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Abstract
Objective
This article aims to provide a comprehensive overview of the history of the discovery of these

tools, their mechanisms of action, along with their advantages, disadvantages, challenges,
applications, and future prospects, presented in a concise and informative manner for enthusiasts.
Materials and methods

Targeted genome editing is based on the induction of double-strand breaks, followed by the repair
of the desired strand through mechanisms such as homologous recombination repair (HDR) or
non-homologous end joining (NHEJ), which have been utilized across various organisms for
diverse purposes. This review summarizes two main categories of editing systems: site-specific
recombinases (SSR) and site-specific nucleases (SSN), including meganucleases (MegaN), zinc-
finger nucleases (ZFN), transcription activator-like effector nucleases (TALEN), CRISPR/Cas

systems, and Fanzor nucleases.
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Results

Successful examples of these techniques include the treatment of certain diseases: in 2018, Hunter
syndrome was treated by introducing the IDS gene into liver cells using the ZFN method in vivo.
The TALEN method was used to treat Duchenne muscular dystrophy. In 2021, scientists were
able to treat sickle cell anemia using the CRISPR/Cas system through single-base editing
techniques.

Conclusions

In modern gene and genome editing methodologies, nuclease proteins are capable of introducing
targeted modifications such as insertions, deletions, or substitutions within nucleotide sequences,
thereby editing genetic information and the epigenome. These tools are capable of editing
pathogenic genes by silencing them or activating inhibitory genes, finding applications in
agriculture, medicine, and the treatment of genetic diseases. This system is also effective in gene
tagging and modulating gene expression levels.
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Introduction

Advances in gene and genome editing technologies have profoundly transformed modern
biotechnology, enabling precise, targeted modifications within the genetic material of diverse
organisms. The ability to induce controlled changes at specific genomic loci has provided
researchers with tools to decipher gene function, engineer desirable traits in crops, and design
therapeutic strategies for a wide range of genetic disorders. Editing technologies have evolved
from the first-generation systems based on site-specific recombinases (SSR) to highly adaptable,
programmable nucleases known as site-specific nucleases (SSN). These SSN platforms including
meganucleases (MegaN), zinc-finger nucleases (ZFN), transcription activator-like effector
nucleases (TALEN), CRISPR/Cas systems, and the recently identified Fanzor nucleases enable
precise DNA cleavage followed by targeted sequence alterations through endogenous DNA repair
pathways. The discovery of CRISPR/Cas, in particular, marked a paradigm shift, providing
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researchers with an efficient, scalable, and relatively easy-to-design genome-editing platform.
Subsequent innovations such as base editing, prime editing, epigenome editing, and RNA-
targeting systems have expanded the scope of editability beyond classical double-strand break
(DSB)—-dependent mechanisms. Despite the rapid adoption of these technologies, each platform
possesses unique strengths and limitations related to efficiency, specificity, design complexity,
delivery, and off-target potential. Understanding these features is essential for selecting the most
appropriate tool for different biological and biotechnological applications. This review provides
a comprehensive synthesis of the evolution, functional mechanisms, and applications of major
gene-editing systems, highlighting their impact on agriculture, medicine, and synthetic biology

as well as emerging trends shaping the future of genome engineering.

Materials and methods

This review integrates published findings covering molecular mechanisms, engineering
strategies, and comparative evaluations of major genome-editing systems. Three principal DNA
repair pathways homologous recombination repair (HDR), classical non-homologous end joining
(NHEJ), and microhomology-mediated end joining (MMEJ) were examined to explain how cells
process DSBs and generate insertions, deletions, or precise sequence replacements.
For each editing tool, parameters evaluated included DNA-binding modality (protein—DNA vs.
RNA-DNA recognition), nuclease architecture, target sequence length and constraints, ease of
reprogramming, editing efficiency, off-target rates, delivery feasibility, and organism-specific
performance. The historical development of genome-editing nucleases was outlined using
primary research articles and key milestone case studies. The first specialized nuclease, MegaN,
was discovered in 1985, marking the inception of gene editing. Subsequently, the discovery of
the ZF motif led to the development of ZFN, TALEN, CRISPR, and Fanzor nucleases, which
have been employed for genome editing in living organisms. These nucleases function by binding
to the DNA strand, identifying the target sequence, and, through their nuclease domain,
introducing a cut. The discovery of the CRISPR/Cas system heralded a new era in gene editing
research. The mechanism of action in this system involves the identification of the target sequence
by the nuclease through the interaction of DNA and a guide RNA strand; following target
sequence identification, the cut is made by the nuclease domain. Ultimately Special emphasis was
placed on practical applications in plant biotechnology, clinical gene therapy, and disease

modeling to contextualize the relevance of each platform.

