʷʝʪ 

ʠʭ [32]. ʂʨʦʤʝ ʪʦʛʦ, ʈʅʂ-ʤʠʰʝʥʴ ʜʦʣʞʥʘ ʩʦʜʝʨʞʘʪʴ ʬʣʘʥʢʠʨʫʶʱʠʡ ʧʨʦʪʦʩʧʝʡʩʝʨʫ PFS. 

PFS ʦʙʳʯʥʦ ʥʝ ʠʤʝʝʪ ʩʪʨʦʛʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʢʘʢ PAM, ʠ ʝʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʤʦʞʝʪ ʙʳʪʴ ʚʘʨʠʘʙʝʣʴʥʦʡ (ʈʠʩʫʥʦʢ 6). ʄʝʭʘʥʠʟʤ ʜʝʡʩʪʚʠʷ ʙʝʣʢʘ LshCas13a ʚʢʣʶʯʘʝʪ 

ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ: 1) ʦʙʨʘʟʦʚʘʥʠʠʝ ʢʦʤʧʣʝʢʩʘ ʙʝʣʢʘ ʩ crʈʅʂ; 2) ʩʚʷʟʳʚʘʥʠʝ ʦʙʨʘʟʦʚʘʥʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʩ ɼʅʂ-ʤʠʰʝʥʴʶ; 3) ʨʘʩʱʝʧʣʝʥʠʝ ʧʝʪʣʝʚʳʭ ʫʯʘʩʪʢʦʚ ʦʮʈʅʂ ʧʦ ʫʨʠʜʠʥʫ (ʠʣʠ 

ʘʜʝʥʦʟʠʥʫ ʜʣʷ LbaCas13a, EreCas13a ʠ CamCas13a) [33]. ɼʣʷ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʜʦʧʫʩʪʠʤ 

ʦʜʠʥ ʤʠʩʤʘʪʯ ʚ ʩʧʝʡʩʝʨʝ crʈʅʂ, ʦʜʥʘʢʦ ʜʚʘ ʤʠʩʤʘʪʯʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ PAM-

ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʡʩʝʨʘ, ʩʧʦʩʦʙʥʳ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ʈʅʂ-ʤʠʰʝʥʠ. ʂʘʢ ʠ ʥʫʢʣʝʘʟʘ Cas12a, Cas13 ʧʨʦʷʚʣʷʝʪ çʢʦʣʣʘʪʝʨʘʣʴʥʦʝ 

ʨʘʩʱʝʧʣʝʥʠʝè, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʛʠʜʨʦʣʠʟʦʚʘʪʴ ʣʶʙʫʶ ʦʮʈʅʂ [34]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʧʨʦʮʝʩʩʠʥʛ ʧʨʝ-crʈʅʂ ʥʝ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʜʣʷ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʈʅʂ-ʤʠʰʝʥʠ, ʥʦ 

ʧʦʚʳʰʘʝʪ ʘʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʟʘ ʩʯʝʪ ʚʳʩʚʦʙʦʞʜʝʥʠʷ crʈʅʂ ʠʟ ʤʘʩʩʠʚʘ CRISPR [33]  
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ʈʠʩʫʥʦʢ 6. ʄʝʭʘʥʠʟʤ ʜʝʡʩʪʚʠʷ ʩʠʩʪʝʤʳ CRISPR/Cas13ʘ. ʉʠʩʪʝʤʘ CRISPR/Cas13 

ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪʦʚ: ʥʫʢʣʝʘʟʳ Cas13 ʠ crʈʅʂ, ʨʘʩʧʦʟʥʘʶʱʝʡ ʮʝʣʝʚʫʶ ʦʮʈʅʂ 

ʯʝʨʝʟ PFS, ʢʦʪʦʨʳʡ ʦʙʦʟʥʘʯʝʥ ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ. ʅʦʞʥʠʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʮʠʩ- (ʮʝʣʝʚʦʝ) ʠ 

ʪʨʘʥʩ-ʨʘʩʱʝʧʣʝʥʠʝ (çʢʦʣʣʘʪʝʨʘʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝè) ʦʮʈʅʂ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʝ ʧʦʩʨʝʜʩʪʚʦʤ 

ʜʚʫʭ ʜʦʤʝʥʦʚ HEPN ʙʝʣʢʘ Cas13, ʢʦʪʦʨʳʝ ʚʤʝʩʪʝ ʦʙʨʘʟʫʶʪ ʘʢʪʠʚʥʳʡ ʩʘʡʪ ʨʠʙʦʥʫʢʣʝʘʟʳ. 

ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [35] 

ɹʝʣʦʢ Cas13b (ʨʘʥʝʝ ʉ2ʉ6) ʠʟ Bergeyella Zoohelcum ʠ Prevotella buccae ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ CRISPR-ʘʩʩʦʮʠʠʨʦʚʘʥʥʫʶ ʈʅʂ-ʫʧʨʘʚʣʷʝʤʫʶ ʈʅʂʘʟʫ ʩ ʜʚʫʤʷ ʚʘʨʠʘʥʪʘʤʠ crʈʅʂ 

[36]. ɼʘʥʥʘʷ ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʘ ʠʤʝʝʪ ʙʦʣʴʰʫʶ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʯʝʤ ʥʫʢʣʝʘʟʘ Cas13a, 

ʧʦʩʢʦʣʴʢʫ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʈʅʂ-ʤʠʰʝʥʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʜʚʫʭ ʩʘʡʪʦʚ: PFS ʩ D (D=A, U 

ʠʣʠ G) ʥʘ 5ô-ʢʦʥʮʝ ʠ NAN/NNA ʤʦʪʠʚʘ (N=A, U, C ʠʣʠ G) ʥʘ 3ô-ʢʦʥʮʝ. ɺ ʩʠʩʪʝʤʘʭ Cas13b 

ʠʤʝʶʪʩʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʙʝʣʢʠ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʫʩʠʣʠʚʘʪʴ ʠʣʠ ʧʦʜʘʚʣʷʪʴ ʘʢʪʠʚʥʦʩʪʴ 

ʵʥʜʦʨʠʙʦʥʫʢʣʝʘʟʳ [36,37]. ʍʦʪʷ ʤʝʭʘʥʠʟʤ ʨʘʙʦʪʳ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ CRISPR/Cas13b ʝʱʝ ʜʦ 

ʢʦʥʮʘ ʥʝ ʠʟʫʯʝʥ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʥʘ ʩʧʦʩʦʙʥʘ ʦʙʥʘʨʫʞʠʚʘʪʴ ʠ ʨʝʜʘʢʪʠʨʦʚʘʪʴ ʈʅʂ 

[38,39]. 

ʅʝʜʘʚʥʦ ʙʳʣ ʦʪʢʨʳʪ ʙʝʣʦʢ Cas13d (CasRx), ʢʦʪʦʨʳʡ ʥʝ ʪʨʝʙʫʝʪ PFS ʜʣʷ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʈʅʂ-ʤʠʰʝʥʠ ʠ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʘʚʣʝʥ ʩ ʧʦʤʦʱʴʶ ʚʝʢʪʦʨʘ 

ʘʜʝʥʦʘʩʩʦʮʠʠʨʦʚʘʥʥʦʛʦ ʚʠʨʫʩʘ. ɹʝʣʦʢ Cas13d ʦʙʣʘʜʘʝʪ ʩʣʝʜʫʶʱʠʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ: 

ʥʝʙʦʣʴʰʦʡ ʨʘʟʤʝʨ; ʜʚʦʡʥʘʷ ʥʫʢʣʝʘʟʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʨʠʙʦʥʫʢʣʝʘʟ ʠ tracrʈʅʂ; ʦʪʩʫʪʩʪʚʠʝ PFS ʜʣʷ ʨʘʩʱʝʧʣʝʥʠʷ ʈʅʂ; ʚʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʵʥʜʦʥʫʢʣʝʘʟʘʤʠ Cas13 [40,41]. ʀʟ ʤʝʪʘʛʝʥʦʤʥʳʭ 

ʜʘʥʥʳʭ ʚ 2021 ʛʦʜʫ ʙʳʣʠ ʥʘʡʜʝʥʳ ʜʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʛʨʫʧʧʳ ʙʝʣʢʦʚ Cas13: Cas13X ʠ 
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Cas13Y [42]. ʅʫʢʣʝʘʟʘ Cas13X ʯʘʩʪʠʯʥʦ ʧʦʭʦʞʘ ʥʘ ʨʘʥʝʝ ʦʪʢʨʳʪʳʝ ʥʫʢʣʝʘʟʳ ʩʝʤʝʡʩʪʚʘ 

Cas13, ʥʦ ʦʙʣʘʜʘʝʪ ʩʘʤʦʡ ʢʦʤʧʘʢʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɹʝʣʦʢ Cas13X ʥʝ ʫʯʘʩʪʚʫʝʪ ʚ ʩʦʟʨʝʚʘʥʠʠ 

ʧʨʝ-crʈʅʂ, ʧʨʦʮʝʩʩʠʥʛ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʝʠʟʚʝʩʪʥʳʤ ʬʝʨʤʝʥʪʦʤ. ʂʨʦʤʝ ʪʦʛʦ, ʥʠ ʫ 

ʦʜʥʦʛʦ ʠʟ ʦʨʪʦʣʦʛʦʚ ʙʝʣʢʦʚ Cas13d ʠ Cas13X ʥʝ ʦʙʥʘʨʫʞʝʥʦ PFS. 

ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʧʨʝʧʷʪʩʪʚʠʡ ʥʘ ʧʫʪʠ ʨʘʟʚʠʪʠʷ ʩʠʩʪʝʤʳ CRISPR/Cas13 

ʪʘʢʠʝ ʢʘʢ: ʜʣʠʥʘ ʈʅʂ-ʤʠʰʝʥʠ, ʥʘʣʠʯʠʝ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʪʦʢʩʠʯʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ʦʮʈʅʂ ʚ ʵʫʢʘʨʠʦʪʠʯʝʩʢʠʭ ʢʣʝʪʢʘʭ [32]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʩʠʩʪʝʤʳ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas ʘʢʪʠʚʥʦ 

ʠʩʩʣʝʜʫʶʪʩʷ: ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʪʠʧʳ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʫʶʪʩʷ ʩʫʱʝʩʪʚʫʶʱʠʝ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʚʥʝʜʨʝʥʠʷ ʚ ʪʝʨʘʧʠʶ. ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ 

ʛʝʥʝʪʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʘ CRISPR/Cas9, ʪʘʢ ʢʘʢ ʦʥʘ ʰʠʨʦʢʦ 

ʠʩʩʣʝʜʦʚʘʥʘ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʠʟʤʦʚ ʠ ʪʠʧʦʚ ʢʣʝʪʦʢ. ɼʘʥʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ʧʝʨʩʧʝʢʪʠʚʥʘ ʜʣʷ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʚʢʣʶʯʘʷ ʣʝʯʝʥʠʝ 

ʛʝʥʝʪʠʯʝʩʢʠʭ ʙʦʣʝʟʥʝʡ ʠ ʦʥʢʦʣʦʛʠʠ. ʋʚʝʣʠʯʝʥʠʝ ʪʦʯʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ 

ʩʠʩʪʝʤʳ CRISPR/Cas9, ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʜʦʩʪʘʚʢʠ ʠ ʫʩʪʨʘʥʝʥʠʝ ʠʤʤʫʥʥʳʭ 

ʨʝʘʢʮʠʡ ʥʘ ʝʸ ʢʦʤʧʦʥʝʥʪʳ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤʠ ʘʩʧʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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1.2 ʄʦʜʠʬʠʢʘʮʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʩʪʝʤ CRISPR/Cas 2-ʛʦ ʢʣʘʩʩʘ 

ʆʩʥʦʚʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʩʠʩʪʝʤ CRISPR/Cas ʦʩʪʘʶʪʩʷ ʥʠʟʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ 

ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʥʝʮʝʣʝʚʳʭ ɻ ʬʬʝʢʪʦʚ ʧʨʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʠ. ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʧʦʜʭʦʜʘʤʠ ʢ ʠʭ 

ʨʝʰʝʥʠʶ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ ʵʬʬʝʢʪʠʚʥʳʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʧʦʠʩʢ ʥʦʚʳʭ ʦʨʪʦʣʦʛʦʚ ʙʝʣʢʦʚ ʩʝʤʝʡʩʪʚʘ Cas ʠ ʧʦʣʫʯʝʥʠʝ ʤʫʪʘʥʪʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʙʝʣʢʦʚ.  

1.2.1 ʄʦʜʠʬʠʢʘʮʠʷ ʙʝʣʢʦʚ Cas 

ɻʣʘʚʥʳʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʙʝʣʢʦʚ Cas ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ PAM. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʠʟʫʯʝʥʠʷ ʩʠʩʪʝʤ CRISPR/Cas ʙʳʣ ʥʘʡʜʝʥ ʨʷʜ ʦʨʪʦʣʦʛʦʚ ʥʫʢʣʝʘʟ Cas, ʢʦʪʦʨʳʝ ʨʘʩʧʦʟʥʘʶʪ 

ʨʘʟʣʠʯʥʳʝ PAM. ɼʘʥʥʦʝ ʧʨʠʨʦʜʥʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʥʘʮʝʣʠʚʘʥʠʷ ʥʘ ʨʘʟʣʠʯʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʝʥʦʤʘ. ɼʦʩʪʫʧʥʦʩʪʴ PAM, ʦʜʥʘʢʦ, 

ʦʩʪʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʨʦʙʣʝʤʦʡ ʜʘʞʝ ʧʨʠ ʫʩʣʦʚʠʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʨʪʦʣʦʛʦʚ ʙʝʣʢʦʚ Cas, 

ʧʦʩʢʦʣʴʢʫ ʪʦʣʴʢʦ ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʩʫʱʝʩʪʚʫʶʱʠʭ PAM ʜʦʩʪʫʧʥʘ ʚʩʝʤ ʧʨʠʨʦʜʥʳʤ 

ʙʝʣʢʘʤ Cas, ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʤ ʚ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ. ʆʪʢʨʳʪʠʝ ʥʦʚʳʭ ʦʨʪʦʣʦʛʦʚ ʠ 

ʨʘʟʨʘʙʦʪʢʘ ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʝʣʢʦʚ Cas, ʢʦʪʦʨʳʝ ʨʘʩʧʦʟʥʘʶʪ ʨʘʟʥʳʝ PAM, 

ʥʝʦʙʭʦʜʠʤʳ ʢʘʢ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʜʦʩʪʫʧʥʳʭ ʩʘʡʪʦʚ-ʤʠʰʝʥʝʡ, ʪʘʢ ʠ ʜʣʷ 

ʫʚʝʣʠʯʝʥʠʷ ʦʙʣʘʩʪʠ ʜʝʡʩʪʚʠʷ ʩʠʩʪʝʤ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas. 

1.2.1.1 ʆʨʪʦʣʦʛʠ ʠ ʤʫʪʘʥʪʥʳʝ ʚʘʨʠʘʥʪʳ ʙʝʣʢʘ Cas9 

ɼʠʢʠʤ ʪʠʧʦʤ ʙʝʣʢʘ Cas9 ʷʚʣʷʝʪʩʷ ʙʝʣʦʢ ʉas9 ʠʟ Streptococcus pyogenes (Spʉas9). ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ Spʉas9 ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʩʦʜʝʨʞʠʪ 

1368 ʘʤʠʥʦʢʠʩʣʦʪ, ʨʘʩʧʦʟʥʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ NGG PAM, ʤʦʞʝʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʣʠʙʦ ʩ sgʈʅʂ, ʣʠʙʦ ʩ ʧʘʨʦʡ crʈʅʂ/tracrʈʅʂ, ʦʧʪʠʤʘʣʴʥʦ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʩʦ 

ʩʧʝʡʩʝʨʘʤʠ ʜʣʠʥʦʡ 20 ʥʫʢʣʝʦʪʠʜʦʚ ʠ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʧʦ ʨʘʩʧʦʟʥʘʚʘʥʠʶ 

ʠ ʨʘʩʱʝʧʣʝʥʠʶ ɼʅʂ-ʤʠʰʝʥʝʡ. ʆʜʥʘʢʦ ʥʘʣʠʯʠʝ ʥʝʮʝʣʝʚʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʨʝʧʷʪʩʪʚʫʝʪ ʝʛʦ 

ʰʠʨʦʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʚ ʪʝʨʘʧʠʠ. ʉʦ ʚʨʝʤʝʥ ʧʝʨʚʳʭ ʩʦʦʙʱʝʥʠʡ ʦ ʨʘʩʱʝʧʣʝʥʠʠ ɼʅʂ 

ʥʫʢʣʝʘʟʦʡ SpCas9 in vitro ʠ ʚ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʦ 

ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʚʘʨʠʘʥʪʦʚ ʙʝʣʢʘ Cas9 ʜʣʷ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ, ʚʢʣʶʯʘʷ ʦʨʪʦʣʦʛʠ ʠʟ 

Staphylococcus aureus, Streptococcus. thermophilus, Neisseria meningitidis, Campylobacter 

jejuni ʠ ʠʟ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʦʨʛʘʥʠʟʤʦʚ. ʆʥʠ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʨʘʟʤʝʨʫ, PAM, ʩʪʨʫʢʪʫʨʝ 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ, ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʠʥʝ ʩʧʝʡʩʝʨʘ, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ʅʘʧʨʠʤʝʨ, Nmeʉas9 ʠʟ Neisseria meningitidis ʨʘʩʧʦʟʥʘʝʪ 8-ʥʫʢʣʝʦʪʠʜʥʳʡ 

ʙʦʛʘʪʳʡ ʧʠʨʠʤʠʜʠʥʘʤʠ PAM (5-NNNNGATT) ʠ ʯʘʩʪʠʯʥʦ ʩʥʠʞʘʝʪ ʥʝʮʝʣʝʚʦʝ ʨʘʩʱʝʧʣʝʥʠʝ 

[43]. ɼʨʫʛʦʡ ʦʨʪʦʣʦʛ Saʉas9 ʠʟ Staphylococcus aureus ʫʟʥʘʝʪ 6-ʥʫʢʣʝʦʪʠʜʥʳʡ PAM (5-
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NNGRRT, R-ʧʫʨʠʥ) ʠ ʦʙʣʘʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʁ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʩʨʘʚʥʠʤʘ ʩ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʜʣʷ SpCas9 [44]. ʂʨʦʤʝ ʪʦʛʦ, ʙʦʣʝʝ ʥʠʟʢʘʷ ʯʘʩʪʦʪʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʥʝʩʧʝʮʠʬʠʯʥʳʭ ʵʬʬʝʢʪʦʚ ʠ ʤʝʥʴʰʠʡ ʨʘʟʤʝʨ ʙʝʣʢʘ Saʉas9 ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʚʣʷʪʴ ʝʛʦ ʚ 

ʢʣʝʪʢʠ ʩ ʧʦʤʦʱʴʶ ʘʜʝʥʦʘʩʩʦʮʠʠʨʦʚʘʥʥʦʛʦ ʚʠʨʫʩʘ [44]. ʅʦʚʳʝ ʦʨʪʦʣʦʛʠ ʩʧʦʩʦʙʥʳ 

ʫʚʝʣʠʯʠʚʘʪ ɹʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʘ ʥʝʢʦʪʦʨʳʝ ʨʘʩʱʝʧʣʷʪʴ ʢʘʢ ɼʅʂ, ʪʘʢ 

ʠ ʈʅʂ-ʤʠʰʝʥʠ [45]. ʊʘʢ ʨʘʩʱʝʧʣʝʥʠʝ ʦʮʈʅʂ ʩ ʧʦʤʦʱʴʶ SaCas9 ʠ CjeCas9 ʠʟ 

Campylobacter jejuni ʥʝ ʟʘʚʠʩʠʪ ʦʪ PAM [46]. ʊʘʢʞʝ SaCas9 ʧʦʜʘʚʣʷʝʪ ʵʢʩʧʨʝʩʩʠʶ ʛʝʥʦʚ ʚ 

E. coli ʧʨʠ ʥʘʮʝʣʠʚʘʥʠʠ ʥʘ ʈʅʂ [47]. ɼʨʫʛʦʡ ʦʨʪʦʣʦʛ ʠʟ Francisella novicida (FnCas9) 

ʩʧʦʩʦʙʝʥ ʫʟʥʘʚʘʪʴ ʙʘʢʪʝʨʠʘʣʴʥʫʶ ʤʈʅʂ [48]. ɹʝʣʦʢ FnCas9 ʥʝ ʷʚʣʷʝʪʩʷ PAM-ʟʘʚʠʩʠʤʳʤ ʠ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʜʠʘʛʥʦʩʪʠʢʝ ʜʣʷ ʜʝʪʝʢʮʠʠ ʚʠʨʫʩʦʚ [49ï51]. 

ʅʝʜʦʩʪʘʪʢʦʤ ʤʥʦʛʠʭ ʦʨʪʦʣʦʛʦʚ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʠʭ PAM ʚʩʪʨʝʯʘʶʪʩʷ ʨʝʞʝ, ʯʝʤ PAM 

ʜʠʢʦʛʦ ʪʠʧʘ ʙʝʣʢʘ SpCas9. ʇʦʵʪʦʤʫ ʦʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʥʫʢʣʝʘʟʳ Cas9, ʩʧʦʩʦʙʥʭr ʨʘʩʧʦʟʥʘʚʘʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ PAM. ɺ ʩʚʦʝʡ ʨʘʙʦʪʝ Hu ʠ ʜʨ. 

ʨʘʟʨʘʙʦʪʘʣʠ ʙʝʣʦʢ xCas9, ʢʦʪʦʨʳʡ ʧʨʦʷʚʣʷʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʦʪʥʦʰʝʥʠʠ PAM, 

ʦʪʣʠʯʥʳʭ ʦʪ NGG, ʦʩʦʙʝʥʥʦ ʚ ʩʣʫʯʘʷʭ NGT ʠ NGA [52]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ xCas9 

ʵʬʬʝʢʪʠʚʥʦ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʚ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ, ʧʦʜʜʝʨʞʠʚʘʝʪ ʘʢʪʠʚʘʮʠʶ 

ʪʨʘʥʩʢʨʠʧʮʠʠ, ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ ʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʦʩʥʦʚʘʥʠʡ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʦʚʝʜʝʥʥʦʝ ʧʦʣʥʦʛʝʥʦʤʥʦʝ ʩʝʢʚʝʥʠʨʦʚʘʥʠʝ 

ʢʣʝʪʦʢ HEK293T ʠ U2OS ʚʳʷʚʠʣʦ, ʯʪʦ ʙʝʣʦʢ xCas9 ʧʨʦʷʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʯʝʤ SpCas9. ʍʦʪʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʫʢʣʝʘʟʳ xCas9 ʚ ʦʪʥʦʰʝʥʠʠ PAM, 

ʦʪʣʠʯʥʳʭ ʦʪ NGG, ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʤʝʥʝʥʠʷ ʠ ʦʪ ʮʝʣʝʚʦʛʦ ʩʘʡʪʘ, ʥʘʣʠʯʠʝ 

ʜʨʫʛʠʭ PAM ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʷʝʪ ʩʧʝʢʪʨ ʤʠʰʝʥʝʡ, ʜʦʩʪʫʧʥʳʭ ʜʣʷ ʩʘʡʪ-ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ [52]. ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʙʝʣʢʦʚ Cas9 ʙʳʣʦ 

ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʦ ʠʣʠ ʫʣʫʯʰʝʥʦ ʥʝʩʢʦʣʴʢʦ ʚʳʩʦʢʦʪʦʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩ ʥʠʟʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ 

ʥʝʮʝʣʝʚʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ʇʝʨʚʳʤ ʙʳʣ ʧʦʣʫʯʝʥ eSpCas9, ʢʦʪʦʨʳʡ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ 

ʵʬʬʝʢʪʠʚʥʦʝ ʠ ʪʦʯʥʦʝ ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʛʝʥʦʤʘ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ [44]. ɿʘʪʝʤ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʤʫʪʘʮʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʩʥʠʞʝʥʠʝ ʘʬʬʠʥʥʦʩʪʠ ʩʚʷʟʳʚʘʥʠʷ ʤʝʞʜʫ ʢʦʤʧʣʝʢʩʦʤ Cas9-

sgʈʅʂ ʠ ɼʅʂ-ʤʠʰʝʥʴʶ, ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ SpCas9-HF1, ʦʙʣʘʜʘʶʱʠʡ ʚʳʩʦʢʦʡ ʮʝʣʝʚʦʡ 

ʘʢʪʠʚʥʦʩʪʴʶ ʠ ʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ [53]. ʅʘ ʦʩʥʦʚʝ ʩʨʘʚʥʝʥʠʷ 

ʤʝʭʘʥʠʟʤʦʚ ʜʝʡʩʪʚʠʷ ʧʨʝʜʳʜʫʱʠʭ ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʠ ʜʠʢʦʛʦ ʪʠʧʘ Cas9 ʙʳʣ ʧʦʣʫʯʝʥ 

ʙʝʣʦʢ HypaCas9, ʢʦʪʦʨʳʡ ʩ ʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʨʘʩʱʝʧʣʷʣ ʮʝʣʝʚʳʝ ɼʅʂ-ʤʠʰʝʥʠ ʠ 

ʩ ʤʝʥʴʰʝʡ ʜʨʫʛʠʝ ɼʅʂ [54]. ɺ ʧʦʩʣʝʜʩʪʚʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʢʨʠʥʠʥʛʘ ʙʠʙʣʠʦʪʝʢʠ ʤʫʪʘʥʪʥʳʭ 
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ʥʫʢʣʝʘʟ SpCas9 ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʙʝʣʦʢ evoCas9 ʩ ʙʦʣʴʰʝʡ ʪʦʯʥʦʩʪʴʶ, ʯʝʤ ʧʨʝʜʳʜʫʱʠʝ 

ʚʳʩʦʢʦʩʧʝʮʠʬʠʯʥʳʝ ʚʘʨʠʘʥʪʳ SpCas9 [55]. ɸʥʘʣʦʛʠʯʥʦ ʙʳʣ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ Sniper-Cas9 

ï ʚʘʨʠʘʥʪ SpCas9 ʩ ʥʘʠʙʦʣʴʰʝʡ ʩʧʝʮʠʬʠʯʥʦʩʪʴʶ [56]. ʉʨʘʚʥʝʥʠʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ 

ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʛʦ ʚʘʨʠʘʥʪʘ ʙʝʣʢʘ Sniper-Cas9 ʩ ʜʨʫʛʠʤʠ ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʳʤʠ 

ʤʫʪʘʥʪʥʳʤʠ ʙʝʣʢʘʤʠ eSpCas9, Cas9-HF1, evoCas9, HypaCas9, xCas9 ʠ ʜʠʢʠʤ ʪʠʧʦʤ SpCas9, 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʥ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʩʘʤʳʭ ʚʳʩʦʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʨʝʜʠ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʘʥʘʣʦʛʦʚ ʚ ʢʣʝʪʢʘʭ HEK293T ʠ Hela. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʈʅʇ ʩ ʙʝʣʢʦʤ 

Sniper-Cas9 ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʘʛʝʥʪʦʚ [56]. 

ʈʘʥʝʝ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʤʫʪʘʥʪʥʳʝ ʙʝʣʢʠ ʩ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʴʶ ʦʙʣʘʜʘʶʪ ʥʠʟʢʠʤ 

ʩʨʦʜʩʪʚʦʤ ʢ 5ô-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʥʘʧʨʘʚʣʷʶʱʠʤ ʈʅʂ, ʥʘʧʨʠʤʝʨ, ʢ 21G-sgʈʅʂ, ʢʦʪʦʨʳʝ 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦʟʚʦʣʷʶʪ ʫʚʝʣʠʯʠʚʘʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʚ ʢʣʝʪʢʘʭ [57]. 

ʇʦʵʪʦʤʫ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚ ʩʫʱʝʩʪʚʫʶʱʠʝ ʙʝʣʢʠ ʩ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʴʶ ʚʚʦʜʠʪʴ 

ʤʫʪʘʮʠʠ ñBlackjackò, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʝʣʝʮʠʠ ʤʝʞʜʫ ʘʤʠʥʦʢʠʩʣʦʪʘʤʠ L1004 

ʠ K1014, ʩʦʜʝʨʞʘʱʠʤʠ ʪʦʣʴʢʦ ʜʚʘ ʛʣʠʮʠʥʘ [58]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ 

ʠʤʝʶʪ ʜʚʘ ʵʬʬʝʢʪʘ: ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ ʤʫʪʘʥʪʥʦʛʦ ʙʝʣʢʘ Cas9 ʩ 5ô-ʫʜʣʠʥʝʥʥʦʡ 21G-sgʈʅʂ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʫʢʣʝʘʟʳ ʩ ñBlackjackò ʤʫʪʘʮʠʝʡ eSpCas9-plus, SpCas9-HF1-plus, ʢʦʪʦʨʳʝ 

ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠʩʭʦʜʥʳʭ ʘʥʘʣʦʛʦʚ, ʥʦ ʩʧʦʩʦʙʥʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 21G-sgʈʅʂ. ɺ ʥʝʜʘʚʥʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ [59] ʙr ʣʦ ʧʨʦʚʝʜʝʥʦ ʦʙʰʠʨʥʦʝ 

ʩʨʘʚʥʝʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʫʪʘʥʪʥʳʭ ʙʝʣʢʦʚ Cas9 ʠ ʚʳʷʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʠʭ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ SpCas9 Ó Sniper-Cas9 > eSpCas9(1.1)>SpCas9-

HF1 > HypaCas9 å xCas9>>evoCas9 ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ evoCas9>>HypaCas9 ÓSpCas9-

HF1 å eSpCas9(1.1)>xCas9 > Sniper-Cas9 >SpCas9. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʠʣʠ 

ʨʘʟʨʘʙʦʪʘʪʴ 16 ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʦʜʝʣʝʡ, ʢʦʪʦʨʳʝ ʪʦʯʥʦ ʧʨʝʜʩʢʘʟʳʚʘʶʪ ʘʢʪʠʚʥʦʩʪʴ 

ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ Cas9 ʜʣʷ ʣʶʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʤʠʰʝʥʠ [59]. ɼʨʫʛʠʤ ʩʧʦʩʦʙʦʤ 

ʩʥʠʞʝʥʠʷ ʥʝʮʝʣʝʚʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʨʠ ʚʥʝʩʝʥʠʠ ʜʚʫʭʮʝʧʦʯʝʯʥʦʛʦ ʨʘʟʨʳʚʘ ʚ ɼʅʂ-ʤʠʰʝʥʴ 

ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʘʨʳ ʈʅʇ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʜʚʫʭ ʥʠʢʘʟ Cas9 (Cas9D10A), ʚ ʢʘʞʜʦʡ ʠʟ 

ʢʦʪʦʨʳʭ ʠʥʛʠʙʠʨʦʚʘʥ ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʜʦʤʝʥ RuvC, ʠ ʧʘʨʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ [60]. ɺ 

ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʚʳʩʦʢʦʩʧʝʮʠʬʠʯʥʳʝ ʥʫʢʣʝʘʟʳ Cas9 ʙʳʣʠ ʧʨʝʦʙʨʘʟʦʚʘʥʳ 

ʚ ʥʠʢʠʨʫʶʱʠʝ ʚʘʨʠʘʥʪʳ ʠ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʨʘʙʦʪʝ ʚ ʚʠʜʝ ʧʘʨʳ ʥʠʢʘʟʥʳʭ ʈʅʇ ʠʭ 

ʪʦʯʥʦʩʪʴ ʧʨʝʚʦʩʭʦʜʠʪ ʪʦʯʥʦʩʪʴ ʠʩʭʦʜʥʦʡ ʥʠʢʘʟʳ SpCas9D10A [61].  

ʆʧʠʩʘʥʥʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʙʝʣʢʦʚ ʧʦʟʚʦʣʷʝʪ ʦʪʙʠʨʘʪʴ ʙʝʣʢʠ Cas9 ʩ ʥʘʠʙʦʣʝʝ 

ʙʣʘʛʦʧʨʠʷʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ: ʚʳʩʦʢʘʷ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʥʠʟʢʘʷ ʯʘʩʪʦʪʘ 
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ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ ʠ ʙʦʣʴʰʦʡ ʜʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʘ ʪʘʢʞʝ ʨʘʩʰʠʨʷʪʴ 

ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʩʠʩʪʝʤʳ CRISPR/Cas9. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʩʝʨʴʝʟʥʘʷ ʧʨʦʙʣʝʤʘ ʚ 

ʥʝʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʜʘʥʥʳʭ ʧʦ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʜʝʧʦʥʠʨʦʚʘʥʥʳʭ ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʙʝʣʢʦʚ ʚ ʨʘʟʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. 

1.2.1.2 ʄʦʜʠʬʠʢʘʮʠʷ ʙʝʣʢʦʚ Cas12 ʠ Cas13 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʫʢʣʝʘʟʦʡ Cas9 ʙʝʣʦʢ Cas12 ʛʝʥʝʨʠʨʫʝʪ ʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʨʘʟʥʦʚʠʜʥʦʩʪʷʤʠ 

ʙʝʣʢʘ Cas12 ̫ ʚʣʷʶʪʩʷ ʙʝʣʢʠ Cas12a (Cpf1), ʉas12b (C2c1) ʠ Cas12c (C2c2), ʠʟ ʢʦʪʦʨʳʭ ʜʚʘ 

ʧʦʩʣʝʜʥʠʭ ʩʦʜʝʨʞʘʪ RuvC-ʧʦʜʦʙʥʳʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʮʝʥʪʨʳ, ʢʦʪʦʨʳʝ ʢʦʨʨʝʣʠʨʫʶʪ ʩ 

ʥʫʢʣʝʘʟʦʡ Cas12a. ʆʜʥʘʢʦ ʜʣʷ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʯʘʱʝ ʚʩʝʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʥʫʢʣʝʘʟʘ 

Cas12a. ʋ ʥʝʝ ʙʳʣʦ ʥʘʡʜʝʥʦ ʙʦʣʝʝ 10 ʦʨʪʦʣʦʛʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʤʦʤʝʥʪ ʦʨʪʦʣʦʛʠ AsCas12a 

(Acidaminococcus sp. BV3L6) ʠ LbCas12a (Lachnospiraceae bacterium ND2006) ʥʘʠʙʦʣʝʝ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ɹʝʣʢʠ AsCas12a 

ʠ LbCas12a ʚʳʟʳʚʘʶʪ ʦʯʝʥʴ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ 

[62,63]. ʊʘʢʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʙʝʣʢʦʤ Cas9 ʜʣʷ ʥʫʢʣʝʘʟʳ Cas12 ʧʨʦʚʦʜʷʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦ ʦʙʥʘʨʫʞʝʥʠʶ ʥʦʚʳʭ ʦʨʪʦʣʦʛʦʚ ʠ ʩʦʟʜʘʥʠʶ ʠʭ ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ 

ʩʫʱʝʩʪʚʫʶʱʠʭ ʥʝʜʦʩʪʘʪʢʦʚ ʩʠʩʪʝʤʳ CRISPR/Cas12. ʅʘʧʨʠʤʝʨ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦ ʩʦʟʜʘʥʠʶ ʤʫʪʘʥʪʥʳʭ ʙʝʣʢʦʚ AsCas12a [64]. ʋʣʫʯʰʝʥʥʳʡ ʚʘʨʠʘʥʪ Cas12a 

(enAsCas12a) ʦʙʣʘʜʘʣ ʨʘʩʰʠʨʝʥʥʳʤ ʥʘʙʦʨʦʤ PAM ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʚ ʩʘʡʪʘʭ ʩ ʢʘʥʦʥʠʯʝʩʢʠʤʠ PAM, ʯʝʤ ʙʝʣʦʢ AsCas12a ʜʠʢʦʛʦ ʪʠʧʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʚʳʩʦʢʦʪʦʯʥʘʷ ʚʝʨʩʠʷ enAsCas12a (enAsCas12a-HF1) ʜʣʷ 

ʫʤʝʥʴʰʝʥʠʷ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ. ʆʙʘ ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʘ ʙʳʣʠ ʘʢʪʠʚʥʳ ʚ HEK293T ʠ 

ʧʝʨʚʠʯʥʳʭ ʊ-ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ ʧʨʠ ʜʦʩʪʘʚʢʝ ʚ ʚʠʜʝ ʈʅʇ [64]. ɸʥʘʣʦʛʠʯʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʧʦ ʧʦʠʩʢʫ ʦʨʪʦʣʦʛʦʚ ʥʠʢʘʟʳ Cas12a ʜʠʢʦʛʦ ʪʠʧʘ ʚʳʷʚʠʣʦ ʪʨʠ ʘʥʘʣʦʛʘ PrCas12a, Mb3Cas12a 

ʠ BsCas12a ʤʝʥʴʰʝʛʦ ʨʘʟʤʝʨʘ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʢʦʪʦʨʳʭ ʙʳʣʘ ʩʨʘʚʥʠʤʘ ʩ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʜʣʷ ʙʝʣʢʦʚ AsCas12a ʠ LbCas12a ʚ ʢʣʝʪʢʘʭ [65]. ɼʣʷ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʦʙʥʘʨʫʞʝʥʥʳʭ ʙʝʣʢʦʚ ʙʳʣʠ ʩʦʟʜʘʥʳ ʠʭ ʤʫʪʘʥʪʥʳʝ ʚʘʨʠʘʥʪʳ, ʦʙʣʘʜʘʶʱʠʝ ʧʦʚʳʰʝʥʥʦʡ 

ʮʝʣʝʚʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʠ ʰʠʨʦʢʠʤ ʜʠʘʧʘʟʦʥʦʤ PAM (NTTV, NTCV ʠ TRTV, 

V=G,C,A) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʫʢʣʝʘʟʦʡ Cas12a [65]. ɺ ʜʘʣʴʥʝʡʰʝʤ ʩ ʧʦʤʦʱʴʶ ʨʝʢʦʤʙʠʥʘʮʠʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʝʡ: ʥʝʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʫʪʘʥʪʳʭ ʙʝʣʢʦʚ Cas12a, ʠʟʚʝʩʪʥʳʭ ʦʨʪʦʣʦʛʦʚ 

Cas12a ʠ ʙʝʣʢʘ Cas12a ʜʠʢʦʛʦ ʪʠʧʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʥʫʢʣʝʘʟʳ Cas12a [66]. 

ʀʩʧʦʣʴʟʫʷ ʜʘʥʥʳʡ ʤʝʪʦʜ ʙʣrʦ ʦʙʥʘʨʫʞʝʥʦ ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ ʙʝʣʢʘ Cas12a, ʦʜʠʥ ʠʟ 
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ʢʦʪʦʨʳʭ ʦʙʣʘʜʘʣ ʩʥʠʞʝʥʥʦʡ ʥʝʮʝʣʝʚʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ ʮʝʣʝʚʦʡ ʘʢʪʠʚʥʦʩʪʴʶ in 

vitro ʠ in vivo. ʉʦʟʜʘʥʥʳʝ ʩʠʥʪʝʪʠʯʝʩʢʠʝ Cas12a-ʧʦʜʦʙʥʳʝ ʥʫʢʣʝʘʟʳ ʧʦʟʚʦʣʠʣʠ ʫʧʨʦʩʪʠʪʴ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʛʝʥʦʤʘ ʚ ʢʣʝʪʢʘʭ E. coli, ʜʨʦʞʞʝʡ ʠ ʤʣʝʢʦʧʠʪʘʶʱʠʭ [66]. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʚʩʝ ʙʦʣʴʰʝ ʨʘʙʦʪ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʨʘʟʨʘʙʦʪʢʫ ʤʫʪʘʥʪʥʳʭ ʙʝʣʢʦʚ Cas12a, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʦʜʙʠʨʘʪʴ ʚʘʨʠʘʥʪ ʙʝʣʢʘ ʩ ʥʫʞʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʜ ʢʦʥʢʨʝʪʥʫʶ ʟʘʜʘʯʫ ʠʣʠ ʪʨʝʙʦʚʘʥʠʝ 

[67]. 

ʉʠʩʪʝʤʘ CRISPR/Cas13 ʙʳʣʘ ʦʪʢʨʳʪʘ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ, ʧʦʵʪʦʤʫ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʘʪʝʡ ʧʦʩʚʷʱʝʥʦ ʠʟʫʯʝʥʠʶ ʤʝʭʘʥʠʟʤʦʚ ʝʝ ʜʝʡʩʪʚʠʷ. ʅʘʠʙʦʣʝʝ 

ʠʟʫʯʝʥʥʳʤ ʙʝʣʢʦʤ Cas ʩʠʩʪʝʤ CRISPR VI-ʛʦ ʪʠʧʘ ʷʚʣʷʝʪʩʷ Cas13a. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʠʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʩʪʨʫʢʪʫʨ ʛʦʤʦʣʦʛʦʚ ʙʝʣʢʘ Cas13a: Leptotrichia shahii Cas13a 

(LshCas13a), Leptotrichia buccalis Cas13a (LbuCas13a) ʠ Lahnospiraceae Cas13a (LbaCas13a); 

Cas13b: Bergeyella zoohelcum (BzCas13b) ʠ Prevotella buccae (PbuCas13b); Cas13d: 

Eubacterium siraeum Cas13d (EsCas13d) ʠ Ruminococcus flavefaciens Cas13d (CasRx). 

ʅʝʜʘʚʥʦ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ AlphaFold2 ʙʳʣʠ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥ rʧʷʪʴ ʤʠʥʠʘʪʶʨʥʳʭ 

ʚʘʨʠʘʥʪʦʚ ʙʝʣʢʘ Cas13d (RfxCas13d) [68]. ɼʘʥʥʳʝ ʘʥʘʣʦʛʠ ʦʙʣʘʜʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʨʘʩʱʝʧʣʝʥʠʷ ʈʅʂ ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ ʬʝʨʤʝʥʪʦʤ ʜʠʢʦʛʦ ʪʠʧʘ Cas13d. ʂʨʦʤʝ ʪʦʛʦ, ʟʘ ʩʯʝʪ 

ʩʚʦʝʡ ʢʦʤʧʘʢʪʥʦʩʪʠ RfxCas13d ʤʦʛʫʪ ʙʳʪʴ ʫʧʘʢʦʚʘʥʳ ʚ ʘʜʝʥʦʘʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʚʠʨʫʩʥʳʡ 

ʚʝʢʪʦʨ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʥʦʢʜʘʫʥʘ ʈʅʂ. ʇʦʩʨʝʜʩʪʚʦʤ ʤʫʪʘʛʝʥʝʟʘ ʜʦʤʝʥʦʚ HEPN ʙʝʣʢʦʚ 

Cas13d ʠ Cas13X ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʝʩʢʦʣʴʢʦ ʠʭ ʚʳʩʦʢʦʪʦʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʜʣʷ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʡ ʜʝʛʨʘʜʘʮʠʠ ʈʅʂ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʢʦʣʣʘʪʝʨʘʣʴʥʳʤʠ ʵʬʬʝʢʪʘʤʠ [69]. 

ʄʫʪʘʥʪʥʳʝ ʙʝʣʢʠ Cas13 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʭʦʞʫʶ ʘʢʪʠʚʥʦʩʪʴ ʈʅʂ-ʥʦʢʜʘʫʥʘ ʩ ʥʫʢʣʝʘʟʦʡ 

Cas13 ʜʠʢʦʛʦ ʪʠʧʘ, ʥʦ ʥʝ ʧʨʦʷʚʣʷʶʪ ʢʦʣʣʘʪʝʨʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʪʨʘʥʩʛʝʥʥʳʭ ʤʳʰʘʭ ʠʣʠ 

ʩʦʤʘʪʠʯʝʩʢʠʭ ʢʣʝʪʢʘʭ [69]. 

ʉʦʟʜʘʶʪʩʷ ʚʩʝ ʥʦʚʳʝ ʦʨʪʦʣʦʛʠ ʠ ʤʫʪʘʥʪʥʳʝ ʚʘʨʠʘʥʪʳ ʙʝʣʢʦʚ Cas ʦʙʣʘʜʘʶʱʠʝ 

ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠ ʧʦʟʚʦʣʷʶʱʠʝ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʩʦʢʨʘʪʠʪʴ ʥʝʮʝʣʝʚʦʝ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ, ʦʜʥʘʢʦ ʦʥʠ ʯʘʩʪʦ ʧʨʦʷʚʣʷʶʪ ʥʠʟʢʫʶ ʮʝʣʝʚʫʶ ʘʢʪʠʚʥʦʩʪʴ. ʂʨʦʤʝ ʪʦʛʦ, 

ʥʘʜʝʞʥʦʩʪʴ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʝʣʢʦʚ Cas ʥʝʨʝʜʢʦ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʭ ʧʨʠʨʦʜʥʳʭ ʘʥʘʣʦʛʦʚ ʠ ʠʭ ʥʝʙʝʟʦʧʘʩʥʦ ʧʨʠʤʝʥʷʪʴ ʜʣʷ ʩʣʦʞʥʳʭ ʟʘʜʘʯ, 

ʪʘʢʠʭ ʢʘʢ ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʞʠʚʦʪʥʳʭ ʤʦʜʝʣʝʡ ʠʣʠ ʣʝʯʝʥʠʝ ʛʝʥʝʪʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ 

ʯʝʣʦʚʝʢʘ. ɹʦʣʝʝ ʪʦʛʦ, ʙʦʣʴʰʠʥʩʪʚʦ ʚʳʩʦʢʦʪʦʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʥʫʢʣʝʘʟ Cas ʥʝ ʪʝʨʧʠʤʳ ʢ 

ʠʟʤʝʥʝʥʠʷʤ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʦʙʣʘʩʪʴ ʠʭ ʧʨʠʤʝʥʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʨʘʟʨʘʙʦʪʢʘ ʩʠʩʪʝʤ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ CRISPR/Cas, ʢʦʪʦʨʳʝ 

ʩʥʠʞʘʶʪ ʘʢʪʠʚʥʦʩʪʴ ʥʝʮʝʣʝʚʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʚʳʩʦʢʫʶ 
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ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʮʝʣʝʚʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʠ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ 

ʚʘʨʠʘʥʪʘʤʠ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ. 

1.2.2 ɺʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʩʠʩʪʝʤ 

ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas 2-ʛʦ ʢʣʘʩʩʘ ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʤʦʜʠʬʠʢʘʮʠʡ ʚ 

ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ. ʈʘʟʨʘʙʦʪʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʚʘʨʠʘʥʪʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʜʦʙʠʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ-ʤʠʰʝʥʝʡ ʧʨʠ ʤʠʥʠʤʠʟʘʮʠʠ ʢʣʝʪʦʯʥʦʡ ʪʦʢʩʠʯʥʦʩʪʠ ʠ ʥʝʮʝʣʝʚʳʭ 

ʵʬʬʝʢʪʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʦʪʘʥʦ ʤʥʦʞʝʩʪʚʦ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʥʫʢʣʝʦʪʠʜʦʚ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʢ ʥʫʢʣʝʘʟʘʤ, ʩʥʠʞʝʥʠʷ 

ʠʤʤʫʥʥʦʛʦ ʦʪʚʝʪʘ, ʠʟʤʝʥʝʥʠʷ ʘʬʬʠʥʥʦʩʪʠ ʩʚʷʟʳʚʘʥʠʷ ʩ ʤʠʰʝʥʴʶ ʠ ʜʨʫʛʠʭ ʩʚʦʡʩʪʚ [70ï

73]. ʕʬʬʝʢʪ ʦʪʜʝʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʦʞʝʥʠʷ ʠ 

ʢʦʤʙʠʥʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʭʠʤʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ, ʘ ʪʘʢʞʝ ʤʝʞ- ʠ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʜʨʫʛʠʤʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʥʫʢʣʝʦʪʠʜʘʤʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʥʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʣʫʯʝʥʦ ʜʣʷ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʦʜʥʘʢʦ ʚ 

ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʩʠʩʪʝʤ rCRISPR/Cas12 ʠ CRISPR/Cas13. 

1.2.2.1 ʄʦʜʠʬʠʢʘʮʠʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩʠʩʪʝʤʳ CRISPR/Cas9 

ʅʘʧʨʘʚʣʷʶʱʘʷ ʈʅʂ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʩʫʱʝʩʪʚʫʝʪ ʚ ʜʚʫʭ ʬʦʨʤʘʭ: ʚ ʬʦʨʤʝ 

ʥʘʪʠʚʥʦʛʦ ʜʫʧʣʝʢʩʘ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ crʈʅʂ (ʜʦ 40 ʥ.), ʦʪʚʝʯʘʶʱʝʡ ʟʘ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʝ 

ʩʚʷʟʳʚʘʥʠʝ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ʩ tracrʈʅʂ, ʠ tracrʈʅʂ (ʜʦ 80 ʥ.), 

ʬʦʨʤʠʨʫʶʱʝʡ ʢʦʤʧʣʝʢʩ ʩ ʙʝʣʢʦʤ, ʠʣʠ ʚ ʬʦʨʤʝ ʝʜʠʥʦʡ ʦʜʥʦʮʝʧʦʯʝʯʥʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ 

ʈʅʂ sgʈʅʂ(ʦʢʦʣʦ 100 ʥ.) (ʈʠʩʫʥʦʢ 7). sgʈʅʂ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ ï ʚʘʨʠʘʙʝʣʴʥʦʡ ʜʣʠʥʦʡ 

20 ʥʫʢʣʝʦʪʠʜʦʚ (ʩʧʝʡʩʝʨ), ʠ ʢʦʥʩʪʘʥʪʥʦʡ ʠʣʠ ʥʝʚʘʨʠʘʙʝʣʴʥʦʡ ʜʣʠʥʦʡ ʦʢʦʣʦ 70 

ʥʫʢʣʝʦʪʠʜʦʚ. ʉʧʝʡʩʝʨ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʚʷʟʳʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ Cas9:sgʈʅʂ 

ʩ ʮʝʣʝʚʦʡ ʮʝʧɹ ʶ ɼʅʂ, ʧʨʠʯʝʤ ʥʘʠʙʦʣʝʝ ʢʨʠʪʠʯʥʘ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʩʪʴ ʧʝʨʚʳʭ 10-12 

ʥʫʢʣʝʦʪʠʜʦʚ (seed-ʨʝʛʠʦʥ), ʧʨʠʤʳʢʘʶʱʠʭ ʢ PAM. ʆʙʣʘʩʪʴ ʨʷʜʦʤ ʩ PAM ʥʘʟʳʚʘʶʪ PAM-

ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʠ ʚ ʥʝʝ ʚʭʦʜʠʪ seed-ʨʝʛʠʦʥ, ʘ ʦʙʣʘʩʪʴ ʚʜʘʣʠ ʦʪ PAM ï PAM-ʜʠʩʪʘʣʴʥʦʡ. 

ʅʝʚʘʨʠʘʙʠʣʴʥʘʷ ʯʘʩʪʴ ʦʪʚʝʯʘʝʪ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ʩ ʵʥʜʦʥʫʢʣʝʘʟʦʡ Cas9 ʠ ʚ ʥʝʝ 

ʚʭʦʜʷʪ ʪʨʠ ʰʧʠʣʴʢʠ, ʪʝʪʨʘʧʝʪʣʷ ʠ ʘʥʪʠʧʦʚʪʦʨʥʳʡ ʨʝʛʠʦʥ.  
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ʈʠʩʫʥʦʢ 7. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʧʨʠ 

ʨʘʟʥʦʡ ʬʦʨʤʝ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ. ɸ ï ʥʘʪʠʚʥʳʡ ʜʫʧʣʝʢʩ crʈʅʂ/tracrʈʅʂ; ɹ ï ʝʜʠʥʘʷ 

ʦʜʥʦʮʝʧʦʯʝʯʥʘʷ ʥʘʧʨʘʚʣʷʶʱʘʷ sgʈʅʂ. ɿʝʣʝʥʳʤ ʮʚʝʪʦʤ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʚʳʜʝʣʝʥ 

ʩʧʝʡʩʝʨ ʠ ʦʙʦʟʥʘʯʝʥ seed-ʨʝʛʠʦʥ, ɼʅʂ-ʤʠʰʝʥʴ ʦʙʦʟʥʘʯʝʥʘ ʬʠʦʣʝʪʦʚʳʤ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ 

ʨʘʙʦʪʳ [74]. 

ʅʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʥʝʜʦʩʪʘʪʢʦʚ: ʦʥʠ ʙʳʩʪʨʦ ʧʦʜʚʝʨʛʘʶʪʩʷ ʛʠʜʨʦʣʠʟʫ ʚ ʩʳʚʦʨʦʪʢʝ ʠ ʚʥʫʪʨʠʢʣʝʪʦʯʥʦʡ ʩʨʝʜʝ, 

ʩʧʦʩʦʙʥʳ ʘʢʪʠʚʠʨʦʚʘʪʴ ʥʝʞʝʣʘʪʝʣʴʥʳʡ ʚʨʦʞʜʝʥʥʳʡ ʠʤʤʫʥʥʳʡ ʦʪʚʝʪ ʠ ʚʳʟʳʚʘʶʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʠʩʪʝʤʝ 

CRISPR/Cas9. ʏʪʦʙʳ ʧʨʝʦʜʦʣʝʪʴ ʜʘʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʶʪ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʤʦʜʠʬʠʢʘʮʠʡ. ʄʦʜʠʬʠʢʘʮʠʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʢʘʢ sgʈʅʂ, 

ʪʘʢ ʠ crʈʅʂ ʠ tracrʈʅʂ ʚ ʦʩʥʦʚʥʦʤ ʧʨʦʚʦʜʠʪʩʷ ʚ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʷʭ: ʚʢʣʶʯʝʥʠʝ 

ʭʠʤʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ, ʦʧʪʠʤʠʟʘʮʠʷ ʜʣʠʥʳ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ (ʈʠʩʫʥʦʢ 8). 

ʉʨʝʜʠ ʭʠʤʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʰʠʨʦʢʦ ʠʟʫʯʝʥʳ ʤʦʜʠʬʠʢʘʮʠʠ ʨʠʙʦʟʳ, ʬʦʩʬʘʪʥʦʛʦ 

ʦʩʪʘʪʢʘ ʠ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ (ʈʠʩʫʥʦʢ 8). 
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ʈʠʩʫʥʦʢ 8. ʇʦʣʦʞʝʥʠʷ ʜʣʷ ʚʢʣʶʯʝʥʠʷ ʤʦʜʠʬʠʢʘʮʠʡ (2ô-OMe ʛʨʫʧʧ ʠ ʤʦʜʠʬʠʢʘʮʠʡ 

ʬʦʩʬʘʪʘ) ʚ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ: ɸ ï ʥʘʧʨʘʚʣʷʶʱʫʶ sgʈʅʂ; ɹ ï crʈʅʂ/tracrʈʅʂ. ʂʨʘʩʥʳʤ 

ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʦʙʣʘʩʪʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʚ ʢʦʪʦʨʳʝ ʥʝ ʚʢʣʶʯʘʶʪʩʷ 2ô-OMe 

ʤʦʜʠʬʠʢʘʮʠʠ; ʟʝʣʝʥʳʤ ï ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʝ ʧʦʟʠʮʠʠ ʜʣʷ 2ô-OMe ʛʨʫʧʧ; ʢʨʘʩʥʳʤʠ 

ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ ï ʧʦʣʦʞʝʥʠʷ, ʚ ʢʦʪʦʨʳʭ ʤʦʜʠʬʠʢʘʮʠʷ ʬʦʩʬʘʪʘ ʥʝ ʧʨʦʠʩʭʦʜʠʪ; ʢʨʘʩʥʳʤʠ 

ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ ʩʦ ʟʚʝʟʜʦʯʢʦʡ ï ʧʦʟʠʮʠʠ, ʚ ʢʦʪʦʨʳʭ ʚʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʢʘʮʠʡ ʬʦʩʬʘʪʘ 

ʧʦʚʳʰʘʝʪ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʥʦ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ; ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ï ʫʢʦʨʦʯʝʥʠʝ 

ʜʣʠʥʳ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [75]. 

ʍʠʤʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ, ʟʘʪʨʘʛʠʚʘʶʱʠʝ 2ô-ʧʦʣʦʞʝʥʠʝ ʨʠʙʦʟʳ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠʩʢʫʩʩʪʚʝʥʥʦ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ 

CRISPR/Cas9. ɺ ʨʘʙʦʪʝ Hendel A. ʩ ʩʦʘʚʪʦʨʘʤʠ ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʭʠʤʠʯʝʩʢʠʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʧʦʣʥʦʨʘʟʤʝʨʥʳʝ sgʈʅʂ ʩ ʪʨʝʤʷ ʨʘʟʣʠʯʥʳʤʠ ʛʨʫʧʧʘʤʠ: 

2ô-OMe (M), 2ô-OMe-3ô-ʬʦʩʬʦʨʦʪʠʦʘʪʦʤ (MS) ʠ 2ô-OMe-3ô-ʪʠʦʬʦʩʬʦʥʦʘʮʝʪʘʪʦʤ (MSP) ʥʘ 

ʦʙʦʠʭ ʢʦʥʮʘʭ ʈʅʂ (ʈʠʩʫʥʦʢ 9) [76]. 
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ʈʠʩʫʥʦʢ 9. ʍʠʤʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʩʘʭʘʨʦ-ʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ ʥʘʧʨʘʚʣʷʶʱʠʭ 

ʈʅʂ, ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʣʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʠʩʪʝʤ 

ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas: 2ô-O-Me (M), 2ô-O-Me -3ô-ʪʠʦʬʦʩʬʘʪ (MS), 2ǋ-O-

Me-3ǋ-ʬʦʩʬʦʥʦʘʮʝʪʘʪ (MP) ʠ 2ô- O-Me-3ô-ʪʠʦʬʦʩʬʦʥʦʘʮʝʪʘʪ (MSP) [76,77]; 2ô-ʬʪʦʨ (2ô-F) ʠ 

ʪʠʦʬʦʩʬʘʪʥʘʷ ʛʨʫʧʧʘ (PS) [78]; 2ô,5ô-ʈʅʂ ʠ 2ô-O-ʵʪʠʣ ʤʦʜʠʬʠʢʘʮʠʷ (cEt) [79]; 

ʟʘʙʣʦʢʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʠʥʦʚʳʝ ʢʠʩʣʦʪʳ (LNA); 2ô,4ô-ʜʠ-OMe ʈʅʂ; 2ô-F-4ô-OMe ʈʅʂ; 2ôF-

ANA; ɼʅʂ [80]; ʤʦʩʪʠʢʦʚʳʝ ʥʫʢʣʝʠʥʦʚʳʝ ʢʠʩʣʦʪʳ (2ǋ,4ǋ-BNANC[N-Me]) [81]. B ï ʘʟʦʪʠʩʪʦʝ 

ʦʩʥʦʚʘʥʠʝ (A, U, C, G). 

ʂʦʤʧʣʝʢʩʳ ʙʝʣʢʘ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ ʙʳʣʠ ʵʬʬʝʢʪʠʚʥʳ ʚ ʫʩʣʦʚʠʷʭ 

in vivo, ʦʜʥʘʢʦ ʧʨʦʮʝʥʪ ʠʥʩʝʨʮʠʡ ʠ ʜʝʣʝʮʠʡ ʧʨʠ ʛʦʤʦʣʦʛʠʯʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʨʘʟʣʠʯʘʣʩʷ 

ʜʣʷ ʨʘʟʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ. ʅʘʠʙʦʣʴʰʠʡ ʧʨʦʮʝʥʪ ʤʫʪʘʮʠʡ ʜʦʩʪʠʛʘʣʩʷ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʡ MS 

ʠ MSP. ʊʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʚʳʷʚʠʣʠ, ʯʪʦ ʘʢʪʠʚʥʦʩʪʴ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩ MSP ʛʨʫʧʧʦʡ ʚ 
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ʢʣʝʪʢʘʭ ʩʦʭʨʘʥʷʝʪʩʷ ʥʘ ʧʨʦʪʷʞʝʥʠʠ 24 ʯʘʩʦʚ, ʩ MS ʤʦʜʠʬʠʢʘʮʠʝʡ ʜʦ 12 ʯʘʩʦʚ, ʘ ʩ M 

ʤʦʜʠʬʠʢʘʮʠʝʡ ʠʥʛʠʙʠʨʫʝʪʩʷ ʧʦʩʣʝ 4 ʯʘʩʦʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ 

sgʈʅʂ ʧʦʟʚʦʣʷʣʘ ʜʦʩʪʠʯʴ ʤʝʥʴʰʝ 7% ʘʢʪʠʚʥʦʩʪʠ in vivo. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʚʥʫʪʨʠʢʣʝʪʦʯʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʠ ʚʚʝʜʝʥʠʠ ʤʦʜʠʬʠʢʘʮʠʡ ʚ sgʈʅʂ ʚʦʟʨʘʩʪʘʣʘ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ. ɺʢʣʶʯʝʥʠʝ ʘʥʘʣʦʛʘ 2ô-OMe ʛʨʫʧʧʳ ï 2ô-O-ʤʝʪʠʣ-

3ô-ʬʦʩʬʦʥʦʘʮʝʪʘʪʘ (MP) (ʈʠʩʫʥʦʢ 9) ʚ ʦʧʨʝʜʝʣʝʥʥʳʝ ʦʙʣʘʩʪʠ ʥʘʧʨʘʚʣʷʶʱʝʡ sgʈʅʂ 

ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʢʘʢ in vitro, ʪʘʢ ʠ in vivo. ʊʘʢ 

ʝʜʠʥʠʯʥʘʷ MP ʤʦʜʠʬʠʢʘʮʠʷ ʚ 4-ʦʡ, 5-ʦʡ ʠʣʠ 7-ʦʡ ʧʦʟʠʮʠʷʭ ʩ 5ô-ʢʦʥʮʘ sgʈʅʂ ʥʘ ʧʦʨʷʜʦʢ 

ʩʥʠʞʘʣʘ ʥʝʮʝʣʝʚʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. ʆʜʥʘʢʦ ʚ 6-ʦʤ ʧʦʣʦʞʝʥʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʚʣʠʷʣʘ ʥʘ ʨʘʩʱʝʧʣʝʥʠʝ. ɼʚʫʤʷ ʜʨʫʛʠʤʠ ʦʙʣʘʩʪʷʤʠ ʜʣʷ ʩʥʠʞʝʥʠʷ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ ʙʳʣʠ 

ʧʦʟʠʮʠʠ 9-12, 14 ʠ 16, ʦʩʦʙʝʥʥʦ 11-ʘ ̫ ʧʦʟʠʮʠʷ. ʊʘʢʞʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ 5ô-ʢʦʥʮʝʚʳʭ MP ʛʨʫʧʧ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʧʦʚʳʰʘʣʦ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʚ 10 ʨʘʟ 

ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ɼʅʂ-ʤʠʰʝʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʜʠʬʠʢʘʮʠʠ MP ʵʬʬʝʢʪʠʚʥʳ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 [82].  

ʈʫʢʦʚʦʜʩʪʚʫʷʩʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʢʦʤʧʣʝʢʩʘ Cas9:sgʈʅʂ [19], 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʦʙʣʘʩʪʠ sgʈʅʂ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʳ. ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʩʨʘʚʥʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 2ô-OMe, 2ô-ʬʪʦʨ (2ô-F) ʠʣʠ 

ʪʠʦʬʦʩʬʘʪʥʳʤʠ (PS) ʛʨʫʧʧʘʤʠ in vivo (ʈʠʩʫʥʢʠ 8 -9) [78]. ɺʢʣʶʯʝʥʠʝ 2ô-OMe ʤʦʜʠʬʠʢʘʮʠʡ 

ʚ ʧʦʣʦʞʝʥʠʷ ʥʝʚʘʨʠʘʙʠʣʴʥʦʡ ʦʙʣʘʩʪʠ sgʈʅʂ, ʥʝ ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʩʚʷʟʳʚʘʥʠʝ ʩ ʙʝʣʢʦʤ Cas9, 

ʫʚʝʣʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ GFP-ʢʣʝʪʦʢ ʙʦʣʝʝ ʯʝʤ ʥʘ 10%, ʥʦ ʚʚʝʜʝʥʠʝ 

ʜʘʥʥʦʡ ʛʨʫʧʧʳ ʚ ʩʧʝʡʩʝʨʥʫʶ ʦʙʣʘʩʪʴ sgʈʅʂ ʧʦʣʥʦʩʪʴʶ ʠʥʛʠʙʠʨʫʝʪ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 (ʈʠʩʫʥʦʢ 10). 
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ʈʠʩʫʥʦʢ 10. ʉʪʨʫʢʪʫʨʳ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩ ʫʢʘʟʘʥʠʝʤ ʧʦʣʦʞʝʥʠʡ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩ Cas9. ɸ ï ʜʣʷ sgʈʅʂ; ɹ ï ʜʣʷ crʈʅʂ. ʌʠʦʣʝʪʦʚʳʤʠ ʧʷʪʠʫʛʦʣʴʥʠʢʘʤʠ 

ʦʙʦʟʥʘʯʝʥʳ ʧʦʟʠʮʠʠ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʢʦʪʦʨʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʙʝʣʢʦʤ Cas9. 

ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [78]. 

ɼʣʷ 2ô-F ʟʘʤʝʥ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʘʷ ʩʠʪʫʘʮʠʷ: ʚ ʥʝʚʘʨʠʘʙʠʣʴʥʦʤ ʨʘʡʦʥʝ 

ʧʨʦʠʩʭʦʜʠʪ ʠʥʛʠʙʠʨʦʚʘʥʠʝ, ʘ ʚ ʩʧʝʡʩʝʨʝ ʪʦʣʴʢʦ ʩʥʠʞʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ. 

ɼʘʥʥʳʝ ʦ ʢʦʥʪʘʢʪʘʭ ʙʝʣʢʘ Cas9 ʩ ʩʘʭʘʨʦʬʦʩʬʘʪʥʳʤ ʦʩʪʦʚʦʤ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʚʳʷʚʠʣʠ, 

ʯʪʦ ʯʘʩʪʠʯʥʘʷ ʠʣʠ ʧʦʣʥʘʷ 2ô-ʤʦʜʠʬʠʢʘʮʠʷ ʨʠʙʦʟʳ ʚ ʥʝʚʘʨʠʘʙʠʣʴʥʦʡ ʦʙʣʘʩʪʠ sgʈʅʂ ʚ 

ʧʦʣʦʞʝʥʠʷʭ: 22 ï 27, 43 ï 45, 47, 49, 51, 58, 59, 62 ï 65, 68, 69, ʠ 82 ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʝʪ ʥʘ 

ʘʢʪʠʚʥʦʩʪʴ ʙʝʣʢʘ Cas9, ʪʘʢ ʢʘʢ 2ô-OH ʛʨʫʧʧʳ ʥʫʢʣʝʦʪʠʜʦʚ ʚ ʜʘʥʥʳʭ ʧʦʟʠʮʠʷʭ ʫʯʘʩʪʚʫʶʪ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ ʩ ʙʝʣʢʦʤ (ʈʠʩʫʥʦʢ 10ɸ). ɺʢʣʶʯʝʥʠʝ ʚ ʥʘʧʨʘʚʣʷʶʱʫʶ ʈʅʂ PS 

ʛʨʫʧʧ ʚ ʧʦʣʦʞʝʥʠʷ 70 ï 101, ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩ ʙʝʣʢʦʤ Cas9, ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʪʴ ʝʸ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʘʥʘʣʦʛʦʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʜʣʷ 

ʥʝʚʘʨʠʘʙʠʣʴʥʦʡ ʦʙʣʘʩʪʠ sgʈʅʂ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ̫ ʚʣʷʝʪʩʷ ʢʦʤʙʠʥʘʮʠʷ ʤʦʜʠʬʠʢʘʮʠʡ 
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PS ʠ 2ô-OMe, ʘ ʜʣʷ ʩʧʝʡʩʝʨʥʦʡ ʦʙʣʘʩʪʠ PS ʠ 2ô-F, ʧʦʟʚʦʣʷʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʚ ʢʫʣʴʪʫʨʝ ʢʣʝʪʦʢ [78]. ʂʦʤʙʠʥʠʨʦʚʘʥʠʝ 

ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʤʦʜʠʬʠʢʘʮʠʠ 

ʚ 2ô-ʧʦʣʦʞʝʥʠʠ ʨʠʙʦʟʥʦʛʦ ʢʦʣʴʮʘ ʠʟʤʝʥʷʶʪ ʢʦʥʬʦʨʤʘʮʠʶ ʈʅʂ ʥʘ ʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʚʳʛʦʜʥʫ ʁ ʠ ʫʚʝʣʠʯʠʚʘʶʪ ʩʨʦʜʩʪʚʦ ʩʚʷʟʳʚʘʥʠʷ ʈʅʂ c ɼʅʂ, ʘ ʤʦʜʠʬʠʢʘʮʠʠ ʬʦʩʬʘʪʘ 

ʧʦʚʳʰʘʶʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʈʅʂ ʢ ʥʫʢʣʝʘʟʘʤ. ɺ ʮʝʣʦʤ ʥʝʚʘʨʠʘʙʝʣʴʥʘʷ ʦʙʣʘʩʪʴ sgʈʅʂ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ seed-ʨʝʛʠʦʥʦʤ ʥʝ ʚʳʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʩʥʠʞʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ sgʈʅʂ ʠ ɼʅʂ. 

ɼʨʫʛʠʤ ʧʘʨʘʤʝʪʨʦʤ ʦʧʪʠʤʠʟʘʮʠʠ ʥʘʧʨʘʚʣʷʶʱʝʡ sgʈʅʂ ̫ʚʣʷʝʪʩʷ ʝʝ ʜʣʠʥʘ. ʗʨʢʠʤ 

ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʫʢʦʨʦʯʝʥʠʝ ʩʧʝʡʩʝʨʥʦʡ ʦʙʣʘʩʪʠ sgʈʅʂ ʩ 5ô-ʢʦʥʮʘ ʥʘ 3 ʥʫʢʣʝʦʪʠʜʘ (ʜʦ 

17 ʥ.), ʢʦʪʦʨʦʝ ʥʝ ʚʣʠʷʝʪ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʠ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ [83]. ɹʳʣʦ 

ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʩʦʢʨʘʱʝʥʠʝ ʜʣʠʥʳ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʫʚʝʣʠʯʠʚʘʝʪ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʳʚʘʥʠʷ ʤʝʞʜʫ ʈʅʂ ʠ ɼʅʂ-ʤʠhʝʥʴʶ. 

ʆʜʥʘʢʦ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʷʚʠʣʠ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʚʳʟʚʘʥʦ 

ʠʥʛʠʙʠʨʦʚʘʥʠʝʤ ʢʦʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʘʢʪʠʚʥʦʛʦ ʮʝʥʪʨʘ HNH ʙʝʣʢʘ Cas9 ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʢʦʨʦʯʝʥʥʦʡ ʈʅʂ [84]. ʅʝ ʪʦʣʴʢʦ ʫʤʝʥʴʰʝʥʠʝ ʜʣʠʥʳ sgʈʅʂ, ʥʦ ʠ ʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ CRISPR/Cas9. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʦʜʠʥ 

ʥʝʩʧʘʨʝʥʥʳʡ ʛʫʘʥʦʟʠʥ ʚ ʩʦʩʪʘʚʝ sgʈʅʂ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʟʘʧʫʩʢʘ ʪʨʘʥʩʢʨʠʧʮʠʠ ʈʅʂ-

ʧʦʣʠʤʝʨʘʟʦʡ ʚ ʢʣʝʪʢʘʭ ʠ ʝʝ ʩʠʥʪʝʟʘ. ʆʜʥʘʢʦ, ʜʚʘ ʥʝʧʘʨʥʳʭ ʛʫʘʥʦʟʠʥʘ ʥʘ 5ô ʠʣʠ 3ô-ʢʦʥʮʝ 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʩʧʦʩʦʙʥʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ ʩ 

ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʩʥʠʞʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʮʝʣʝʚʦʛʦ ʛʝʥʘ [85,86]. 

ʄʝʭʘʥʠʟʤ ʜʝʡʩʪʚʠʷ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʵʪʘʧ ʬʦʨʤʠʨʦʚʘʥʠ ̫R-ʧʝʪʣʠ 

ʤʝʞʜʫ ʢʦʤʧʣʝʢʩʦʤ Cas9: sgʈʅʂ ʠ ʮʝʣʝʚʦʡ ɼʅʂ, ʢʦʪʦʨʳʡ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʟʘʧʫʩʢʘ 

ʥʫʢʣʝʘʟʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʙʝʣʢʘ Cas9. ʇʦʵʪʦʤʫ ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʧʘʨ ʦʩʥʦʚʘʥʠʡ ʤʝʞʜʫ 

ʩʧʝʡʩʝʨʦʤ ʠ ʮʝʣʝʚʦʡ ɼʅʂ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʪʘʙʠʣʴʥʦʤʫ ʦʙʨʘʟʦʚʘʥʠʶ R-ʧʝʪʣʠ, ʯʪʦ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9. ʅʘʧʨʠʤʝʨ, ʫʜʣʠʥʝʥʥʘʷ ʥʘ 10 

ʥʫʢʣʝʦʪʠʜʦʚ ʩ 5ô-ʢʦʥʮʘ ʥʘʧʨʘʚʣʷʶʱʘʷ ʈʅʂ ʦʙʝʩʧʝʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʚʝʜʝʥʠʷ 

ʠʥʩʝʨʮʠʡ ʠ ʜʝʣʝʮʠʡ ʩʨʘʚʥʠʤʫʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʘʥʘʣʦʛʦʤ [60].  

ʉʨʝʜʠ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ sgʈʅʂ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ: ʚʚʝʜʝʥʠʝ 

ʨʘʟʣʠʯʥʳʭ ʣʠʥʢʝʨʦʚ, ʧʦʣʠʘʜʝʥʠʣʠʨʦʚʘʥʠʝ ʠ ʢʵʧʠʨʦʚʘʥʠʝ, ʘ ʪʘʢʞʝ ʚʢʣʶʯʝʥʠʝ G-

ʢʚʘʜʨʫʧʣʝʢʩʦʚ ʠ ʙʠʦʪʠʥʘ ʥʘ 5ô ʠ 3ô-ʢʦʥʝʮ sgʈʅʂ (ʈʠʩʫʥʦʢ 11).  
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ʈʠʩʫʥʦʢ 11. ʉʪʨʫʢʪʫʨʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ sgʈʅʂ: ɸ ï ʪʨʠʘʟʦʣʴʥʳʡ ʣʠʥʢʝʨ; ɹ ï 

ʢʵʧʠʨʦʚʘʥʠʝ; ɺ ï ʧʦʣʠʘʜʝʥʠʣʠʨʦʚʘʥʠʝ; ɻ ï G-ʢʚʘʜʨʫʧʣʝʢʩ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [75] 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʣʠʥʢʝʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʪʨʠʘʟʦʣʴʥʳʡ, ʘʤʠʜʥʳʡ ʠʣʠ ʪʝʪʨʘʟʠʥʦʚʳʡ, 

ʧʦʟʚʦʣʷʝʪ ʭʠʤʠʯʝʩʢʠ ʩʚʷʟʳʚʘʪʴ ʤʝʞʜʫ ʩʦʙʦʡ tracrʈʅʂ ʠ crʈʅʂ ʠ ʬʦʨʤʠʨʦʚʘʪʴ 

ʧʨʦʪʷʞʝʥʥʳʝ sgʈʅʂ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʢʣʝʪʦʢ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʢʣʝʪʦʢ ʯʝʣʦʚʝʢʘ [87]. ʉʦʚʤʝʱʝʥʠʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʩ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ 

ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʩʠʥʪʝʟ ʙʦʣʴʰʦʛʦ ʧʫʣʘ ʜʣʠʥʥʳʭ sgʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ 

ʤʝʪʢʠ ʠʣʠ ʨʘʟʣʠʯʥʳʝ ʩʪʝʨʠʯʝʩʢʠ ʦʙʲʝʤʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʩʘʡʪʝ ʩʰʠʚʢʠ tracrʈʅʂ ʠ crʈʅʂ 

[87]. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʤʝʥʝʥʠʝ ʣʠʥʢʝʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʧʨʦʪʷʞʝʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʪʝʤ ʩʘʤʳʤ ʫʚʝʣʠʯʠʚʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ 

CRISPR/Cas ʜʣʷ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʢʠ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʩʨʝʜʩʪʚ. ʉ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠʤʝʥʝʥʠʝ ʧʨʠʟʥʘʢʦʚ ʚʥʫʪʨʠʢʣʝʪʦʯʥʦʛʦ ʩʦʟʨʝʚʘʥʠʷ ʈʅʂ ʪʘʢʠʭ ʢʘʢ 

ʧʦʣʠʘʜʝʥʠʣʠʨʦʚʘʥʠʝ ʠ ʢʵʧʠʨʦʚʘʥʠʝ, ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ in vitro 

ʪʨʘʥʩʢʨʠʧʮʠʝʡ ʫʚʝʣʠʯʠʚʘʝʪ ʠʭ ʚʥʫʪʨʠʢʣʝʪʦʯʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʧʨʦʥʠʢʘʶʱʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʘʥʘʣʦʛʘʤʠ [88]. ʇʦʣʫʯʝʥʥʳʝ 

ʟʘʱʠʱʝʥʥʳʝ ʈʅʂ ʥʘ 15% ʧʦʚʳʰʘʪʁ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʚ ʧʝʨʚʠʯʥʳʭ ʊ-

ʢʣʝʪʢʘʭ. G-ʢʚʘʜʨʫʧʣʝʢʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʚʘ ʠʣʠ ʙʦʣʝʝ ʢʚʘʨʪʝʪʘ, ʢʦʪʦʨʳʝ 

ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʜʨʫʛ ʥʘ ʜʨʫʛʘ ʠ ʩʦʩʪʦʷʪ ʠʟ ʛʫʘʥʦʟʠʥʦʚ, ʩʚʷʟʘʥʥʳʭ ʚʦʜʦʨʦʜʥʳʤʠ ʩʚʷʟʷʤʠ 

ʍʫʛʩʪʠʥʘ [89]. ʇʨʠʩʦʝʜʠʥʝʥʠʝ ʜʘʥʥʦʛʦ ʤʦʪʠʚʘ ʢ 5ô-ʢʦʥʮʫ sgʈʅʂ ʠʥʛʠʙʠʨʫʝʪ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro, ʦʜʥʘʢʦ ʚ ʩʣʫʯʘʝ 3ô-ʢʦʥʮʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʤʠʰʝʥʠ ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʥʘʙʣʶʜʘʝʤʦʡ ʜʣʷ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʈʅʂ [90]. ʂʨʦʤʝ ʪʦʛʦ, ʜʦʙʘʚʣʝʥʠʝ G-ʢʚʘʜʨʫʧʣʝʢʩʘ ʥʘ 5ô-ʢʦʥʝʮ 

ʫʚʝʣʠʯʠʚʘʝʪ ʚʨʝʤʷ ʧʦʣʫʞʠʟʥʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʚ 5 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʥʪʨʦʣʴʥʳʤʠ 

ʘʥʘʣʦʛʘʤʠ. ʕʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ ʥʘ ʦʜʥʦʢʣʝʪʦʯʥʳʭ ʵʤʙʨʠʦʥʘʭ (Danio rerio), 
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ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʦʮʝʥʪ ʚʚʝʜʝʥʠʷ ʠʥʩʝʨʮʠʡ ʠ ʜʝʣʝʮʠʡ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ G-ʢʚʘʜʨʫʧʣʝʢʩʦʤ ʩ 5ô-ʢʦʥʮʘ, ʘ ʪʘʢʞʝ ʯʪʦ ʜʘʥʥʳʝ 

ʈʅʂ ʥʝ ʪʦʢʩʠʯʥʳ ʜʣʷ ʦʨʛʘʥʠʟʤʦʚ [90]. ɸʥʘʣʦʛʠʯʥʦ G-ʢʚʘʜʨʫʧʣʝʢʩʘʤ, ʙʠʦʪʠʥ ʧʨʠʤʝʥʷʝʪʩʷ 

ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ sgʈʅʂ, ʧʨʠ ʵʪʦʤ ʢʦʤʧʣʝʢʩ ɻ ʥʜʦʥʫʢʣʝʘʟʳ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʈʅʂ 

ʩʧʦʩʦʙʝʥ ʨʘʩʱʝʧʣʷʪʴ ɼʅʂ-ʤʠʰʝʥʴ in vitro [91]. ʂʨʦʤʝ ʪʦʛʦ, ʙʠʦʪʠʥʠʣʠʨʦʚʘʥʥʘʷ sgʈʅʂ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ ʢʘʯʝʩʪʚʝ ʘʬʬʠʥʥʦʛʦ ʨʝʘʛʝʥʪʘ ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ sgʈʅʂ-

ʩʚʷʟʳʚʘʶʱʠʭ ʙʝʣʢʦʚ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʢʣʝʪʢʘʭ.  

ɼʨʫʛʠʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʚʢʣʶʯʝʥʠʷ ʤʦʜʠʬʠʢʘʮʠʡ ʷʚʣʷʶʪʩʷ crʈʅʂ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ 

ʤʝʥʴʰʝʡ ʜʣʠʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ sgʈʅʂ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʟʘʪʨʘʪʳ ʧʨʠ ʠʭ 

ʭʠʤʠʯʝʩʢʦʤ ʩʠʥʪʝʟʝ ʠ ʫʚʝʣʠʯʠʪʴ ʜʠʘʧʘʟʦʥ ʭʠʤʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ, ʚʚʦʜʠʤʳʭ ʚ ʈʅʂ. ɿʘ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʳʣʦ ʠʟʫʯʝʥʦ ʤʥʦʞʝʩʪʚʦ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʚ 

ʩʦʩʪʘʚʝ crʈʅʂ.  

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʥʝʦʙʭʦʜʠʤʦ ʩʦʭʨʘʥʝʥʠʝ ɸ-

ʬʦʨʤʳ crʈʅʂ ʚ ʩʧʝʡʩʝʨʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ crʈʅʂ:ɼʅʂ. ʇʦʵʪʦʤʫ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʳ, ʠʤʠʪʠʨʫʶʱʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʈʅʂ, 

ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʫʜʘʯʥʳʤʠ ʟʘʤʝʥʘʤʠ ʚ ʩʧʝʡʩʝʨʝ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʙʲʝʤʥʳʝ 

ʤʦʜʠʬʠʢʘʮʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ ʘʢʪʠʚʥʦʩʪʴ. ɺ crʈʅʂ ʙr ʣʠ ʚʢʣʶʯʝʥʳ ʥʫʢʣʝʦʪʠʜʳ, 

ʦʙʣʘʜʘʶʱʠʝ ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʩʭʦʜʥʳʤʠ ʩ ʈʅʂ: 2ô-F, 2ô,5ô-ʈʅʂ, 2ô-F-ANA, 

LNA, 2ô,4ô-ʜʠ- OMe ʈʅʂ, 2ô-F-4ô- OMe ʈʅʂ ʠ 2ô-OMe (ʈʠʩʫʥʢʠ 8-9) [80]. 100% ʟʘʤʝʱʝʥʠʝ 

ʈʅʂ ʤʦʥʦʤʝʨʦʚ ʥʘ 2ô-F-ʛʨʫʧʧʳ ʚ crʈʅʂ ʧʨʠʚʦʜʠʪ ʢ ʘʢʪʠʚʥʦʩʪʠ ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʘʥʘʣʦʛʦʤ in vitro, ʦʜʥʘʢʦ ʚ ʢʣʝʪʢʘʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ crʈʅʂ 

ʧʨʦʷʚʣʝ̫ʪ ʥʠʟʢʫʶ ʘʢʪʠʚʥʦʩʪʴ. ɼʣʷ ʧʨʠʤʝʥʝʥʠʷ in vivo 2ô-F-ʤʦʜʠʬʠʢʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ 

ʚʢʣʶʯʘʪʴ ʚ PAM-ʜʠʩʪʘʣʴʥʫʶ ʦʙʣʘʩʪʴ ʩʧʝʡʩʝʨʘ crʈʅʂ [79]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʟʘʤʝʥ r2ô,5ô-ʈʅʂ, 2ô-F,4ô-OMe ʠʣʠ 2ô,4ô-ʜʠ-OMe ʚ ʥʘʧʨʘʚʣʷʶʱʝʡ crʈʅʂ 

ʠʥʛʠʙʠʨʫʶʪ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ CRISPR/Cas9. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʠʬʠʢʘʮʠʷ ʥʫʢʣʝʦʪʠʜʦʚ 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʦʙʣʘʩʪʠ crʈʅʂ ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʝʪ ʥʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 (ʈʠʩʫʥʦʢ 10ɹ). ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʦʙʣʘʩʪʴ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

crʈʅʂ ʩ tracrʈʅʂ ʪʦʣʝʨʘʥʪʥʘ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʤʦʜʠʬʠʢʘʮʠʡ ʠ ʠʭ ʢʦʤʙʠʥʘʮʠʷʤ. ʅʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʦʙʣʘʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ crʈʅʂ ʩ tracrʈʅʂ 

ʷʚʣʷʝʪʩʷ ʩʦʚʤʝʱʝʥʠʝ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ, 2ô-F-ANA ʠ 2ô,5ô-ʈʅʂ, ʧʦʟʚʦʣʷʶʱʝʝ 

ʜʦʩʪʠʯʴ ʥʘʠʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ [80]. ʇʦ ʘʥʘʣʦʛʠʠ, ʫʜʘʯʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ʦʢʘʟʘʣʠʩʴ PS 

ʠ 2ô- OMe; 2ô-F ʠ 2ô-O-ʵʪʠʣ ʤʦʜʠʬʠʢʘʮʠʠ (cEt), ʚʚʝʜʝʥʥʳʝ ʚ ʫʢʦʨʦʯʝʥʥʳʝ 29-ʥʫʢʣʝʦʪʠʜʥʳʝ 

crʈʅʂ (ʈʠʩʫʥʦʢ 8) [79]. ʉʦʯʝʪʘʥʠʝ ʜʘʥʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʘʬʬʠʥʥʦʩʪʴ 
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ʩʚʷʟʳʚʘʥʠʷ crʈʅʂ ʩ tracrʈʅʂ, ʫʚʝʣʠʯʠʪʴ ʤʝʪʘʙʦʣʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʘ ʪʘʢʞʝ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʚ ʯʝʣʦʚʝʯʝʩʢʠʭ ʢʣʝʪʢʘʭ [79]. ʇʦʤʠʤʦ ʢʦʤʙʠʥʘʮʠʡ 

ʤʦʜʠʬʠʢʘʮʠʡ, ʜʣ ̫ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʚ crʈʅʂ ʠ tracrʈʅʂ ʠʩʧʦʣʴʟʫʶʪʩʷ 

2ô-O-Me -3ô-ʬʦʩʬʦʨʦʪʠʦʘʪʳ (MS) [92]. ʎʝʣʝʩʦʦʙʨʘʟʥʦ ʚʢʣʶʯʝʥʠʝ ʜʚʫʭ MS ʛʨʫʧʧ ʢʘʢ ʩ 5ô-

ʢʦʥʮʘ crʈʅʂ, ʪʘʢ ʠ ʩ 3ô- ʢʦʥʮʘ tracrʈʅʂ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʩʭʦʞʝʡ ʠʣʠ 

ʥʝʤʥʦʛʦ ʫʚʝʣʠʯʝʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʚ ʢʣʝʪʢʘʭ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʈʅʂ, ʥʦ ʠ ʩʥʠʟʠʪʴ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʴ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʜʣʷ 

ʩʦʭʨʘʥʝʥʠʷ ʞʠʟʥʝʩʧʦʩʦʙʥʦʩʪʠ ʢʣʝʪʦʢ.  