Results

Meganucleases represent the earliest class of programmable nucleases. Their long recognition
sequences (14—40 bp) confer exceptionally high specificity, but their DNA-binding surfaces are
difficult to re-engineer, limiting their widespread use. Despite these constraints, MegaN
demonstrated for the first time that sequence-specific genome modification was feasible, laying
the foundational concept for modern targeted nucleases. ZFNs combine engineered zinc-finger
protein arrays, each recognizing a 3-bp DNA segment, with the Fokl nuclease domain which
induces targeted double-strand breaks in the DNA. Their modular structure allows custom target-
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site recognition. However, ZFNs require extensive protein engineering expertise, and their
tendency for off-target activity can lead to harmful effects on cell viability. A landmark
achievement was the 2018 in vivo ZFN-based treatment for Hunter syndrome, demonstrating
clinical feasibility and establishing ZFNs as a viable therapeutic platform. TALENs utilize TALE
repeats in which each repeat binds a specific nucleotide via repeat-variable diresidues (RVDs).
This one-to-one nucleotide recognition greatly simplifies design and improves targeting
precision. TALENs produce fewer off-target events compared to ZFNs and retain strong activity
across diverse organisms. They have been successfully applied in correcting mutations associated
with Duchenne muscular dystrophy and generating targeted knockouts in numerous plant and
animal models. Their predictable design and high specificity make TALENs a robust option for
precise editing when target flexibility is required. CRISPR/Cas technologies revolutionized
genome editing by separating DNA recognition from protein structure: a customizable guide RNA
directs the nuclease (Cas9 or Casl2) to its target. Advantages include simple design, rapid
scalability, multiplexing capacity, and adaptability across organisms. CRISPR variants have
expanded editing possibilities, including RNA targeting (Cas13), base editing for point mutations
without DSBs, prime editing for template-free sequence rewriting, and CRISPRi/a for
transcriptional modulation. In 2021, CRISPR-based single-nucleotide correction was used for
treating sickle-cell anemia, marking a historic therapeutic milestone. Despite their power,
concerns remain regarding off-target cleavage, delivery challenges, and immune responses to
bacterial Cas proteins. Fanzor nucleases represent a newly discovered class of compact RNA-
guided eukaryotic nucleases evolutionarily related to CRISPR-associated proteins. Their small
size offers advantages for viral vector delivery, particularly in therapeutic contexts. While
research is still emerging, Fanzor nucleases may form the basis of next-generation editing systems
with improved efficiency and broader delivery compatibility. Genome editing has become
indispensable in agriculture for enhancing stress tolerance, disease resistance, yield potential, and
nutritional content. In medical biotechnology, programmable nucleases enable correction of
pathogenic mutations, development of cell-based therapies, and targeted epigenetic
modifications. Synthetic biology applications include metabolic engineering, gene circuit design,
and construction of novel biological systems. As tools become more precise and efficient, their

integration into routine laboratory and therapeutic workflows continues to expand.

Conclusions

Genome-editing technologies have evolved rapidly, enabling diverse and precise
modifications of genetic material. While meganucleases provided the earliest proof-of-concept
for targeted editing, modern research is dominated by TALEN and CRISPR/Cas systems due to
their versatility, efficiency, and ease of customization. Emerging tools such as Fanzor nucleases
promise further innovation, particularly in delivery-constrained therapeutic environments.
Continued improvements in nuclease fidelity, editing precision, and delivery platforms will
further expand the impact of genome engineering across agriculture, medicine, and industrial

biotechnology. Ultimately, genome editing has transitioned from a conceptual possibility to a
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central component of biological research and applied biotechnology, with transformative

potential for addressing global challenges in food security, health, and sustainability.

Author contributions

Jalali Javaran M., and Mohaghegh, M. conceptualized the review, designed its structure, and
prepared the initial draft; Setayesh, S., Zarei, M., and Nosratabadi, S. contributed to literature
acquisition, content development, and critical revision of the manuscript; Jalali Javaran, M.
oversaw supervision and coordination of the project; All authors reviewed and approved the final

version of the manuscript.