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʚ crʈʅʂ ʚʚʦʜʷʪʩʷ 

ʤʦʩʪʠʢʦʚʳʝ ʥʫʢʣʝʠʥʦʚʳʝ ʢʠʩʣʦʪʳ 2ǋ,4ǋ-BNANC[N-Me] ʠ ʟʘʤʢʥʫʪʳʝ ʥʫʢʣʝʠʥʦʚʳʝ ʢʠʩʣʦʪʳ 

LNA [81]. ɺʢʣʶʯʝʥʠʝ BNANC ʠ LNA ʚ 10ï14-ʦʝ ʧʦʣʦʞʝʥʠʷ seed-ʨʝʛʠʦʥʘ crʈʅʂ ʚ ʥʝʩʢʦʣʴʢʦ 

ʨʘʟ ʫʚʝʣʠʯʠʚʘʝʪ ʩʧʝʮʠʬʠʯʥʦʩʪʴ in vitro ʠ in vivo. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ʮʝʣʝʚʦʡ ʤʠʰʝʥʠ ʩʥʠʞʘʝʪʩʷ ʚ 2 -3 ʨʘʟʘ ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʘʥʘʣʦʛʦʚ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʢʦʥʪʨʦʣʝʤ. 2ǋ,4ǋ-BNA ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʦʪʣʠʯʠʠ ʦʪ LNA 

ʛʨʫʧʧ ʤʝʥʝʝ ʪʦʢʩʠʯʥʳ ʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʦʚʳʰʝʥʠʶ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʙʝʣʢʘ Cas9 ʚ ʙʦʣʴʰʝʡ 

ʩʪʝʧʝʥʠ [81]. ɿʘʤʝʥʘ ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʥʘ ɼʅʂ-ʤʦʥʦʤʝʨʳ ʚ crʈʅʂ ʪʘʢʞʝ ʧʦʣʦʞʠʪʝʣʴʥʦ 

ʚʣʠʷʝʪ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʙʝʣʢʘ Cas9. ɺʢʣʶʯʝʥʠʝ ʚ crʈʅʂ ɼʅʂ-ʤʦʥʦʤʝʨʦʚ ʫʚʝʣʠʯʠʚʘʝʪ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʳʚʘʥʠʷ ʤʝʞʜʫ 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʠ ɼʅʂ-ʤʠʰʝʥʴʶ [93]. ʊʘʢ ʟʘʤʝʥʘ ʦʪ ʚʦʩʴʤʠ ʜʦ ʜʚʝʥʘʜʮʘʪʠ 5ô-ʢʦʥʮʝʚʳʭ 

ʠʣʠ ʯʝʪʳʨʝʭ 3ô-ʢʦʥʮʝʚʳʭ ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʥʘ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜ rʚ ʥʘʧʨʘʚʣʷʶʱʠʭ 

ʈʅʂ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪ ʯʠʩʣʦ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ [93]. ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʳʷʚʠʣʠ, ʯʪʦ ʜʣʷ ʘʢʪʠʚʥʦʩʪʠ ʙʝʣʢʘ Cas9 in vitro ʜʦʩʪʘʪʦʯʥʦ ʥʘʣʠʯʠʷ ʪʦʣʴʢʦ ʧʷʪʠ ʈʅʂ-

ʤʦʥʦʤʝʨʦʚ ʚ ʩʦʩʪʘʚʝ crʈʅʂ [94,95]. ʇʦʣʫʯʝʥʥʘʷ ʭʠʤʝʨʥʘʷ crʈʅʂ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʩʥʠʟʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ in vitro ʠ ʚ ʢʣʝʪʢʘʭ. ɺʚʝʜʝʥʠʝ 

ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʚ ʘʥʪʠʧʦʚʪʦʨʥʳʡ ʨʝʛʠʦʥ crʈʅʂ:tracrʈʅʂ ʘʥʘʣʦʛʠʯʥʦ ʧʦʟʚʦʣʷʝʪ 

ʫʚʝʣʠʯʠʪʴ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 [95]. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ɼʅʂ-ʈʅʂ ʭʠʤʝʨ 

ʷʚʣʷʝʪʩʷ ʠʭ ʜʝʰʝʚʳʡ ʠ ʧʨʦʩʪʦʡ ʩʠʥʪʝʟ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʩʨʝʜʘʭ. ʆʜʥʘʢʦ ʧʨʦʙʣʝʤʘ ʜʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʪʩʪʫʪʩʚʠʠ 2ô-OH ʛʨʫʧʧʳ, 

ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʙʝʣʢʦʤ Cas9. 

crʈʅʂ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ɼʅʂ-ʤʠʰʝʥʠ ʙʝʣʢʦʤ Cas9, 

ʪʦʛʜʘ ʢʘʢ tracrʈʅʂ ʦʪʚʝʯʘʝʪ ʟʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʩʚʷʟʳʚʘʥʠʝ ʩ ʥʫʢʣʝʘʟʦʡ Cas9. ɺ ʧʨʦʮʝʩʩʝ 

ʫʣʫʯʰʝʥʠʷ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʥʝʢʦʪʦʨʳʝ ʠʟ ʤʦʜʠʬʠʢʘʮʠʡ, ʦʧʠʩʘʥʥʳʭ ʜʣʷ 

sgʈʅʂ ʠ crʈʅʂ, ʙʳʣʠ ʚʚʝʜʝʥʳ ʠ ʚ ʩʦʩʪʘʚ tracrʈʅʂ. ʋʤʝʥʴʰʝʥʠʝ ʠʟʥʘʯʘʣʴʥʦʡ ʜʣʠʥʳ 
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tracrʈʅʂ ʥʘ ʧʷʪʴ ʥʫʢʣʝʦʪʠʜʦʚ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ in vitro [96]. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ tracrʈʅʂ ʚʦʟʤʦʞʥʘ ʟʘʤʝʥʘ ʜʦ 54 

ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʥʘ ʜʝʟʦʢʩʠ ʘʥʘʣʦʛʠ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʘʢʪʠʚʥʦʩʪʠ in vitro. ʇʨʠ ʵʪʦʤ 

ʘʢʪʠʚʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ tracrʈʅʂ ʩʥʠʞʘʝʪʩʷ ʚ 3 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʢʦʥʪʨʦʣʝʤ ʚ ʢʫʣʴʪʫʨʝ ʢʣʝʪʦʢ [94]. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʠʪʝʣʴʥʦʛʦ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vivo ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʚ crʈʅʂ, ʠ ʚ tracrʈʅʂ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʟʘʤʝʥʳ 2ô-OH ʛʫʧʧ ʥʘ 2ǋ-OMe, 2ǋ-F ʠ PS ʤʦʜʠʬʠʢʘʮʠʠ, ʢʦʪʦʨʳʝ ʧʦʚʳʰʘʶʪ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ in vivo [77]. ʇʦʣʫʯʝʥʥʳʝ ʧʦʣʥʦʩʪʴʶ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ 

ʢʦʤʧʣʝʢʩ r crʈʅʂ/tracrʈʅʂ ʙʳʣʠ ʘʢʪʠʚʥʳ ʚ ʢʣʝʪʢʘʭ, ʭʦʪʷ ʠʭ ɻʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʙʳʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʝʥʘ. ʅʝʜʘʚʥʦ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʧʦʜʭʦʜ ʧʦ 

ʩʦʟʜʘʥʠʶ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ tracrʈʅʂ, ʚʢʣʶʯʘʶʱʠʡ ʤʦʜʠʬʠʢʘʮʠʶ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ. ʉ ʧʦʤʦʱʴʶ in vitro ʪʨʘʥʩʢʨʠʧʮʠʠ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

2ô- F-ʧʠʨʠʤʠʜʠʥʦʚ ʙr ʣʠ ʧʦʣʫʯʝʥʳ tracrʈʅʂ ʩ ʟʘʤʝʱʝʥʥʳʤʠ ʫʨʠʜʠʥʘʤʠ (U-ʟʘʤʝʱʝʥʥʳʝ 

tracrʈʅʂ). ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʨʠ ʪʠʧʘ ʤʦʜʠʬʠʢʘʮʠʠ: ʦʜʥʦʚʨʝʤʝʥʥʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʫʨʠʜʠʥʦʚ ʠ ʮʠʪʦʟʠʥʦʚ (2ôF-CU), ʤʦʜʠʬʠʢʘʮʠʷ ʪʦʣʴʢʦ ʫʨʠʜʠʥʦʚ (2ôF-U) ʠ 

ʟʘʤʝʥʘ ʮʠʪʦʟʠʥʦʚ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʘʥʘʣʦʛʠ (2ôF-C). ʇʦʣʫʯʝʥʥʳʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ 

tracrʈʅʂ ʥʝ ʧʨʦʷʚʣʷʣʠ ʚʳʩʦʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

tracrʈʅʂ, ʦʜʥʘʢʦ 2ô-F-ʤʦʜʠʬʠʢʘʮʠʷ U-ʟʘʤʝʱʝʥʥʦʡ tracrʈʅʂ ʧʦʟʚʦʣʠʣʘ ʩʥʠʟʠʪʴ ʠʤʤʫʥʥʳʡ 

ʦʪʚʝʪ [97]. 

ʂʨʦʤʝ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʠ ʤʦʜʠʬʠʢʘʮʠʡ ʩʘʭʘʨʦ-ʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʚʦʟʤʦʞʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ. ʂ ʧʨʠʤʝʨʫ, ʚʚʝʜʝʥʠʝ 

ʠʥʦʟʠʥʘ ʚ crʈʅʂ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ Cas9 in vitro ʠ ʫʤʝʥʴʰʝʥʠʶ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ (ʈʠʩʫʥʦʢ 12) [98].  
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ʈʠʩʫʥʦʢ 12. ʄʦʜʠʬʠʢʘʮʠʠ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ crʈʅʂ, ʚʣʠʷʥʠʝ 

ʢʦʪʦʨʳʭ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤ CRISPR/Cas ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [98ï100]: N1-

ʤʝʪʠʣʘʜʝʥʦʟʠʥ (m1A) ʠ N6-ʤʝʪʠʣʘʜʝʥʦʟʠʥ (m6A), 2-ʪʠʦʫʨʠʜʠʥ (s2U), 4-ʪʠʦʫʨʠʜʠʥ (s4U), 7-

ʜʝʟʘʛʫʘʥʠʥ (C7G), 7-ʬʪʦʨ-7-ʜʝʟʘʛʫʘʥʠʥ (FC7G), N1-ʤʝʪʠʣʧʩʝʚʜʦʫʨʠʜʠʥ (m1psiU), 5-

ʙʨʦʤʮʠʪʦʟʠʥ (BrC), 5-ʤʝʪʠʣʮʠʪʠʜʠʥ (m5C), ʠʥʦʟʠʥ (I). 

ɼʘʣʴʥʝʡʰʝʝ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʜʨʫʛʠʭ ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʪʘʢʠʭ 

ʢʘʢ: N1-ʤʝʪʠʣʘʜʝʥʦʟʠʥʘ (m1A) ʠ N6-ʤʝʪʠʣʘʜʝʥʦʟʠʥʘ (m6A), ʜʝʩʪʘʙʠʣʠʟʠʨʫʶʱʠʭ ʈʅʂ:ɼʅʂ 

ʜʫʧʣʝʢʩ, ʘ ʪʘʢʞʝ 2ô-ʪʠʦʫʨʠʜʠʥʘ (s2U) ʠ 4ô-ʪʠʦʫʨʠʜʠʥʘ (s4U), ʥʘʦʙʦʨʦʪ ʧʦʚʳʰʘʶʱʠʭ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʈʅʂ:ɼʅʂ ʢʦʤʧʣʝʢʩʘ, ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʚʳʷʚʠʣʦ, ʯʪʦ 

ʚʢʣʶʯʝʥʠʝ ʪʨʝʭ s4U ʠʣʠ m1A ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʫʶ crʈʅʂ ʧʦʣʥʦʩʪʴʶ ʠʥʛʠʙʠʨʫʝʪ 

ʘʢʪʠʚʥʦʩʪʴ ʙʝʣʢʘ Cas9, ʦʜʥʘʢʦ ʝʜʠʥʠʯʥʘʷ s4U ʛʨʫʧʧʘ ʚʟʳʚʘʝʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʵʬʬʝʢʪ ï 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʷ ʝʛʦ ʥʫʢʣʝʘʟʥʫʶ ʘʢʪʠʚʥʦʩʪʴ (ʈʠʩʫʥʦʢ 12) [99]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʜʣʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʨʝʤʷ s2U ʤʦʥʦʤʝʨʘʤʠ, ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ m6A ʤʦʜʠʬʠʢʘʮʠʷ ʚ crʈʅʂ 

ʧʦʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro, ʥʦ ʚ ʢʣʝʪʢʘʭ ï ʤʝʥʝʝ 

ʵʬʬʝʢʪʠʚʥʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝ ʚʩʝʛʜʘ ʤʦʞʥʦ ʚʳʷʚʠʪʴ ʧʨʷʤʫʶ ʢʦʨʨʝʣʷʮʠʶ ʤʝʞʜʫ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʘʙʠʣʴʥʦʩʪʠ ʜʫʧʣʝʢʩʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʩ ɼʅʂ ʠ 

ʘʢʪʠʚʥʦʩʪʴʶ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʢʨʦʤʝ ʪʦʛʦ, ʨʝʟʫʣʴʪʘʪʳ in vitro ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʝ 

ʚʩʝʛʜʘ ʩʦʛʣʘʩʦʚʳʚʘʶʪʩ ̫ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘ ʢʣʝʪʢʘʭ [99]. ɸʥʘʣʦʛʠʯʥʦ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ 

ʚʣʠʷʥʠʝ 7-ʜʝʟʘʛʫʘʥʠʥʘ (C7G), 7-ʬʪʦʨ-7-ʜʝʟʘʛʫʘʥʠʥʘ (FC7G), N1-ʤʝʪʠʣʧʩʝʚʜʦʫʨʠʜʠʥʘ 

(m1Ɋ), 5-ʙʨʦʤʮʠʪʦʟʠʥʘ (BrC), 5-ʤʝʪʠʣʮʠʪʠʜʠʥʘ (m5C), ʠʥʦʟʠʥʘ ʠ ʜʨʫʛʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ 
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ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ CRISPR/Cas9 (ʈʠʩʫʥʦʢ 12) [100]. ʅʘʧʨʘʚʣʷʶʱʠʝ 

ʈʅʂ ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʧʠʨʠʤʠʜʠʥʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ m1Ɋ ʠ BrC, ʚ ʢʦʤʧʣʝʢʩʝ ʩ ʙʝʣʢʦʤ 

Cas9 ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʱʝʧʣʣ̫ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ [100]. ʆʜʥʘʢʦ ʭʠʤʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ N7 

ʚ ʦʩʪʘʪʢʘʭ ʛʫʘʥʠʥʘ ʚʦ ʚʪʦʨʦʤ ʧʦʣʦʞʝʥʠʠ PAM ʧʨʠʚʦʜʠʣʘ ʢ ʠʥʛʠʙʠʨʦʚʘʥʠʶ ʩʠʩʪʝʤʳ 

CRISPR/Cas9. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʢʘʮʠʡ ʚ PAM-ʜʠʩʪʘʣʴʥʫʶ ʦʙʣʘʩʪʴ 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ, ʯʝʤ ʚ ʩʧʝʡʩʝʨʥʫʶ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʠʥʮʠʧʘʤʠ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʤʠʩʤʘʪʯʝʡ ʙʝʣʢʦʤ Cas9 ʚ ʢʦʤʧʣʝʢʩʝ ʥʘʧʨʘʚʣʷʶʱʘʷ ʈʅʇ:ɼʅʂ-ʤʠʰʝʥʴ. 

ʊʘʢʞʝ ʚ ʩʠʩʪʝʤʝ CRISPR/Cas9 ʯʘʱʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ, 

ʧʨʠʜʘʶʱʠʝ ʥʘʧʨʘʚʣʷʶʱʠʤ ʈʅʂ ʚʳʩʦʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʢ ʜʝʡʩʪʚʠʶ ʥʫʢʣʝʘʟ. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʢʘʢ ʜʣʷ sgʈʅʂ, ʪʘʢ ʠ ʜʣʷ 

crʈʅʂ ʠ tracrʈʅʂ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʥʷʪʴ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʜʣʷ ʝʸ 

ʪʦʯʥʦʛʦ ʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ in vitro ʠ in vivo. ʆʜʥʘʢʦ ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ 

ʧʨʦʙʣʝʤʘ ʜʦʩʪʠʞʝʥʠʷ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʩʧʝʮʠʬʠʯʥʦʩʪʴʶ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ, ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʳ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʩ ʦʧʪʠʤʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

1.2.2.2 ʄʦʜʠʬʠʢʘʮʠʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩʠʩʪʝʤʳ CRISPR/Cas12 ʠ Cas13 

ʆʩʥʦʚʥʳʤ ʦʪʣʠʯʠʝʤ ʩʠʩʪʝʤ CRISPR/Cas12a ʠ CRISPR/Cas13 ʦʪ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 ʷʚʣʷʝʪʩʷ ʤʝʥʴʰʠʡ ʨʘʟʤʝʨ ʙʝʣʢʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʣʴʢʦ ʦʜʥʦʡ ʢʦʨʦʪʢʦʡ 

ʥʘʧʨʘʚʣʷʶʱʝʡ crʈʅʂ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ CRISPR/Cas9: ʩʠʩʪʝʤʘ CRISPR/Cas12a 

ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʝʡ ʩʧʝʮʠʬʠʯʥʦʩʪʴʶ, ʥʦ ʙʦʣʝʝ ʥʠʟʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

ʛʝʥʦʚ, ʘ CRISPR/Cas13 ï ʝʜʠʥʩʪʚʝʥʥʘʷ ʩʨʝʜʠ ʚʩʝʭ ʩʠʩʪʝʤ ʩʧʦʩʦʙʥʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʥʘ 

ʫʨʦʚʥʝ ʈʅʂ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʘʥʥʳʝ ʩʠʩʪʝʤʳ ʘʢʪʠʚʥʦ ʠʟʫʯʘʶʪʩʷ, ʠ ʫʞʝ ʝʩʪʴ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦ ʚʣʠʷʥʠʠ ʭʠʤʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʘʢʪʠʚʥʦʩʪʠ 

ʥʫʢʣʝʘʟ Cas12a ʠ Cas13. 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʠʨʦʜʥʳʤʠ crʈʅʂ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ Cas12a crʈʅʂ 

ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳ ʠ ʦʙʣʘʜʘʶʪ ʩʨʘʚʥʠʤʦʡ ʠʣʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ crʈʅʂ, 

ʚʳʷʚʠʣʠ ʦʙʣʘʩʪʠ ʤʦʜʠʬʠʢʘʮʠʠ ʠ ʪʠʧʳ ʤʦʜʠʬʠʢʘʮʠʡ, ʚʢʣʶʯʝʥʠʝ ʢʦʪʦʨʳʭ ʚʣʠʷʝʪ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʮʝʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠ/ʠʣʠ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ 

ʩʠʩʪʝʤʳ CRSPR/Cas12a. ʀʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʥʘʧʨʘʚʣʷʶʱʠʭ ʉas12a crʈʅʂ ʚʳʷʚʠʣʦ, ʯʪʦ 

ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ 3ô-ʢʦʥʮʘ ʥʘʧʨʘʚʣʷʶʱʠʭ crʈʅʂ ʙʦʣʝʝ ʪʦʣʝʨʘʥʪʥʘ ʢ ʚʢʣʶʯʝʥʠʶ 
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ʙʦʣʴʰʠʥʩʪʚʘ ʤʦʜʠʬʠʢʘʮʠʡ: ɼʅʂ, 2ǋ-F ʠ ʜʨʫʛʠʭ ʛʨʫʧʧ, ʯʝʤ 5ô-ʢʦʥʮʝʚʘʷ ʦʙʣʘʩʪʴ ʚʙʣʠʟʠ 

ʩʧʝʡʩʝʨʘ ʠ seed-ʨʝʛʠʦʥ (ʈʠʩʫʥʦʢ 13) [101]. 5ô-ʦʙʣʘʩʪʴ crʈʅʂ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ 

ʤʦʜʠʬʠʢʘʮʠʠ, ʪʘʢ ʢʘʢ ʦʪʚʝʯʘʝʪ ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʙʝʣʢʦʤ Cas12a [102], ʧʦʵʪʦʤʫ 

ʤʦʜʠʬʠʢʘʮʠʷ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʦʪ 5-ʪʠ ʜʦ 20-ʪʠ 2ô-OMe, 2ô-F ʠʣʠ PS ʛʨʫʧʧʘʤʠ ʧʦʣʥʦʩʪʴʶ 

ʠʥʛʠʙʠʨʫʝʪ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ CRSPR/Cas12a (ʈʠʩʫʥʦʢ 13).  

 

ʈʠʩʫʥʦʢ 13. ʉʪʨʫʢʪʫʨʘ crʈʅʂ ʩʠʩʪʝʤʳ CRSPR/Cas12a. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [22] 

ɺʢʣʶʯʝʥʠʝ 2ô-F ʤʦʜʠʬʠʢʘʮʠʡ ʚ crʈʅʂ ʫʚʝʣʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

ʩ ʧʦʤʦʱʴʶ ʙʝʣʢʘ Cas12a ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʘʬʬʠʥʥʦʩʪʠ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʢ 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ɼʅʂ, ʘ ʪʘʢʞʝ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ ʤʝʪʘʙʦʣʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʈʅʂ. ʅʘʧʨʠʤʝʨ, 2ǋ-F ʤʦʜʠʬʠʢʘʮʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʭ ʧʦʣʦʞʝʥʠʡ 5ô-

ʩʪʨʫʢʪʫʨʳ ʧʩʝʚʜʦʫʟʣʘ crʈʅʂ ʥʝ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʚ ʢʣʝʪʢʘʭ 

[101]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʤʝʪʠʣʠʨʦʚʘʥʠʝ 2ô-OH ʛʨʫʧʧ ʵʬʬʝʢʪʠʚʥʦ ʪʦʣʴʢʦ ʧʨʠ ʚʢʣʶʯʝʥʠʠ 

ʜʦ ʧʷʪʠ 2ô-OMe ʤʦʜʠʬʠʢʘʮʠʡ ʩ 3ô-ʢʦʥʮʘ crʈʅʂ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʘʚʣʷʪʴ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʝ 

ʩʚʷʟʳʚʘʥʠʝ ʥʫʢʣʝʘʟʳ Cas12a. ʊʠʦʬʦʩʬʘʪʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʯʘʩʪʦ ʩʥʠʞʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ crʈʅʂ PS ʛʨʫʧʧʘʤʠ 

ʧʨʠʚʦʜʠʪ ʢ ʠʥʛʠʙʠʨʦʚʘʥʠʶ ʩʠʩʪʝʤʳ CRISPR/ʉas12a ʚ ʢʣʝʪʢʘʭ HEK293T [103]. ʆʜʥʘʢʦ 

ʚʢʣʶʯʝʥʠʝ ʪʠʦʬʦʩʬʘʪʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ PAM-ʜʠʩʪʘʣʴʥʳʝ ʦʙʣʘʩʪʠ, ʥʝ ʚʦʚʣʝʯʝʥʥʳʝ ʚʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʙʝʣʢʦʤ Cas12, ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʷʪʴ ʜʦ 80% ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas12a ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ 

ʤʦʜʠʬʠʢʘʮʠʠ. 
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʭʠʤʝʨʥʳʭ ɼʅʂ-ʈʅʂ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʚ ʩʠʩʪʝʤʝ CRISPR/Cas12a 

ʚʣʠʷʝʪ ʢʘʢ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʪʘʢ ʠ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ. ʇʫʪʝʤ ʯʘʩʪʠʯʥʦʡ ʟʘʤʝʥʳ ʈʅʂ ʥʘ 

ɼʅʂ ʜʦʩʪʠʛʘʝʪʩʷ ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ ʩʠʥʪʝʟʘ ʠ ʚʳʩʦʢʘʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘ ̫ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʤʝʥʘ ʦʪ ʦʜʥʦʛʦ ʜʦ ʚʦʩʴʤʠ ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʥʘ 

ʠʭ ʜʝʟʦʢʩʠʘʥʘʣʦʛʠ ʩ 5ô- ʠʣʠ 3ô-ʢʦʥʮʘ crʈʅʂ ʧʦʟʚʦʣʷʝʪ ʩʦʭʨʘʥʷʪʴ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ [104]. ʂʨʦʤʝ ʪʦʛʦ, ʝʜʠʥʠʯʥʳʝ ɼʅʂ ʥʫʢʣʝʦʪʠʜʳ ʚ PAM-ʜʠʩʪʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 

crʈʅʂ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʶʪ ʘʢʪʠʚʥʦʩʪʴ ʥʫʢʣʝʘʟʳ Cas12a ʚ ʢʣʝʪʢʘʭ [104]. ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ɼʅʂ-ʤʦʥʦʤʝʨʳ ʚʙʣʠʟʠ seed-ʨʝʛʠʦʥʘ ʧʦʣʥʦʩʪʴʶ ʠʥʛʠʙʠʨʫʶʪ ʙʝʣʦʢ Cas12a. 

ʅʘʧʨʠʤʝʨ, ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ ʚ 3-ʝʤ, 4-ʦʤ, 6-ʦʤ, ʠ 7-ʦʤ ʧʦʣʦʞʝʥʠʷʭ seed-ʨʝʛʠʦʥʘ 

crʈʅʂ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ in vitro ʠ in vivo [104]. ʊʘʢʞʝ 

5ô- ʠʣʠ 3ô- ʢʦʥʮʝʚʳʝ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʶʪ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas12a. ʋʚʝʣʠʯʝʥʠʝ ʪʦʯʥʦʩʪʠ ʩʠʩʪʝʤʳ 

ʦʙʫʩʣʦʚʣʝʥʦ ʢʘʢ ʦʪʩʫʪʩʪʚʠʝʤ 2ô-OH ʛʨʫʧʧ crʈʅʂ ʚ ʦʙʣʘʩʪʠ ʩʚʷʟʳʚʘʥʠʷ ʩ Cas12a, ʪʘʢ ʠ 

ʩʥʠʞʝʥʠʝʤ ʵʥʝʨʛʠʠ ʛʠʙʨʠʜʠʟʘʮʠʠ ʤʝʞʜʫ ʭʠʤʝʨʥʳʤʠ ʥʘʧʨʘʚʣʷʶʱʠʤʠ crʈʅʂ ʠ 

ʤʫʪʘʥʪʥʳʤʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘʤʠ [104]. ʆʜʥʦʚʨʝʤʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʠ ʙʝʣʢʘ Cas12a, ʠ 

ʥʘʧʨʘʚʣʷʶʱʝʡ crʈʅʂ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʜʣʷ ʫʚʝʣʠʯʝʥʠ ̫ ʢʘʢ ʩʧʝʮʠʬʠʯʥʦʩʪʠ, ʪʘʢ ʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas12a [105]. ʅʘʧʨʠʤʝʨ, ʧʨʠʤʝʥʝʥʠʝ ʤʫʪʘʥʪʥʦʛʦ Cas12a 

(enAsCas12a) ʠ ʭʠʤʝʨʥʦʡ crʈʅʂ, ʚ ʢʦʪʦʨʦʡ ʙʳʣʠ ʟʘʤʝʥʝʥʳ ʚʦʩʝʤʴ 3ô-ʢʦʥʮʝʚʳʭ 

ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʥʘ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ, ʧʦʟʚʦʣʠʣʦ ʚ ʩʨʝʜʥʝʤ ʫʚʝʣʠʯʠʪʴ ʮʝʣʝʚʫʶ 

ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʚ 3 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʩʪʝʤʦʡ ʜʠʢʦʛʦ ʪʠʧʘ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʚʳʩʦʢʫʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ.  

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʝʣʢʦʤ Cas9, ʙʝʣʦʢ Cas12a ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʠʟʤʝʥʝʥʠʶ ʜʣʠʥʳ 

ʥʘʧʨʘʚʣʷʶʱʝʡ crʈʅʂ. ʊʘʢ ʫʤʝʥʴʰʝʥʠʝ ʜʣʠʥʳ ʩ 3ô-ʢʦʥʮʘ crʈʅʂ ʥʘ ʧʷʪʴ ʥʫʢʣʝʦʪʠʜʦʚ 

ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ [106]. ɺ ʫʢʦʨʦʯʝʥʥʳʝ ʈʅʂ 

ʤʦʛʫʪ ʙʳʪʴ ʚʚʝʜʝʥʳ ʨʘʟʣʠʯʥʳʝ ʭʠʤʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʢʘʢ ʥʘ 5ô ʠ 3ô ʢʦʥʝʮ, ʪʘʢ ʠ ʚ 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʦʣʦʞʝʥʠʷ ʩʧʝʡʩʝʨʘ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʘʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas12a in 

vitro ʠ in vivo. ʅʘʧʨʠʤʝʨ, ʢʦʨʦʪʢʠʝ ʥʘʧʨʘʚʣʷʶʱʠʝ crʈʅʂ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ PS-ʩʚʷʟʷʤʠ 

ʠ 2ô-OMe ʛʨʫʧʧʘʤʠ, ʫʩʪʦʡʯʠʚʳ ʢ ʜʝʡʩʪʚʠʶ ʥʫʢʣʝʘʟ ʠ ʩʧʦʩʦʙʥʳ ʧʨʦʥʠʢʘʪʴ ʚ ʢʣʝʪʢʫ ʙʝʟ 

ʧʦʤʦʱʠ ʤʦʣʝʢʫʣ-ʜʦʩʪʘʚʱʠʢʦʚ [106]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ crʈʅʂ ʟʘ ʩʯʝʪ 

ʚʢʣʶʯʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʫʨʠʜʠʥʦʚ ʩ 3ô-ʢʦʥʮʘ ʧʦʚʳʰʘʝʪ ʘʢʪʠʚʥʦʩʪʴ ʙʝʣʢʘ Cas12a ʜʦ ʫʨʦʚʥʷ 

ʩʦʧʦʩʪʘʚʠʤʦʛʦ ʩ ʘʢʪʠʚʥʦʩʪʴʶ ʥʫʢʣʝʘʟʳ SpCas9 [107]. ʊʘʢ, crʈʅʂ ʩ 7-ʥʫʢʣʝʦʪʠʜʥʳʤ ʠʣʠ 13-

ʥʫʢʣʝʦʪʠʜʥʳʤ ʫʜʣʠʥʝʥʠʝʤ ʥʘ 3ô-ʢʦʥʮʝ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ. ʆʜʥʘʢʦ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 2ô-OMe-ʥʫʢʣʝʦʪʠʜʦʚ ʜʣʷ 
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ʫʚʝʣʠʯʝʥʠʷ ʜʣʠʥʳ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. 

ɼʘʣʴʥʝʡʰʝʝ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʜʣʠʥʳ crʈʅʂ ʥʘ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ CRISPR/Cas12a ʚʳʷʚʠʣʦ, 

ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʥʘ 59-ʪ ɹʥʫʢʣʝʦʪʠʜʦʚ ʩ 5ô-ʢʦʥʮʘ ʧʦʟʚʦʣʷʝʪ 

ʟʘʤʝʪʥʦ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʢʘʢ in vitro, ʪʘʢ ʠ in vivo [108]. 

ʄʦʜʠʬʠʢʘʮʠʷ 5ô-ʫʜʣʠʥʝʥʥʳʭ crʈʅʂ 2ô-OMe-3ô-ʬʦʩʬʦʨʦʪʠʦʘʪʘʤʠ (MS), 

ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʘʤʠ ʠ ʠʭ ʢʦʤʙʠʥʘʮʠʝʡ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʫʚʝʣʠʯʠʪʴ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʈʅʂ ʢ ʛʠʜʨʦʣʠʟʫ, ʥʦ ʠ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ [108]. 

ʇʦʤʠʤʦ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʳ ʠ ʚʚʝʜʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʪʘʢʞʝ ʧʨʠʤʝʥʷʶʪʩʷ 

ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ crʈʅʂ. ʇʨʠʤʝʨʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʚʩʪʘʚʢʘ ʨʘʟʨʳʚʦʚ ʠʣʠ ʧʨʦʧʫʩʢʦʚ 

ʚ ʦʙʣʘʩʪʠ ʧʝʪʣʠ ʠʣʠ ʚʢʣʶʯʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʰʧʠʣʝʢ ʩ 5ô ʠʣʠ 3ô-ʢʦʥʮʘ ʥʘʧʨʘʚʣʷʶʱʝʡ 

ʈʅʂ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ 

ʥʘʙʣʶʜʘʝʤʦʡ ʜʣʷ crʈʅʂ ʜʠʢʦʛʦ ʪʠʧʘ (ʈʠʩʫʥʦʢ 14) [109]. ʂʨʦʤʝ ʪʦʛʦ, ʙʝʟ ʧʦʪʝʨʠ ʘʢʪʠʚʥʦʩʪʠ 

ʥʫʢʣʝʘʟʳ Cas12a ʚʦʟʤʦʞʥʦ ʫʜʘʣʝʥʠʝ ʧʦʯʪʠ ʚʩʝʡ ʧʝʪʣʠ crʈʅʂ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʨʠʙʦʥʫʢʣʝʦʪʠʜʘ ʚ 10-ʦʤ ʧʦʣʦʞʝʥʠʠ (ʈʠʩʫʥʦʢ 14). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩʠʩʪʝʤʳ 

CRISPR/Cas9, crʈʅʂ ʩʠʩʪʝʤʳ CRISPR/Cas12a ʤʦʛʫʪ ʙʳʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʳ ʥʝʩʢʦʣʴʢʠʤʠ 

ʩʧʦʩʦʙʘʤʠ: ʧʫʪʝʤ ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʠʥʳ 3ô- ʠʣʠ 5ô-ʦʙʣʘʩʪʝʡ, ʚʚʝʜʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʠʣʠ 

ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ. 

 

ʈʠʩʫʥʦʢ 14. ʉʪʨʫʢʪʫʨʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ crʈʅʂ ʩʠʩʪʝʤʳ CRSPR/Cas12a. 

ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [109]. 
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ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ʩʠʩʪʝʤʘʤʠ CRISPR/Cas ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ Cas13 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʈʅʂ-ʤʠʰʝʥʴʶ, ʥʝ ʟʘʪʨʘʛʠʚʘʷ ʛʝʥʦʤʥʫʶ ɼʅʂ. ɺ 2020 

ʛ. ʜʣʷ ʩʠʩʪʝʤʳ CRISPR/Cas13 ʙʳʣʠ ʚʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ crʈʅʂ ʜʣʷ 

ʫʚʝʣʠʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʦʜʘʚʣʝʥʠʷ ʫʨʦʚʥʷ ʪʨʘʥʩʢʨʠʧʪʦʚ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ [110]. ʅʘ 

3ô-ʢʦʥʝʮ crʈʅʂ ʙʳʣʠ ʚʚʝʜʝʥʳ ʩʣʝʜʫʶʱʠʝ ʤʦʜʠʬʠʢʘʮʠʠ: 2ô-OMe, ʪʠʦʬʦʩʬʘʪʥʳʝ ʛʨʫʧʧʳ, 

ʠʣʠ ʠʭ ʩʦʯʝʪʘʥʠʝ [110]. ʊʘʢʞʝ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʠʥʚʝʨʪʠʨʦʚʘʥʥʦʛʦ ʪʠʤʠʜʠʥʘ, 

ʠʛʨʘʶʱʝʛʦ ʨʦʣʴ ʢʵʧʘ. ʇʦʣʫʯʝʥʥʳʝ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ crʈʅʂ ʫʚʝʣʠʯʠʚʘʣʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʦʢʜʘʫʥʘ ʙʝʣʢʦʤ Cas13 ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ, ʥʦ ʟʘʚʠʩʠʣʠ ʦʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʤʠʰʝʥʠ [110]. ʇʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʵʬʬʝʢʪ ʚʳʟʳʚʘʣʦ ʚʚʝʜʝʥʠʝ 

ʠʥʚʝʨʪʠʨʦʚʘʥʥʦʛʦ ʪʠʤʠʜʠʥʘ, ʘ ʠʤʝʥʥʦ ʧʨʦʠʩʭʦʜʠʣʦ ʩʥʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʠʜʨʦʣʠʟʘ 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʈʅʂ-ʤʠʰʝʥʠ. ʊʝʩʪʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʦʣʦʞʝʥʠʡ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʤʦʥʦʤʝʨʦʚ ʚʳʷʚʠʣʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʳʤ ʤʝʩʪʦʤ ʚʢʣʶʯʝʥʠʷ ʤʦʜʠʬʠʢʘʮʠʡ 

ʷʚʣʷʝʪʩʷ 3ô-ʢʦʥʝʮ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ crʈʅʂ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʤʦʜʠʬʠʢʘʮʠʷ ʧʝʪʣʠ ʰʧʠʣʴʢʠ 

ʠʣʠ 5ô- ʢʦʥʮʝʚʦʡ ʦʙʣʘʩʪʠ crʈʅʂ ʩʥʠʞʘʝʪ,ʘ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʧʦʣʥʦʩʪʴʶ ʠʥʛʠʙʠʨʫʝʪ 

ʘʢʪʠʚʥʦʩʪʴ ʥʫʢʣʝʘʟʳ Cas13. ɹ ʣrʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʦʯʝʪʘʥʠʝ 2ô-OMe ʠ ʪʠʦʬʦʩʬʘʪʥʳʭ ʛʨʫʧʧ 

ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʪʜʝʣʴʥrʭ ʪʠʧʦʚ ʤʦʜʠʬʠʢʘʮʠʡ [110]. 

ʆʧʠʩʘʥʥʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʤʦʜʠʬʠʢʘʮʠʡ ʜʣʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ 

ʙʦʨʦʪʴʩʷ ʩ ʥʝʮʝʣʝʚʳʤʠ ʵʬʬʝʢʪʘʤʠ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʚʩʝʭ ʩʠʩʪʝʤ CRISPR/Cas, ʥʦ ʠ 

ʫʚʝʣʠʯʠʚʘʪʴ ʠʭ ʪʦʯʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ ʚʨʝʤʝʥʠ ʠ ʩʨʝʜʩʪʚ. 
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ɿɸʂʃʖʏɽʅʀɽ 

ʇʨʦʛʨʝʩʩ ʦʪ ʦʪʢʨʳʪʠʷ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʭʥʦʣʦʛʠʠ CRISPR/Cas ʜʦ ʩʦʟʜʘʥʠʷ ʥʘ ʝ y

ʦʩʥʦʚʝ ʩʣʦʞʥʳʭ ʠ ʪʦʯʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʧʨʦʠʟʦʰʝʣ ʩ 

ʛʦʣʦʚʦʢʨʫʞʠʪʝʣʴʥʦʡ ʙʳʩʪʨʦʪʦʡ. ɺ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʠʭ 12-ʪʠ ʣʝʪ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥ r ʠ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʳ ʩʠʩʪʝʤʳ CRISPR/Cas, ʢʦʪʦʨʳʝ ʧʦʩʪʝʧʝʥʥʦ ʧʨʠʙʣʠʞʘʶʪ ʢ 

ʚʦʟʤʦʞʥʦʩʪʠ ʚʥʦʩʠʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʠʟʤʝʥʝʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚ ʛʝʥʦʤ ʣʶʙʦʡ ʞʠʚʦʡ 

ʢʣʝʪʢʠ. 

ʅʝʪ ʩʦʤʥʝʥʠʡ ʚ ʪʦʤ, ʯʪʦ ʩʠʩʪʝʤʳ CRISPR/Cas 2-ʛʦ ʢʣʘʩʩʘ, ʦʩʦʙʝʥʥʦ ʩʠʩʪʝʤʘ 

CRISPR/Cas9, ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʜʦʩʪʫʧʥʳʤʠ ʠ ʘʜʘʧʪʠʨʫʝʤʳʤʠ ʠʥʩʪʨʫʤʝʥʪʘʤʠ ʜʣʷ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʨʝʛʫʣʠʨʦʚʘʥʠʷ, ʚʠʟʫʘʣʠʟʘʮʠʠ ʠ ʦʙʥʘʨʫʞʝʥʠʷ ʛʝʥʦʤʦʚ ʨʘʟʣʠʯʥʳʭ 

ʦʨʛʘʥʠʟʤʦʚ. ʇʦʤʠʤʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ɼʅʂ ʠ ʈʅʂ, ʙʳʣʠ ʥʘʡʜʝʥʳ ʜʨʫʛʠʝ ʦʙʣʘʩʪʠ 

ʧʨʠʤʝʥʝʥʠʷ ʠʥʩʪʨʫʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ CRISPR: ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ ʩʢʨʠʥʠʥʛ ʠ ʜʠʘʛʥʦʩʪʠʢʘ. 

ʇʨʠ ʵʪʦʤ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʣʠʯʠʝʤ ʧʦʙʦʯʥʳʭ ʵʬʬʝʢʪʦʚ, ʚʢʣʶʯʘʷ 

ʥʝʥʘʧʨʘʚʣʝʥʥʦʩʪʴ, ʠʤʤʫʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʠ ʧʨʦʙʣʝʤʫ ʩ ʜʦʩʪʘʚʢʦʡ ʢʦʤʧʦʥʝʥʪʦʚ 

ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʚʦʘʥʠʷ ʚ ʢʣʝʪʢʠ ʠ ʦʨʛʘʥʠʟʤʳ, ʦʩʪʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ ʠ ʥʝʦʙʭʦʜʠʤʳ 

ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʠʭ ʫʩʪʨʘʥʝʥʠʷ ʠʣʠ ʫʤʝʥʴʰʝʥʠʷ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ 

ʧʦʚʳʰʝʥʠʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ CRISPR/Cas9. ɼʦʩʪʠʞʝʥʠʝ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʰʘʛʦʚ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʩʠʩʪʝʤ r

CRISPR/Cas9 ʚ ʪʝʨʘʧʠʠ in vivo. ʍʦʪʷ ʫʨʦʚʝʥʴ ʥʝʮʝʣʝʚʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʩʪʘʣ ʥʠʞʝ, ʯʝʤ ʚ 

ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʩʠʩʪʝʤʘʭ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ, ʥʝʦʙʭʦʜʠʤʘ ʜʘʣʴʥʝʡʰʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʩʠʩʪʝʤʳ 

CRISPR/Cas9. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ, ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʩʪʨʘʪʝʛʠʠ, ʚʢʣʶʯʘʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʪʦʯʥʳʭ ʚʘʨʠʘʥʪʦʚ Cas9 ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ.  

ʉʚʦʡʩʪʚʘ ʠ ʩʪʨʫʢʪʫʨʘ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʚʣʠʷʶʪ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ 

CRISPR/Cas9. ʂʘʢ ʭʠʤʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʧʨʠʨʦʜʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ, ʩʧʦʩʦʙʥʳ ʫʣʫʯʰʘʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ CRISPR/Cas9. ʆʜʥʘʢʦ ʯʘʩʪʦ 

ʤʦʜʠʬʠʢʘʮʠʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʧʦʣʦʞʠʪʝʣʴʥʦ ʚʣʠʷʶʪ ʪʦʣʴʢʦ ʥʘ ʦʜʠʥ ʠʟ ʧʘʨʘʤʝʪʨʦʚ 

ʣʠʙʦ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʣʠʙʦ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ɺʩʝ ʵʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʟʘʜʘʯʠ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, 

ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʘʪ ʩʥʠʞʝʥʠʝ ʠʣʠ\ʠ ʫʩʪʨʘʥʝʥʠʝ ʥʝʮʝʣʝʚʳʭ ʵʬʬʝʢʪʦʚ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ 

ʩʦʭʨʘʥʝʥʠʝʤ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ɼʅʂ-ʤʠʰʝʥʝʡ.  
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ɻʃɸɺɸ 2. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

2.1 ʄʘʪʝʨʠʘʣʳ ʠ ʦʙʦʨʫʜʦʚʘʥʠʝ 

2.1.1 ʈʝʘʢʪʠʚʳ 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ ʨʝʘʢʪʠʚʳ: ʘʛʘʨʦʟʘ (AppliChem, ʉʐɸ); 

ʙʨʦʤʠʩʪʳʡ ʵʪʠʜʠʡ (AppliChem, ʉʐɸ); ʊʨʠʩ (ɼʀɸʕʄ, ʈʦʩʩʠʷ); ɼʊʊ (çServaè, ɻʝʨʤʘʥʠʷ); 

ʥʘʙʦʨ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʈʅʂ ʠʟ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʥʘ ʢʦʣʦʥʢʘʭ LRU-100-50 (BiolabMix, 

ʈʦʩʩʠʷ); ʥʘʙʦʨ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ɼʅʂ ʠʟ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʥʘ ʢʦʣʦʥʢʘʭ DR-50 (BiolabMix, 

ʈʦʩʩʠʷ); ʥʘʙʦʨ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʛʝʥʦʤʥʦʡ ɼʅʂ ʠʟ ʢʣʝʪʦʢ D-cells-250 (BiolabMix, ʈʦʩʩʠʷ); 

ʨʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ɹʠʦʄʘʩʪʝʨ HS-Taq ʇʎʈ-Color (Biolabmix, ʈʦʩʩʠʷ); ʥʘʙʦʨ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ T7-ʪʨʘʥʩʢʨʠʧʮʠʠ in vitro (BiolabMix, ʈʦʩʩʠʷ); ʥʘʙʦʨ ʨʝʘʛʝʥʪʦʚ ʜʣʷ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʈʅʂ Qubit RNA BR Assay Kit (ThermoFisher, ʉʐɸ); ʚʦʜʘ, 

ʦʯʠʱʝʥʥʘʷ ʦʪ ʈʅʂʘʟ (DEPC) (BiolabMix, ʈʦʩʩʠʷ); ɼʅʂʘʟʘ I, ʩʚʦʙʦʜʥʘʷ ʦʪ ʈʅʂʘʟ 

(ThermoFisher, ʉʐɸ); ʧʨʦʪʝʠʥʘʟʘ ʂ (MP Biomedicals, ʉʐɸ); ʱʝʣʦʯʥʘʷ ʬʦʩʬʘʪʘʟʘ 

(ThermoFisher, ʉʐɸ); ʨʠʙʦʥʫʢʣʝʘʟʘ A (Thermo Scientific, ʉʐɸ); ʥʫʢʣʝʘʟʘ S1 (Thermo 

Scientific, ʉʐɸ); ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʘ Ƚ (Thermo Scientific, ʉʐɸ); ʨʝʩʪʨʠʢʮʠʦʥʥʳʡ ʬʝʨʤʝʥʪ 

HindIII (New England BioLab, ɸʥʛʣʠʷ); ʘʢʨʠʣʘʤʠʜ (Helicon, ʈʦʩʩʠʷ); N,Nô-

ʤʝʪʠʣʝʥʙʠʩʘʢʨʠʣʘʤʠʜ (ʄʝʜʠʛʝʥ, ʈʦʩʩʠʷ); PSA (ʧʝʨʩʫʣʴʬʘʪ ʘʤʤʦʥʠʷ) (Sigma-Aldrich, 

ʉʐɸ); TEMED (ʪʝʪʨʘʤʝʪʠʣʵʪʠʣʝʥʜʠʘʤʠʥ) (MP Biomedicals, ʉʐɸ); ɼʅʂ-ʤʘʨʢʝʨʳ çSky 

Highè ʠ çStep 50è (ThermoFisher, ʉʐɸ); ʈʅʂ-ʤʘʨʢʝʨ çRiboRuler Low Range RNA Ladderè 

(ThermoFisher, ʉʐɸ); ʠʥʛʠʙʠʪʦʨ ʈʅʂʘʟ çRiboLock RNase Inhibitorè (ThermoFisher, ʉʐɸ); 

ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʟʠʜʪʨʠʬʦʩʬʘʪʳ ʠ ʨʠʙʦʥʫʢʣʝʦʟʠʜʪʨʠʬʦʩʬʘʪʳ (çɹʠʦʩʘʥè, ʈʦʩʩʠʷ); 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʨʠʙʦʥʫʢʣʝʦʟʠʜʪʨʠʬʦʩʬʘʪʳ N6-ʤʝʪʠʣʘʜʝʥʦʟʠʥ, 5-ʤʝʪʠʣʮʠʪʠʜʠʥ, 

ʧʩʝʚʜʦʫʨʠʜʠʥ, N1-ʤʝʪʠʣʧʩʝʚʜʦʫʨʠʜʠʥ (Biolabmix, ʈʦʩʩʠʷ); ʵʪʠʣʝʥʜʠʘʤʠʥʪʝʪʨʘʫʢʩʫʩʥʘʷ 

ʢʠʩʣʦʪʘ (ʕɼʊɸ) (Sigma, ʉʐɸ); ʭʣʦʨʠʜ ʥʘʪʨʠʷ (Sigma, ʉʐɸ); ʭʣʦʨʠʜ ʤʘʛʥʠʷ (Sigma, 

ʉʐɸ); ʭʣʦʨʠʜ ʢʘʣʠʷ (Sigma, ʉʐɸ); HEPES (Sigma, ʉʐɸ); ʛʣʠʮʝʨʠʥ (Sigma, ʉʐɸ); 

ʧʝʨʭʣʦʨʘʪ ʣʠʪʠʷ (Sigma, ʉʐɸ); ʤʦʯʝʚʠʥʘ (Sigma, ʉʐɸ); ʘʮʝʪʦʥ (Sigma, ʉʐɸ); ʤʘʛʥʠʪʥʳʝ 

ʯʘʩʪʠʮʳ (BiolabMix, ʈʦʩʩʠʷ); PEG8000 (Sigma, ʉʐɸ); ʧʘʨʘʬʠʥ HISTOMIX (ɹʠʦ-ɺʠʪʨʫʤ, 

ʈʦʩʩʠʷ) Triton X-100 (ɼʀɸʕʄ, ʈʦʩʩʠʷ); ʙʦʨʥʘʷ ʢʠʩʣʦʪʘ (Sigma, ʉʐɸ); ʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ 

(Sigma, ʉʐɸ); BSA (çʉʠʙʵʥʟʠʤè, ʈʦʩʩʠʷ); ʥʘʙʦʨ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʪʨʘʥʩʬʝʢʮʠʠ ʢʣʝʪʦʢ 

NeonÊ Transfection System Kit (Thermo Scientific, ʉʐɸ); QIAcuity Probe PCR Master Mix 

(Qiagen, ɻʝʨʤʘʥʠʷ). 
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ʈʝʘʢʪʠʚʳ ʜʣʷ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ ʢʣʝʪʦʢ ʵʫʢʘʨʠʦʪ: ʨʦʩʪʦʚʘʷ ʩʨʝʜʘ Dulbeccoôs Modified 

Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) (ThermoFisher, ʉʐɸ); FBS (ʬʝʪʘʣʴʥʘʷ 

ʙʳʯʴʷ ʩʳʚʦʨʦʪʢʘ) (ThermoFisher, ʉʐɸ); MEM Non-Essential Amino Acids Solution 1% 

(Gibco, ʉʐɸ); ʧʠʨʫʚʘʪ ʥʘʪʨʠʷ (Gibco, ʉʐɸ); GlutaMAX 2 ʤʄ (Gibco, ʉʐɸ); ʨʘʩʪʚʦʨ 

ʘʥʪʠʙʠʦʪʠʢʦʚ-ʘʥʪʠʤʠʢʦʪʠʢʦʚ (ʧʝʥʠʮʠʣʣʠʥ, ʩʪʨʝʧʪʦʤʠʮʠʥʘ ʩʫʣʴʬʘʪ, ʘʤʬʦʪʝʨʠʮʠʥ) (Gibco, 

ʉʐɸ). 

ɹʝʣʦʢ Cas9 ʠʟ Streptococcus pyogenes (ʧʣʘʟʤʠʜʘ pMJ806, Addgene, # 39312, 

ʇʨʠʣʦʞʝʥʠʝ ɸ ʈʠʩʫʥʦʢ ɸ1) ʜʣʷ in vitro ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ ʙʝʣʦʢ Cas9 ʠʟ Streptococcus 

pyogenes ʩ ʜʚʫʤʷ C-ʢʦʥʮʝʚʳʤʠ NLS SV40 (ʧʣʘʟʤʠʜʘ pMJ915, Addgene, # 69090, 

ʇʨʠʣʦʞʝʥʠʝ ɸ ʈʠʩʫʥʦʢ ɸ2) ʜʣʷ ʢʣʝʪʦʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠ ʦʯʠʱʝʥʳ ʢ.ʙ.ʥ. 

ɿʘʢʘʙʫʥʠʥʳʤ ɸ.ʀ. ʠ ʢ.ʙ.ʥ. ɸ.ɺ. ʈʷʙʯʝʥʢʦ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʙʠʦʪʝʭʥʦʣʦʛʠʠ ʀʍɹʌʄ ʉʆ ʈɸʅ.  

2.1.2 ʆʙʦʨʫʜʦʚʘʥʠʝ ʠ ʤʘʪʝʨʠʘʣʳ 

ɺʦʨʪʝʢʩ ʧʝʨʩʦʥʘʣʴʥʳʡ V-1 plus (BioSan, ʃʘʪʚʠʷ); ʜʦʟʘʪʦʨʳ ʘʚʪʦʤʘʪʠʯʝʩʢʠʝ 

ʧʝʨʝʤʝʥʥʦʛʦ ʦʙʲʝʤʘ Thermo (çʃʝʥʧʠʧʝʪè, ʈʦʩʩʠʷ); ʤʠʢʨʦʮʝʥʪʨʠʬʫʛʘ MiniSpin (Eppendorf, 

ɻʝʨʤʘʥʠʷ); ʤʠʢʨʦʮʝʥʪʨʠʬʫʞʥʳʝ ʧʨʦʙʠʨʢʠ ʚʤʝʩʪʠʤʦʩʪʴʶ 1.5 ʠ 2 ʤʣ (Axygen, ʉʐɸ), 

ʥʘʢʦʥʝʯʥʠʢʠ ʩ ʬʠʣʴʪʨʦʤ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ ʜʦʟʘʪʦʨʦʚ ʦʙʲʝʤʦʤ 2, 10, 100, 200, 1000 ʤʢʣ 

(Axygen, ʉʐɸ); ʥʘʢʦʥʝʯʥʠʢʠ ʙʝʟ ʬʠʣʴʪʨʘ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ ʜʦʟʘʪʦʨʦʚ ʦʙʲʝʤʦʤ 2, 10, 

100, 200, 1000 ʤʢʣ (Axygen, ʉʐɸ); ʰʪʘʪʠʚ ʜʣʷ ʤʠʢʨʦʧʨʦʙʠʨʦʢ (ʍʝʣʠʢʦʥ, ʈʦʩʩʠʷ); 

ʢʫʣʴʪʫʨʘʣʴʥʳʝ ʧʣʘʥʰʝʪʳ 24-ʣʫʥʦʯʥʳʝ (ʊʈʈ, ʐʚʝʡʮʘʨʠʷ); ʮʝʥʪʨʠʬʫʞʥʳʝ ʧʨʦʙʠʨʢʠ 

ʦʙʝ̡ʤʦʤ 15 ʠ 50 ʤʣ (ʊʈʈ, ʐʚʝʡʮʘʨʠʷ); ʤʠʥʠ-ʨʦʪʘʪʦʨ ʜʣʷ ʧʨʦʙʠʨʦʢ BIO RS-24 (Biosan, 

ʃʘʪʚʠʷ); ʘʤʧʣʠʬʠʢʘʪʦʨ Real-Time CFX96 (Bio-Rad, ʉʐɸ); ʧʨʦʙʠʨʢʠ ʚ ʩʪʨʠʧʘʭ ʧʦ 8 ʰʪʫʢ 

(SSI, ɼʘʥʠʷ); ʧʣʘʰʢʠ 96-ʣʫʥʦʯʥʳʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʇʎʈ; ʮʝʥʪʨʠʬʫʛʘ Eppendorf Centrifuge 

5415 R (Eppendorf, ɻʝʨʤʘʥʠʷ); ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ Apollo LB 912 (Berthold Technologies, 

ɻʝʨʤʘʥʠʷ); Amersham Imager 600 (GE Healthcare, ɸʥʛʣʠʷ); ); ʥʘʙʦʨ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ 

ʵʣʝʢʪʨʦʬʦʨʝʟʘ (Bio-Rad, ʉʐɸ); ʥʘʙʦʨ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʵʣʝʢʪʨʦʬʦʨʝʟʘ Mini PROTEAN 

Tetra Cell (Bio-Rad, ʉʐɸ); ʠʩʪʦʯʥʠʢ ʪʦʢʘ ʕʣʴʬ-8 (ɼʅʂ-ʊʝʭʥʦʣʦʛʠʷ, ʈʦʩʩʠʷ); ʠʥʢʫʙʘʪʦʨ 

ʜʣʷ ʢʣʝʪʦʯʥʳʭ ʢʫʣʴʪʫʨ (Haraeus HERA cell, ɻʝʨʤʘʥʠʷ); Gel Doc XR System (Bio-Rad, ʉʐɸ); 

ʘʚʪʦʤʘʪʠʯʝʩʢʠʡ ʩʠʥʪʝʟʘʪʦʨ ASM800 (Biosset, ʈʦʩʩʠʷ); ʛʝʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟʘʪʦʨ ABI 3500 

(Thermofisher, ʉʐɸ); ʘʤʧʣʠʬʠʢʘʪʦʨ Light Cycler 96 (Roche, ʐʚʝʡʮʘʨʠʷ); ʧʨʠʙʦʨ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʮʠʬʨʦʚʦʡ ʇʎʈ QIAcuity One Platform System (Qiagen, ɻʝʨʤʘʥʠʷ); 24-ʣʫʥʦʯʥʳʝ 

ʥʘʥʦʧʣʘʰʢʠ QIAcuity ʜʣʷ ʮʠʬʨʦʚʦʡ ʇʎʈ (Qiagen, 250001); ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʩʪʘʥʮʠʷ 
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Allsheng-AS-17060-Dx (Allsheng, ʂʠʪʘʡ); ʧʨʠʙʦʨ NeonÊ Transfection System ʜʣʷ 

ʪʨʘʥʩʬʝʢʮʠʠ (Thermo Scientific, ʉʐɸ). 

2.1.3 ɹʫʬʝʨʳ ʠ ʨʘʩʪʚʦʨʳ 

ʊɺɽ: 89 ʤʄ ʊʨʠʩ, 89 ʤʄ ʙʦʨʥʘʷ ʢʠʩʣʦʪʘ, 2ʤM ʕɼʊɸ (ʨʅ 8.0); 

TAE:40 ʤʄ ʊʨʠʩ, 20 ʤʄ ʫʢʩʫʩʥʘʷ ʢʠʩʣʦʪʘ, 1 ʤʄ ʕɼʊɸ (ʨʅ 7.6) 

ɹʫʬʝʨ ʜʣʷ ʛʠʜʨʦʣʠʟʘ ʈʅʂ:10 ʤʄ ʊʨʠʩïHCl (pH 8.0), 5 ʤʄ MgCl2, 0.1 M KCl, 0.02% 

Triton X-100, 0.1 ʤʛ/ʤʣ BSA, 0.65 ʤʛ/ʤʣ ʨʠʙʦʥʫʢʣʝʘʟʘ A, 4 ʤʢʛ/ʤʣ ʥʫʢʣʝʘʟʘ P1, 0.2 ʤʛ/ʤʣ 

ʬʦʩʬʦʜʠʵʩʪʝʨʘʟʘ Ƚ and 2 ʝʜ. ʱʝʣʦʯʥʘʷ ʬʦʩʬʘʪʘʟʘ; 

ʈʝʘʢʮʠʦʥʥʳʡ ʙʫʬʝʨ HEPES: 20 ʤʄ HEPES (pH 7.5), 125 ʤʄ KCl, 7% ʛʣʠʮʝʨʠʥ, 1 

ʤʄ ɼʊʊ, 1 ʤʄ ʕɼʊɸ, 6 ʤʄ MgCl2;  

ɹʫʬʝʨ ʜʣʷ ʦʩʪʘʥʦʚʢʠ ʨʝʘʢʮʠʠ: 60 ʤʄ ʕɼʊɸ, 4ʄ ʤʦʯʝʚʠʥʘ, 0.4 ʤʛ/ ʤʣ ʧʨʦʪʝʠʥʘʟʘ ʂ;  

ɹʫʬʝʨ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ: 0.5 ʄ NaCl, 20% PEG 8000 

2.1.4 ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʳ ʠ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ 

ɺ ʊʘʙʣʠʮʘ 1 ʧʨʠʚʝʜʝʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ 

ʨʘʙʦʪʝ. ʆʣʠʛʦʥʫʢʣʝʦʪʠʜʳ ʠ ʟʦʥʜʳ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʩʠʥʪʝʪʠʯʝʩʢʦʡ 

ʙʠʦʣʦʛʠʠ ʀʍɹʌʄ ʉʆ ʈɸʅ. 

ʊʘʙʣʠʮʘ 1. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʦʚ. 

ʅʘʟʚʘʥʠʝ ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 5ǋ-3ǋ 

ʇʨʦʪʦʩʧʝʡʩʝʨʳ ʛʝʥʘ ANXA6 

ANX1 GTTGGACATGCTCGACATTC 

ANX2 CATGGTCTCCCGTAGTGAGT 

ANX3 TCGACATTCGGGAGATCTTC 

ʇʨʘʡʤʝʨʳ ʜʣʷ ʩʠʥʪʝʟʘ ɼʅʂ-ʤʘʪʨʠʮ ʜʣʷ tracrʈʅʂ ʠ sgʈʅʂ 

sgʈʅʂ_Forward ATGCAGCTAATACGACTCACTATAGGTTG

GACATGCTCGACATTCG 

sgʈʅʂ_Reverse AAAAAAGCACCGACTCGGTGCCACT 

tracrʈʅʂ_Forward ATGCAGCTAATACGACTCACTATAGTCTA

GCAAGTTAAAAT  

tracrʈʅʂ_Reverse AAAAAAGCACCGACTCGGTGCCACT 

ʇʨʘʡʤʝʨʳ ʜʣʷ ʥʘʨʘʙʦʪʢʠ ʬʣʶʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ 

Forward _ɼʅʂ ʩʫʙʩʪʨʘʪ_ ʮʝʣʝʚʘʷ ʮʝʧʴ GCATCTTCGGTTGGTGTTCG 
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Reverse _ɼʅʂ ʩʫʙʩʪʨʘʪ_ ʥʝʮʝʣʝʚʘʷ ʮʝʧʴ TTGTGTCTTCGTCAGTCCCG 

Forward-FAM _ʥʝʮʝʣʝʚʘʷ ʮʝʧʴ FAM-GCATCTTCGGTTGGTGTTCG 

Reverse-FAM _ʮʝʣʝʚʘʷ ʮʝʧʴ FAM-TTGTGTCTTCGTCAGTCCCG 

Forward_ʤʠʩʤʘʪʯʠ AATATTTTGCTGAAAGGCTCTTCAA 

Reverse _ʤʠʩʤʘʪʯʠ TTGTGTCTTCGTCAGTCCCG 

ʇʨʘʡʤʝʨʳ ʠ ʟʦʥʜʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʮʠʬʨʦʚʦʡ ʇʎʈ  

Forward _ANX_dPCR CCTCTCAAGTCCATGTTCCCC 

Reverse _ANX_dPCR GGAATGTCCAAGAGACTCCCA 

Probe_cleavage_FAM_ANX  [FAM]ACATTCGGGAGATCTTCCGGACCA

AGT[BHQ1] 

Probe_control_HEX _ANX [HEX]AGCTCATGGGGGCAGAGAAGGGAG

CA[BHQ1] 

 

ʉʧʠʩʦʢ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʊʘʙʣʠʮʘ. 2. 

ʅʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ crʈʅʂ ʠ crʈʅʂ ʩ ʪʠʦʬʦʩʬʘʪʥʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ 

ʣʘʙʦʨʘʪʦʨʠʠ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʙʠʦʣʦʛʠʠ ʀʍɹʌʄ ʉʆ ʈɸʅ. ɺ ʢʦʣʣʘʙʦʨʘʮʠʠ ʣʘʙʦʨʘʪʦʨʠʠ 

ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʙʠʦʣʦʛʠʠ ʠ ʣʘʙʦʨʘʪʦʨʠʠ ʭʠʤʠʠ ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ ʀʍɹʌʄ ʉʆ ʈɸʅ ʙʳʣʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʭʠʤʝʨʥʳʝ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʦʩʪʘʪʢʠ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʌɻ-

ʛʨʫʧʧʘʤʠ. ʅʘʧʨʘʚʣʷʶʱʘʷ crʈʅʂ, ʩʦʜʝʨʞʘʱʘʷ 2ô-F ʛʨʫʧʧʳ ʙʳʣʘ ʣʶʙʝʟʥʦ ʧʨʝʜʦʩʪʘʚʣʝʥʘ 

ʣʘʙʦʨʘʪʦʨʠʝʡ ʭʠʤʠʠ ʈʅʂ ʀʍɹʌʄ ʉʆ ʈɸʅ ʢ.ʭ.ʥ. ʅʦʚʦʧʘʰʠʥʦʡ ɼ.ʉ. ɼʣʷ ʦʮʝʥʢʠ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 16 ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʤʠʩʤʘʪʯʘʤʠ ʚ ʦʙʣʘʩʪʠ 

ʧʨʦʪʦʩʧʝʡʩʝʨʘ ANX1 ʠ ʦʜʠʥ ʮʝʣʝʚʦʡ ʩʫʙʩʪʨʘʪ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚ ʣʘʙʦʨʘʪʦʨʠʠ 

ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʙʠʦʣʦʛʠʠ ʢ.ʭ.ʥ. ʐʝʚʝʣʝʚʳʤ ɻ.ʖ (ʇʨʠʣʦʞʝʥʠʝ ɹ). 

ʊʘʙʣʠʮʘ. 2. ʉʧʠʩʦʢ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ. ʏʝʨʥʳʤ ʮʚʝʪʦʤ 

ʦʙʦʟʥʘʯʝʥ  rɼʅʂ ʤʦʥʦʤʝʨʳ, ʘ ʩʝʨʳʤ ï ʈʅʂ; * ï ʦʪʤʝʯʝʥʳ ʌɻ-ʛʨʫʧʧʳ; ʧʦʜʯʝʨʢʥʫʪʳ 2ô-F 

ʛʨʫʧʧʳ; PS ï ʦʙʦʟʥʘʯʝʥʳ ʪʠʦʬʦʩʬʘʪʥʳʝ ʛʨʫʧʧʳ. 

ʅʘʟʚʘʥʠʝ 
ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 5ǋï3ǋ 

ʇʨʦʪʦʩʧʝʡ

ʩʝʨ 

sgʈʅʂ_1 GGUUGGACAUGCUCGACAUUCGUUUUAGUGCUAGAAA

UAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUG

AAAAAGUG GCACCGAGUCGGUGCUUUUUU 

ˉ1 
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sgʈʅʂ_2 GCAUGGUCUCCCGUAGUGAGUGUUUUAGUGCUAGAAA

UAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUG

AAAAAGUGGCACCGAGUCGGUGCUUUUUU 

ˉ2 

sgʈʅʂ_3 GUCGACAUUCGGGAGAUCUUCGUUUUAGUGCUAGAAA

UAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUG

AAAAAGUGGCACCGAGUCGGUGCUUUUUU 

ˉ3 

tracrʈʅʂ NM UCUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACU

UGAAAAAGUGGCACCGAGUCGGUGCUUUUUU 

 

crF GGUUGGACAUGCUCGACAUUCGUUUUAGUGCUAGA 

 ̄1 

3PS GPSGPSUPSUGGACAUGCUCGACAUUCGUUUUAGUGCUAG

A 

IG4_PS GGUUPSGGACAUGCUCGACAUUCGUUUUAGUGCUAGA 

cr1gg GGUUGGACAUGCUCGACAUUCGUUUUAGUGCUAGA 

IG0 GGTTGGACATGCUCGACAUUCGUUUUAGUGCUAGA 

IG2 GG*TTGGACATGCUCGACAUUCGUUUUAGUGCUAGA 

IG3 GGT*TGGACATGCUCGACAUUCGUUUUAGUGCUAGA 

IG4 GGTT*GGACATGCUCGACAUUCGUUUUAGUGCUAGA 

IG5 GGTTG*GACATGCUCGACAUUCGUUUUAGUGCUAGA 

IG6 GGTTGG*ACATGCUCGACAUUCGUUUUAGUGCUAGA 

IG7 GGTTGGA*CATGCUCGACAUUCGUUUUAGUGCUAGA 

IG8 GGTTGGAC*ATGCUCGACAUUCGUUUUAGUGCUAGA 

IG9 GGTTGGACA*TGCUCGACAUUCGUUUUAGUGCUAGA 

IG10 GGTTGGACAT*GCUCGACAUUCGUUUUAGUGCUAGA 

IG11 GGTTGGACATG*CUCGACAUUCGUUUUAGUGCUAGA 
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IGA GG*TT*GGACATGCUCGACAUUCGUUUUAGUGCUAGA 

IGH GG*TT*GG*ACATGCUCGACAUUCGUUUUAGUGCUAGA 

IGZ GG*TTG*GAC*ATG* CUCGACAUUCGUUUUAGUGCUAGA 

IGK GG*T*TGGACATGCUCGACAUUCGUUUUAGUGCUAGA 

IGL GG*T*T*GGACATGCUCGACAUUCGUUUUAGUGCUAGA 

IGM GGTTGGACAT*G*CUCGACAUUCGUUUUAGUGCUAGA 

IGN GGTTGGACA*T*G* CUCGACAUUCGUUUUAGUGCUAGA 

IGF GG*T*T*G*G*A*C*A*T*G* CUCGACAUUCGUUUUAGUGC

UAGA 

cr2gg GCAUGGUCUCCCGUAGUGAGUGUUUUAGUGCUAGA 

 ̄2 

IG0 GCATGGTCTCCCGUAGUGAGUGUUUUAGUGCUAGA 

IG4 GCAT*GGTCTCCCGUAGUGAGUGUUUUAGUGCUAGA 

IG8 GCATGGTC*TCCCGUAGUGAGUGUUUUAGUGCUAGA 

IGA GC*AT*GGTCTCCCGUAGUGAGUGUUUUAGUGCUAGA 

IGH GC*AT*GG*TCTCCCGUAGUGAGUGUUUUAGUGCUAGA 

IGZ GC*ATG*GTC*TCC*CGUAGUGAGUGUUUUAGUGCUAGA 

IGK GC*A*TGGTCTCCCGUAGUGAGUGUUUUAGUGCUAGA 

cr3gg GUCGACAUUCGGGAGAUCUUCGUUUUAGUGCUAGA 

 ̄3 

IG0 GTCGACATTCGGGAGAUCUUCGUUUUAGUGCUAGA 

IG4 GTCG*ACATTCGGGAGAUCUUCGUUUUAGUGCUAGA 

IG8 GTCGACAT*TCGGGAGAUCUUCGUUUUAGUGCUAGA 

IGA GT*CG*ACATTCGGGAGAUCUUCGUUUUAGUGCUAGA 
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IGH GT*CG*AC*ATTCGGGAGAUCUUCGUUUUAGUGCUAGA 

IGZ GT*CGA*CAT*TCG* GGAGAUCUUCGUUUUAGUGCUAGA 

IGK GT*C*GACATTCGGGAGAUCUUCGUUUUAGUGCUAGA 

IG0_4D GTCGACAUUCGGGAGAUCUUCGUUUUAGUGCUAGA 

IG2_4D GT*CGACAUUCGGGAGAUCUUCGUUUUAGUGCUAGA 

IG3_4D GTC*GACAUUCGGGAGAUCUUCGUUUUAGUGCUAGA 

IG4_4D GTCG*ACAUUCGGGAGAUCUUCGUUUUAGUGCUAGA 

IGK_4D GT*C*GACAUUCGGGAGAUCUUCGUUUUAGUGCUAGA 

3PS_3 GPSUPSCPSGACAUUCGGGAGAUCUUCGUUUUAGUGCUAG

A 

IG4_PS_3 GUCGPSACAUUCGGGAGAUCUUCGUUUUAGUGCUAGA 

 

2.2 ʄʝʪʦʜʳ 

2.2.1 ɼʠʟʘʡʥ ʧʣʘʟʤʠʜʳ ʜʣʷ ʩʠʥʪʝʟʘ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ 

ʈʘʥʝʝ ʜʣʷ ʬʨʘʛʤʝʥʪʘ ʛʝʥʘ ANXA6 ʯʝʣʦʚʝʢʘ (NM_001155.4) ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ʪʨʠ 

ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʧʨʦʛʥʦʟʠʨʫʝʤʦʡ ʥʝʮʝʣʝʚʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʥʘʮʝʣʝʥʥʳʝ ʥʘ 12 

ʵʢʟʦʥ (ʩʤ. ʨʘʟʜ. 2.1.4) [111]. ʉʦʪʨʫʜʥʠʢʘʤʠ ʣʘʙʦʨʘʪʦʨʠʠ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

ʀʍɹʌʄ ʉʆ ʈɸʅ ʜʘʥʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʙʳʣʠ ʟʘʢʣʦʥʠʨʦʚʘʥʳ ʚ ʧʣʘʟʤʠʜʫ 

pSpCas9(BB)-2A-GFP (PX458, Addgene #48138, ʇʨʠʣʦʞʝʥʠʝ ɸ ʈʠʩʫʥʦʢ ɸ3). ɺ ʨʘʤʢʘʭ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʵʪʘ ʢʦʥʩʪʨʫʢʮʠʷ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ɼʅʂ-ʤʘʪʨʠʮ ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʠʥʪʝʟʘ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ. 

2.2.2 ʇʎʈ ʜʣʷ ʥʘʨʘʙʦʪʢʠ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʠ ɼʅʂ-ʤʘʪʨʠʮ 

ʌʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʝ ɼʅʂ-ʜʫʧʣʝʢʩʳ, ʢʦʜʠʨʫʶʱʠʝ ʬʨʘʛʤʝʥʪ ʛʝʥʘ ANXA6, ʙʳʣʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʧʫʪʝʤ ʇʎʈ-ʘʤʧʣʠʬʠʢʘʮʠʠ ʧʣʘʟʤʠʜʳ PX458 ʩ ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʤʠ 

ʧʨʘʡʤʝʨʘʤʠ (ʇʨʠʣʦʞʝʥʠʝ ɹ). ʇʨʠ ʵʪʦʤ ʜʣ ̫ʩʠʥʪʝʟʘ ʮʝʣʝʚʦʡ ʮʝʧʠ ɼʅʂ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʧʨʷʤʦʡ (ʩ FAM-ʤʝʪʢʦʡ) ʠ ʦʙʨʘʪʥʳʡ ʧʨʘʡʤʝʨʳ, ʘ ʜʣʷ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ʥʘʦʙʦʨʦʪ (ʩʤ.ʨʘʟʜ. 
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2.1.4). ʈʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ʦʙʲʝʤʦʤ 20 ʤʢʣ ʩʦʜʝʨʞʘʣʘ 10 ʥʛ ɼʅʂ-ʤʘʪʨʠʮʳ, ʙʫʬʝʨ HS-Taq 

ʇʎʈ-Color, ʧʦ 6 ʤʄ ʢʘʞʜʦʛʦ ʧʨʘʡʤʝʨʘ ʇʨʦʛʨʘʤʤʘ ʜʣʷ ʘʤʧʣʠʬʠʢʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦʛʦ 

ʫʯʘʩʪʢʘ ʚʢʣʶʯʘʣʘ ʩʣʝʜʫʶʱʠʝ ʩʪʘʜʠʠ: 1) ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʜʝʥʘʪʫʨʘʮʠʷ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ ʧʨʠ 

95 ÁC, 2) 35 ʮʠʢʣʦʚ, ʚʢʣʶʯʘʶʱʠʭ ʜʝʥʘʪʫʨʘʮʠʶ ʚ ʪʝʯʝʥʠʝ 10 ʩ ʧʨʠ 95 ÁC, ʦʪʞʠʛ ʧʨʘʡʤʝʨʦʚ 

ʚ ʪʝʯʝʥʠʝ 30 ʩ ʧʨʠ 60 ÁC (ɼʅʂ-ʜʫʧʣʝʢʩʳ) ʠʣʠ 10 ʩ ʧʨʠ 58 Áʉ (ɼʅʂ-ʤʘʪʨʠʮʳ) , ʵʣʦʥʛʘʮʠʶ ʚ 

ʪʝʯʝʥʠʝ 20 ʩ ʧʨʠ 72 ÁC, 3) ʬʠʥʘʣʴʥʘʷ ʵʣʦʥʛʘʮʠʷ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ ʧʨʠ 72 ÁC. ʇʨʦʜʫʢʪʳ ʇʎʈ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʚ 1,5% ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ, ʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʠ ʩ 

ʧʦʤʦʱʴʶ ʦʢʨʘʰʠʚʘʥʠʷ ʙʨʦʤʠʩʪʳʤ ʵʪʠʜʠʝʤ. ʆʧʨʝʜʝʣʝʥʠʝ ʜʣʠʥʳ ʧʨʦʜʫʢʪʦʚ ʧʨʦʚʦʜʠʣʠ ʧʦ 

ɼʅʂ-ʤʘʨʢʝʨʫ Sky High. ɺʳʜʝʣʝʥʠʝ ɼʅʂ ʧʨʦʚʦʜʠʣʠ ʥʘʙʦʨʦʤ DR-50 ʚ 60 ʤʢʣ ʙʫʬʝʨʘ ʜʣʷ 

ʵʣʶʮʠʠ EB (ʩʤ. ʨʘʟʜ. 2.1.1). 

ɸʥʘʣʦʛʠʯʥʦ ʧʨʦʚʦʜʠʣʠ ʥʘʨʘʙʦʪʢʫ ɼʅʂ-ʤʘʪʨʠʮ ʜʣʷ ʩʠʥʪʝʟʘ sgʈʅʂ ʠ tracrʈʅʂ. ʀʟ 

ʨʘʩʯʝʪʘ 1 ʥʛ ʤʘʪʨʠʮʳ ʥʘ ʦʜʥʫ ʨʝʘʢʮʠʶ (25 ʤʢʣ). 

16 ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʤʠʩʤʘʪʯʘʤʠ ʚ ʦʙʣʘʩʪʠ ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʠ 

ʦʜʠʥ ʢʦʥʪʨʦʣʴʥʳʡ ʩʫʙʩʪʨʘʪ, ʩʦʜʝʨʞʘʱʠʤʠ ʬʨʘʛʤʝʥʪ ʛʝʥʘ ANXA6, ʙʳʣʠ ʩʦʙʨʘʥʳ ʠʟ 

ʙʠʙʣʠʦʪʝʢʠ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʤʠʩʤʘʪʯʘʤʠ (ʇʨʠʣʦʞʝʥʠʝ ɺ). ʇʦ 

ʦʧʠʩʘʥʥʦʤʫ ʚʳʰʝ ʧʨʦʪʦʢʦʣʫ ʤʝʪʦʜʦʤ ʇʎʈ ʩ ʧʨʷʤʳʤ ʬʣʶʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʤ ʧʨʘʡʤʝʨʦʤ 

(ʩʤ.ʨʘʟʜ. 2.1.4) ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ ʩ ʤʫʪʘʮʠʷʤʠ. 

2.2.3 ʉʠʥʪʝʟ sgʈʅʂ ʠ tracrʈʅʂ in vitro 

ʂʦʨʦʪʢʠʝ crʈʅʂ ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʥʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʩʠʥʪʝʟʘʪʦʨʝ ɸʉʄ800 

(çɹʠʦʩʩʝʪè, ʈʦʩʩʠʷ) ʩʪʘʥʜʘʨʪʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʬʦʩʬʠʪʘʤʠʜʥʳʤ ʤʝʪʦʜʦʤ. ɺʩʝ tracrʈʅʂ ʠ 

sgʈʅʂ (ʊʘʙʣʠʮʘ 1) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ T7-ʪʨʘʥʩʢʨʠʧʮʠʠ in vitro ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ɼʅʂ-ʤʘʪʨʠʮ. 

ʊʨʘʥʩʢʨʠʧʮʠʶ tracrʈʅʂ ʠ sgʈʅʂ in vitro ʧʨʦʚʦʜʠʣʠ ʧʨʠ 37ÁC ʚ ʪʝʯʝʥʠʝ 4 ʯ ʠ 16 ʯ 

ʩʦʦʪʚʝʪʩʚʝʥʥʦ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʥʦʩʪʴʶ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ tracrʈʅʂ/sgʈʅʂ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʘʥʦʥʠʯʝʩʢʠʝ ʤʦʥʦʤʝʨʳ ʟʘʤʝʥʷʣʠ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʟʠʜ 

ʪʨʠʬʦʩʬʘʪʳ m6A, m5C, Ɋ ʠ m1Ɋ (BiolabMix, ʈʦʩʩʠʷ). ɻʣʫʙʠʥʫ ʤʦʜʠʬʠʢʘʮʠʠ ʚʘʨʴʠʨʦʚʘʣʠ 

(10, 25, 50, 60, 75, 100%), ʠʟʤʝʥʷʷ ʩʦʦʪʥʦʰʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʨʠʬʦʩʬʘʪʦʚ ʢ 

ʢʘʥʦʥʠʯʝʩʢʠʤ ʘʥʘʣʦʛʘʤ: m6ATP/ATP, m5CTP/CTP, ɊTP/UTP ʠ m1ɊTP/UTP. ʈʝʘʢʮʠʦʥʥʘʷ 

ʩʤʝʩʴ ʦʙʲʝʤʦʤ 100 ʤʢʣ ʩʦʜʝʨʞʘʣʘ 300 ʥʛ ɼʅʂ-ʤʘʪʨʠʮʳ, 18 ʝʜ. ʘʢʪ. ʈʅʂ-ʧʦʣʠʤʝʨʘʟʳ ʊ7 ʠʟ 

ʙʘʢʪʝʨʠʦʬʘʛʘ ʊ7 (Biosan, ʈʦʩʩʠʷ), ʙʫʬʝʨ ʜʣʷ ʪʨʘʥʩʢʨʠʧʮʠʠ ʠ ʩʤʝʩʴ ʨʅʊʌ ʧʦ 3 ʤʄ ʢʘʞʜʦʛʦ. 

ʇʦʩʣʝ ʨʝʘʢʮʠʠ ʧʨʦʚʦʜʠʣʠ ʛʠʜʨʦʣʠʟ ɼʅʂ-ʤʘʪʨʠʮ, ʜʦʙʘʚʣʷʷ 1 ʝʜ. ʘʢʪ. ɼʅʂʘʟʳ I ʥʘ ʢʘʞʜʳʝ 
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100 ʤʢʣ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʠ ʠʥʢʫʙʠʨʫʷ ʩʤʝʩʴ ʧʨʠ 37Áʉ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. ʈʅʂ ʚʳʜʝʣʷʣʠ 

ʬʝʥʦʣ-ʭʣʦʨʦʬʦʨʤʥʦʡ ɻ ʢʩʪʨʘʢʮʠʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʙʦʨʘ LRU-100-50 ʩ ʘʜʩʦʨʙʮʠʝʡ ʈʅʂ 

ʥʘ ʢʦʣʦʥʢʘʭ (BiolabMix, ʈʦʩʩʠʷ) ʠ ɻ ʣʶʠʨʦʚʘʣʠ ʚ 60 ʤʢʣ ʩʪʝʨʠʣʴʥʦʡ ʚʦʜʳ. ʆʯʠʱʝʥʥʫʶ ʈʅʂ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴ ʁ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʣʠ ʧʫʪʝʤ 

ʠʟʤʝʨʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʙʦʨʦʤ Qubit RNA BR Assay Kit.  