Data availability statement

No new data were created in this study. Data sharing is not applicable.

Acknowledgements
The authors would like to thank the reviewers for carefully reading the manuscript and for

their constructive, scientific, and valuable comments.

Ethical Considerations

Not applicable. This review article did not involve human participants, animal subjects, or
any experimental procedures requiring ethical approval. The authors adhered to ethical standards
in scientific publishing and avoided data fabrication, falsification, plagiarism, and any form of

research misconduct.

Funding
This research did not receive any specific grant from funding agencies in the public,

commercial, or not-for-profit sectors.

Conflict of Interest

The authors declare no conflict of interest.

45



3, & S.29b5 (5598 i gu Aloxo @ @
oll{);’}‘;’y‘yz\; g dl,)/fwat;b
” TYYA-—580e 1Sy 2SI UL TIYA-5Y48 silo L i

0959 OF o] pg ERSWST (3 yoge

ol S U

:MUL}‘) .O‘).il sul)@ ‘u,«))..\ao CA».J“)..) b‘.i_.uu/ ~".I.) 5&)‘)9@5 D.}.i.w‘“b cd)‘)s‘._.uj d)&%&}% 03; .)L:_.u)l :JM‘ -V “93-:?:
m_jalali@modares.ac.ir

G0 v 50

Zduolllg]) .O‘)ﬁl ‘ul).@‘: £u~)).\n t_Aaz.{).; olxuu/ ’l.) cd})ﬁm OM““.) 5&)’)9‘—“5 ‘_5)919;&393). Os)f J._.»J)‘ Ls_u.)t_.\;:)lf 697(_.\;.4). ‘.’.‘.3
maryam.mohaghegh@modares.ac.ir

Zduolllg]) .O‘)ﬁl ‘ul).@‘: £u~)).\n t_Aaz.{).; olxuu/ ’l.) cd})ﬁm OM““.) 5&)’)9‘—“5 ‘_5)919;&393). Os)f J._.»J)‘ Ls_u.)t_.\;:)lf 697(_.\;.4). ‘.’.‘.3
setayesh.s@modares.ac.ir

UL

ZMLA[A“]) .O‘)ﬁl ‘ul).eé cu»))..\A k.;u:.{):i OLLM.\J/ :‘.b ‘d)’)sl_.wS’ OAS_AMJ:..I.) cd)’)sbus‘.’ d)ﬁ%&’)% 09)5 ‘_5)4'5.3 d?’w :'.‘.)
mahsa.zarei@modares.ac.ir

O] @ i L

sina.nosratabadi@gmail.com

VEFIN Atk b VNV Al ois 2ol B cdlys b VA sedl s gl

045>

okiz] (slalonier 5 Wy da il g L Cudgisce dblje o, Slec e i dssl 52 S (sygpe lie ) 1D
9 Ol S —imgh sl 31y 00 b a_oMS g (gah alwd eube Sl L uad (o dil)] 0555 5 (F Gl g slo ()9l
a3 8 o leg8Me

Goob 5l ainyee 4ty mee i o JUid 4 g DNA (glais) 93 oSl sl it i Miadin Giolpg 1 (g9 g 3lgo

begrge 5l gy jd & cewl (NHET) Sglgan e slalysl JLasl b g (HDR) Sgson oS 5s (onoy (slapuasilSo


https://orcid.org/0000-0002-4668-0764
https://orcid.org/0009-0007-0576-0235
https://orcid.org/0009-0003-0281-5465
https://orcid.org/0009-0002-6788-5168
https://orcid.org/0000-0001-7787-7917

RN,

VEe0 ylylen g glylga (Y

wamsml,

» &S og MegaN olaid] jElSs ol o 55 Lislyg pbol jalaie a4y .l 428 )3 51,8 aolatuly yge calisee Cilual caps 055
&S w58, dxwwgs Fanzor g CRISPR , TALEN , ZFN Ui ZF Cige S b ] 51 e 5 4 it 12D Lo
g S Jlg ololis g DNA wd) (59) 63653 b bjlS g5 ol i) 51,8 oalisal )50 0455 lgage o35 inlng sl
1 Sl I gayis 0y95 CRISPR/CAS mives <8 by S o sl |y 31 (63 55 cymed 31 onlizanl by el &y s
s DNA 8oy (ol 2 55l bassgs G g5 oLl (b9 ol 59 Jos panilSlo 0 ST 05 Sl aize
e ool (SIS ed bawgs 5y ecdin Jlgi ol 5| e oS col Loinl, RNA aus,