2.2.4 ʈʘʩʱʝʧʣʝʥʠʝ ʧʣʘʟʤʠʜʥʦʛʦ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ in vitro 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʣʘʟʤʠʜʫ pANXA6, ʥʝʩʫʱʫʶ ʬʨʘʛʤʝʥʪ ʛʝʥʘ ANXA6 

(pANXA6, OriGene # RC202086, ʇʨʠʣʦʞʝʥʠʝ ɸ ʈʠʩʫʥʦʢ ɸ4). ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ crʈʅʂ 

ʛʠʙʨʠʜʠʟʦʚʘʣʠ ʩ tracrʈʅʂ (ʧʦ 0,2 ʤʢʄ) ʚ ʚʦʜʝ ʧʨʠ 95ÁC ʚ ʪʝʯʝʥʠʝ 30 ʩ, ʘ ʟʘʪʝʤ ʦʭʣʘʞʜʘʣʠ 

3 ʤʠʥ ʥʘ ʣʴʜʫ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʜʫʧʣʝʢʩʘ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ sgʈʅʂ (0,2 ʤʢʄ) ʜʘʥʥʳʡ ɻ ʪʘʧ 

ʧʨʦʧʫʩʢʘʣʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 0,2 ʤʢʄ ʙʝʣʦʢ Cas9 

ʠʥʢʫʙʠʨʦʚʘʣʠ ʩ ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʈʅʂ ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʙʫʬʝʨʝ HEPES (ʩʤ. ʨʘʟ. 2.1.3). ʂ 50-

ʢʨʘʪʥʦʤʫ ʠʟʙʳʪʢʫ ʢʦʤʧʣʝʢʩʘ Cas9/crʈʅʂ:tracrʈʅʂ ʠʣʠ Cas9/sgʈʅʂ ʜʦʙʘʚʣʷʣʠ ʧʣʘʟʤʠʜʫ 

0,008 ʤʢʄ pANXA6, ʠ ʠʥʢʫʙʠʨʦʚʘʣʠ ʧʨʠ 37Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯ. ɼʣʷ ʠʥʘʢʪʠʚʘʮʠʠ ʥʫʢʣʝʘʟʳ 

Cas9 ʩʤʝʩʴ ʧʦʤʝʱʘʣʠ ʚ ʣʝʜ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 10 ʤʢʣ ʙʫʬʝʨʘ ʩ ʧʨʦʪʝʠʥʘʟʦʡ ʂ (ʩʤ. ʨʘʟ. 2.1.3) ʠ 

1 ʤʢʣ 50 ʤʄ ʕɼʊɸ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʢʫʙʘʮʠʝʡ ʧʨʠ 37 Áʉ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥ. ʇʨʦʜʫʢʪʳ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ ʨʘʟʜʝʣʷʣʠ ʵʣʝʢʪʨʦʬʦʨʝʟʦʤ ʚ 1% ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ, ʦʢʨʘʰʠʚʘʣʠ 0,5 

ʤʢʛ/ʤʣ ʙʨʦʤʠʩʪʦʛʦ ʵʪʠʜʠʷ ʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʋʌ-ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ.  

ʈʝʟʫʣʴʪʘʪʳ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʨʘʩʩʯʠʪʳʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʦʛʨʘʤʤʳ Quantity One 4.6.8 (Bio-Rad, ʉʐɸ). ʇʨʦʮʝʥʪ ʦʜʥʦ- ʠ ʜʚʫʮʝʧʦʯʝʯʥʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ (SSB ʠ DSB ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠ ʦʙʱʝʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʣʠ 

ʧʦ ʬʦʨʤʫʣʘʤ 1-3: 

 

 
˛̗̅̎̏ ̘̘̆̐̏̆̎̏̆ ̑́̒̆̐̌̆̎̉̆̚

)̑̆̌

Ὅ̑̆̌ Ὅ̌̉̎ Ὅ̒̔̐̆̑̒̋ϽË
ϽρππϷ 

 

(1) 

 
ˑ̗̘̘̃̔̆̐̏̆̎̏̆ ̑́̒̆̐̌̆̎̉̆̚ȟϷ

Ὅ̌̉̎
Ὅ̑̆̌ Ὅ̌̉̎ Ὅ̒̔̐̆̑̒̋ϽË

ϽρππϷ 

 

(2) 

 ʆʙʱʝʝ ʨʘʩʱʝʧʣʝʥʠʝȟϷ  ὈὛὄ 33" (3) 

 

ʛʜʝ I ð ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʣʦʩ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʡ (Iʨʝʣ), ʣʠʥʝʡʥʦʡ 

(Iʣʠʥ) ʠ ʩʫʧʝʨʩʢʨʫʯʝʥʥʦʡ (Iʩʫʧʝʨʩʢ) ʬʦʨʤʳ ʧʣʘʟʤʠʜʳ, ʘ k = 1.14 ð ʢʦʵʬʬʠʮʠʝʥʪ ʠʥʪʝʨʢʘʣʷʮʠʠ 
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ʙʨʦʤʠʩʪʦʛʦ ʵʪʠʜʠʷ ʚ ʩʫʧʝʨʩʢʨʫʯʝʥʥʫ ʁ ʬʦʨʤʫ ʧʣʘʟʤʠʜʳ. ʊʘʢʞʝ ʙʳʣʠ ʚʥʝʩʝʥʳ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʧʨʘʚʢʠ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʘʟʤʠʜʥʳʭ ʬʦʨʤ ʚ ʦʪʩʫʪʩʪʚʠʝ ʙʝʣʢʘ Cas9. 

2.2.5 ʆʧʨʝʜʝʣʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ ʤʦʥʦʤʝʨʦʚ ʚ ʩʦʩʪʘʚʝ ʈʅʂ, 

ʧʦʣʫʯʝʥʥʳʭ ʬʝʨʤʝʥʪʘʪʠʚʥʦ 

ʀʩʯʝʨʧʳʚʘʶʱʠʡ ʬʝʨʤʝʥʪʘʪʠʚʥʳʡ ʛʠʜʨʦʣʠʟ ʈʅʂ ʧʨʦʚʦʜʠʣʠ ʚ ʙʫʬʝʨʝ ʜʣʷ ʛʠʜʨʦʣʠʟʘ 

ʈʅʂ (ʩʤ.ʨʘʟʜ. 2.1.3). ʈʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʠʥʢʫʙʠʨʦʚʘʣʠ ʦʪ 2 ʜʦ 18 ʯ ʧʨʠ 37Áʉ, ʟʘʪʝʤ 

ʬʝʨʤʝʥʪʳ ʜʝʟʘʢʪʠʚʠʨʦʚʘʣʠ ʧʨʠ 75Áʉ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥ. ʅʝʨʘʩʪʚʦʨʠʤʫʶ ʬʨʘʢʮʠʶ ʦʪʜʝʣʷʣʠ 

ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ ʧʨʠ 12000Ĭg ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥ. ʉʫʧʝʨʥʘʪʘʥʪ ʵʢʩʪʨʘʛʠʨʦʚʘʣʠ 

ʭʣʦʨʦʬʦʨʤʦʤ ʠ ʩʫʰʠʣʠ ʚ ʚʘʢʫʫʤʝ. ɺʳʧʘʨʝʥʥʳʝ ʦʩʘʜʢʠ ʨʘʩʪʚʦʨʷʣʠ ʚ ʜʝʠʦʥʠʟʠʨʦʚʘʥʥʦʡ 

ʚʦʜʝ ʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ ʞʠʜʢʦʩʪʥʦʡ ʭʨʦʤʘʪʦʛʨʘʬʠʠ ʩ 

ʤʥʦʛʦʚʦʣʥʦʚʳʤ ʋʌ-ʜʝʪʝʢʪʠʨʦʚʘʥʠʝʤ ʥʘ ʢʦʣʦʥʢʝ ProntoSIL-20-3-C18 AQ ʥʘ ʭʨʦʤʘʪʦʛʨʘʬʝ 

ʩʝʨʠʠ ʄʠʣʠʭʨʦʤ ɸ-02 (ʕʢʦʅʦʚʘ, ʅʦʚʦʩʠʙʠʨʩʢ). 

2.2.6. ʈʘʩʱʝʧʣʝʥʠʝ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ in vitro 

ʌʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ (ʇʨʠʣʦʞʝʥʠʝ ɺ) ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ ʩ 

ʤʫʪʘʮʠʷʤʠ (ʇʨʠʣʦʞʝʥʠʝ ɹ) ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʇʎʈ-ʘʤʧʣʠʬʠʢʘʮʠʠ ʧʣʘʟʤʠʜʳ pANXA6 ʩ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʤʠ ʧʨʘʡʤʝʨʘʤʠ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ, ʯʪʦ 

ʦʧʠʩʘʥʳ ʜʣʷ ʧʣʘʟʤʠʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʧʨʦʚʝʜʝʥʠʷ ʨʝʘʢʮʠʠ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʢʦʤʧʦʥʝʥʪʦʚ (ʢʦʥʝʯʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ: 0,25 ʤʢʄ Cas9, 1,25 ʤʢʄ tracrʈʅʂ ʠ 

1,25 ʤʢʄ crʈʅʂ ʠʣʠ 0,25 ʤʢʄ Cas9 ʠ 1,25 ʤʢʄ sgʈʅʂ; 0,01Ŀʤʢʄ ɼʅʂ-ʜʫʧʣʝʢʩʘ). ɺʨʝʤʷ 

ʠʥʢʫʙʘʮʠʠ ʚʘʨʴʠʨʦʚʘʣʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʘʜʘʯʠ: 1) ʢʠʥʝʪʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʦʩʪʘʥʘʚʣʠʚʘʣʠ 

ʯʝʨʝʟ 0, 30, 60, 120, 180, 360 ʠʣʠ 1440 ʤʠʥ; 2) ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʛʣʫʙʠʥʳ ʧʨʠʨʦʜʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʦʩʪʘʥʘʚʣʠʚʘʣʠ ʯʝʨʝʟ 120 ʤʠʥ; 3) ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ 

ʜʣʷ ʦʮʝʥʢʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʧʨʠʨʦʜʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʯʝʥʠʝ 120 ʤʠʥ; 4) 

ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ʜʣʷ ʦʮʝʥʢʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʌɻ-ʭʠʤʝʨʥʳʭ crʈʅʂ ʧʨʦʚʦʜʠʣʠ ʚ 

ʪʝʯʝʥʠʝ 1440 ʤʠʥʫʪ. ʇʨʦʜʫʢʪʳ ʨʘʩʱʝʧʣʝʥʠʷ ʙʳʣʠ ʦʯʠʱʝʥʳ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ, 

ʟʘʪʝʤ 5-10 ʥʛ ʧʨʦʜʫʢʪʦʚ ʙʳʣʠ ʚʳʩʫʰʝʥʳ ʥʘ SpeedVac ʧʨʠ 60 Áʉ.  

ʈʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʢʘʧʠʣʣʷʨʥʦʛʦ ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʥʘ 

ʛʝʥʝʪʠʯʝʩʢʦʤ ʘʥʘʣʠʟʘʪʦʨʝ ABI 3500 (Thermofisher, ʉʐɸ). ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 

ʨʘʩʩʯʠʪʳʚʘʣʠ ʢʘʢ ʧʨʦʮʝʥʪ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʡ ʧʣʦʱʘʜʠ ʧʠʢʦʚ ʧʨʦʜʫʢʪʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʩʫʤʤʝ ʧʠʢʦʚ ʩʫʙʩʪʨʘʪʘ ʠ ʧʨʦʜʫʢʪʘ. ʂʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʚ ʧʨʦʛʨʘʤʤʝ 

çSigmaPlot 11.0è ʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʬʦʨʤʫʣʳ 4: 
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 0ὸ ὃ̍ ́̋ρ̒ Ὡ ̎́̂ (4) 

ʛʜʝ P(t) ð ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʜʫʢʪʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t, Aʤʘʢʩ ð ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ ʜʫʧʣʝʢʩʘ, ʘ kʥʘʙ ð ʥʘʙʣʶʜʘʝʤʘʷ ʢʦʥʩʪʘʥʪʘ ʩʢʦʨʦʩʪʠ. 

ʇʦʢʘʟʘʪʝʣʴ ʩʧʝʮʠʬʠʯʥʦʩʪʠ  Ὓ Ȣ ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʈʅʂ (mod.) ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʢʦʥʪʨʦʣʴʥʦʡ ʈʅʂ (NM) - ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ 5:  

 

 
Ὓ Ȣ

ὶ ȢȾὶ Ȣ

ὶ Ⱦὶ
 

 

(5) 

ʛʜʝ ὶ  ʠ ὶ ð ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʢʦʥʪʨʦʣʴʥʦʛʦ ɼʅʂ-

ʜʫʧʝʣʢʩʘ (WT) ʠ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʩ ʤʠʩʤʘʪʯʘʤʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

2.2.7. ɺr ʜʝʣʝʥʠʝ ɼʅʂ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ 

ʇʨʦʜʫʢʪʳ Cas9-ʦʧʦʩʨʝʜʦʚʘʥʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʦʪʷʞʝʥʥʳʭ ʣʠʥʝʡʥʳʭ ɼʅʂ-

ʩʫʙʩʪʨʘʪʦʚ ʚʳʜʝʣʷʣʠ ʤʘʛʥʠʪʥʳʤʠ ʯʘʩʪʠʮʘʤʠ (ɹʠʦʣʘʙʤʠʢʩ, ʈʦʩʩʠʷ) ʥʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ 

ʩʪʘʥʮʠʠ Allsheng-AS-17060-Dx (Allsheng, ʂʠʪʘʡ). ɼʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʨʝʘʛʝʥʪʘ ʩ 

ʤʘʛʥʠʪʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʢ ʤʘʛʥʠʪʥʳʤ ʯʘʩʪʠʮʘʤ ʜʦʙʘʚʣʷʣʠ ʙʫʬʝʨ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ (ʩʤ. ʨʘʟʜ. 

2.1.3) ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:8. ɺʳʜʝʣʷʝʤʫʶ ɼʅʂ ʩʤʝʰʠʚʘʣʠ ʩ ʨʝʘʛʝʥʪʦʤ ʚ 2.5-ʢʨʘʪʥʦʤ ʠʟʙʳʪʢʝ, 

ʩʤʝʩʴ ʠʥʢʫʙʠʨʦʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ ʧʨʠ 25 Áʉ. ʇʦʩʣʝ ʦʪʜʝʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʯʘʩʪʠʮ 

ʤʘʛʥʠʪʥʳʤ ʰʪʘʪʠʚʦʤ ʫʜʘʣʷʣʠ ʥʘʜʦʩʘʜʦʯʥʫʶ ʞʠʜʢʦʩʪʴ. ʏʘʩʪʠʮʳ ʦʪʤʳʚʘʣʠ 100 ʤʢʣ 80% 

ʵʪʘʥʦʣʦʤ. ʇʦʩʣʝ ʦʪʤʳʚʢʠ ʵʪʘʥʦʣ ʫʜʘʣʷʣʠ, ʦʩʘʜʦʢ ʚʳʩʫʰʠʚʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ 10 

ʤʠʥʫʪ. ɼʅʂ ʵʣʶʠʨʦʚʘʣʠ ʚ 10 ʤʢʣ ʚʦʜʳ ʩ ʠʥʢʫʙʘʮʠʝʡ 5 ʤʠʥ ʧʨʠ 25 Áʉ. 

2.2.8. Neon ʪʨʘʥʩʬʝʢʮʠʷ ʈʅʇ ʢʣʝʪʦʢ 293T  

ɺ ʙʫʬʝʨʝ ʜʣʷ ʨʝʩʫʩʧʝʥʜʠʨʦʚʘʥʠʷ (ʙʫʬʝʨ R ʠʟ NeonÊ Transfection System Kit 

(Thermo Scientific, ʉʐɸ)) ʧʦʜʛʦʪʘʚʣʠʚʘʣʠ ʩʤʝʩʠ ʦʙʲʝʤʦʤ 10 ʤʢʣ, ʩʦʩʪʦʷʱʠʝ ʠʟ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ (sgʈʅʂ ʠʣʠ crʈʅʂ:tracrʈʅʂ) ʠ ʩʪʝʨʠʣʴʥʦʛʦ ʙʝʣʢʘ Streptococcus 

pyogenes Cas9 NLS (ʧʦ 100 ʧʤʦʣʴ ʢʘʞʜʦʛʦ ʢʦʤʧʦʥʝʥʪʘ). ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

crʈʅʂ:tracrʈʅʂ ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʨʝʜʳʥʢʫʙʘʮʠʶ ʧʨʠ 90 ÁC ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ. ɼʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʈʅʇ ʧʨʦʚʦʜʠʣʠ ʠʥʢʫʙʘʮʠʶ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (20ï25 ÁC) ʚ 

ʪʝʯʝʥʠʝ 15 ʤʠʥ. ʂʣʝʪʢʠ HEK293T/17 ʩʦʙʠʨʘʣʠ, ʧʨʦʤʳʚʘʣʠ ʠ ʨʘʩʧʨʝʜʝʣʷʣʠ ʚ ʦʪʜʝʣʴʥʳʝ 

ʧʨʦʙʠʨʢʠ ʧʦ 2 Ĭ 105 ʢʣʝʪʦʢ ʥʘ ʧʨʦʙʠʨʢʫ. ɿʘʪʝʤ ʢʣʝʪʢʠ ʨʝʩʫʩʧʝʥʜʠʨʦʚʘʣʠ ʚ ʙʫʬʝʨʝ R ʩ ʈʅʇ. 

ʊʨʘʥʩʬʝʢʮʠʶ ʧʨʦʚʦʜʠʣʠ ʧʦ ʧʨʦʪʦʢʦʣʫ ʧʨʦʠʟʚʦʜʠʪʝʣʷ Neon ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʩʘʜʢʠ 

ʦʙʲʝʤʦʤ 10 ʤʢʣ ʩʦ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: 1450 ɺ/30 ʤʩ/1 ʠʤʧʫʣʴʩ. ɺ ʢʘʯʝʩʪʚʝ 
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ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʣʝʪʢʠ 293T, ʨʝʩʫʩʧʝʥʜʠʨʦʚʘʥʥʳʝ ʚ ʙʫʬʝʨʝ R ʙʝʟ 

ʜʦʙʘʚʦʢ ʠ ʧʦʜʚʝʨʛʥʫʪʳʝ ʩʪʘʥʜʘʨʪʥʦʡ çʥʝʛʘʪʠʚʥʦʡè ʪʨʘʥʩʬʝʢʮʠʠ ʧʨʦʠʟʚʦʜʠʪʝʣʷ (0 ɺ/1 ʤʩ/0 

ʠʤʧʫʣʴʩʦʚ). ʇʦʩʣʝ ʪʨʘʥʩʬʝʢʮʠʠ ʢʣʝʪʢʠ ʧʝʨʝʥʦʩʠʣʠ ʚ 500 ʤʢʣ ʩʨʝʜʳ DMEM/F12 ʩ 10% 

ʩʳʚʦʨʦʪʢʠ FBS ʠ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʘʥʪʠʙʠʦʪʠʢʦʚ, ʠ ʠʥʢʫʙʠʨʦʚʘʣʠ ʧʨʠ 37 ÁC ʚʦ ʚʣʘʞʥʦʤ CO2-

ʠʥʢʫʙʘʪʦʨʝ. ʏʝʨʝʟ ʜʚʘ ʜʥʷ ʧʦʩʣʝ ʪʨʘʥʩʬʝʢʮʠʠ ʛʝʥʦʤʥʫʶ ɼʅʂ ʚʳʜʝʣʷʣʠ ʥʘʙʦʨʦʤ D-cells-

250 (BiolabMix, ʈʦʩʩʠʷ). ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ (%) ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ 

ʮʠʬʨʦʚʦʡ ʇʎʈ. 

2.2.9. ʎʠʬʨʦʚʘʷ ʇʎʈ  

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʦʡ CRISPR/Cas9 ʮʝʣʝʚʦʛʦ ʛʝʥʘ 

ANXA6 ʚ ʢʫʣʴʪʫʨʝ ʢʣʝʪʦʢ ʧʨʦʚʦʜʠʣʠ ʮʠʬʨʦʚʫʶ ʇʎʈ. ʇʨʘʡʤʝʨʳ ʠ ʟʦʥʜʳ ʧʦʜʦʙʨʘʣʠ ʩ 

ʧʦʤʦʱʴʶ ʩʘʡʪʘ Primer3 plus (http://primer3plus.com). 

ʂʦʥʪʨʦʣʴʥʳʡ ʟʦʥʜ ʩʦʜʝʨʞʘʣ ʬʣʶʦʨʦʬʦʨ 5ô-HEX (ʛʝʢʩʘʭʣʦʨʬʣʫʦʨʝʩʮʝʠʥ), ʘ ʟʦʥʜ, 

ʩʧʝʮʠʬʠʯʥʳʡ ʜʣʷ ʩʘʡʪʘ ʤʫʪʘʮʠʠ, ʚʢʣʶʯʘʣ 5ô-FAM (ʬʣʫʦʨʝʩʮʝʠʥ) ʤʝʪʢʫ. ʆʙʘ ʟʦʥʜʘ 

ʩʦʜʝʨʞʘʣʠ ʥʘ 3ô-ʢʦʥʮʝ ʪʫʰʠʪʝʣʴ BHQ-1. ʎʠʬʨʦʚʫʶ ʇʎʈ ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʣʘʪʬʦʨʤʝ QIAcuity 

One Platform System (Qiagen, ɻʝʨʤʘʥʠʷ). ʈʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ʦʙʲʝʤʦʤ 40 ʤʢʣ ʩʦʩʪʦʷʣʘ ʠʟ: 

10 ʤʢʣ 4ĬQIAcuity Probe PCR Master Mix  (Qiagen, ɻʝʨʤʘʥʠʷ), 15 ʥʛ ʛʝʥʦʤʥʦʡ ɼʅʂ, 

ʧʨʘʡʤʝʨʦʚ (0,8 ʤʢʄ), ʢʦʥʪʨʦʣʴʥʦʛʦ ʟʦʥʜʘ (0,4 ʤʢʄ), ʟʦʥʜʘ ʥʘ ʤʫʪʘʮʠʶ (0,04 ʤʢʄ), ʠ 

ʬʝʨʤʝʥʪʘ ʨʝʩʪʨʠʢʮʠʠ HindIII  (0,25 ʝʜ./ʤʢʣ, New England BioLab, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ). ʂʘʞʜʫʶ 

ʨʝʘʢʮʠʶ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʤʝʰʠʚʘʣʠ ʚ ʧʣʘʥʰʝʪʝ, ʘ ʟʘʪʝʤ ʧʝʨʝʥʦʩʠʣʠ ʚ 24-ʣʫʥʦʯʥʳʡ 

ʧʣʘʥʰʝʪ QIAcuity Nanoplate (Qiagen, ɻʝʨʤʘʥʠʷ). ʇʨʦʛʨʘʤʤʘ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʷ ʚʢʣʶʯʘʣʘ 

ʩʣʝʜʫʶʱʠʝ ʩʪʘʜʠʠ: 1) ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʜʝʥʘʪʫʨʘʮʠʷ ʚ ʪʝʯʝʥʠʝ 2 ʤʠʥ ʧʨʠ 95 ÁC, 2) 40 

ʮʠʢʣʦʚ, ʚʢʣʶʯʘʶʱʠʭ ʜʝʥʘʪʫʨʘʮʠʶ ʚ ʪʝʯʝʥʠʝ 15 ʩ ʧʨʠ 95 ÁC ʠ ʦʪʞʠʛ ʧʨʘʡʤʝʨʦʚ ʚ ʪʝʯʝʥʠʝ 

30 ʩ ʧʨʠ 60 ÁC. ʇʦʩʣʝʜʥʝʡ ʩʪʘʜʠʝʡ ʙʳʣʘ ʚʠʟʫʘʣʠʟʘʮʠʷ, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʣʘ ʩʯʠʪʳʚʘʥʠʝ ʢʘʢ 

ʤʫʪʘʥʪʥʦʛʦ (ʢʘʥʘʣ FAM), ʪʘʢ ʠ ʢʦʥʪʨʦʣʴʥʦʛʦ (ʢʘʥʘʣ HEX) ʩʠʛʥʘʣʦʚ. ɼʘʥʥʳʝ ʘʥʘʣʠʟʠʨʦʚʘʣʠ 

ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ QIAcuity Suite V1.1.3. 193. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʨʘʩʩʯʠʪʳʚʘʣʠ ʢʘʢ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʧʦʧʫʣʷʮʠʝʡ ʢʣʝʪʦʢ 

ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʪʦʣʴʢʦ ʧʦ ʟʦʥʜʫ ʥʘ ʤʝʩʪʦ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ ʤʫʪʘʮʠʠ ʩ FAM (ʪʦʣʴʢʦ FAM-

ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʪʦʯʢʠ) ʠ ʧʦʧʫʣʷʮʠʝʡ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʧʦ ʦʙʦʠʤ ʢʘʥʘʣʘʤ (HEX/FAM-

ʜʚʦʡʥʳʝ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʪʦʯʢʠ). 

2.2.10. ʉʪʘʪʠʩʪʠʢʘ  

ʉʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʩʪʦʨʦʥʥʝʛʦ t-ʢʨʠʪʝʨʠʷ 

ʉʪʴʜʁʝʥʪʘ. ɺʩʝ ʧʣʘʥʢʠ ʧʦʛʨʝʰʥʦʩʪʝʡ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ 
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ʩʨʝʜʥʝʛʦ. ʈʘʟʣʠʯʠʷ ʩʯʠʪʘʣʠ ʜʦʩʪʦʚʝʨʥʳʤʠ ʧʨʠ ʨ Ò0,05. ʌʦʨʤʫʣʘ t-ʢʨʠʪʝʨʠʷ ʉʪʴʶʜʝʥʪʘ ʜʣʷ 

ʥʝʟʘʚʠʩʠʤʳʭ ʚʳʙʦʨʦʢ 6: 

 
ὸ  
ȿὓ ὓȿ

„
ὔ

„
ὔ

 
(6) 

ʛʜʝ ʄ1 ï ʩʨʝʜʥʝʝ ʘʨʠʬʤʝʪʠʯʝʩʢʦʝ ʧʝʨʚʦʡ ʚʳʙʦʨʢʠ, M2 ï ʩʨʝʜʥʝʝ ʘʨʠʬʤʝʪʠʯʝʩʢʦʝ 

ʚʪʦʨʦʡ ʚʳʙʦʨʢʠ, ů1 ï ʩʪʘʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʧʝʨʚʦʡ ʚʳʙʦʨʢʠ, ů2 ï ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ 

ʚʪʦʨʦʡ ʚʳʙʦʨʢʠ, N1 ï ʦʙʲʝʤ ʧʝʨʚʦʡ ʚʳʙʦʨʢʠ, N2 ï ʦʙʲʝʤ ʚʪʦʨʦʡ ʚʳʙʦʨʢʠ.  
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ɻʃɸɺɸ 3. ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀʗ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠ ̫ ʩʠʩʪʝʤʳ 

CRISPR/Cas9. ʆʜʥʘʢʦ ʦʩʪʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ ʧʨʦʙʣʝʤʳ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʦʰʠʙʢʘʤʠ ʚ ʨʘʩʱʝʧʣʝʥʠʠ ɼʅʂ ʠ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʴ.ʁ ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʘʠʙʦʣʝʝ 

ʧʦʧʫʣʷʨʥʳʤʠ ʩʪʨʘʪʝʛʠʷʤʠ ʙʦʨʴʙʳ ʩ ʜʘʥʥʳʤʠ ʧʨʝʧʷʪʩʪʚʠʷʤʠ ʷʚʣʷʶʪʩʷ ʧʦʣʫʯʝʥʠʝ 

ʤʫʪʘʥʪʥʳʭ ʚʘʨʠʘʥʪʦʚ ʙʝʣʢʘ Cas9 ʠ ʤʦʜʠʬʠʢʘʮʠʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʢʘʢ ʚ ʚʠʜʝ sgʈʅʂ, 

ʪʘʢ ʠ ʚ ʚʠʜʝ ʢʦʤʧʣʝʢʩʘ crʈʅʂ ʠ tracrʈʅʂ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʟʨʘʙʦʪʢʦʡ ʥʦʚʳʭ ʥʫʢʣʝʘʟ Cas9 

ʩʠʥʪʝʟ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʙʦʣʝʝ ʧʨʦʩʪʳʤ, 

ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ ʧʦʜʭʦʜʦʤ. 

ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʷʚʣʷʶʪʩʷ 

ʤʦʜʠʬʠʢʘʮʠʠ ʩʘʭʘʨʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ, ʢʦʪʦʨʳʝ ʚʚʦʜʷʪʩʷ ʩ ʧʦʤʦʱʴʶ ʪʚʝʨʜʦʬʘʟʥʦʛʦ 

ʩʠʥʪʝʟʘ. ʆʜʥʦʡ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ ʬʦʩʬʦʨʠʣʛʫʘʥʠʜʠʥʦʚʘʷ (ʌɻ) ʛʨʫʧʧʘ. ʈʘʥʝʝ ʌɻ-ʛʨʫʧʧʳ ʚ 

ʢʦʤʙʠʥʘʮʠʠ ʩ 2ǋ-O-ʤʝʪʠʣʠʨʦʚʘʥʠʝʤ ʙʳʣʠ ʚʚʝʜʝʥʳ ʚ ʤʘʣʳʝ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʝ ʈʅʂ, ʯʪʦ 

ʧʦʟʚʦʣʠʣʦ ʩʥʠʟʠʪʴ ʥʝʮʝʣʝʚʫʶ ʘʢʪʠʚʥʦʩʪʴ ʠ ʧʦʚʳʩʠʪʴ ʫʨʦʚʝʥʴ ʧʦʜʘʚʣʝʥʠʷ ʵʢʩʧʨʝʩʩʠʠ 

ʮʝʣʝʚʳʭ ʛʝʥʦʚ [112]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠʨʦʜʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʤʘʣʦʠʟʫʯʝʥʳ, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ 2ô-O-ʤʝʪʠʣʠʨʦʚʘʥʥʳʭ ʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ. ʆʜʥʘʢʦ ʚʢʣʶʯʝʥʠʝ ʧʨʠʨʦʜʥʳʭ 

ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ ʤʦʥʦʤʝʨʦʚ ʚ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʈʅʂ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʢʣʝʪʦʯʥʦʛʦ 

ʠʤʤʫʥʥʦʛʦ ʦʪʚʝʪʘ, ʘ ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ ʜʣʷ ʩʠʥʪʝʟʘ ʘʥʘʣʦʛʦʚ ʢʦʨʦʪʢʠʭ 

ʨʝʛʫʣʷʪʦʨʥʳʭ ʈʅʂ, ʥʘʧʨʠʤʝʨ, ʤʘʣʳʭ ʷʜʨʳʰʢʦʚʳʭ ʈʅʂ [113], ʪʘʢ ʠ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʨʘʥʩʣʷʮʠʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʤʈʅʂ ʧʨʠ ʪʨʘʥʩʬʝʢʮʠʠ ʚ ʢʣʝʪʢʠ ʯʝʣʦʚʝʢʘ [114]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʢʘʢ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ, ʪʘʢ ʠ ʦʩʪʘʪʢʦʚ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʌɻ-ʛʨʫʧʧʘʤʠ ʚ 

ʩʪʨʫʢʪʫʨʝ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʠ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ 

CRISPR/Cas9.  
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3.1. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʜʣʷ 

ʩʠʩʪʝʤʳ CRISPR/Cas9 

3.1.1. ɺʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʚ tracrʈʅʂ 

3.1.1.1. ʉʠʥʪʝʟ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩ ʨʘʟʣʠʯʥʦʡ ʛʣʫʙʠʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ sgʈʅʂ ʠ tracrʈʅʂ, ʙʳʣʠ ʚʳʙʨʘʥʳ ʯʝʪʳʨʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʤʦʥʦʤʝʨʘ, ʢʦʪʦʨʳʝ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʚ ʧʨʠʨʦʜʥʳʭ ʪʠʧʘʭ ʈʅʂ, ʘ 

ʠʤʝʥʥʦ: m6A, m5C, Ɋ ʠ m1Ɋ (ʈʠʩʫʥʦʢ 15).  

 

ʈʠʩʫʥʦʢ 15. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʟʠʜʳ m6A, m5C, Ɋ ʠ m1Ɋ, ʢʦʪʦʨʳʝ ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʨʘʙʦʪʝ. 

ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʚʳʙʨʘʥʥʳʭ ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʤʝʪʦʜʦʤ 

ʊ7-ʪʨʘʥʩʢʨʠʧʮʠʠ in vitro ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ sgʈʅʂ ʠ tracrʈʅʂ 

(ʈʠʩʫʥʦʢ 16). 
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ʈʠʩʫʥʦʢ 16. ʉʭʝʤʘ ʩʠʥʪʝʟʘ sgʈʅʂ ʠ tracrʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ 

ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ m6A, m5C, Ɋ ʠ m1Ɋ. ɺ ʧʣʘʟʤʠʜʝ PX458 ʟʝʣʝʥʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥ 

ʧʨʦʪʦʩʧʝʡʩʝʨ ɼʅʂ-ʤʠʰʝʥʠ, ʯʝʨʥʳʤ ï ʊ7- ʧʨʦʤʦʪʦʨ ʈʅʂ-ʧʦʣʠʤʝʨʘʟʳ ʬʘʛʘ ʊ7, ʞʝʣʪʳʤ ori 

ï ʫʯʘʩʪʦʢ ʥʘʯʘʣʘ ʨʝʧʣʠʢʘʮʠʠ, ʘ ʤʘʣʠʥʦʚʳʤ ï ʥʝʚʘʨʠʘʙʝʣʴʥʳʡ ʬʨʘʛʤʝʥʪ ʥʘʧʨʘʚʣʷʶʱʠʭ 

ʈʅʂ (scaffold). ʉʝʨʳʤ ʮʚʝʪʦʤ ʫʢʘʟʘʥʳ ʧʨʘʡʤʝʨʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ɼʅʂ-ʤʘʪʨʠʮ ʩ ʬʨʘʛʤʝʥʪʦʤ 

ʛʝʥʘ ANXA6.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚʦ ʚʨʝʤʷ ʪʨʘʥʩʢʨʠʧʮʠʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʤʦʥʦʤʝʨʳ ʩʪʘʪʠʩʪʠʯʝʩʢʠ 

ʚʢʣʶʯʘʶʪʩʷ ʚ ʈʅʂ ʠ ʛʣʫʙʠʥʘ ʤʦʜʠʬʠʢʘʮʠʠ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʯʘʣʴʥʦʛʦ 

ʩʦʦʪʥʦʰʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ/ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʥʫʢʣʝʦʟʠʜ ʪʨʠʬʦʩʬʘʪ (ʅʊʌ) 

ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʭ ʚʢʣʶʯʝʥʠʷ. ʇʦʵʪʦʤʫ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʫʩʣʦʚʠʡ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ ʧʫʪʝʤ 

ʠʩʯʝʨʧʳʚʘʶʱʝʛʦ ʛʠʜʨʦʣʠʟʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʜʦ ʨʠʙʦʥʫʢʣʝʦʟʠʜʦʚ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʘʥʘʣʠʟʦʤ ʧʨʦʜʫʢʪʦʚ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʡ ʦʙʨʘʱʝʥʥʦ-ʬʘʟʦʚʦʡ 

ʞʠʜʢʦʩʪʥʦʡ ʭʨʦʤʘʪʦʛʨʘʬʠʠ (ʆʌ-ɺʕɾʍ ʩ ʤʥʦʛʦʚʦʣʥʦʚʦʡ ʋʌ-ʜʝʪʝʢʮʠʝʡ). ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʪʘʪʢʠ m6A ʚʢʣʶʯʘʶʪʩʷ ʚ 26% ʚʦʟʤʦʞʥʳʭ ʧʦʣʦʞʝʥʠʡ ʥʘʧʨʘʚʣʷʶʱʝʡ 

ʈʅʂ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʨʘʥʩʢʨʠʧʮʠʦʥʥʦʡ ʩʤʝʩʠ ʩ 50% ʠʩʭʦʜʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʥʝʢʘʥʦʥʠʯʝʩʢʦʛʦ ʤʦʥʦʤʝʨʘ. ɼʣ ̫ʦʩʪʘʪʢʦʚ m5C, Ɋ ʠ m1Ɋ, ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ, ʛʣʫʙʠʥʘ 

ʤʦʜʠʬʠʢʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 48%, 38% ʠ 30% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʈʠʩʫʥʦʢ 17). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦ 
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ʚʩʝʭ ʜʘʣʴʥʝʡʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʦʞʠʜʘʝʤʫʶ ʛʣʫʙʠʥʫ ʤʦʜʠʬʠʢʘʮʠʡ sgʈʅʂ ʠ tracrʈʅʂ 

ʨʘʩʩʯʠʪʳʚʘʣʠ, ʠʩʭʦʜʷ ʠʟ ʩʦʜʝʨʞʘʥʠʷ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʅʊʌ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʠ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʢʣʶʯʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 17. ʉʨʘʚʥʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ Ɋ, m1Ɋ, m5C ʠ m6A. ʋʢʘʟʘʥʳ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʦʦʪʥʦʰʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ/ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʅʊʌ ʜʣʷ ʢʘʞʜʦʡ ʤʦʜʠʬʠʢʘʮʠʠ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ ʦʩʪʘʪʢʦʚ m6A, m5C, Ɋ ʠ m1Ɋ ʚ ʩʦʩʪʘʚʝ sgʈʅʂ ʠʣʠ 

tracrʈʅʂ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas9 in vitro, ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʚʘ ʤʝʪʦʜʘ: ʛʠʜʨʦʣʠʟ ʧʣʘʟʤʠʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʵʣʝʢʪʨʦʬʦʨʝʟʦʤ ʚ ʘʛʘʨʦʟʥʦʤ ʛʝʣʝ ʠ ʛʠʜʨʦʣʠʟ ʧʨʦʪʷʞʝʥʥʳʭ ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʭ 

ʣʠʥʝʡʥʳʭ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʜʝʥʘʪʫʨʠʨʫʶʱʠʤ ʢʘʧʠʣʣʷʨʥʳʤ ʛʝʣʴ-

ʵʣʝʢʪʨʦʬʦʨʝʟʦʤ (ʈʠʩʫʥʦʢ 18). 
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ʈʠʩʫʥʦʢ 18. ʄʦʜʝʣʠ ʜʣʷ ʦʮʝʥʢʠ ʘʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro ʥʘ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘʭ. ɸ ï ʧʣʘʟʤʠʜʘ (pANXA6) ʥʝʩʫʱʘʷ ʬʨʘʛʤʝʥʪ ʛʝʥʘ ANXA6 ʠ ʠʩʧʦʣʴʟʦʚʘʥʥʘʷ ʜʣʷ 

ʢʘʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ; ɹ ï ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʝ ɼʅʂ-ʜʫʧʣʝʢʩʳ ʜʣʷ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ. ʌʣʶʦʨʝʩʮʝʠʥ (FAM) ʙʳʣ 

ʧʨʠʩʦʝʜʠʥʝʥ ʩ 5ô-ʢʦʥʮʘ ʮʝʣʝʚʦʡ ʠʣʠ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ. 

ʇʣʘʟʤʠʜʥʳʡ ʩʫʙʩʪʨʘʪ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʢʘʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʧʨʦʪʝʢʘʥʠʷ 

ʨʝʘʢʮʠʠ, ʘ ʩ ʧʦʤʦʱʴʶ ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʭ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʙʳʣ ʧʨʦʚʝʜʝʥ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ. ʅʘʣʠʯʠʝ 

ʬʣʶʦʨʝʩʮʝʥʪʥʦʡ ʤʝʪʢʠ ʪʦʣʴʢʦ ʥʘ ʦʜʥʦʡ ʮʝʧʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʧʦʟʚʦʣʷʣʦ ʦʮʝʥʠʚʘʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʠʜʨʦʣʠʟʘ ʢʦʥʢʨʝʪʥʦʡ ʮʝʧʠ. 

ɺʩʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ ʩʦʜʝʨʞʘʣʠ ʬʨʘʛʤʝʥʪ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʛʝʥʘ ANXA6. ɻʝʥ ANXA6 

ʷʚʣʷʝʪʩʷ ʯʣʝʥʦʤ ʩʝʤʝʡʩʪʚʘ ʘʥʥʝʢʩʠʥʦʚʳʭ ʙʝʣʢʦʚ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʢʘʣʴʮʠʝʚʳʝ ʠ ʤʝʤʙʨʘʥʦʩʚʷʟʳʚʘʶʱʠʝ ʙʝʣʢʠ [115]. ANXA6 ʫʯʘʩʪʚʫʝʪ 

ʚ ʨʝʛʫʣʷʮʠʠ ʤʠʛʨʘʮʠʠ ʭʦʣʝʩʪʝʨʠʥʘ, ʨʝʮʝʧʪʦʨʦʚ ʢʣʝʪʦʯʥʦʡ ʤʝʤʙʨʘʥʳ, ʚʳʧʦʣʥʷʝʪ ʬʫʥʢʮʠʶ 

ʢʘʨʢʘʩʘ ʜʣʷ ʩʚʷʟʳʚʘʥʠʷ ʤʝʤʙʨʘʥʥʳʭ ʤʠʢʨʦʜʦʤʝʥʦʚ ʩ ʮʠʪʦʩʢʝʣʝʪʦʤ ʠ ʜʨ [115]. ʀʟ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʜʘʚʣʝʥʠʝ ʵʢʩʧʨʝʩʩʠʠ ʛʝʥʘ ANXA6 ʫʚʝʣʠʯʠʚʘʝʪ 

ʥʘʨʘʙʦʪʢʫ ʚʠʨʫʩʘ ʛʨʠʧʧʘ ɸ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʨʠ ʩʦʟʜʘʥʠʠ 

ʚʳʩʦʢʦ ʧʝʨʤʝʩʩʠʚʥʦʡ ʢʣʝʪʦʯʥʦʡ ʣʠʥʠʠ ʜʣʷ ʧʨʦʚʝʨʢʠ ʚʘʢʮʠʥ ʧʨʦʪʠʚ ʛʨʠʧʧʘ [111]. 

ɺʳʙʨʘʥʥʳʡ ʥʘʤʠ ʬʨʘʛʤʝʥʪ ʛʝʥʘ ANXA6 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʘʠʙʦʣʝʝ ʚʘʨʠʘʙʝʣʴʥʫʶ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ. ʈʘʥʝʝ ʚ ʥʘʰʝʡ ʣʘʙʦʨʘʪʦʨʠʠ ʜʣʷ ʜʘʥʥʦʛʦ ʬʨʘʛʤʝʥʪʘ ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ 
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ʪʨʠ ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʧʨʦʛʥʦʟʠʨʫʝʤʦʡ ʥʝʮʝʣʝʚʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʠ ʧʨʦʷʚʣʷʶʱʠʝ 

ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʚ ʢʫʣʴʪʠʚʠʨʫʝʤʳʭ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ [111], 

ʧʦʵʪʦʤʫ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚʳʰʝʫʧʦʤʷʥʫʪʳʡ ʬʨʘʛʤʝʥʪ ʛʝʥʘ 

ANXA6. 

ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʵʬʬʝʢʪ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ 

m6A, m5C, Ɋ ʠ m1Ɋ ʚ ʩʪʨʫʢʪʫʨʝ tracrʈʅʂ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ ʛʝʥʦʤʥʦʛʦ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas9 in vitro, ʯʪʦʙʳ ʦʮʝʥʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʷʟʳʚʘʥʠʷ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʩ ʙʝʣʢʦʤ Cas9, ʘ ʟʘʪʝʤ ʚ ʩʦʩʪʘʚʝ sgʈʅʂ, ʯʪʦʙ 

ʠʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʩʧʝʡʩʝʨʘ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ. 

3.1.1.2. ʆʮʝʥʢʘ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʚ tracrʈʅʂ 

ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro 

ʀʟʚʝʩʪʥʦ, ʯʪʦ tracrʈʅʂ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 ʠ ʦʪʚʝʯʘʝʪ ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʙʝʣʢʦʤ Cas9 [8]. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʘʢ 

ʝʜʠʥʠʯʥʳʝ [116], ʪʘʢ ʠ ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʚʚʝʜʝʥʳ ʚ ʦʙʣʘʩʪʴ 

ʛʠʙʨʠʜʠʟʘʮʠʠ crʈʅʂ:tracrʈʅʂ ʙʝʟ ʠʥʛʠʙʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ CRISPR/Cas9 [117]. 

ʂʨʦʤʝ ʪʦʛʦ, ʚʢʣʶʯʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ tracrʈʅʂ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʪʴ ʘʢʪʠʚʥʦʩʪʴ ʙʝʣʢʘ Cas9 [118]. 

ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʙʳʣʠ ʧʦʣʫʯʝʥʳ tracrʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ 100% ʦʩʪʘʪʢʦʚ m6A, m5C, 

Ɋ ʠʣʠ m1Ɋ, ʯʪʦʙʳ ʦʮʝʥʠʪʴ ʠʭ ʩʧʦʩʦʙʥʦʩʪʴ ʦʙʨʘʟʦʚʳʚʘʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ 

ʢʦʤʧʣʝʢʩ rʩ ʙʝʣʢʦʤ Cas9 ʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ crʈʅʂ (ʈʠʩʫʥʦʢ 19ɸ). ɼʣʷ ʵʪʦʛʦ ʚ 

ʢʘʯʝʩʪʚʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʣʘʟʤʠʜʫ pANXA6, ʩʦʜʝʨʞʘʱʫʶ ʬʨʘʛʤʝʥʪ ʛʝʥʘ 

ANXA6. 
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ʈʠʩʫʥʦʢ 19. ʆʮʝʥʢʘ ʛʠʜʨʦʣʠʟʘ ʧʣʘʟʤʠʜʳ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 c 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ crʈʅʂ ʠ tracrʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ 100% ʦʩʪʘʪʢʦʚ m6A, m5C, Ɋ ʠ m1Ɋ. 

ɸ ï ʩʭʝʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʤʧʣʝʢʩʘ crʈʅʂ:tracrʈʅʂ ʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ; ɹ ï ʛʠʜʨʦʣʠʟ 

ʧʣʘʟʤʠʜʳ ʢʦʤʧʣʝʢʩʘʤʠ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ tracrʈʅʂ ʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

tracrʈʅʂ (NM). ʇʣʘʟʤʠʜʫ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʙʝʣʢʘ Cas9 ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʢʘʯʝʩʪʚʝ 

ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ. ʇʦʣʦʞʠʪʝʣʴʥʳʡ ʢʦʥʪʨʦʣʴ ʧʣʘʟʤʠʜʳ (ʂ+) ʚʢʣʶʯʝʥ ʚ 

ʇʨʠʣʦʞʝʥʠʝ ɻ, ʈʠʩʫʥʦʢ ɻ1. ɼʚʝ ʚʝʨʭʥʠʝ ʧʦʣʦʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʜʫʢʪʳ 

ʨʘʩʱʝʧʣʝʥʠʷ (ʨʝʣʘʢʩʠʨʦʚʘʥʥʘʷ ʠ ʣʠʥʝʡʥʘʷ ʬʦʨʤʳ), ʘ ʥʠʞʥʷʷ ʧʦʣʦʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʠʥʪʘʢʪʥʫʶ ʧʣʘʟʤʠʜʫ (ʩʫʧʝʨʩʢʨʫʯʝʥʥʫʶ ʬʦʨʤʫ); ɺ ï ʧʨʦʮʝʥʪ ʧʣʘʟʤʠʜʳ, ʛʠʜʨʦʣʠʟʦʚʘʥʥʦʡ 

ʙʝʣʢʦʤ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ tracrʈʅʂ. ʇʦʢʘʟʘʥʳ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ Ñ ʩʪʘʥʜʘʨʪʥʦʝ 

ʦʪʢʣʦʥʝʥʠʝ ʠʟ ʪʨʝʭ ʥʝʟʘʚʠʩʠʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʕʣʝʢʪʨʦʬʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʢʣʶʯʝʥʠʝ ʦʩʪʘʪʢʦʚ m6A ʠ m1Ɋ ʚ ʩʦʩʪʘʚ 

tracrʈʅʂ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʦʤʫ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʠʜʨʦʣʠʟʘ ʧʣʘʟʤʠʜʳ (ʈʠʩʫʥʦʢ 

19ɹ). ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʟʘʤʝʥʘ ʫʨʠʜʠʥʘ ʥʘ Ɋ ʥʝ ʩʥʠʞʘʣʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ. ɸʥʘʣʦʛʠʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ʥʘʙʣʶʜʘʣʠ ʧʨʠ ʚʚʝʜʝʥʠʠ m5C ʚ tracrʈʅʂ. ɺʘʞʥʦ 
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ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ m5C ʠ Ɋ ʛʣʫʙʠʥʘ ʛʠʜʨʦʣʠʟʘ ʤʠʰʝʥʠ ʩʨʘʚʥʠʤʘ ʩ ʛʣʫʙʠʥʦʡ ʛʠʜʨʦʣʠʟʘ, 

ʥʘʙʣʶʜʘʝʤʦʡ ʜʣʷ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʈʅʂ. (ʈʠʩʫʥʦʢ 19ɺ).  

ɺr ʷʚʣʝʥʥʳʡ ʥʝʛʘʪʠʚʥʳʡ ɻ ʬʬʝʢʪ ʦʪ ʚʢʣʶʯʝʥʠʷ ʦʩʪʘʪʢʦʚ m6A ʚ tracrʈʅʂ ʤʦʞʝʪ ʙʳʪʴ 

ʩʚʷʟʘʥ ʩ ʤʥʦʛʦʯʠʩʣʝʥʥʳʤʠ ʦʩʪʘʪʢʘʤʠ ʘʜʝʥʦʟʠʥʘ ʚ ʦʙʣʘʩʪʠ ʧʦʚʪʦʨ-ʘʥʪʠʧʦʚʪʦʨʘ, ʢʦʪʦʨʘʷ 

ʢʦʤʧʣʝʤʝʥʪʘʨʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ crʈʅʂ, ʦʙʝʩʧʝʯʠʚʘʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩ ʙʝʣʢʦʤ Cas9 (ʈʠʩʫʥʦʢ 19ɸ). ɺʦʟʤʦʞʥʦ ʟʘʤʝʥʘ ʘʜʝʥʦʟʠʥʘ ʥʘ m6A, 

ʜʝʩʪʘʙʠʣʠʟʠʨʫʝʪ ʜʘʥʥʳʡ ʜʫʧʣʝʢʩ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʝ ʩʚʷʟʳʚʘʥʠʝ crʈʅʂ ʠ 

tracrʈʅʂ ʠ ʩʥʠʞʘʝʪ ʘʢʪʠʚʥʦʩʪʴ ʈʅʇ. ʅʝʜʘʚʥʷʷ ʨʘʙʦʪʘ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ m6A ʚ 

ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ tracrʈʅʂ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʰʠ ʧʨʝʜʧʦʣʦʞʝʥʠʷ [119]. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, 

ʚʢʣʶʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʦʩʪʘʪʢʦʚ m6A ʚ ʦʙʣʘʩʪʠ ʧʦʚʪʦʨ-ʘʥʪʠʧʦʚʪʦʨʘ ʩʥʠʞʘʝʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʪʦʛʜʘ ʢʘʢ ʚ ʜʨʫʛʠʭ ʧʦʣʦʞʝʥʠʷʭ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʚʣʠʷʝʪ ʥʘ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ CRISPR/Cas9. ɸʥʘʣʦʛʠʯʥʦ ʜʝʡʩʪʚʠʶ m6A, 

ʚʢʣʶʯʝʥʠʝ ʚ tracrʈʅʂ ʦʩʪʘʪʢʦʚ m1Ɋ ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʝʪ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʠʜʨʦʣʠʟʘ 

ʧʣʘʟʤʠʜʳ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʪʝʤ, ʯʪʦ ʧʨʠʩʫʪʩʪʚʠʝ m1Ɋ ʚ ʈʅʂ-ʜʫʧʣʝʢʩʘʭ 

ʧʦʚʳʰʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʧʘʨʠʚʘʥʠ ̫ʦʩʥʦʚʘʥʠʡ ʠ ʫʩʠʣʠʚʘʝʪ ʩʪʵʢʠʥʛ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʦʩʥʦʚʘʥʠʷʤʠ ʚ ʈʅʂ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʞʝʩʪʢʦʩʪʠ ʩʘʭʦʨʦʬʦʩʬʘʪʥʦʛʦ ʦʩʪʦʚʘ ʠ 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʠʥʘʤʠʢʫ ʈʅʂ-ʜʫʧʣʝʢʩʦʚ [120].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʚʝʜʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ m5C, Ɋ ʠ ʚ 

ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ m6A ʠ m1Ɋ ʚ ʩʦʩʪʘʚ tracrʈʅʂ ʚ ʩʦʯʝʪʘʥʠʠ ʩ crʈʅʂ ʠ ʙʝʣʢʦʤ Cas9 ʥʝ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʢʦʤʧʝʪʝʥʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠ ʛʠʜʨʦʣʠʟʫ 

ʧʣʘʟʤʠʜʥʦʛʦ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ.  

3.1.1.3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʢʦʤʧʣʝʢʩʘʤʠ 

ʙʝʣʢʘ Cas9 c ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ tracrʈʅʂ 

ʉ ʮʝʣʴʶ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʵʬʬʝʢʪʘ ʤʦʜʠʬʠʢʘʮʠʡ ʚ tracrʈʅʂ ʥʘ ʩʪʝʧʝʥʴ 

ʛʠʜʨʦʣʠʟʘ ʥʝʮʝʣʝʚʦʡ ʠ ʮʝʣʝʚʦʡ ʮʝʧʠ ɼʅʂ, ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʢʠʥʝʪʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʘʢʮʠʡ ʨʘʩʱʝʧʣʝʥʠʷ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 ʩ crʈʅʂ ʠ ʧʦʣʥʦʩʪʴʶ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ tracrʈʅʂ. ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʥʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪ r

ʩʢʦʨʦʩʪʠ (kʥʘʙ) ʠ ʤʘʢʩʠʤʘʣʴʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʩʪʝʧʝʥʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʘ (Aʤʘʢʩ) 

ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ (ʊʘʙʣʠʮʘ. 3). ɼʣʷ ʵʪʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʩʫʙʩʪʨʘʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʪʷʞʝʥʥʳʝ ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʳʝ ɼʅʂ-ʜʫʧʣʝʢʩʳ (ʇʨʠʣʦʞʝʥʠʝ ɺ), ʘ 

ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʢʘʧʠʣʣʷʨʥʦʛʦ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ. ʌʣʫʦʨʝʩʮʝʥʪʥʘʷ 
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ʤʝʪʢʘ ʙʳʣʘ ʧʨʠʩʦʝʜʠʥʝʥʘ ʢ 5ô-ʢʦʥʮʫ ʮʝʣʝʚʦʡ ʣʠʙʦ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ 

ʦʮʝʥʠʚʘʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʭ ʨʘʩʱʝʧʣʝʥʠʷ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ (ʈʠʩʫʥʦʢ 20). 

ʊʘʙʣʠʮʘ 3. ʅʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ (kʥʘʙ) ʠ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ (Aʤʘʢ) ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ tracrʈʅʂ. 

 ʎʝʣʝʚʘʷ ʮʝʧʴ ʅʝʮʝʣʝʚʘʷ ʮʝʧʴ 

NM m6A m5C ɣ m1ɣ NM m6A m5C ɣ 
m1ɣ 

kʥʘʙ, 

ʤʠʥ-

1 

0.04

9Ñ0.

011 

0.009

Ñ0.00

1 

0.086

Ñ0.01

7 

0.046

Ñ0.01

3 

0,024 

Ñ0,003 

0.04

9Ñ0.

011 

0.006

Ñ0.00

2 

0.045

Ñ0.00

7 

0.030

Ñ0.00

3 

0.013 

Ñ0.001 

Aʤʘʢʩ 79.0

Ñ3.0 

48.2Ñ 

2.6 

83.8Ñ 

1.5 

74.7Ñ 

4.0 

46,9Ñ 

1,5 

70.1

Ñ 2.9 

48.3Ñ 

8.4 

79.0Ñ 

2.3 

63.4Ñ 

1.4 

45.6Ñ 

1.6 

  



67 
 
 

 

 

 

ʈʠʩʫʥʦʢ 20. ɺʣʠʷʥʠʝ ʧʨʠʨʦʜʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ tracrʈʅʂ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ʬʣʫʦʨʝʩʮʝʥʪʥʦ-ʤʝʯʝʥʥʳʭ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ. A, ɹ ï ʟʘʚʠʩʠʤʦʩʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʜʚʫʭ ʮʝʧʝʡ ɼʅʂ -ʜʫʧʣʝʢʩʘ: ʮʝʣʝʚʦʡ (ɸ) ʠ ʥʝʮʝʣʝʚʦʡ (ɹ) ʦʪ 

ʚʨʝʤʝʥʠ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʙʝʣʢʘ Cas9 ʩ crʈʅʂ ʠ tracrʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ 100% ʦʩʪʘʪʢʦʚ 

m6A, m5C, Ɋ ʠʣʠ m1Ɋ. ɺ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ tracrʈʅʂ 

(NM); B ï ʢʦʨʨʝʣʷʮʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʦʪ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ tracrʈʅʂ. 

ɼʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠ ̫ Ñ SD ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʝʭ ʥʝʟʘʚʠʩʠʤʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɿʥʘʯʝʥʠʷ p ʦʧʨʝʜʝʣʝʥʳ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʢʦʥʪʨʦʣʝʤ 

(ʢʨʠʪʝʨʠʡ ʉʪʴʶʜʝʥʪʘ: ns- ʥʝʟʥʘʯʠʤʦ, *, p <0,05; **,  p <0,01; ***,  p <0,001). 

ɸʥʘʣʠʟ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʚʳʷʚʠʣ, ʯʪʦ 100% ʟʘʤʝʥʘ ʘʜʝʥʦʟʠʥʘ ʥʘ m6A ʚ tracrʈʅʂ 

ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ʜʣʷ ʦʙʝʠʭ ʮʝʧʝʡ 

ɼʅʂ. ʊʘʢ, ʨʘʩʱʝʧʣʝʥʠʝ, ʥʘʙʣʶʜʘʝʤʦʝ ʜʣʷ tracrʈʅʂ ʩ ʦʩʪʘʪʢʘʤʠ m6A, ʯʝʨʝʟ 1 ʯʘʩ ʙʳʣʦ ʚ 3ï

6 ʨʘʟ ʥʠʞʝ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʮʝʧʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ), ʯʝʤ ʜʣʷ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʈʅʂ 

(ʈʠʩʫʥʦʢ 20ɸ, ɹ). ʆʜʥʘʢʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʨʝʤʝʥʠ ʛʠʜʨʦʣʠʟʘ ʜʦ 6 ʯʘʩʦʚ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ʚʦʟʨʘʩʪʘʣʘ ʜʦ 50%. ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʜʝʡʩʪʚʠʝʤ m6A, ʟʘʤʝʥʘ ʫʨʠʜʠʥʘ ʥʘ m1Ɋ 
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ʟʘʤʝʪʥʦ ʟʘʤʝʜʣʷʣʘ ʧʨʦʪʝʢʘʥʠʝ ʨʝʘʢʮʠʠ, ʠ 50% ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ 

ʜʦʩʪʠʛʘʣʘʩʴ ʪʦʣʴʢʦ ʯʝʨʝʟ 6 ʯʘʩʦʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, m5C ʤʦʜʠʬʠʢʘʮʠʷ ʫʚʝʣʠʯʠʚʘʣʘ 

ʛʣʫʙʠʥʫ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʠʤʝʨʥʦ ʥʘ 20% ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʠ, ʠ ʚʢʣʶʯʝʥʠʝ 

ʦʩʪʘʪʢʦʚ Ɋ ʚ ʩʦʩʪʘʚ tracrʈʅʂ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʣʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ tracrʈʅʂ (ʈʠʩʫʥʦʢ 20ɸ, ɹ). ʉʨʘʚʥʝʥʠʝ 

ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʠ ʠ ʤʘʢʩʠʤʘʣʴʥʳʭ ʩʪʝʧʝʥʝʡ ʨʘʩʱʝʧʣʝʥʠʷ ʜʫʧʣʝʢʩʦʚ 

ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʦʩʪʘʪʢʦʚ m6A ʠʣʠ m1Ɋ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʤʝʜʣʷʝʪ ʨʝʘʢʮʠʶ 

ʨʘʩʱʝʧʣʝʥʠʷ, ʘ ʦʩʪʘʪʢʠ m5C ʦʢʘʟʳʚʘʶʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ ʵʬʬʝʢʪ (ʊʘʙʣʠʮʘ. 3).  

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʛʠʜʨʦʣʠʟ ʮʝʣʝʚʦʡ ʠ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʨʘʟʥʳʤʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʮʝʥʪʨʘʤʠ ʙʝʣʢʘ Cas9 ï HNH ʠ RuvC, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [8]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʡ ʥʘʤʠ ʦʮʝʥʢʠ ʢʠʥʝʪʠʢʠ ʨʘʩʱʝʧʣʝʥʠʷ 

ʥʝʮʝʣʝʚʦʡ ʠ ʮʝʣʝʚʦʡ ʮʝʧʝʡ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʨʘʟʥʘʷ ʩʢʦʨʦʩʪʴ ʠʭ ʛʠʜʨʦʣʠʟʘ. 

ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ ʩʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ʙʳʣʘ ʟʘʤʝʪʥʦ ʥʠʞʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʮʝʣʝʚʦʡ ʮʝʧʴʶ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʦʟʤʦʞʥʦʤ ʨʘʟʦʙʱʝʥʠʠ ʨʘʩʱʝʧʣʝʥʠʷ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʮʝʥʪʨʘʤʠ HNH ʠ RuvC (ʊʘʙʣʠʮʘ. 3). ʂʨʦʤʝ ʪʦʛʦ, ʩʥʠʞʝʥʠʝ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʢʦʧʣʝʥʠʠ ʚ ʩʠʩʪʝʤʝ 

ʦʜʥʦʮʝʧʦʯʝʯʥʳʭ ʨʘʟʨʳʚʦʚ [121]. ʆʜʥʘʢʦ ʯʝʨʝʟ ʜʚʘ ʯʘʩʘ ʨʝʘʢʮʠʠ ʨʘʩʱʝʧʣʝʥʠʝ ʜʦʩʪʠʛʘʣʦ 

ʧʣʘʪʦ, ʠ ʜʘʣʴʥʝʡʰʠʭ ʨʘʟʣʠʯʠʡ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ tracrʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ 

ʦʩʪʘʪʢʠ m6A ʠʣʠ m1Ɋ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʧʪʠʤʘʣʴʥʦʝ ʚʨʝʤʷ ʨʝʘʢʮʠʠ ʩʦʩʪʘʚʣʷʣʦ ʙʦʣʝʝ 6 ʯ 

(ʈʠʩʫʥʦʢ 20). 

ɼʣ ̫ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ tracrʈʅʂ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʳ 

ʤʦʜʠʬʠʢʘʮʠʠ ʙʳʣʦ ʧʨʦʚʘʨʴʠʨʦʚʘʥʦ ʩʦʦʪʥʦʰʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʅʊʌ ʠ 

ʢʘʥʦʥʠʯʝʩʢʠʭ ʤʦʥʦʤʝʨʦʚ ʧʨʠ ʩʠʥʪʝʟʝ tracrʈʅʂ, ʧʨʠ ɻ ʪʦʤ ʛʣʫʙʠʥʘ ʤʦʜʠʬʠʢʘʮʠʠ ʩʦʩʪʘʚʣʷʣʘ 

ʦʪ 10 ʜʦ 100% (ʈʠʩʫʥʦʢ 20ɺ). tracrʈʅʂ, ʩʦʜʝʨʞʘʱʘʷ ʦʩʪʘʪʢʠ m5C, ʧʨʠ ʣʶʙʦʡ ʛʣʫʙʠʥʝ 

ʤʦʜʠʬʠʢʘʮʠʠ ʨʘʩʱʝʧʣʷʣʘ ɼʅʂ-ʩʫʙʩʪʨʘʪ ʥʘ ʫʨʦʚʥʝ ʩʦʧʦʩʪʘʚʠʤʦʤ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ 

ʢʦʥʪʨʦʣʝʤ. ɼʣʷ ʦʩʪʘʪʢʦʚ m6A ʚ tracrʈʅʂ ʚʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʜʫʧʣʝʢʩʘ ʥʘʙʣʶʜʘʣʘʩʴ ʜʣʷ ʣʶʙʦʡ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 100% (ʈʠʩʫʥʦʢ 

20ɺ). ɺ ʩʣʫʯʘʝ tracrʈʅʂ ʩ ʦʩʪʘʪʢʘʤʠ Ɋ ʥʘʙʣʶʜʘʣʘʩʴ ʧʨʷʤʘʷ ʟʘʚʠʩʠʤʦʩʪʴ: ʫʚʝʣʠʯʝʥʠʝ 

ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ ʦʙʝʩʧʝʯʠʚʘʣʦ ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ. ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ, ʜʣʷ ʦʩʪʘʪʢʦʚ m1Ɋ ʚ tracrʈʅʂ ʭʘʨʘʢʪʝʨʥʦ ʧʦʩʪʝʧʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʛʠʜʨʦʣʠʟʘ ʩ ʨʦʩʪʦʤ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ 
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ʦʧʪʠʤʘʣʴʥʫʶ ʛʣʫʙʠʥʫ ʤʦʜʠʬʠʢʘʮʠʠ ʜʣʷ ʢʘʞʜʦʛʦ ʧʨʠʨʦʜʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ 

ʤʦʥʦʤʝʨʘ: 10-75% ʦʩʪʘʪʢʦʚ m6A, 25-100% ï Ɋ, 10-50% ï m1Ɋ ʠ 100% ï m5C. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʤʧʣʝʢʩʳ ʙʝʣʢʘ Cas9 ʩ crʈʅʂ ʠ tracrʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ, ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʱʝʧʣʷʶʪ ʨʘʟʣʠʯʥʳʝ ɼʅʂ-

ʩʫʙʩʪʨʘʪʳ, ʘ ʦʧʪʠʤʠʟʘʮʠʷ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʠ ʠ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ tracrʈʅʂ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʯʴ ʥʘʠʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ, 

ʚʢʣʶʯʝʥʠʝ m5C ʚ ʩʦʩʪʘʚʝ tracrʈʅʂ ʧʦʟʚʦʣʷʝʪ ʨʘʩʱʝʧʣʷʪʴ ɼʅʂ-ʩʫʙʩʪʨʘʪʳ in vitro ʩ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʜʦʩʪʠʛʘʶʱʝʡ 80%. 

3.1.2.  ɺʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʚ sgʈʅʂ 

3.1.2.1. ʆʮʝʥʢʘ ʚʣʠʷʥʠ ̫ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʚ sgʈʅʂ ʥʘ 

ʘʢʪʠʚʥʦʩʪʴ CRISPR/Cas9 in vitro 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʨʘʙʦʪʳ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʧʨʠʨʦʜʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ 

ʩʧʝʡʩʝʨʝ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʠ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʜʠʘʧʘʟʦʥʘ ʛʣʫʙʠʥ rʤʦʜʠʬʠʢʘʮʠʠ sgʈʅʂ, 

ʧʦʜʜʝʨʞʠʚʘʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ɼʅʂ ʚ ʢʦʤʧʣʝʢʩʝ ʩ ʙʝʣʢʦʤ Cas9 (ʈʠʩʫʥʢʠ 21ï 

22). ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ sgʈʅʂ ʩʦ 100%, 75%, 50%, 25% ʠʣʠ 10% ʟʘʤʝʥʘʤʠ 

ʢʘʥʦʥʠʯʝʩʢʠʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʘʥʘʣʦʛʠ: m6A, m5C, Ɋ ʠʣʠ 

m1Ɋ (ʈʠʩʫʥʦʢ 21ɸ). 
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ʈʠʩʫʥʦʢ 21. sgʈʅʂ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʦʩʪʘʪʢʘʤʠ m6A, m5C, Ɋ ʠʣʠ m1Ɋ, 

ʧʦʜʜʝʨʞʠʚʘʶʪ ʨʘʩʱʝʧʣʝʥʠʝ ʧʣʘʟʤʠʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ. ɸ ï ʩʭʝʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ sgʈʅʂ ʠ 

ʧʨʦʪʦʩʧʝʡʩʝʨʘ 1 ɼʅʂ-ʤʠʰʝʥʠ. ɺʝʨʦʷʪʥʳʝ ʧʦʟʠʮʠʠ ʚʢʣʶʯʝʥʠʷ ʤʦʜʠʬʠʢʘʮʠʡ ʚʳʜʝʣʝʥʳ ʜʣʷ 

m6A (ʢʨʘʩʥʳʤ), m5C (ʩʠʥʠʤ) ʠ Ɋ ʠʣʠ m1Ɋ (ʟʝʣʝʥʳʤ), ʫʢʘʟʘʥʦ ʢʦʣʠʯʝʩʪʚʦ ʵʪʠʭ ʩʘʡʪʦʚ ʚʦ 

ʚʩʝʡ sgʈʅʂ ʠ ʚ ʩʧʝʡʩʝʨʝ. ɹ ï ʨʘʩʱʝʧʣʝʥʠʝ ʧʣʘʟʤʠʜʳ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 ʩ sgʈʅʂ, 

ʩʦʜʝʨʞʘʱʠʤʠ ʨʘʟʥʫʶ ʛʣʫʙʠʥʫ ʤʦʜʠʬʠʢʘʮʠʠ, ʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ (NM). 

ʇʣʘʟʤʠʜʫ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʙʝʣʢʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʢʘʯʝʩʪʚʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ ʨʝʘʢʮʠʠ. 

ʇʦʣʦʞʠʪʝʣʴʥʳʡ ʢʦʥʪʨʦʣʴ ʧʣʘʟʤʠʜʳ (ʂ+) ʚʢʣʶʯʝʥ ʚ ʇʨʠʣʦʞʝʥʠʝ ɻ, ʈʠʩʫʥʦʢ ɻ1. ɼʚʝ 

ʚʝʨʭʥʠʝ ʧʦʣʦʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʜʫʢʪʳ ʨʘʩʱʝʧʣʝʥʠʷ (ʨʝʣʘʢʩʠʨʦʚʘʥʥʘʷ ʠ ʣʠʥʝʡʥʘʷ 

ʬʦʨʤʳ), ʘ ʥʠʞʥʷʷ ʧʦʣʦʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʙʩʪʨʘʪ (ʩʫʧʝʨʩʢʨʫʯʝʥʥʫʶ ʬʦʨʤʫ).  



71 
 
 

 

 

ʈʠʩʫʥʦʢ 22. ɼʠʘʛʨʘʤʤʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ 

Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ. ʇʦʢʘʟʘʥʳ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ Ñ SD ʧʦ ʪʨʸʤ ʥʝʟʘʚʠʩʠʤʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʤ. 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ tracrʈʅʂ, ʜʣʷ sgʈʅʂ ʨʘʩʱʝʧʣʝʥʠʝ 

ʧʣʘʟʤʠʜʳ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʣʦʩʴ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ m6A 

ʩ 10% ʜʦ 100%, ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʣʦʩʴ ʧʨʠ ʣʶʙʦʡ ʛʣʫʙʠʥʝ m5C (ʈʠʩʫʥʦʢ 21ɹ). ʉ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 100% ʟʘʤʝʱʝʥʠʝ ʫʨʠʜʠʥʘ ʥʘ Ɋ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʣʦ ʨʘʩʱʝʧʣʝʥʠʝ 

ʧʣʘʟʤʠʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ (ʈʠʩʫʥʢʠ 21-22). ɺʦʟʤʦʞʥʦ, ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʦʟʠʮʠʡ ʚ sgʈʅʂ 

ʜʣʷ ʚʢʣʶʯʝʥʠʷ ʦʩʪʘʪʢʦʚ Ɋ: 6 ʚʥʫʪʨʠ ʩʧʝʡʩʝʨʘ ʠ 25 ʚ ʥʝʚʘʨʠʘʙʝʣʴʥʦʡ ʯʘʩʪʠ ʥʘʧʨʘʚʣʷʶʱʝʡ 

ʈʅʂ, ʘ ʪʘʢʞʝ ʜʚʘ ʫʨʠʜʠʥʘ, ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʨʠʤʳʢʘʶʱʠʭ ʢ ʩʘʡʪʫ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-

ʤʠʰʝʥʠ (ʧʦʣʦʞʝʥʠʷ 2 ʠ 3 ʦʪ PAM) ʠ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ PAM-ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, 

ʦʩʦʙʝʥʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʢ ʣʶʙʦʤʫ ʦʪʢʣʦʥʝʥʠʶ ʦʪ ʠʜʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʫʧʣʝʢʩʘ 

ʈʅʂ:ɼʅʂ, ʠʥʛʠʙʠʨʫʶʪ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ CRISPR/Cas9 (ʈʠʩʫʥʦʢ 21ɸ). ɼʨʫʛʦʡ ʧʨʠʯʠʥʦʡ 

ʥʘʙʣʶʜʘʝʤʦʛʦ ʵʬʬʝʢʪʘ ʦʩʪʘʪʢʦʚ Ɋ ʤʦʞʝʪ ʙʳʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʞʝʩʪʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʛʝʪʝʨʦʜʫʧʣʝʢʩʘ ʈʅʂ:ɼʅʂ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʠʥʘʤʠʢʫ ʈʅʂ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ 

ʤʦʜʠʬʠʢʘʮʠʠ Ɋ ʚ ʈʅʂ ʫʚʝʣʠʯʠʚʘʝʪ ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʚʪʦʨʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʈʅʂ ʠ 

ʫʤʝʥʴʰʘʝʪ ʧʦʜʚʠʞʥʦʩʪʴ ʩʦʩʝʜʥʠʭ ʦʩʥʦʚʘʥʠʡ ʧʨʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʤ 
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ʤʦʜʝʣʠʨʦʚʘʥʠʠ [122,123]. ʆʜʥʘʢʦ ʫʤʝʥʴʰʝʥʠʝ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ Ɋ (10-75%) 

ʧʦʟʚʦʣʷʣʦ ʜʦʩʪʠʯʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʠʜʨʦʣʠʟʘ ʩʫʙʩʪʨʘʪʘ ʩʨʘʚʥʠʤʦʡ ʩ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, 

ʥʘʙʣʶʜʘʝʤʦʡ ʜʣʷ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʟʘʤʝʥʘ ʫʨʠʜʠʥʘ ʥʘ m1Ɋ ʚ 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʩʫʱʝʩʪʚʝʥʥʦ ʥʝ ʠʟʤʝʥʷʣʘ ʧʨʦʮʝʥʪ ʨʘʩʱʝʧʣʝʥʥʦʡ ʧʣʘʟʤʠʜʳ 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ (ʈʠʩʫʥʦʢ 22). ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ 

ʥʘʣʠʯʠʝʤ ʤʝʪʠʣʴʥʦʡ ʛʨʫʧʧʳ ʚ m1Ɋ, ʙʣʦʢʠʨʫʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴ m1Ɋ ʬʦʨʤʠʨʦʚʘʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʚʦʜʦʨʦʜʥʫʶ ʩʚʷʟʴ ʯʪʦ, ʪʝʤ ʩʘʤʳʤ ʤʦʞʝʪ ʧʨʝʧʷʪʩʪʚʦʚʘʪɹ ʦʙʨʘʟʦʚʘʥʠʶ 

ʞʝʩʪʢʦʡ ʩʪʨʫʢʪʫʨʳ ʈʅʂ:ɼʅʂ ʜʫʧʣʝʢʩʘ, ʢʘʢ ʚ ʩʣʫʯʘʝ ʦʩʪʘʪʢʦʚ Ɋ. 

ʉ ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ ʚʦʟʤʦʞʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɻ ʬʬʝʢʪʘ ʧʨʠʨʦʜʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʦʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʧʝʡʩʝʨʘ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ sgʈʅʂ, ʥʘʮʝʣʝʥʥʳʝ 

ʥʘ 2 ʠ 3 ʧʨʦʪʦʩʧʝʡʩʝʨ ʛʝʥʘ ANXA6 (ʈʠʩʫʥʦʢ 23ɸ, ɹ). ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚʳʷʚʠʣʠ, ʯʪʦ 

ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʦʩʪʘʪʢʦʚ m6A (2 ʩʧʝʡʩʝʨ) ʠ Ɋ (3 ʩʧʝʡʩʝʨ) ʚ PAM-ʧʨʦʢʩʠʤʘʣʴʥʫʶ ʦʙʣʘʩʪʴ, 

ʦʩʦʙʝʥʥʦ ʚʙʣʠʟʠ ʩʘʡʪʘ ʛʠʜʨʦʣʠʟʘ, ʩʥʠʞʘʝʪʩʷ ʩʪʝʧʝʥʴ ʛʠʜʨʦʣʠʟʘ ʧʣʘʟʤʠʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ 

(ʈʠʩʫʥʦʢ 23ɺ). 
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ʈʠʩʫʥʦʢ 23. ɿʘʚʠʩʠʤʦʩʪʴ ʚʣʠʷʥʠʷ ʧʨʠʨʦʜʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʩʪʨʫʢʪʫʨʝ sgʈʅʂ ʦʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʧʣʘʟʤʠʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ. ɸ, ɹ ï ʩʭʝʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

sgʈʅʂ ʠ ʧʨʦʪʦʩʧʝʡʩʝʨʦʚ 2 ʠ 3. ɺ ï ʨʘʩʱʝʧʣʝʥʠʝ ʧʣʘʟʤʠʜʳ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 ʩ 

sgʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ ʨʘʟʥʫʶ ʛʣʫʙʠʥʫ ʤʦʜʠʬʠʢʘʮʠʠ ʜʣʷ ʩʧʝʡʩʝʨʦʚ 2 ʠ 3, ʠ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ (NM).  

ʆʜʥʘʢʦ ʫʤʝʥʴʰʝʥʠʝ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ m6A ʠ Ɋ ʚʜʚʦʝ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ ʜʦ ʫʨʦʚʥʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ (ʈʠʩʫʥʦʢ 24). ʅʘʧʨʦʪʠʚ, ʥʘʣʠʯʠʝ ʢʘʢ ʦʩʪʘʪʢʦʚ 

m1Ɋ, ʪʘʢ ʠ m5C ʚ ʦʙʦʠʭ ʩʧʝʡʩʝʨʘʭ sgʈʅʂ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʩʱʝʧʣʝʥʠʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ 

ʩʦʧʦʩʪʘʚʠʤʦʛʦ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʈʅʂ (NM) (ʈʠʩʫʥʦʢ 24). 
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ʈʠʩʫʥʦʢ 24. ɼʠʘʛʨʘʤʤʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ 

Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ 2 ʠ 3 ʩʧʝʡʩʝʨ, ʩʦʦʪʚʝʪʩʚʝʥʥʦ. ʇʦʢʘʟʘʥʳ 

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ Ñ SD ʧʦ ʪʨʝʤ ʥʝʟʘʚʠʩʠʤʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʣʠʷʥʠʝ ʧʨʠʨʦʜʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ sgʈʅʂ ʯʘʩʪʠʯʥʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʩʦʩʪʘʚʦʤ ʩʧʝʡʩʝʨʘ, ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, PAM-ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʨʘʩʱʝʧʣʝʥʠʝ 

ʩʫʙʩʪʨʘʪʘ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʦʙʨʘʟʦʚʘʥʠʷ ʛʝʪʝʨʦʜʫʧʣʝʢʩʘ ʥʘʧʨʘʚʣʷʶʱʘʷ ʈʅʂ:ɼʅʂ. 

ʇʦʵʪʦʤʫ ʚʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʜʘʥʥʫʶ ʦʙʣʘʩʪʴ ʩʧʦʩʦʙʥʦ ʟʘʪʨʫʜʥʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ 

ʵʬʬʝʢʪʦʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Cas9:sgʈʅʂ ʠ ʧʨʝʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ Cas9:sgʈʅʂ:ɼʅʂ 

ʠʣʠ ʦʙʦʠʭ ʚʤʝʩʪʝ [121]. ʆʜʥʘʢʦ ʧʦʜʙʦʨ ʦʧʪʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʟʚʦʣʷʝʪ 

ʜʦʙʠʪʴʩʷ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ, ʜʦʩʪʠʛʘʶʱʝʡ 90%, ʧʨʠ 

ʣʶʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʧʝʡʩʝʨʘ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ. 

3.1.2.2.ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ sgʈʅʂ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʝʣʢʘ Cas9, ʥʘʮʝʣʝʥʥʦʛʦ ʩ 

ʧʦʤʦʱʴʶ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ sgʈʅʂ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ tracrʈʅʂ, ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʢʠʥʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʮʝʧʝʡ ɼʅʂ-ʜʫʧʣʝʢʩʘ (ʈʠʩʫʥʦʢ 25ɸ, ɹ). 
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ʈʠʩʫʥʦʢ 25. ʂʠʥʝʪʠʢʘ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ. A, ɹ ï ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʜʣʷ sgʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ 100% 

ʦʩʪʘʪʢʦʚ m6A, m5C, Ɋ ʠʣʠ m1Ɋ ʥʘ ɸ ï ʮʝʣʝʚʦʡ ʠ ɹ ïʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ. ɺ 

ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ sgʈʅʂ (NM); B ï ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʦʪ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ sgʈʅʂ. ɼʘʥʥʳʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ Ñ SD ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʝʭ ʥʝʟʘʚʠʩʠʤʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɿʥʘʯʝʥʠʷ p ʦʧʨʝʜʝʣʝʥʳ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʢʦʥʪʨʦʣʝʤ 

(ʢʨʠʪʝʨʠʡ ʉʪʴʶʜʝʥʪʘ: ns- ʥʝʟʥʘʯʠʤʦ, *, p <0,05; **, p <0,01; ***, p <0,001). 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ 100% ʟʘʤʝʥʘ C 

ʥʘ m5C, A ʥʘ m6A, ʠʣʠ U ʥʘ m1Ɋ ʚ sgʈʅʂ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪ ʨʘʩʱʝʧʣʝʥʠʝ ɼʅʂ-

ʜʫʧʣʝʢʩʦʚ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʈʠʩʫʥʦʢ 25ɸ, ɹ 

ʠ ʊʘʙʣʠʮʘ 4). ʊʘʢ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ kʥʘʙ ʫʤʝʥʴʰʠʣʠʩʴ ʣʠʰʴ ʚ 1,5ï2,1 ʨʘʟʘ, ʘ 

ʤʘʢʩʠʤʘʣʴʥʘ ̫ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ ʩʥʠʟʠʣʘʩʴ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 10% ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ (ʊʘʙʣʠʮʘ 4). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ ʘʥʘʣʦʛʠʠ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ tracrʈʅʂ, ʥʘʠʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʡ 

ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʣʩʷ ʥʘ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ (ʈʠʩʫʥʦʢ 25ɸ, ɹ). ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʧʣʘʟʤʠʜʥʳʤ 
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ʩʫʙʩʪʨʘʪʦʤ, 100% ʤʦʜʠʬʠʢʘʮʠʷ ʩʧʝʡʩʝʨʥʦʡ ʦʙʣʘʩʪʠ sgʈʅʂ ʦʩʪʘʪʢʘʤʠ Ɋ ʟʥʘʯʠʪʝʣʴʥʦ 

ʩʥʠʞʘʣʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ (ʈʠʩʫʥʦʢ 25ɸ, ɹ). ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʟʥʘʯʝʥʠʡ ʢʦʥʩʪʘʥʪ ʩʢʦʨʦʩʪʝʡ ʚ ʩʣʫʯʘʝ ʦʩʪʘʪʢʦʚ Ɋ ʜʣʷ ʮʝʣʝʚʦʡ ʠ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ʘʢʪʠʚʥʦʩʪʴ 

ʙʝʣʢʘ Cas9 ʙʳʣʘ ʩʥʠʞʝʥʘ ʚ 4,3 ʠ 7,8 ʨʘʟ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʨʘʩʱʝʧʣʷʣʦʩʴ ʥʝ ʙʦʣʝʝ 10% ɼʅʂ-

ʩʫʙʩʪʨʘʪʘ (ʊʘʙʣʠʮʘ. 4). ɺ ʨʝʟʫʣʴʪʘʪʝ, ʩʨʝʜʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚʚʝʜʝʥʠʝ ʚ sgʈʅʂ 

ʦʩʪʘʪʢʦʚ m1Ɋ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʠʙʦʣʴʰʫʶ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ. 

ʊʘʙʣʠʮʘ 4. ʅʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ (kʥʘʙ) ʠ ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʪʝʧʝʥʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ (Aʤʘʢʩ) ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ sgʈʅʂ. 

 ʎʝʣʝʚʘʷ ʮʝʧʴ ʅʝʮʝʣʝʚʘʷ ʮʝʧʴ 

NM m6A m5C ɣ m1ɣ NM m6A m5C ɣ m1ɣ 

kʥʘʙ, 

ʤʠʥ-1 
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14 
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Ñ1.7 
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0.9 
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1.8 
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3.6 
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4.5Ñ 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, sgʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ 100% ʦʩʪʘʪʢʦʚ Ɋ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʩʠʩʪʝʤʝ CRISPR/Cas9, ʥʦ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʤʠʰʝʥʠ, ʟʘʚʠʩʠʪ ʦʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʧʝʡʩʝʨʘ sgʈʅʂ. ʆʜʥʘʢʦ, ʟʘʤʝʥʘ ʧʩʝʚʜʦʫʨʠʜʠʥʘ ʝʛʦ ʘʥʘʣʦʛʦʤ ï m1Ɋ 

ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʱʝʧʣʷʪɹ ʢʘʢ ʧʣʘʟʤʠʜʥʳʡ ʩʫʙʩʪʨʘʪ, ʪʘʢ ʠ ɼʅʂ-ʜʫʧʣʝʢʩʳ. ɹʦʣʝʝ 

ʪʦʛʦ, m1Ɋ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʥʥʳʤʠ ʧʨʠʨʦʜʥʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʝʥ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʛʠʜʨʦʣʠʟʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ. 