JLo 33,8 o)Ll lagslon 5 (B2 ooy 4 g (55 Ol g SoSisS l odlinl )3 juolcuibye (sl ges | 1S
Slads loyd (59,0 yguods ZEN gy 3l eolaial b aS” sla Jsbis 4 IDS o5 55,8 519 b 5l pgydins (5)low VA
S5 b il laceciils YoV Y Jlo jo s solaawl b9y SMde B9 yiwwd shlow loyd sl TALEN g,
S’ oloy> CRISPR/CaS s 3l (550 b1y U5 (ol (355 05 olam 6L ST Gl

Ly Bo gy 28le Sy diedin jobo 4 2ipplE (LS9 SLainBinn (093] 9 05 Ll ey slagbyy 1o
S oilrg Bk 5l Wlg (oo layll el s plxl ) pei ol 9 (Se5 SleMBI il ng sl e JIg > (ol
oloyd § Sy «5hygitS slooje > 01t lae slogs (S b g Lol (05 Jh9els ol isslen Jole
SF% ol s gl Gl L Gl promen 5 IS ALE 3 (b piuw Gz Hgud 03 ) & (Su5] las)len
S9y 2 Boisleil g Slallae yiiw g il el MegaN lajllS'ss ;1 oolail )5 385 5 e (sla by, drwgs b .15 )l
Cawl 0353)5 58 5020 CRISPR/Cas s TALEN (sla 59,

ZFN TALEN (CRISPR/Cas g5 5 () sl g :W0 5190
S0 Ao £
Uil SuSS ke (V4 F) L ool g e ()15 iy o Lol caspo Bee ylisee lles I 3 Lw]

Publisher: Shahid Bahonar University of Kerman & Iranian

@ @ Biotechnology Society.
© the authors

doddo
do.l.c dl.m u.‘)).u.w ng/w‘ sl asly dwj)l L;l.m)gl';.wb soij] Lmt_')%l,,o Ol? ol b obls C)/L.ol oo L;L:auf&”

Chen & GaO, )w»l aslw ))Ju)&b‘ LQ(JT Q;”y 9 Ltbu) CM—A@I LgI)J |) F?’) uwl))ﬁ Ry Lfl‘a’u“’9) )1 odlewl ;‘_g)gl}.é 9

47



RN,

(V€20 oyl oF 5 lowd VA 293) (5559LiS (55998 gur o

wamsml,

oo 33 S5) b lacdgplio g o Sles dgus dagslon dagi 4 (LS Cunglio § QLS CudsS 9 3 Slas il381 53
o5 3 03 plosl Cliios )l (6 Fge sl 18 Sloyd sl Wl g (L wlio )3 bap sl lg See pgif (wtine
s (B9 oll Sbg o gy Slocisie (50l clb ol digy (slodiaj 3 Bhos 058 & 5 Ll
Culodg oy (loyd g (SHde By i oiz lais)lon: (sidgor (ol i gl sl el ( Sgulie YN
05 o paels g (bgels JSle wsSae S sla g, 3l lliesisly 4338 s (L et al., 2020; Nidhi et al., 2021)
2538 oo odlaiul 5 5,Slas awyp WBle calisee Blial cps> Antisense RNA 4 (IRNA) RNA interference .l
e Sl s b ol Jds 4 da ig,y ol (39 @y g 405805 429 b .(Javaran, 1999; Napoli et al., 1990)
Bun pld ewey SlapwnslSe 5l (650,00 o' DSB sl 5,k 5l ussilS's ais 3 S8l b Gis b laceiily cun
o) Aedin Liolpg gl YSSN 4 "SSR el edlgils 93 95l .(Matsumoto & Nomura, 2023) sl e cows
byl g DNA 4 Jlasl Ul S lag 31 51 4 (Lino et al., 2018; Olorunniji et al., 2016) cewl oas 6,20
SRRl g 05 70 Bl ¢ ias Wle wiedia Ol s dbgl (gly a5 W) pU SSN W )ls 1) [ascie sl Joee )d s
jllS's opl g oo puoy Jolo 395 b slapuilSe bwgs oids sl lacwss (AdlL, 2018) g o oolitwl 5
gy 038 b 4 b (slajlelSs A(ZFN) (o) e Sl lojliS g5 S(MegaN) LajLilsilse slaodlgils o
oeds Fanzor slajllS's 4 Y(CRISPR/Cas) Cas (59 4 aiuwly jhsalols )l olisS sla,l,S5 *(TALENS)
DSB ; sue o35 Lilpe o5 ol 5 (Troder & Zevnik, 2022) ol alie (o395 U o)l S 5, Slas a8 0565 oo
L oS osels o5 olo il b alidl jslateds CRISPR/CaS w5l ejlii Shias 58 b slo oy 5o
Li) 2950 oslizusl (DSB) s, 93 55 (SaanSls sbul oy (Safin) Ol 503 5 955098 23k e0f 02,85 b
SIS glie lie (gl )15 51 GBam o el cilises (sla g, Jleis 5 W3ynlS ccuanl asgils (et al., 2020
099y 9 )17 51 4508 S8 (559IiST cal 4y latedde b Cslag] cinid 5 g8 LI (o 0555 9 0 Lelg slosis)