ɸʥʘʣʦʛʠʯʥʦ ʵʢʩʧʝʨʠʤʝʥʪʫ, ʧʨʦʚʝʜʝʥʥʦʤʫ ʜʣʷ tracrʈʅʂ, ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʛʣʫʙʠʥʘ 

ʤʦʜʠʬʠʢʘʮʠʠ sgʈʅʂ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. 

ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ, ʧʨʠ ʣʶʙʦʡ ʛʣʫʙʠʥʝ ʤʦʜʠʬʠʢʘʮʠʠ m5C ʠʣʠ m1Ɋ ʚ 

sgʈʅʂ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʜʫʧʣʝʢʩʘ ʩʦʧʦʩʪʘʚʠʤʘ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ 

ʢʦʥʪʨʦʣʝʤ (ʈʠʩʫʥʦʢ 25ɺ). ɼʣʷ ʦʩʪʘʪʢʦʚ m6A ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ ʩ 10 ʜʦ 

100% ʩʪʝʧʝʥʴ ʛʠʜʨʦʣʠʟʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʫʤʝʥʴʰʘʣʘʩʴ ʩ 80 ʜʦ 60 %. ʇʨʠ ʚʢʣʶʯʝʥʠʠ 

ʦʩʪʘʪʢʦʚ Ɋ ʚ sgʈʅʂ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʘʩʴ ʦʙʨʘʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ, ʥʦ ʤʘʢʩʠʤʫʤ ɻ ʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʙʳʣ ʥʠʞʝ, ʯʝʤ ʜʣʷ ʦʩʪʘʪʢʦʚ m6A, ʠ ʩʦʩʪʘʚʣʷʣ 60% ʧʨʠ 10% 

ʛʣʫʙʠʥʝ ʤʦʜʠʬʠʢʘʮʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʦʧʪʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ 
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ʥʘʠʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʷʚʣʷʶʪʩʷ ʜʣʷ sgʈʅʂ: 100% 

ʦʩʪʘʪʢʦʚ m5C, m6A ʠ m1Ɋ ʠ 10-50% ï ʦʩʪʘʪʢʦʚ Ɋ. 

ʉʫʤʤʠʨʫʷ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʧʨʠʨʦʜʥʳʭ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʚ sgʈʅʂ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ ʢʦʤʧʣʝʢʩʦʚ 

Cas9:sgʈʅʂ in vitro ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ. ʆʧʪʠʤʠʟʘʮʠʷ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ sgʈʅʂ ʧʨʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʠ ʛʝʥʦʤʘ, ʪʘʢ ʢʘʢ 

ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ sgʈʅʂ ʢ ʛʠʜʨʦʣʠʟʫ ʠ ʫʤʝʥʴʰʠʪʴ 

ʠʤʤʫʥʦʩʪʠʤʫʣʠʨʫʶʱʠʡ ʠ ʮʠʪʦʪʦʢʩʠʯʝʩʢʠʡ ʵʬʬʝʢʪʳ [124]. ʂʨʦʤʝ ʪʦʛʦ, ʚʦʟʤʦʞʥʦ, ʯʪʦ 

ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʧʨʠʨʦʜʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ, ʩ ʤʝʥʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ 

ʬʦʨʤʠʨʫʶʪ ʢʦʧʤʣʝʢʩʳ ʩ ʙʝʣʢʦʤ Cas9, ʟʘ ʩʯʝʪ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ ʩʪʝʧʝʥʠ ʛʠʜʨʦʣʠʟʘ 

ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ. 

3.1.3. ʆʮʝʥʢʘ ʵʬʬʝʢʪʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʚ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʥʝʮʝʣʝʚʳʭ 

ʵʬʬʝʢʪʦʚ [95]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʚʚʝʜʝʥʠʶ 

ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ [125] ʠ ʙʝʣʦʢ Cas9 [61] ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʧʝʮʠʬʠʯʥʦʩʪʠ 

ʨʘʩʧʦʟʥʘʚʘʥʠʷ ɼʅʂ-ʤʠʰʝʥʠ. ʆʜʥʘʢʦ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʤʦʜʠʬʠʢʘʮʠʠ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʫʚʝʣʠʯʝʥʠʶ ʪʦʯʥʦʩʪʠ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʯʘʩʪʦ ʧʨʠʚʦʜʷʪ ʢ 

ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. 

ɺ ʭʦʜʝ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ 

ʦʩʪʘʪʢʦʚ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪ ɹʙʝʣʢʘ Cas9, ʙʳʣ ʧʦʣʫʯʝʥ ʥʘʙʦʨ ʠʟ 

ʰʝʩʪʥʘʜʮʘʪʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʤʠʩʤʘʪʯʠ ʚ ʦʙʣʘʩʪʠ 1 ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʛʝʥʘ 

ANXA6, ʠ ʦʜʠʥ ʢʦʥʪʨʦʣʴʥʳʡ ʩʫʙʩʪʨʘʪ. ɼʝʩʷʪʴ ʤʫʪʘʥʪʥʳʭ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ, ʦʙʦʟʥʘʯʝʥʥʳʭ 

ʢʘʢ S1ïS10, ʩʦʜʝʨʞʘʣʠ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʝ ʤʠʩʤʘʪʯʠ, ʚʚʝʜʝʥʥʳʝ ʧʦʦʯʝʨʝʜʥʦ ʚ ʧʦʟʠʮʠʠ 1ï

10 ʧʨʦʪʦʩʧʝʡʩʝʨʘ, ʘ ʦʩʪʘʣʴʥʳʝ ʰʝʩʪʴ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʢʘʢ D9,10ïD19,20 ï ʜʚʫʭʥʫʢʣʝʦʪʠʜʥʳʝ 

ʤʠʩʤʘʪʯʠ ʚ ʦʙʣʘʩʪʠ 9ï20 ʧʨʦʪʦʩʧʝʡʩʝʨʘ (ʈʠʩʫʥʦʢ 26ɸ). ʇʦʣʦʞʝʥʠʷ ʦʜʠʥʦʯʥʳʭ ʠ ʜʚʦʡʥʳʭ 

ʤʫʪʘʮʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʥʘ ʦʩʥʦʚʘʥʠʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʦ ʪʦʤ, ʯʪʦ PAM-

ʧʨʦʢʩʠʤʘʣʴʥʳʝ ʦʙʣʘʩʪʠ ʧʨʦʪʦʩʧʝʡʩʝʨʦʚ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʤʫʪʘʮʠʷʤ, ʯʝʤ PAM-

ʜʠʩʪʘʣʴʥʳʝ ʨʘʡʦʥʳ [54,125,126]. ɼʣʷ ʦʮʝʥʢʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ 

ʬʨʘʛʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʘʧʠʣʣʷʨʥʦʛʦ ʛʝʣʴ-ʵʣʝʢʪʨʦʬʦʨʝʟʘ ʠ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ 

ʢʘʢ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʤʠʩʤʘʪʯʘʤʠ, ʪʘʢ ʠ ʧʦʢʘʟʘʪʝʣʠ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ (ʈʠʩʫʥʦʢ 26ɹ). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʩʧʝʮʠʬʠʯʥʦʩʪʠ 
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ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ 100% m6A, 100% m5C, 100% m1Ɋ ʠ 

50% Ɋ sgʈʅʂ, ʘ ʪʘʢʞʝ 50% m6A ʠ m1Ɋ, 100% m5C ʠ Ɋ tracrʈʅʂ. ɻʣʫʙʠʥʘ ʤʦʜʠʬʠʢʘʮʠʠ 

ʥʝʢʦʪʦʨʳʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʧʨʠʨʦʜʥʳʭ ʥʫʢʣʝʦʪʠʜʦʚ ʙʳʣʘ ʩʥʠʞʝʥʘ ʜʦ 50% ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʢʦʥʪʨʦʣʴʥʦʛʦ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ. 

 

ʈʠʩʫʥʦʢ 26. ʉʭʝʤʘ ʦʮʝʥʢʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro. ɸ ï 

ʧʨʦʪʦʩʧʝʡʩʝʨʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩ ʦʜʠʥʦʯʥʳʤʠ (S1-S10) ʠʣʠ 

ʜʚʦʡʥʳʤʠ (D9,10-D19,20) ʤʠʩʤʘʪʯʘʤʠ ʥʘ 1 ʧʨʦʪʦʩʧʝʡʩʝʨ ʛʝʥʘ ANXA6. ʄʠʩʤʘʪʯʠ ʦʪʤʝʯʝʥʳ 

ʦʨʘʥʞʝʚʳʤ ʮʚʝʪʦʤ. ʅʦʤʝʨʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʦʞʝʥʠʷʤ ʤʫʪʘʮʠʡ ʩ 5ô-

ʢʦʥʮʘ. WT - ʢʦʥʪʨʦʣʴʥʳʡ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ɼʅʂ-ʜʫʧʣʝʢʩ; ɹ ï ʩʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ, ʜʣʷ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ ʨʘʟʣʠʯʠʡ ʚ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʢʦʥʪʨʦʣʴʥʦʛʦ ɼʅʂ-ʜʫʧʣʝʢʩʘ (WT) ʠ ʜʫʧʣʝʢʩʦʚ ʩ ʤʠʩʤʘʪʯʘʤʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʩʘʡʪʦʚ (ʈʠʩʫʥʦʢ 27). ʋʤʝʨʝʥʥʦʝ 

ʩʥʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʦʜʠʥʦʯʥʳʭ ʤʠʩʤʘʪʯʘʭ, 
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ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʦʙʣʘʩʪʠ ʛʠʜʨʦʣʠʟʘ (S3 ʠ S4), ʘ ʢʨʠʪʠʯʝʩʢʠʡ ʩʧʘʜ ʧʨʠ ʜʚʦʡʥʳʭ ʤʠʩʤʘʪʯʘʭ 

D13,14, D15,16 ʠ D17,18 (ʈʠʩʫʥʦʢ 27ɸ ï ɻ).  

 

ʈʠʩʫʥʦʢ 27. sgʈʅʂ ʩ ʧʨʠʨʦʜʥʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʧʦʚʳʰʘʶʪ ʩʧʝʮʠʬʠʯʥʦʩʪʴ 

ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro. ɸ ï ʩʭʝʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʪʦʩʧʝʡʩʝʨʘ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʠ 

ʩʧʝʡʩʝʨʘ ʥʘʧʨʘʚʣʷʶʱʝʡ sgʈʅʂ. ɹïɻï ʬɻʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ (%) ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʝ (ɹ, ɺ) ʠ ʜʚʫʥʫʢʣʝʦʪʠʜʥʳʝ ʤʠʩʤʘʪʯʠ (ɻ), ʥʘ ʢʦʪʦʨʳʝ 

ʥʘʮʝʣʝʥʳ sgʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ 100% ʦʩʪʘʪʢʦʚ m6A, m5C, m1Ɋ ʠ 50% ʦʩʪʘʪʢʦʚ Ɋ, ʠ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ sgʈʅʂ (NM). WT ï ʢʦʥʪʨʦʣʴʥʳʡ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ɼʅʂ-

ʜʫʧʣʝʢʩ. ɼ, ɽ ï ʧʦʢʘʟʘʪʝʣʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ. 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ Ñ SD, ʧʦʣʫʯʝʥʥʦʝ ʧʦ ʪʨʝʤ ʥʝʟʘʚʠʩʠʤʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ. p-ʟʥʘʯʝʥʠʷ 
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ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʩʪʦʨʦʥʥʝʛʦ ʢʨʠʪʝʨʠʷ ʉʪʴʶʜʝʥʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ (ns, ʥʝ ʟʥʘʯʠʤʦ; *, p <0,05; **, p <0,01, ***, p <0,001). 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʦʚ ʙʝʣʢʘ Cas9 ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʩ ʤʠʩʤʘʪʯʘʤʠ 

ʩʫʝɦʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʥʘʙʣʶʜʘʝʤʦʡ ʜʣʷ ʢʦʥʪʨʦʣʴʥʦʡ ɼʅʂ-ʤʠʰʝʥʠ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʦʯʥʦʩʪʴ ʥʫʢʣʝʘʟʳ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʜʣʷ ʚʩʝʭ ʤʫʪʘʥʪʥʳʭ ʩʫʙʩʪʨʘʪʦʚ. ʅʘʠʙʦʣʴʰʠʡ ʵʬʬʝʢʪ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʦʜʠʥʦʯʥʳʭ ʤʠʩʤʘʪʯʝʡ ʚ PAM-ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʛʜʝ ʩʢʦʨʦʩʪʴ 

ʛʠʜʨʦʣʠʟʘ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ (ʈʠʩʫʥʦʢ 27ɹ, ɺ). ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʙʝʣʢʘ Cas9 ʢ 

ʤʠʩʤʘʪʯʘʤ ʚʙʣʠʟʠ ʩʘʡʪʘ ʛʠʜʨʦʣʠʟʘ ʠ PAM-ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ 

ʜʘʥʥʳʝ ʧʦʣʦʞʝʥʠʷ ʚʘʞʥʳ ʜʣʷ ʫʩʧʝʰʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠ ̫ʬʝʨʤʝʥʪ-ʩʫʙʩʪʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ 

ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ [127,128]. ʆʩʦʙʝʥʥʦ ʵʪʦ ʟʘʤʝʪʥʦ ʚ ʧʦʣʦʞʝʥʠʷʭ 

3 ʠ 4, ʚ ʢʦʪʦʨʳʭ ʧʦʢʘʟʘʪʝʣʴ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ ʜʝʩʷʪʴ ʨʘʟ ʧʨʠ 

ʚʢʣʶʯʝʥʠʠ ʦʩʪʘʪʢʦʚ m6A ʠ m5C ʚ sgʈʅʂ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʥʘʣʠʯʠʝ ʜʚʦʡʥʳʭ ʤʫʪʘʮʠʡ ʚ 

PAM-ʜʠʩʪʘʣʴʥʦʤ ʨʘʡʦʥʝ ʤʘʣʦ ʚʣʠʷʝʪ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ (ʈʠʩʫʥʦʢ 27ɻ). ʅʘʠʤʝʥʴʰʝʝ ʠʟʤʝʥʝʥʠʝ 

ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʦʟʠʮʠʷʭ ʤʠʩʤʘʪʯʝʡ 17ï18 ʠ 19ï20 (ʈʠʩʫʥʦʢ 27ɼ, ɽ). 

ʅʘʧʨʠʤʝʨ, ʧʦʢʘʟʘʪʝʣʴ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʜʣʷ m6A ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ 6ï10 ʜʣʷ ʧʝʨʚʳʭ ʧʷʪʠ 

ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ ʤʫʪʘʮʠʡ ʠ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 2ï3 ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʤʠʩʤʘʪʯʝʡ (ʈʠʩʫʥʦʢ 

27ɼ, ɽ). ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʚʢʣʶʯʝʥʠʝ ʦʩʪʘʪʢʦʚ 

Ɋ ʚ sgʈʅʂ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʝʪ ʪʦʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʧʨʠ ʵʪʦʤ ʥʘʠʙʦʣʴʰʠʡ 

ʧʦʢʘʟʘʪʝʣʴ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 4, ʝʩʣʠ ʤʠʩʤʘʪʯ ʥʘʭʦʜʠʪʩʷ ʚ ʦʙʣʘʩʪʠ ʛʠʜʨʦʣʠʟʘ 

(ʈʠʩʫʥʦʢ 27ɼ). ɺ ʪʦ ʞʝ ʚʨʝʤʷ, m1Ɋ ʚ ʩʦʩʪʘʚʝ sgʈʅʂ ʦʢʘʟʳʚʘʝʪ ʙʦʣʝʝ ʟʘʤʝʪʥʳʡ ʵʬʬʝʢʪ ʠ 

ʠʥʛʠʙʠʨʫʝʪ ʨʝʘʢʮʠʶ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʠ ʥʘʣʠʯʠʠ ʦʜʠʥʦʯʥʳʭ ʤʠʩʤʘʪʯʝʡ ʚ PAM-

ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ (S3ïS5, ʈʠʩʫʥʦʢ 27ɹ, ɺ). ʊʘʢʞʝ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʨʝʘʢʮʠʠ ʩ ɼʅʂ-ʜʫʧʣʝʢʩʘʤʠ, ʩʦʜʝʨʞʘʱʠʤʠ ʜʚʦʡʥʳʝ ʤʠʩʤʘʪʯʠ 

ʚ PAM-ʜʠʩʪʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʢʨʦʤʝ ʧʦʟʠʮʠʡ 19ï20 (ʈʠʩʫʥʦʢ 27ɻ). ɺ ʨʝʟʫʣʴʪʘʪʝ, m1Ɋ 

ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʚʘʪʴ ʧʦʢʘʟʘʪʝʣʴ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʢʘʢ ʜʣʷ ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʭ, ʪʘʢ ʠ ʜʣʷ 

ʜʚʫʭʥʫʢʣʝʦʪʠʜʥʳʭ ʤʠʩʤʘʪʯʝʡ (ʈʠʩʫʥʦʢ 27ɼ, ɽ). ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ m1Ɋ-

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ ʜʣʷ ʦʜʠʥʦʯʥʳʭ ʤʠʩʤʘʪʯʝʡ ʧʦʢʘʟʘʪʝʣʴ ʩʧʝʮʠʬʠʯʥʦʩʪʠ 

ʚʦʟʨʘʩʪʘʝʪ ʦʪ 5 ʜʦ 35 ʨʘʟ, ʘ ʜʣʷ ʜʚʦʡʥʳʭ ʤʫʪʘʮʠʡ ʪʦʯʥʦʩʪʴ ʙʝʣʢʘ Cas9 ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 

ʜʝʩʷʪʠ ʨʘʟ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʨʝʜʠ ʠʟʫʯʝʥʥʳʭ ʧʨʠʨʦʜʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʨʝʘʢʮʠʷ 
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ʨʘʩʱʝʧʣʝʥʠʷ ʥʘʠʙʦʣʝʝ ʩʧʝʮʠʬʠʯʥʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʦʩʪʘʪʢʦʚ m1Ɋ, m6A ʠ m5C, 

ʘ ʥʘʠʤʝʥʝʝ ð ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʦʩʪʘʪʢʦʚ Ɋ. 

ʂʨʦʤʝ ʪʦʛʦ, ʤʳ ʨʘʩʩʤʦʪʨʝʣʠ, ʢʘʢ ʥʘʣʠʯʠʝ ʤʠʩʤʘʪʯʝʡ ʚʣʠʷʝʪ ʥʘ ʪʦʯʥʦʩʪʴ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 in vitro ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ tracrʈʅʂ (ʈʠʩʫʥʦʢ 28). ʇʦ 

ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ, ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʤʦʜʠʬʠʢʘʮʠʡ ʚ tracrʈʅʂ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʈʅʂ 

(ʈʠʩʫʥʦʢ 28ɸ, ɹ). ʊʦʯʥʦʩʪʴ ʙʝʣʢʘ Cas9 ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ 1,4ï1,8 ʨʘʟʘ ʧʨʠ 

ʚʢʣʶʯʝʥʠʠ ʤʦʜʠʬʠʢʘʮʠʡ m1Ɋ ʠʣʠ Ɋ ʚ tracrʈʅʂ, ʘ m6A ʠʣʠ m5C ʥʝ ʦʢʘʟʳʚʘʶʪ 

ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʵʬʬʝʢʪʘ (ʈʠʩʫʥʦʢ 28ɺïɻ). tracrʈʅʂ ʦʪʚʝʯʘʝʪ ʟʘ ʩʚʷʟʳʚʘʥʠʝ ʩ ʙʝʣʢʦʤ Cas9 ʠ 

ʥʘʧʨʷʤʫʶ ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʤ. ʉʦʛʣʘʩʥʦ ʥʘʰʠʤ ʨʝʟʫʣʴʪʘʪʘʤ, ʚʦʟʤʦʞʥʦ, 

ʯʪʦ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ ʩ ʙʝʣʢʦʤ tracrʈʅʂ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘʜʝʡʩʪʚʫʝʪ 

ʩʘʭʦʨʦʬʦʩʬʘʪʥʳʡ ʦʩʪʦʚ, ʠʟ-ʟʘ ʯʝʛʦ ʤʦʜʠʬʠʢʘʮʠʠ ʘʟʦʪʠʩʪʳʭ ʦʩʥʦʚʘʥʠʡ ʩʣʘʙʦ ʚʣʠʷʶʪ ʥʘ 

ʩʚʷʟʳʚʘʥʠʝ ʩ ʥʫʢʣʝʘʟʦʡ Cas9, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ. 
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ʈʠʩʫʥʦʢ 28. ɺʣʠʷʥʠʝ ʧʨʠʨʦʜʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʚ tracrʈʅʂ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʴ 

ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro. ɸ, ɹ ï ʬɻʬʝʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ (%) ʜʣʷ ʩʫʙʩʪʨʘʪʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ɸ ï ʦʜʥʦʥʫʢʣʝʦʪʠʜʥʳʝ ʠ ɹ ï ʜʚʫʥʫʢʣʝʦʪʠʜʥʳʝ ʤʠʩʤʘʪʯʠ, ʥʘ ʢʦʪʦʨʳʝ 

ʥʘʮʝʣʝʥʳ tracrʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ 100% ʦʩʪʘʪʢʦʚ m6A ʠ m5C, 50% Ɋ ʠ 50% m1Ɋ, ʠ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ tracrʈʅʂ (NM). WT, ʢʦʥʪʨʦʣʴʥʳʡ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ɼʅʂ-

ʜʫʧʣʝʢʩ. ɺ, ɻ ï ʧʦʢʘʟʘʪʝʣʠ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʜʣʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ tracrʈʅʂ. ʉʨʝʜʥʝʝ 

ʟʥʘʯʝʥʠʝ Ñ SD, ʧʦʣʫʯʝʥʥʦʝ ʧʦ ʪʨʝʤ ʥʝʟʘʚʠʩʠʤʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ. p -ʟʥʘʯʝʥʠʷ 

ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʩʪʦʨʦʥʥʝʛʦ ʢʨʠʪʝʨʠʷ ʉʪʴʶʜʝʥʪʘ (ns, ʥʝ ʟʥʘʯʠʤʦ; *, p 

<0,05; **, p <0,01, ***, p <0,001). 

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʦʩʥʦʚʥʳʝ ʩʪʨʘʪʝʛʠʠ ʢ ʧʦʚʳʰʝʥʠʶ ʩʧʝʮʠʬʠʯʥʦʩʪʠ 

ʩʠʩʪʝʤʳ CRISPR/Cas9 ʟʘʢʣʶʯʘʶʪʩʷ ʣʠʙʦ ʚ ʦʩʣʘʙʣʝʥʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʙʝʣʦʢ:ɼʅʂ ʠʣʠ 

ʙʝʣʦʢ:ʈʅʂ, ʣʠʙʦ ʚ ʩʥʠʞʝʥʠʠ ʘʬʬʠʥʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʈʅʇ:ɼʅʂ-ʤʠʰʝʥʴ, ʘ ʪʘʢʞʝ 

ʩʥʠʞʝʥʠʠ ʩʢʦʨʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ [129]. ɺʦʟʤʦʞʥʦ, ʫʚʝʣʠʯʝʥʠʝ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʧʨʠ 

ʚʢʣʶʯʝʥʠʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ ʧʨʦʠʩʭʦʜʠʪ 
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ʟʘ ʩʯʝʪ ʥʘʨʫʰʝʥʠ ̫ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʈʅʂ:ʙʝʣʦʢ ʚ ʢʦʤʧʣʝʢʩʘʭ ʈʅʇ:ɼʅʂ, ʯʪʦ ʤʦʞʝʪ ʚʣʠʷʪʴ 

ʥʘ ʦʜʠʥ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ, ʨʝʛʫʣʠʨʫʶʱʠʭ ʩʧʝʮʠʬʠʯʥʦʩʪʴ. 

ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʜʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʩʧʝʡʩʝʨʥʦʡ 

ʦʙʣʘʩʪʠ ʦʢʘʟʳʚʘʶʪ ʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʤʠʩʤʘʪʯʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ sgʈʅʂ ʩʠʣʴʥʝʝ ʫʚʝʣʠʯʠʚʘʝʪ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 in vitro, ʯʝʤ ʤʦʜʠʬʠʢʘʮʠʷ tracrʈʅʂ. ʂʨʦʤʝ ʪʦʛʦ, ʚʢʣʶʯʝʥʠʝ ʦʩʪʘʪʢʦʚ m1Ɋ ʚ 

sgʈʅʂ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʥʘʠʙʦʣʴʰʝʛʦ ʧʦʢʘʟʘʪʝʣʷ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ 

ʥʝʮʝʣʝʚʳʝ ʵʬʬʝʢʪʳ ʚ ʦʪʣʠʯʠʠ ʦʪ ʜʨʫʛʠʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ. 

3.1.4.  ʆʮʝʥʢʘ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʚ sgʈʅʂ ʥʘ 

ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʚ ʢʣʝʪʢʘʭ 

ʏʘʩʪʦ ʭʠʤʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʦʚʳʰʝʥʠʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ. ʗʨʢʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ 

ʚʚʝʜʝʥʠʝ 2ô-F ʠ ʪʠʦʬʦʩʬʘʪʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ, ʧʦʚʳʱʘʶʱʠʭ ʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘʧʨʘʚʣʷʶʱʠʭ 

ʈʅʂ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʚ ʢʣʝʪʢʘʭ [77]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠʨʦʜʥʳʝ 

ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʳʰʘʶʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʩʥʠʞʘʶʪ ʠʤʤʫʥʦʛʝʥʥʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ 

ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʈʅʂ [130]. ʅʘʧʨʠʤʝʨ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ, ʚʢʣʶʯʘʷ 

m6A, m5C ʠ Ɋ, ʧʦʜʘʚʣʷʶʪ ʧʝʨʝʜʘʯʫ ʩʠʛʥʘʣʦʚ ʥʘ ʨʘʥʥʠʭ ʵʪʘʧʘʭ RIG-I-ʧʦʜʦʙʥʦʛʦ ʧʫʪʠ 

ʘʢʪʠʚʘʮʠʠ ʚʨʦʞʜʝʥʥʦʛʦ ʠʤʤʫʥʠʪʝʪʘ [124], ʘ m1Ɋ ʚ ʩʦʩʪʘʚʝ ʤʈʅʂ ʩʥʠʞʘʝʪ ʠʤʤʫʥʥʳʡ ʦʪʚʝʪ 

ʠ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʴ [131]. ʇʦʵʪʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩ ʧʨʠʨʦʜʥʳʤʠ 

ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʢʣʝʪʢʠ ʯʝʣʦʚʝʢʘ.  

ɺ ʭʦʜʝ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʩʧʦʩʦʙʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ sgʈʅʂ 

ʧʦʜʜʝʨʞʠʚʘʪʴ Cas9-ʦʧʦʩʨʝʜʦʚʘʥʥʦʝ ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʛʝʥʦʚ ʚ ʢʣʝʪʢʘʭ ʤʣʝʢʦʧʠʪʘʶʱʠʭ. ɼʣʷ 

ʵʪʦʛʦ ʙʳʣʠ ʧʦʣʫʯʝʥʳ sgʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ m6A, m5C, Ɋ ʠʣʠ m1Ɋ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʝʜʳʜʫʱʠʭ in vitro ɻ ʢʩʧʝʨʠʤʝʥʪʦʚ ʛʣʫʙʠʥʘ ʤʦʜʠʬʠʢʘʮʠʠ ʜʣʷ Ɋ ʙʳʣʘ ʩʥʠʞʝʥʘ 

ʜʦ 50% ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. 

ʂʦʤʧʣʝʢʩʳ ʙʝʣʢʘ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ ʙʳʣʠ ʥʘʮʝʣʝʥʳ ʥʘ ʛʝʥ ANXA6. 

ʂʣʝʪʦʯʥʫʶ ʣʠʥʠʶ HEK293T/17 ʧʦʜʚʝʨʛʘʣʠ ʵʣʝʢʪʨʦʧʦʨʘʮʠʠ ʩ ʧʦʤʦʱʴʶ ʈʅʇ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ ʪʨʘʥʩʬʝʢʮʠʠ NeonTM ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ, ʫʢʘʟʘʥʥʦʡ ʥʘ ʈʠʩʫʥʢʝ 29ɸ. 

ʇʦʩʣʝ ʪʨʘʥʩʬʝʢʮʠʠ ʢʣʝʪʢʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 80% ʞʠʟʥʝʩʧʦʩʦʙʥʦʩʪʴ, ʠ ʥʠ ʦʜʠʥ ʠʟ 

ʧʨʦʪʝʩʪʠʨʦʚʘʥʥʳʭ ʪʠʧʦʚ ʈʅʇ ʥʝ ʚʳʟʚrʘʣ ʨʝʟʢʦʛʦ ʩʥʠʞʝʥʠʷ ʫʨʦʚʥʷ ʞʠʟʥʝʩʧʦʩʦʙʥʦʩʪʠ. 

ɻʝʥʦʤʥʫʶ ɼʅʂ ʚʳʜʝʣʷʣʠ ʯʝʨʝʟ 48 ʯʘʩʦʚ ʧʦʩʣʝ ʪʨʘʥʩʬʝʢʮʠʠ. 
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ʈʠʩʫʥʦʢ 29. ʂʦʤʧʣʝʢʩʳ ʙʝʣʢʘ Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ ʧʦʜʜʝʨʞʠʚʘʶʪ 

ʛʝʥʦʤʥʦʝ ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʢʣʝʪʦʢ ʯʝʣʦʚʝʢʘ ʚ ʢʫʣʴʪʫʨʝ. ɸ ï ʩʭʝʤʘ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ ʢʣʝʪʦʢ ʚ ʢʫʣʴʪʫʨʝ. ɹ ï ʧʨʦʮʝʥʪ 

ʦʪʨʝʜʘʢʪʠʨʦʚʘʥʥʳʭ ʢʣʝʪʦʢ (%) ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ sgʈʅʂ, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʣʠ 100% 

ʦʩʪʘʪʢʦʚ m5C m1Ɋ ʠ m6A ʠ 50% ʦʩʪʘʪʢʦʚ Ɋ, ʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʢʦʥʪʨʦʣʴʥʦʡ ʈʅʂ 

(NM). ɼʘʥʥʳʝ ʪʨʝʭ ʥʝʟʘʚʠʩʠʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ Ñ SD. 

ɿʥʘʯʝʥʠʷ p ʨʘʩʩʯʠʪʳʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʩʪʦʨʦʥʥʝʛʦ t-ʢʨʠʪʝʨʠʷ ʉʪʴʶʜʝʥʪʘ (ns: 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ, *p <0,05, **p <0,01, ***p <0,001). 

ɼʣʷ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʈʅʇ, ʠʩʧʦʣʴʟʦʚʘʣʠ ʮʠʬʨʦʚʫʶ ʇʎʈ ʩ 

ʧʨʘʡʤʝʨʘʤʠ ʠ ʟʦʥʜʘʤʠ ʥʘ ʬʨʘʛʤʝʥʪ ʛʝʥʘ ANXA6. ʉʠʩʪʝʤʘ ʩʧʝʮʠʬʠʯʥʳʭ ʟʦʥʜʦʚ ʩʦʜʝʨʞʘʣʘ 

ʢʦʥʪʨʦʣʴʥʳʡ ʟʦʥʜ ʥʘ ʫʯʘʩʪʦʢ ʙʝʟ ʤʫʪʘʮʠʡ, ʤʝʯʝʥʳʡ HEX, ʠ ʟʦʥʜ ʥʘ ʩʘʡʪ ʧʨʝʜʧʦʣʘʛʘʝʤʦʡ 

ʤʫʪʘʮʠʠ, ʤʝʯʝʥʳʡ FAM. ɿʦʥʜ ʩ FAM ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ ʨʘʩʯʝʪʘ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ 

ʤʫʪʘʥʪʥʳʭ ʢʣʝʪʦʢ, ʘ ʟʦʥʜ ʩ HEX - ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʱʝʛʦ ʯʠʩʣʘ ʢʣʝʪʦʢ 

ʜʠʢʦʛʦ ʪʠʧʘ. ɼʚʫʤʝʨʥʳʝ ʛʨʘʬʠʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʮʠʬʨʦʚʦʡ ʇʎʈ ʜʣʷ ʢʘʞʜʦʡ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʇʨʠʣʦʞʝʥʠʠ ɼ. 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ ʧʨʦʮʝʥʪ 

ʦʪʨʝʜʘʢʪʠʨʦʚʘʥʥʳʭ ʢʣʝʪʦʢ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 70% (ʈʠʩʫʥʦʢ 29ɹ). ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 

ʚʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʫʢʣʝʦʪʠʜʥʳʭ ʦʩʪʘʪʢʦʚ ʚ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ ʠʟʤʝʥʷʝʪ 
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ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ɿʘʤʝʥʘ ʮʠʪʠʜʠʥʘ ʥʘ m5C ʚ sgʈʅʂ ʧʦʟʚʦʣʷʝʪ 

ʜʦʩʪʠʯʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʚʘʨʠʘʥʪʦʤ 

sgʈʅʂ. ʆʜʥʘʢʦ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʩʥʠʞʘʝʪʩʷ ʜʦ 40% ʧʨʠ ʚʚʝʜʝʥʠʠ m6A ʠ ʜʦ 

30% ʧʨʠ ʚʢʣʶʯʝʥʠʠ Ɋ ʚ sgʈʅʂ. m6A ʠ Ɋ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʘʙʠʣʠʟʠʨʫ ʪʁ ʩʪʵʢʠʥʛ ʦʩʥʦʚʘʥʠʡ 

ʚ ʦʜʥʦʮʝʧʦʯʝʯʥʦʡ ʈʅʂ [132,133], ʯʪʦ ʤʦʞʝʪ ʥʘʨʫʰʘʪʴ ʩʚʷʟʳʚʘʥʠʝ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʠ 

ʙʝʣʢʘ Cas9. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚʢʣʶʯʝʥʠʝ ʜʘʥʥʳʭ ʥʝʢʘʥʦʥʠʯʝʩʢʠʭ ʦʩʥʦʚʘʥʠʡ ʚ 

ʧʦʣʦʞʝʥʠʷ ʩʚʷʟʳʚʘʥʠʷ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʦʜʥʦʮʝʧʦʯʝʯʥʦʛʦ ʈʅʂ-ʩʚʷʟʳʚʘʶʱʝʛʦ ʙʝʣʢʘ Pumilio 

2 (hPUM2) ʦʩʣʘʙʣʷʝʪ ʘʬʬʠʥʥʦʩʪʴ ʜʘʥʥʦʛʦ ʙʝʣʢʘ [134]. ʇʦʩʢʦʣʴʢʫ Cas9 ʷʚʣʷʝʪʩʷ ʈʅʂ-

ʩʚʷʟʳʚʘʶʱʠʤ ʙʝʣʢʦʤ, ʦʙʨʘʟʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ-ʘʢʪʠʚʥʳʭ ʈʅʇ ʤʦʞʝʪ ʙʳʪʴ ʟʘʪʨʫʜʥʝʥʦ, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʥʠʟʠʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. ɿʘʤʝʥʳ U ʥʘ m1Ɋ ʚ sgʈʅʂ 

ʧʨʠʤʝʨʥʦ ʚʪʨʦʝ ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʤʫʪʘʥʪʥʳʭ ʢʣʝʪʦʢ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ (ʈʠʩʫʥʦʢ 29ɹ). ʅʘʙʣʶʜʘʝʤʳʡ ʜʣʷ m1Ɋ ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʳʪʴ 

ʨʝʟʫʣʴʪʘʪʦʤ ʜʝʩʪʘʙʠʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʘ ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʠ ʛʝʥʦʤʥʦʡ ɼʅʂ [135]. 

ɼʝʩʪʘʙʠʣʠʟʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ m1Ɋ ʚ ʩʪʨʫʢʪʫʨʝ ʈʅʂ ʧʨʠʥʠʤʘʝʪ ʩʠʥ-

ʢʦʥʬʦʨʤʘʮʠʶ, ʥʝ ʧʦʟʚʦʣʷʷ ʝʡ ʩʧʘʨʠʚʘʪʴʩʷ ʩ dA ɼʅʂ ʚ ʘʥʪʠ-ʢʦʥʬʦʨʤʘʮʠʠ [135]. ʂʨʦʤʝ 

ʪʦʛʦ, ʠʟ ʧʨʝʜʳʜʫʱʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚʢʣʶʯʝʥʠʝ ʦʩʪʘʪʢʦʚ m6A, Ɋ ʠ m1Ɋ ʚ 

sgʈʅʂ ʥʘʨʫʰʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠ-ʘʢʪʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ sgʈʅʂ ʩ ʙʝʣʢʦʤ Cas9, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʝʥʴʰʝʤʫ ʯʠʩʣʫ ʈʅʇ ʚ ʢʣʝʪʢʘʭ ʠ ʪʝʤ ʩʘʤʳʤ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʩʪʝʤʫ CRISPR/Cas9 ʩ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ sgʈʅʂ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʢʣʝʪʦʢ, ʭʦʪʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ 

ʦʩʪʘʪʢʠ ʩʥʠʞʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʤʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ sgʈʅʂ. ʆʜʥʘʢʦ, ʩʦʯʝʪʘʥʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʩ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤ 

ʫʨʦʚʥʝʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ (m5C) ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʩ ʚʳʩʦʢʦʡ ʩʧʝʮʠʬʠʯʥʦʩʪʴʶ 

(m1Ɋ) ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʙʘʣʘʥʩʫ ʤʝʞʜʫ ʜʚʫʤʷ ʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʧʦʣʫʯʝʥʠʶ 

ʵʬʬʝʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ CRISPR/Cas9. 

***  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʩʪʨʝʯʘʶʱʠʝʩʷ ʚ 

ʧʨʠʨʦʜʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ ʚ ʧʨʝʜʝʣʘʭ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ʛʣʫʙʠʥʳ ʤʦʜʠʬʠʢʘʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʚʢʣʶʯʝʥʳ ʚ ʩʦʩʪʘʚ tracrʈʅʂ ʠʣʠ sgʈʅʂ ʙʝʟ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʩʥʠʞʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro ʠ ʚ ʢʣʝʪʢʘʭ. ɸ 
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ʠʤʝʥʥʦ, ʢʦʤʧʣʝʢʩʳ ʙʝʣʢʘ Cas9 ʩ ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ ʦʩʪʘʪʢʠ m6A, m5C, 

Ɋ ʠ m1Ɋ, ʨʘʩʱʝʧʣʷʶʪ ʢʘʢ ʧʨʦʪʷʞʝʥʥʳʝ ɼʅʂ-ʜʫʧʣʝʢʩʳ, ʪʘʢ ʠ ʧʣʘʟʤʠʜʥʳʝ ʩʫʙʩʪʨʘʪʳ in 

vitro. ʂʨʦʤʝ ʪʦʛʦ, ʚʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʤʦʥʦʤʝʨʦʚ ʚ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ 

ʧʦʚʳʰʘʝʪ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 in vitro ʠ ʧʦʟʚʦʣʷʝʪ ʧʦʜʜʝʨʞʠʚʘʪʴ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ CRISPR/Cas9 ʚ ʢʣʝʪʢʘʭ ʯʝʣʦʚʝʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʥʫʢʣʝʦʪʠʜʥʳʝ ʦʩʪʘʪʢʠ, ʷʚʣʷʶʪʩʷ 

ʧʨʝʩʧʝʢʪʠʚʥʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ.  
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3.2. ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʭʠʤʝʨʥʳʭ ʥʘʧʨʘʚʣʷʶʱʠʭ crʈʅʂ ʜʣʷ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 

ʅʝʩʢʦʣʴʢʦ ʣʝʪ ʥʘʟʘʜ ʚ ʀʍɹʌʄ ʉʆ ʈɸʅ ʙʳʣ ʦʧʠʩʘʥ ʥʦʚʳʡ ʘʥʘʣʦʛ ʥʫʢʣʝʠʥʦʚʳʭ 

ʢʠʩʣʦʪ ï ʬʦʩʬʦʨʠʣʛʫʘʥʠʜʠʥʦʚʳʝ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʳ (ʌɻʆ) [136]. ʇʦʩʣʝ ʨʘʟʨʘʙʦʪʢʠ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʛʦ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʬʦʩʬʘʪ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ 

ʥʫʢʣʝʠʥʦʚʳʭ ʢʠʩʣʦʪ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʩʦʟʜʘʚʘʪʴ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʳ ʩ ʯʘʩʪʠʯʥʦ ʠʣʠ 

ʧʦʣʥʦʩʪʴʶ ʥʝʡʪʨʘʣʴʥʳʤ ʟʘʨʷʜʦʤ ʦʩʪʦʚʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʬʦʩʬʦʨʘʤʠʜʠʪʥʳʭ 

ʤʦʥʦʤʝʨʦʚ [137]. ɹʣʘʛʦʜʘʨʷ ʥʝʡʪʨʘʣʴʥʦʤʫ ʟʘʨʷʜʫ ʌɻʆ, ʜʘʥʥʳʝ ʘʥʘʣʦʛʠ ʩʧʦʩʦʙʥʳ 

ʵʬʬʝʢʪʠʚʥʦ ʠ ʩʚʦʙʦʜʥʦ ʧʨʦʥʠʢʘʪʴ ʚ ʢʣʝʪʢʠ [137]. ʂʨʦʤʝ ʪʦʛʦ, ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʳ, 

ʩʦʜʝʨʞʘʱʠʝ ʬʦʩʬʦʨʠʣʛʫʘʥʠʜʠʥʦʚʳʝ (ʌɻ) ʤʦʜʠʬʠʢʘʮʠʠ, ʠʤʝʶʪ ʥʠʟʢʫʶ ʪʦʢʩʠʯʥʦʩʪʴ ʜʣʷ 

ʵʫʢʘʨʠʦʪʠʯʝʩʢʠʭ ʢʣʝʪʦʢ ʠ ʥʝ ʚʣʠʷʶʪ ʥʘ ʞʠʟʥʝʩʧʦʩʦʙʥʦʩʪʴ ʢʣʝʪʦʢ [138]. ɼʨʫʛʠʤʠ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʚʢʣʶʯʝʥʠʷ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʳ ̫ ʚʣʷʝʪʩʷ ʠʭ ʩʧʦʩʦʙʥʦʩʪʴ 

ʦʙʨʘʟʦʚʳʚʘʪʴ ʫʩʪʦʡʯʠʚʳʝ ʜʫʧʣʝʢʩʳ ʩ ʈʅʂ ʠ ɼʅʂ [139], ʠ ʠʭ ʩʪʘʙʠʣʴʥʦʩʪʴ ʢ ʜʝʡʩʪʚʠʶ 

ʥʫʢʣʝʘʟ [138]. ʅʘʨʷʜʫ ʩ ʚʳʩʦʢʦʡ ʘʬʬʠʥʥʦʩʪʴʶ, ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʌɻ-ʛʨʫʧʧ ʚ ɼʅʂ, ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ ʢʦʥʬʦʨʤʘʮʠʷ ʭʠʤʝʨʥʦʛʦ ʜʫʧʣʝʢʩʘ ɼʅʂ:ʈʅʂ ʠ ʦʥʘ ʩʭʦʞʘ ʩ ʢʦʥʬʦʨʤʘʮʠʝʡ 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʘʥʘʣʦʛʘ [139]. ʌɻ-ʛʨʫʧʧʳ ʤʦʛʫʪ ʙʳʪʴ ʚʚʝʜʝʥʳ ʠ ʚ ʩʪʨʫʢʪʫʨʫ ʈʅʂ 

[112]. ʅʘʧʨʠʤʝʨ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʣʳʝ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʝ ʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʌɻ-

ʤʦʜʠʬʠʢʘʮʠʠ, ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳ ʢ ʜʝʡʩʪʚʠʶ ʈʅʂʘʟʳ ɸ, ʠ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ 

ʥʝʮʝʣʝʚʫʶ ʘʢʪʠʚʥʦʩʪʴ ʠ ʧʦʚʳʩʠʪʴ ʫʨʦʚʝʥʴ ʩʘʡʣʝʥʩʠʥʛʘ ʮʝʣʝʚʳʭ ʛʝʥʦʚ [112]. ʆʜʥʘʢʦ ʌɻ-

ʛʨʫʧʧʳ ʚ ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʘʭ ʧʨʝʧʷʪʩʪʚʫʶʪ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʤʧʣʝʢʩʘ ʵʥʜʦʥʫʢʣʝʘʟʳ APE1 ʩ 

ɼʅʂ ʠʣʠ ʈʅʂ, ʧʦʵʪʦʤʫ ʚʚʝʜʝʥʠʝ ʌɻ-ʛʨʫʧʧ ʚ tracrʈʅʂ, ʦʪʚʝʯʘʶʱʫʶ ʟʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ 

ʙʝʣʢʦʤ Cas9, ʷʚʣʷʝʪʩʷ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʳʤ [140].  