W58 000 005 Blaal 4y s (gl (g el

. Double Strand Breaks
. Site-specific recombinases
. Site-specific Nucleases

. Zinc-finger nucleases

)
Y
Y
¥. Meganucleases
o
#. Transcription activator-like effector nucleases
Y

. Clustered Regularly Interspaced Short Palindromic Repeats

48



RN,

VEe0 ylylen g glylga (Y

wamsml,

SSR ;1 eslw! b 0gij (sl g
e G 1y A 59 iSL peis sl oo oS wis caiiS (E.coli) Escherichia coli ¢SL 5 SSR )b oyJgl 61y
S 03l 93 & salgial T og)S gy (oLl g il Jub olSole Goll 2 gy ol S L (lsee o555 5l oS
oSk pois J51 4 DNA (9,53)ls (sl ol 5l ojg el &5 2595 oo o (359585 515lnalSy 5 20 So3linolS
S 92,53,y sl SSR I (Olorunniji et al., 2016; Dymond et al., 2011) 545 0 odliiwl (S 555 Gayb
Dymond ) 5,05 3,5 35 duecodl pleal g cdla > o9, cpl 3,5 edliwl o5 09,8 Gigels g ol (Sg,lg L DNA askas
ailliy JoSse o3 b JsSse S 5l @lito oSl 95 ;5 DNA oligS I 63 (o ols oS g5 5o (et al., 2011
O )3 ol 65hud gy SIS b ugus D g0 S uglizw g g o0 (2lolid SSR 51 (clossly 5y bawgs
&) 559 5 55 o0 8 o S 5t (T L ()% 55568 b ATP Gy (90 00 4 (slalesl ot
» ablize DNA Jlg & AHR (59, GMS 5 398 o5 <0y55 b e DNA ashad gun wisl)d cpl )3 () JSK5) sy o
9035b & g oo B9y ol sblse 5l (Olorunniji et al., 2016; Akopian & Stark, 2005) 5,16 L kel L
bp £ T b olwlis olSls 5 ol HR silo g, 5l 5YL Uogy ol 033 &5 (slisSa 9,5 o)L ] colaazs]
pis 9 S Sl (B jl )b Sl iSly (6 p S 1 4 Gl o0 B9y ol clee Sl 39S Bl poif > Oy
)35 ol 5l olgs oo MSitie ) > (sl [(Karow & Calos 2011; Olorunniji et al. 2016) 5,5 o)Ll o oI,

.(Abdallah et al., 2015) 55" o5liu!