ʌɻʆ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʚ ʢʘʯʝʩʪʚʝ: ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʟʦʥʜʦʚ [141], 

ʧʨʘʡʤʝʨʦʚ ʜʣʷ ʇʎʈ ʠ ʇʎʈ ʩ ʦʙʨʘʪʥʦʡ ʪʨʘʥʩʢʨʠʧʮʠʝʡ, ʘ ʪʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ ʧʦʪʝʥʮʠʘʣʴʥʳʭ 

ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ ʘʛʝʥʪʦʚ [142]. ɺʚʝʜʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ ʩʧʦʩʦʙʥʦ ʫʣʫʯʰʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ ʩʨʦʢ ʜʝʡʩʪʚʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʝʨʘʧʝʚʪʠʯʝʩʢʠʭ 

ʦʣʠʛʦʥʫʢʣʝʦʪʠʜʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʙʠʦʣʦʛʠʯʝʩʢʦʛʦ ʜʝʡʩʪʚʠʷ [143,144], ʚʢʣʶʯʘʷ ʩʘʡʪ-

ʥʘʧʨʘʚʣʝʥʥʦʝ ʨʝʜʘʢʪʠʨʦʚʘʥʠʝ ʈʅʂ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʥʜʦʛʝʥʥʳʭ ʬʝʨʤʝʥʪʦʚ ADAR [145]. 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʩʪʨʝʤʷʱʠʭʩʷ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ ʩʠʩʪʝʤʫ CRISPR/Cas9, ʷʚʣʷʝʪʩʷ ʧʦʜʜʝʨʞʘʥʠʝ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʚʳʩʦʢʦʡ 

ʪʦʯʥʦʩʪʴʶ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ. ʆʜʥʘʢʦ, ʚʚʝʜʝʥʠʝ ʚ ʥʘʧʨʘʚʣʷʶʱʫʶ ʈʅʂ ʤʦʜʠʬʠʢʘʮʠʡ, 

ʧʦʚʳʰʘʶʱʠʭ ʩʧʝʮʠʬʠʯʥʦʩʪʴ, ʯʘʩʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ 

[81,93]. ɺ ʧʦʧʳʪʢʝ ʨʘʟʨʝʰʠʪʴ ʜʘʥʥʫʶ ʧʨʦʙʣʝʤʫ ʤʳ ʩʢʦʤʙʠʥʠʨʦʚʘʣʠ ʜʚʘ ʪʠʧʘ 
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ʤʦʜʠʬʠʢʘʮʠʡ: ʨʠʙʦʟʳ ʠ ʬʦʩʬʘʪʘ. ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ɼʅʂ ʤʦʥʦʤʝʨʳ ʚ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʩʧʦʩʦʙʥʳ ʫʣʫʯʰʠʪʴ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 [82,93], ʘ 

ʌɻ-ʛʨʫʧʧʳ ʚ ʈʅʂ ʧʦʟʚʦʣʷʶʪ ʧʦʚʳʩʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʥʫʢʣʝʘʟʘʤ ʠ ʫʧʨʦʩʪʠʪʴ ʜʦʩʪʘʚʢʫ ʚ 

ʢʣʝʪʢʠ [144]. ɺ ʭʦʜʝ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ ʙʳʣʠ ʚʧʝʨʚʳʝ ʚʚʝʜʝʥʳ ʚ 

ʥʘʧʨʘʚʣʷʶʱʠʝ ʭʠʤʝʨʥʳʝ crʈʅʂ ʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʘʢʪʠʚʥʦʩʪʴ 

ʩʠʩʪʝʤʳ CRISPR/Cas9 (ʈʠʩʫʥʦʢ 30).  

 

ʈʠʩʫʥʦʢ 30. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʠʩʪʝʤʳ CRISPR/Cas9. ʉʭʝʤʘ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ɼʅʂ-ʜʫʧʣʝʢʩ, ʩʦʜʝʨʞʘʱʠʡ ʮʝʣʝʚʫʶ ʠ ʥʝʮʝʣʝʚʫʶ ʮʝʧʴ, ʘ ʪʘʢʞʝ ʭʠʤʝʨʥʫʶ 

crʈʅʂ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʩʧʝʡʩʝʨʘ, ʦʭʚʘʪʳʚʘʶʱʝʛʦ PAM-ʜʠʩʪʘʣʴʥʫʶ ʠ PAM-ʧʨʦʢʩʠʤʘʣʴʥʫʶ 

ʦʙʣʘʩʪʠ ʠ tracrʈʅʂ. ɿʚʝʟʜʦʯʢʦʡ ʦʙʦʟʥʘʯʝʥʘ ʦʙʣʘʩʪʴ ʚʢʣʶʯʝʥʠʷ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ. 

3.2.1. ɼʠʟʘʡʥ ʭʠʤʝʨʥʳʭ crʈʅʂ ʩ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷʤʠ 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʫʢʦʨʦʯʝʥʥʳʝ crʈʅʂ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʛʝʥʦʚ ʢʣʝʪʦʢ ʤʣʝʢʦʧʠʪʘʶʱʠʭ [79,146], ʪʘʢ ʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ 

ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ [80]. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

crʈʅʂ ʜʣʠʥʦʡ 35 ʥʫʢʣʝʦʪʠʜʦʚ ʠ tracrʈʅʂ ï 67 ʥʫʢʣʝʦʪʠʜʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʧʦʚʳʰʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʛʝʥʦʤʥʦʛʦ ʨʝʜʘʢʪʠʨʦʚʘʥʠʷ ʚ ʢʫʣʴʪʠʚʠʨʫʝʤʳʭ ʢʣʝʪʢʘʭ ʥʘ 5ô-ʢʦʥʝʮ ʚʩʝʭ 

crʈʅʂ ʙʳʣ ʚʢʣʶʯʝʥ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʛʫʘʥʦʟʠʥ [85,86]. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 10-12 

ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʦʚ ʥʘ 5ô-ʢʦʥʮʝ crʈʅʂ ʦʢʘʟʳʚʘʶʪ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦʚʳʰʘʷ ʩʧʝʮʠʬʠʯʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9 [93]. ɺ ʭʦʜʝ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʟʘʤʝʥʘ ʨʠʙʦ- ʥʘ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʳ ʠ ʤʦʜʠʬʠʢʘʮʠʷ 

ʬʦʩʬʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʌɻ-ʛʨʫʧʧ, ʘ ʠʤʝʥʥʦ 1,3-ʜʠʤʝʪʠʣʠʤʠʜʘʟʦʣʠʜʠʥ-2-

ʠʣʠʜʝʥʬʦʩʬʦʨʘʤʠʜʘʪʘ (ʈʠʩʫʥʦʢ 31ɸïɺ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʭʠʤʝʨʥʳʝ crʈʅʂ ʩ 

ʜʝʩʷʪʴʶ 5ô-ʢʦʥʮʝʚʳʤʠ ʜʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʦʪʠʜʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʬʦʩʬʦʜʠʵʬʠʨʥʳʝ ʩʚʷʟʠ 
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ʟʘʤʝʥʝʥʳ ʥʘ ʌɻ-ʛʨʫʧʧʳ (ʈʠʩʫʥʦʢ 31ɸ). ʇʦʣʦʞʝʥʠʷ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʪʘʢ, 

ʯʪʦʙʳ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʢʦʥʪʘʢʪʳ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʙʝʣʢʦʤ Cas9, 

ʥʘʧʨʘʚʣʷʶʱʝʡ ʈʅʂ ʠ ɼʅʂ-ʤʠʰʝʥʴʶ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʙʳʣʘ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʩʝʨʠʷ ʭʠʤʝʨʥʳʭ 

crʈʅʂ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʚʢʣʶʯʝʥʠʝʤ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ ʩ 1-ʦʡ ʧʦ 10-ʫ  ʁʧʦʟʠʮʠ ʁPAM-

ʜʠʩʪʘʣʴʥʦʡ ʩʧʝʡʩʝʨʥʦʡ ʦʙʣʘʩʪʠ crʈʅʂ (IG2 ï IG11) (ʈʠʩʫʥʦʢ 31ɻ). ɺʧʦʩʣʝʜʩʪʚʠʠ 

ʢʦʣʠʯʝʩʪʚʦ ʌɻ-ʛʨʫʧʧ ʙʳʣʦ ʫʚʝʣʠʯʝʥʦ ʜʦ ʪʨʝʭ ʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩʘʡʪʳ, ʢʦʪʦʨʳʝ ʩʥʠʞʘʶʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʠ ʤʦʜʠʬʠʢʘʮʠʠ (ʈʠʩʫʥʦʢ 31ɼ). ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʚʘʨʠʘʥʪʳ crʈʅʂ, ʚ ʢʦʪʦʨʳʭ 10-ʪ ɹʤʝʞʥʫʢʣʝʦʪʠʜʥʳʭ ʬʦʩʬʘʪʦʚ ʙʳʣʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʳ 

(IGF) ʠʣʠ ʌɻ-ʛʨʫʧʧʳ ʙʳʣʠ ʨʘʩʧʦʣʦʞʝʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʜʚʫʭ 

ʥʫʢʣʝʦʪʠʜʦʚ ʜʨʫʛ ʦʪ ʜʨʫʛʘ (IGZ). ʇʫʣ crʈʅʂ, ʥʝʩʫʱʠʭ ʦʜʥʫ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʌɻ-ʛʨʫʧʧ, ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʡ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʠ ʤʝʩʪʦʨʘʩʧʦʣʦʞʝʥʠʷ ʌɻ-

ʤʦʜʠʬʠʢʘʮʠʡ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ (ʈʠʩʫʥʦʢ 31ɺ-ɼ). ʂʨʦʤʝ 

ʪʦʛʦ, ʜʣ ̫ ʠʩʢʣʶʯʝʥʠʷ ʚʣʠʷʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʦʚʝʣʠ ʦʮʝʥʢʫ ʚʣʠʷʥʠʷ ʌɻ-

ʤʦʜʠʬʠʢʘʮʠʠ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʠʩʧʦʣʴʟʫʷ ʪʨʠ ʨʘʟʥʳʭ ʩʧʝʡʩʝʨʘ 

(ʈʠʩʫʥʦʢ 31ɹ). 

 

ʈʠʩʫʥʦʢ 31. ʉʪʨʫʢʪʫʨʳ ʭʠʤʝʨʥʳʭ crʈʅʂ ʩ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷʤʠ. A ï ʩʭʝʤʘʪʠʯʝʩʢʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʭʠʤʝʨʥʳʭ crʈʅʂ ʩ ʌɻ-ʛʨʫʧʧʘʤʠ; ɹ ï ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʭʠʤʝʨʥʳʝ crʈʅʂ, 

ʩʦʜʝʨʞʘʱʠʝ ʩʧʝʡʩʝʨ 1, ʩʧʝʡʩʝʨ 2 ʠ ʩʧʝʡʩʝʨ 3, ʟʚʝʟʜʦʯʢʦʡ ʦʙʦʟʥʘʯʝʥʘ ɼʅʂ ʦʙʣʘʩʪʴ crʈʅʂ, 
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ʥʝʩʫʱʘʷ ʌɻ-ʛʨʫʧʧʳ; ɺ ï ʭʠʤʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʛʨʫʧʧ ʬʦʩʬʦʜʠʵʬʠʨʘ (PO) ʠ 

ʬʦʩʬʦʨʠʣʛʫʘʥʠʜʠʥʘ (ʌɻ); ɻ, ɼ ï ʩʭʝʤʘ ʧʦʣʦʞʝʥʠʡ, ʚ ʢʦʪʦʨʳʭ ʬʦʩʬʦʜʠʵʬʠʨʥʳʝ ʩʚʷʟʠ 

ʟʘʤʝʥʝʥʳ ʦʜʥʦʡ (ɻ) ʠʣʠ ʥʝʩʢʦʣʴʢʠʤʠ (ɼ) ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷʤʠ. 

3.2.2. ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʌɻ-ʛʨʫʧʧ ʚ ʭʠʤʝʨʥʳʭ crʈʅʂ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ 

CRISPR/Cas9 in vitro 

ɼʣʷ ʦʮʝʥʢʠ ʘʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤʳ CRISPR/Cas9, ʩʦʜʝʨʞʘʱʝʡ ʭʠʤʝʨʥʳʝ crʈʅʂ ʩ ʌɻ-

ʛʨʫʧʧʘʤʠ, ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʪʦʢʦʣ, ʦʧʠʩʘʥʥʳʡ ʚ ʧʫʥʢʪʝ 3.1.1.1, ʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʙʝʣʢʘ Cas9 ʙʳʣʠ ʚʳʙʨʘʥʳ 3 ʧʨʦʪʦʩʧʝʡʩʝʨʘ ʥʘ ʬʨʘʛʤʝʥʪ ʛʝʥʘ ANXA6 ʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʥʘʧʨʘʚʣʷʶʱʠʝ ʈʅʂ. ɼʣʷ ʠʟʥʘʯʘʣʴʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ 

ʩʠʩʪʝʤʳ ʩ ʌɻ-ʭʠʤʝʨʥʳʤʠ ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʈʅʂ ʙʳʣ ʚʳʙʨʘʥ 1 ʧʨʦʪʦʩʧʝʡʩʝʨ, ʠ ʯʪʦʙʳ 

ʦʮʝʥʠʪʴ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʭʠʤʝʨʥʳʭ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ ʌɻ-

ʛʨʫʧʧʳ, ʜʣʷ ʩʙʦʨʢʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʩ ʙʝʣʢʦʤ Cas9 ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ 

ʧʣʘʟʤʠʜʥʳʡ ɼʅʂ-ʩʫʙʩʪʨʘʪ 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʚʳʷʚʠʣ, ʯʪʦ ʜʣʷ ʭʠʤʝʨʥʳʭ ʚʘʨʠʘʥʪʦʚ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ ʦʜʥʫ 

ʌɻ-ʤʦʜʠʬʠʢʘʮʠʶ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 50 ʜʦ 88% 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʭʠʤʝʨʥʦʡ crʈʅʂ (IG0) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʦʞʝʥʠʷ 

ʤʦʜʠʬʠʢʘʮʠʠ (ʈʠʩʫʥʦʢ 32). ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʘ ʟʘʤʝʪʥʦ 

ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʌɻ-ʛʨʫʧʧʳ ʚ ʯʝʪʚʝʨʪʦʝ ʧʦʣʦʞʝʥʠʝ ʩ 5ô-ʢʦʥʮʘ crʈʅʂ (ʈʠʩʫʥʦʢ 

32ɹ-ɻ). 



91 
 
 

 

 

ʈʠʩʫʥʦʢ 32. ʉʘʡʪ-ʟʘʚʠʩʠʤʦʝ ʚʣʠʷʥʠʝ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʭʠʤʝʨʥʦʡ crʈʅʂ ʥʘ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ. ɸ ï ʨʘʩʱʝʧʣʝʥʠʝ ʧʣʘʟʤʠʜʳ pANXA6 ʩ ʧʦʤʦʱʴʶ 

ʙʝʣʢʘ Cas9, ʦʙʨʘʟʫʶʱʝʛʦ ʢʦʤʧʣʝʢʩ ʩ ʭʠʤʝʨʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ 

ʝʜʠʥʠʯʥʫʶ ʌɻ-ʛʨʫʧʧʫ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʣʦʞʝʥʠʷʭ PAM-ʜʠʩʪʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʡʩʝʨʘ 1. IG0 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʭʠʤʝʨʥʫʶ crʈʅʂ, ʥʝ ʩʦʜʝʨʞʘʱʫʶ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ. ʎʠʬʨʳ ʚ 

ʥʘʟʚʘʥʠʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫʢʘʟʳʚʘʶʪ ʧʦʣʦʞʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʥʫʢʣʝʦʪʠʜʦʚ, ʥʝʩʫʱʠʭ ʌɻ-ʛʨʫʧʧʫ. ʂ- ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʥʪʨʦʣʴʥʫʶ ʨʝʘʢʮʠʶ ʙʝʟ Cas9. 

ɼʚʝ ʚʝʨʭʥʠʝ ʧʦʣʦʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʜʫʢʪʳ ʨʘʩʱʝʧʣʝʥʠʷ: ʨʝʣʘʢʩʠʨʦʚʘʥʥʫʶ ï ʦʜʥʦ-

ʮʝʧʦʯʝʯʥʫʶ ʬʦʨʤʫ ʨʘʩʱʝʧʣʝʥʠʷ ʠ ʣʠʥʝʡʥʫʶ ï ʜʚʫʮʝʧʦʯʝʯʥʫʶ ʬʦʨʤʫ ʨʘʩʱʝʧʣʝʥʠʷ, ʘ 

ʥʠʞʥʷʷ ʧʦʣʦʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʥʪʘʢʪʥʫʶ ʩʫʧʝʨʩʢʨʫʯʝʥʥʫʶ ʧʣʘʟʤʠʜʫ. ɹ ï ʜʠʘʛʨʘʤʤʘ 

ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʦʜʥʦʮʝʧʦʯʝʯʥʦʛʦ ʠ ʜʚʫʮʝʧʦʯʝʯʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʠʭ 

ʩʫʤʤʳ - ʦʙʱʝʛʦ ʨʘʩʱʝʧʣʝʥʠʷ. ɺ ï ʘʥʘʣʦʛʠʯʥʘ ʧʘʥʝʣʠ A, ʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʘʨʠʘʥʪʳ 

crʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ. ɻ ï ʘʥʘʣʦʛʠʯʥʘ ʧʘʥʝʣʠ ɹ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʧʨʦʮʝʥʪʳ ʨʘʩʱʝʧʣʝʥʠʷ ʜʣʷ ʚʘʨʠʘʥʪʦʚ, ʧʦʢʘʟʘʥʥʳʭ ʚ ʧʘʥʝʣʠ ɺ. ɼʘʥʥʳʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ Ñ SD ʧʦ ʪʨʝʤ ʥʝʟʘʚʠʩʠʤʳʤ ʧʦʚʪʦʨʘʤ.  

ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠ ʥʝʛʘʪʠʚʥʳʡ ʵʬʬʝʢʪ ʦʪ ʤʦʜʠʬʠʢʘʮʠʠ 4-ʛʦ ʧʦʣʦʞʝʥʠʷ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʌɻ-ʛʨʫʧʧ, ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʦʜʥʫ ʠʣʠ ʜʚʝ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ, ʚʚʝʜʝʥʥʳʝ ʯʝʨʝʟ ʦʜʠʥ ʥʫʢʣʝʦʪʠʜ (IGA, IGH). ʊʘʢʞʝ ʙʳʣ 

ʠʩʩʣʝʜʦʚʘʥ ʵʬʬʝʢʪ ʥʝʩʢʦʣʴʢʠʭ ʌɻ-ʛʨʫʧʧ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʨʘʩʧʦʣʦʞʝʥʠʷ ʚ ɼʅʂ ʦʙʣʘʩʪʠ 
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ʩʧʝʡʩʝʨʘ crʈʅʂ: ʥʘ 5ô-ʢʦʥʮʝ PAM-ʜʠʩʪʘʣʴʥʦʡ ʦʙʣʘʩʪʠ (IGK, IGL), ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʚʩʝʡ PAM-ʜʠʩʪʘʣʴʥʦʡ ʦʙʣʘʩʪʠ (IGZ) ʠʣʠ ʧʨʠʣʝʛʘʶʱʠʝ ʢ PAM-

ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ (IGM, IGN) (ʈʠʩʫʥʦʢ 32ɺ). 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠʯʝʩʪʚʘ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ ʚ crʈʅʂ ʧʨʦʠʩʭʦʜʠʪ ʟʘʤʝʪʥʦʝ 

ʩʥʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʚʫʮʝʧʦʯʝʯʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʚʢʣʶʯʝʥʠʝʤ ʝʜʠʥʠʯʥʳʭ ʌɻ-ʛʨʫʧʧ (ʈʠʩʫʥʦʢ 32ɺ). ʅʘʧʨʠʤʝʨ, ʚʢʣʶʯʝʥʠʝ ʜʝʩʷʪʠ ʌɻ-

ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʥʘʧʨʘʚʣʷʶʱʫʶ ʈʅʂ IGF ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʛʠʜʨʦʣʠʟʘ ʧʣʘʟʤʠʜʥʦʛʦ 

ʩʫʙʩʪʨʘʪʘ ʜʦ 10% (ʈʠʩʫʥʦʢ 32ɻ). ʀʥʪʝʨʝʩʥʦ, ʯʪʦ 4-ʘ ̫ʧʦʟʠʮʠʷ ʧʨʦʷʚʣʷʝʪ ʩʘʤʫʶ ʚʳʩʦʢʫʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʚʚʝʜʝʥʠʶ ʌɻ-ʛʨʫʧʧʳ, ʧʨʠ ʵʪʦʤ ʜʘʞʝ ʝʜʠʥʠʯʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʜʚʫʮʝʧʦʯʝʯʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʜʦ 30%. ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ ʚʢʣʶʯʝʥʠʝ 

ʦʜʥʦʡ ʠ ʜʚʫʭ ʌɻ-ʛʨʫʧʧ ʚʝʜʝʪ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʩʥʠʞʝʥʠʶ ʘʢʪʠʚʥʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʜʦ 20% ʠ 

12% ʜʣʷ ʭʠʤʝʨʥʳʭ ʚʘʨʠʘʥʪʦʚ crʈʅʂ IGA, IGH ʠ IGL ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʈʠʩʫʥʦʢ 32ɻ). 

ʊʘʥʜʝʤʥʳʝ ʚʩʪʘʚʢʠ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ ʚ ʨʘʡʦʥʝ, ʧʨʠʣʝʛʘʶʱʝʤʫ ʢ PAM-ʧʨʦʢʩʠʤʘʣʴʥʦʡ 

ʦʙʣʘʩʪʠ, ʦʩʦʙʝʥʥʦ ʚ 9-ʦʤ ï 11-ʦʤ ʧʦʣʦʞʝʥʠʷʭ, ʘʥʘʣʦʛʠʯʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ ʧʨʦʮʝʥʪ 

ʨʘʩʱʝʧʣʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ (IGM, IGN, ʈʠʩʫʥʦʢ 32ɻ). ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʥʘʧʨʘʚʣʷʶʱʘʷ ʈʅʂ 

IGK, ʚʢʣʶʯʘʶʱʘʷ ʜʚʝ ʪʘʥʜʝʤʥʳʝ ʌɻ-ʛʨʫʧʧʳ ʚ PAM-ʜʠʩʪʘʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʤʠʥʠʤʘʣʴʥʳʡ ʥʝʛʘʪʠʚʥʳʡ ʵʬʬʝʢʪ ʠ ʧʦʜʜʝʨʞʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʙʱʝʛʦ ʨʘʩʱʝʧʣʝʥʠʷ, 

ʩʨʘʚʥʠʤʫʶ ʩ IG8, ʩʦʜʝʨʞʘʱʝʡ ʦʜʥʫ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʶ (ʈʠʩʫʥʦʢ 32ɻ). ʇʨʠ ʵʪʦʤ IGZ ʩ 4-ʤ ̫

ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʌɻ-ʛʨʫʧʧʘʤʠ, ʩʥʠʞʘʝʪ ʦʙʱʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ IGK ʠ IG8, ʦʜʥʘʢʦ ʦʩʪʘʝʪʩʷ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ ʚ 60%. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʠʩʢʣʶʯʝʥʠʝ ʤʦʜʠʬʠʢʘʮʠʠ 4-ʛʦ ʧʦʣʦʞʝʥʠʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʵʬʬʝʢʪʠʚʥʦʤʫ ʛʠʜʨʦʣʠʟʘ 

ʧʣʘʟʤʠʜʳ.  

ʏʪʦʙʳ ʫʯʝʩʪʴ ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ 

ʥʘʧʨʘʚʣʷʶʱʠʭ ʈʅʂ ʥʘʮʝʣʝʥʥʳʭ ʥʘ 1 ʧʨʦʪʦʩʧʝʡʩʝʨ, ʙʳʣʠ ʧʦʜʪʚʝʨʞʜʝʥʳ ʜʣʷ ʜʚʫʭ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʪʦʩʧʝʡʩʝʨʘ 2 ʠ 3 (ʈʠʩʫʥʦʢ 33). ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʳ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʪʝʥʜʝʥʮʠʠ, ʥʘʙʣʶʜʘʝʤʳʝ ʜʣʷ ʧʝʨʚʦʛʦ ʧʨʦʪʦʩʧʝʡʩʝʨʘ, ʩʦʭʨʘʥʷʣʠʩʴ ʜʣʷ ʚʩʝʭ 

ʧʨʦʪʦʩʧʝʡʩʝʨʦʚ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʜʝʞʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 
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ʈʠʩʫʥʦʢ 33. ʍʠʤʝʨʥʳʝ crʈʅʂ ʩ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷʤʠ ʧʦʜʜʝʨʞʠʚʘʶʪ ʨʘʩʱʝʧʣʝʥʠʝ 

ʧʣʘʟʤʠʜʥʳʭ ʩʫʙʩʪʨʘʪʦʚ ʧʦ ʜʚʫʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʣʦʢʫʩʘʤ (2 ʠ 3 ʧʨʦʪʦʩʧʝʡʩʝʨʘʤ). A, ɹ ï 

ʨʘʩʱʝʧʣʝʥʠʝ ʧʣʘʟʤʠʜʳ pANXA6 ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʦʚ ʙʝʣʢʘ Cas9 ʩ ʌɻ-

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʭʠʤʝʨʥʳʤʠ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʤʠ ʩʧʝʡʩʝʨʳ 2 (A) ʠ 3 (ɹ), 

ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ crʈʅʂ (cr2gg, cr3gg) ʠʣʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ ʭʠʤʝʨʥʳʤʠ 

crʈʅʂ (IG0). ʇʣʘʟʤʠʜʫ ʙʝʟ ʙʝʣʢʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʷ ʨʝʘʢʮʠʠ (ʂ-). ɼʚʝ 

ʚʝʨʭʥʠʝ ʧʦʣʦʩʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʜʫʢʪʳ ʨʘʩʱʝʧʣʝʥʠʷ: ʨʝʣʘʢʩʠʨʦʚʘʥʥʫʶ ï ʦʜʥʦ-

ʮʝʧʦʯʝʯʥʫʶ ʬʦʨʤʫ ʨʘʩʱʝʧʣʝʥʠʷ ʠ ʣʠʥʝʡʥʫʶ ï ʜʚʫʮʝʧʦʯʝʯʥʫʶ ʬʦʨʤʫ ʨʘʩʱʝʧʣʝʥʠʷ, ʘ 

ʥʠʞʥʷʷ ʧʦʣʦʩʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʥʪʘʢʪʥʫʶ ʩʫʧʝʨʩʢʨʫʯʝʥʥʫʶ ʧʣʘʟʤʠʜʫ. ɺ, ɻ ï ʧʨʦʮʝʥʪ 

ʨʘʩʱʝʧʣʝʥʠʷ ʧʣʘʟʤʠʜʳ, ʥʘ ʢʦʪʦʨʳʡ ʥʘʮʝʣʝʥʳ ʢʦʤʧʣʝʢʩʳ ʙʝʣʢʘ Cas9 ʩ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤʠ crʈʅʂ ʩʦ ʩʧʝʡʩʝʨʘʤʠ 2 (ɺ) ʠ 3 (ɻ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʢʘʟʘʥʳ ʩʨʝʜʥʠʝ 

ʟʥʘʯʝʥʠʷ Ñ SD ʧʦ ʪʨʝʤ ʥʝʟʘʚʠʩʠʤʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʤ. 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷ ʚ ʯʝʪʚʝʨʪʦʤ ʧʦʣʦʞʝʥʠʠ ʠ ʌɻ-

ʛʨʫʧʧʳ ʚʙʣʠʟʠ PAM-ʧʨʦʢʩʠʤʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʭʠʤʝʨʥʳʭ crʈʅʂ ʟʘʤʝʜʣʷʶʪ ʨʝʘʢʮʠʶ 

ʨʘʩʱʝʧʣʝʥʠʷ. ʄʳ ʩʚʷʟʳʚʘʝʤ ʵʪʦ ʩʥʠʞʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʤ 

ʢʦʥʬʦʨʤʘʮʠʦʥʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʘʢʪʠʚʥʦʛʦ ʜʦʤʝʥʘ ʙʝʣʢʘ Cas9, ʧʦʜʯʝʨʢʠʚʘʷ 

ʢʨʠʪʠʯʝʩʢʫʶ ʨʦʣʴ ʤʦʜʠʬʠʢʘʮʠʠ 4-ʦʛʦ ʧʦʣʦʞʝʥʠʷ ʚ crʈʅʂ ʥʘ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ CRISPR/Cas9. 

ʈʘʥʝʝ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʬʦʩʬʘʪʥʳʝ ʛʨʫʧʧʳ ʥʫʢʣʝʦʪʠʜʦʚ ʚʦ 2-ʦʤ ʠ 4-ʦʤ ï 6-

ʦʤ ʧʦʣʦʞʝʥʠʷʭ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʜʦʤʝʥʦʤ REC1, ʠ ʦʧʦʩʨʝʜʦʚʘʥʥʦ ʚʣʠʷʶʪ ʥʘ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʮʝʥʪʨ HNH [19]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʜʘʥʥʳʭ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 
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ʦʙʲʝʤʥʘʷ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʷ ʚ 4-ʦʤ ʧʦʣʦʞʝʥʠʠ ʦʪʪʘʣʢʠʚʘʝʪ ʮʝʥʪʨ HNH ʦʪ ʢʦʤʧʣʝʢʩʘ 

ɼʅʂ:ʈʅʂ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʥʠʞʘʷ ʘʢʪʠʚʥʦʩʪʴ ʙʝʣʢʘ Cas9. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʭʠʤʝʨʥʳʝ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʝ ʣʠʙʦ ʦʜʥʫ, ʣʠʙʦ ʥʝʩʢʦʣʴʢʦ ʌɻ-

ʤʦʜʠʬʠʢʘʮʠʡ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ 4-ʛʦ ʧʦʣʦʞʝʥʠʷ, ʩʧʦʩʦʙʥʳ ʦʙʨʘʟʦʚʳʚʘʪʴ ʢʘʪʘʣʠʪʠʯʝʩʢʠ 

ʘʢʪʠʚʥʳʝ ʢʦʤʧʣʝʢʩ rʩ tracrʈʅʂ ʠ ʙʝʣʢʦʤ Cas9, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʱʝʧʣʷʪʴ 

ʧʣʘʟʤʠʜʥʳʡ ɼʅʂ-ʩʫʙʩʪʨʘʪ in vitro. 

3.2.3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʌɻ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʭʠʤʝʨʥʳʭ crʈʅʂ 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʯʪʦʙʳ ʠʟʫʯʠʪʴ, ʢʘʢ ʧʦʣʦʞʝʥʠ ̫ʚʩʪʘʚʢʠ ʠ ʢʦʣʠʯʝʩʪʚʦ ʌɻ-

ʛʨʫʧʧ ʚʣʠʷʶʪ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ, ʨʘʩʩʯʠʪʘʣʠ, ʢʘʢ ʥʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ 

ʩʢʦʨʦʩʪʠ (kʥʘʙ), ʪʘʢ ʠ ʤʘʢʩʠʤʘʣʴʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʩʪʝʧʝʥʠ (Aʤʘʢʩ) ʨʝʘʢʮʠʡ ʨʘʩʱʝʧʣʝʥʠʷ 

ʢʘʢ ʥʘ ʥʝʮʝʣʝʚʳʭ, ʪʘʢ ʠ ʥʘ ʮʝʣʝʚʳʭ ʮʝʧʷʭ ɼʅʂ (ʊʘʙʣʠʮʳ 5 ï 6). ʇʨʦʚʝʜʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ 

ʩʢʦʨʦʩʪʠ ʛʠʜʨʦʣʠʟʘ ʢʘʞʜʦʡ ʮʝʧʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʌɻ-

ʤʦʜʠʬʠʢʘʮʠʡ ʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ HNH ʠ RuvC ʥʫʢʣʝʘʟʳ Cas9 

(ʈʠʩʫʥʦʢ 34ɸ). 

ʊʘʙʣʠʮʘ 5. ʅʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ (kʥʘʙ) ʠ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ (Aʤʘʢʩ) ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʌɻ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʭʠʤʝʨʥʳʭ 

crʈʅʂ ʜʣʷ ʛʠʜʨʦʣʠʟʘ ʮʝʣʝʚʦʡ ʮʝʧʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ. 

ʏʠʩʣʦ 

ʌɻ-

ʛʨʫʧʧ 

ʎʝʣʝʚʘʷ ʮʝʧʴ 

0 0 1 1 2 3 4 2 3 

crʈʅʂ cr1gg IG0 IG4 IG8 IGA IGH IGZ IGK IGL 

kʥʘʙ, 

ʤʠʥ-1 

0.048

Ñ0.00

5 

0.038Ñ

0.004 

0.007Ñ

0.001 

0.048Ñ

0.004 

0.0051

Ñ 

0.0005 

0.0048Ñ 

0.0004 

0.010Ñ

0.001 

0.017

Ñ0.00

1 

0.004

0Ñ 

0.000

4 

Aʤʘʢʩ 95.5Ñ 

0.8 

90.5Ñ 

0.9 

72.2Ñ 

3.9 

98.1Ñ 

0.5 

73.8Ñ 

2.6 

63.4Ñ 

2.2 

84.4Ñ 

3.3 

94.3Ñ 

1.0 

64.6Ñ 

3.0 
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ʊʘʙʣʠʮʘ 6. ʅʘʙʣʶʜʘʝʤʳʝ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ (kʥʘʙ) ʠ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ (Aʤʘʢʩ) ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʭʠʤʝʨʥʳʭ ʌɻ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

crʈʅʂ ʜʣʷ ʛʠʜʨʦʣʠʟʘ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ɼʅʂ-ʜʫʧʣʝʢʩʘ. 

ʏʠʩʣʦ 

ʌɻ-

ʛʨʫʧʧ 

ʅʝʮʝʣʝʚʘʷ ʮʝʧʴ 

0 0 1 1 2 3 4 2 3 

crʈʅʂ cr1gg IG0 IG4 IG8 IGA IGH IGZ IGK IGL 

kʥʘʙ, 

ʤʠʥ-1 

0.038

Ñ 
0.002 

0.019Ñ

0.005 

0.0047Ñ 

0.0004 

0.045Ñ

0.006 

0.0061

Ñ 

0.0004 

0.0045

Ñ 

0.0002 

0.0123

Ñ 

0.0007 

0.014

Ñ0.00

1 

0.001

9Ñ 

0.000

2 

Aʤʘʢʩ 88.1Ñ 

0.6 

75.9Ñ 

4.5 

71.4Ñ 

2.8 

84.9Ñ 

1.0 

54.9Ñ 

1.5 

56.8Ñ 

0.9 

69.4Ñ 

1.1 

85.1Ñ 

1.9 

57.2Ñ 

2.1 

 

ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʊʘʙʣʠʮ 5 ʠ 6, ʚʘʨʠʘʥʪ IG8 ʧʨʦʷʚʣʷʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʩʢʦʨʦʩʪʴ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʩʫʙʩʪʨʘʪʦʚ, ʯʝʤ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ crʈʅʂ (ʈʠʩʫʥʦʢ 34ɸ). ʉ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʝʜʳʜʫʱʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ (ʈʠʩʫʥʢʠ 32-33), ʥʘʣʠʯʠʝ 

ʌɻ-ʛʨʫʧʧʳ ʚ 4-ʦʤ ʧʦʣʦʞʝʥʠʠ ʠʥʛʠʙʠʨʫʝʪ ʨʝʘʢʮʠʶ ʨʘʩʱʝʧʣʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 10-

ʢʨʘʪʥʦʤʫ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ ʛʠʜʨʦʣʠʟʘ ʦʙʝʠʭ ʮʝʧʝʡ ɼʅʂ-ʜʫʧʣʝʢʩʘ ʜʣʷ crʈʅʂ IG4, 

ʥʝʩʫʱʝʡ ʝʜʠʥʠʯʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ, ʘ ʪʘʢʞʝ ʜʣʷ ʚʘʨʠʘʥʪʦʚ IGA, IGH ʠ IGL, ʩʦʜʝʨʞʘʱʠʭ 

ʦʜʥʫ ʠʣʠ ʜʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʌɻ-ʛʨʫʧʧʳ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ crʈʅʂ 

(ʈʠʩʫʥʦʢ 34ɹ, ɺ). 
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ʈʠʩʫʥʦʢ 34. ʂʠʥʝʪʠʢʘ ʨʘʩʱʝʧʣʝʥʠʷ ɼʅʂ-ʜʫʧʣʝʢʩʦʚ ʢʦʤʧʣʝʢʩʘʤʠ ʙʝʣʢʘ Cas9 ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʌɻ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʭʠʤʝʨʥʳʭ crʈʅʂ. A ð ʩʭʝʤʘʪʠʯʝʩʢʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʣʦʞʝʥʠʡ ʚ crʈʅʂ, ʚ ʢʦʪʦʨʳʭ ʬʦʩʬʦʜʠʵʬʠʨʥʳʝ ʩʚʷʟʠ (PO) ʟʘʤʝʥʝʥʳ ʌɻ-

ʛʨʫʧʧʘʤʠ. ɹ ð ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʭʠʤʝʨʥʳʭ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ 

ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ, ʜʣ:̫ ɹ - ʮʝʣʝʚʦʡ ʮʝʧʠ; ɺ - ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ. ɺ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʝʡ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ crʈʅʂ (cr1gg) ʠ ʭʠʤʝʨʥʫʶ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ 

crʈʅʂ (IG0). ɼʘʥʥʳʝ ʧʦʢʘʟʘʥʳ ʢʘʢ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ Ñ SD ʧʦ ʪʨʝʤ ʥʝʟʘʚʠʩʠʤʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʤ. 

ɸʥʘʣʠʟ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʩʨʝʜʠ ʭʠʤʝʨʥʳʭ crʈʅʂ, ʩʦʜʝʨʞʘʱʠʭ 

ʥʝʩʢʦʣʴʢʦ ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ, ʥʘʠʙʦʣʴʰʠʡ ʠʥʛʠʙʠʨʫʶʱʠʡ ʵʬʬʝʢʪ ʥʘ ʘʢʪʠʚʥʦʩʪʴ ʙʝʣʢʘ Cas9 

ʦʢʘʟʳʚʘʝʪ ʥʘʧʨʘʚʣʷʶʱʘʷ crʈʅʂ IGL, ʘ ʥʘʠʤʝʥʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ 

ʨʘʩʱʝʧʣʝʥʠʷ ðʚʘʨʠʘʥʪʳ IGK ʠ IGZ. ɺ ʧʦʩʣʝʜʥʠʭ ʩʣʫʯʘʷʭ kʥʘʙ ʫʤʝʥʴʰʘʝʪʩʷ ʣʠʰʴ ʚ ʪʨʠ 

ʨʘʟʘ, ʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʩʪʝʧʝʥʴ ʨʘʩʱʝʧʣʝʥʠʷ ʩʥʠʞʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ 10% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʢʦʥʪʨʦʣʴʥʳʤʠ crʈʅʂ (cr1gg, IG0, ʈʠʩʫʥʦʢ 34ɹ, ɺ). 

ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝʪʠʢʠ ʨʘʩʱʝʧʣʝʥʠʷ ʌɻ-ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ 

ʭʠʤʝʨʥʳʭ crʈʅʂ ʚʳʷʚʠʣʦ ʨʘʟʥʫʶ ʩʢʦʨʦʩʪʴ ʛʠʜʨʦʣʠʟʘ ʥʝʮʝʣʝʚʳʭ ʠ ʮʝʣʝʚʳʭ ʮʝʧʝʡ. ʅʘʣʠʯʠʝ 

ʌɻ-ʤʦʜʠʬʠʢʘʮʠʡ, ʘʥʘʣʦʛʠʯʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩ ʧʨʠʨʦʜʥʳʤʠ ʤʦʜʠʬʠʢʘʮʠʷʤʠ, ʧʨʠʚʦʜʠʪ ʢ 

ʙʦʣʝʝ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʠ ʨʘʩʱʝʧʣʝʥʠʷ ʥʝʮʝʣʝʚʦʡ ʮʝʧʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʮʝʣʝʚʦʡ ʮʝʧʴʶ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʦʟʤʦʞʥʦʤ ʨʘʟʦʙʱʝʥʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʮʝʥʪʨʘʤʠ HNH 

ʠ RuvC ʚʥʫʪʨʠ ʙʝʣʢʘ Cas9 [121]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʌɻ-ʤʦʜʠʬʠʢʘʮʠʠ ʚʣʠʷʶʪ ʥʝ ʪʦʣʴʢʦ ʥʘ 

ʨʘʩʱʝʧʣʝʥʠʝ ʮʝʣʝʚʦʡ ʮʝʧʠ ɼʅʂ, ʩ ʢʦʪʦʨʦʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʳʚʘʝʪʩʷ ʥʘʧʨʘʚʣʷʶʱʘʷ 






















































