SSN (99, 1 e3liwl b 035 sbal 29
Higud oo Bld g pU & Slyns (ol &5 0 2) Cenl (See (S (09)509,5 5 55 S I 50 b y5b
O Syl (358 ud Wigmy Cu S5 (EoBg plKin 4y &S W)d g (Sg)ly ( plaals (clalads wiile ol glgil o yigs
Jolos Sl (gl ¥ oo ALuSD 9909y > 4Dy 93 &S (olRin 35S (oo Cygu0 4y Sy Job 3 DNA (b J55s
O e el 0% g (298 4 DSB i 5 45 ()90 13 Xigd e S a4 (ol g it STjld L
oml beenss ol meey Gl b Sl sl o9y ol jlad salss Jobaw Spe cales 3 5 (S5 el

..\.';lob)f

1. Homologous Recombination
Vo Ol pgl & 008 2y g lJsbe 4 0 ol g JUax]

49



RN,

(YE+0 biwnsli oY 0,lowd VA 2,98) (55,9UiS (55999555 g alxo

wamsml,

A) Serine recombinases
rotation
Ieavage ‘ & ligation
B) Tyrosme recombinases

3
exchange exchange
first panr second palr
5
4

Holliday intermediate

3 DNA 0045 4 4! 231 5 I8 (ot (510 Uinal (A) b 3liolSs ) S ponlSn .Y IS5
g ou s 1y DNA &, s SO (35950 B ;LunelSy ) (B) .S o0 3wl 1) DSB iy duxe Jlai!
buogi (oS yigh o3lgils 93 )3 S (0 (AugaT g 0y 1) Wil 51 (65500 S s IS (o0 98

(Olorunniji et al., 2016) 343 0 WU SSR yol i3 S

Figure 1. Mechanism of recombinases. (A) Serine recombinases create a DSB before
repairing the broken DNA ends and rejoining the strands. (B) Tyrosine recombinases cut
and replace one pair of DNA strands, then cut and replace another pair of strands. In two

families, recombination is catalyzed by an SSR tetramer (Olorunniji et al., 2016)

P33 3 ) ke de ik b el 015 o0 15090 e eSS jl ool o (g5 53 diadan s bl b cnlple

39 5> DNA aaab 855 o8 5] a8l > aiasiils 330 Ssad oS 555 poslo S (35 g > p15 ) 258 sl
Smithies et al., 1985; Thurtle - ) 3o pleol \bjue pois 1 Blg5 co el Solgon laad (gl)ls a5 395 (slosl
Uil £9,5 o g IS gy 99 & ol 453l yo 4y Ay (gl 9 (BCanSS wyo (Schmidt & Lo, 2018
DNA JsUge dawlgey S ("HDR) Slaed p e (owoy 563 wgi b o ("MMEJ  "NHEJ) lalgs! sioxe

slog ) 015 lunl 5 0355 DNA as, Jlg oy (Troder & Zevnik, 2022) 5525 o plool saiSTanl 3lgicds a5l

S 3 255 o Selsan 33k T 4 o8 50 3925 S3dsam 03,55 it Jxe Cwaiml 5 sVl 3 s 0l

ooy o cpl (Y JS28) Wams oo &) silwailen g g Jobw 452 G2 3 S clajls )3 wue s HDR oge

' . Non Homologous End-Joining - Sgsen & (slessl Jlas!
¥ . Microhomology-Mediated End Joining - (¢j¢geng,Sue alawly b Lzl g5 Jlasl
. Homology-Directed Repair
¥o29b 00 plosl did) 93 (53,80 5l 5,55k cae RAdST g RECA (&I o bwgs il 9 (o5 S0t Jos o

50



RN,

VEe0 ylylen g glylga (Y

wamsml,

oalatwl 5 ilelad 0,8 3l (gly it sl cpl 50yl HlalS @ cus (oo Sl sl 5 g 3yl (oS sllas
il Solgad ue DNA 5l g s 0 &, 5 0) ds o )3 NHEJ oo 55 e (Hadipour et al., 2023) 545 »
Jlasl b 5 oo 0nliiig 5L a5silS'es b g Bua g DNA ais; 95 )0 cansd jop il s gy cpl 5o S 0
g Blo @y £ 5l o 9 g b slas 5 (6 lLL b 4 (oo munilSe ] TS5 jgu0 i) 93 (s Daome
odlaz ol ol 51 ailed LB 5emp g b )5 3,5 ygeld (gl cdél g aiS slzl b Yo JIVe dgas > olbads b

Wl S Jlg Byl 93 3 0lisS (s5gls0n o (Se MMEJ 5o, .(Hadipour et al., 2023) (Y JS_i3) 295 0

(A) NHEJ | (B) HDR

End processing 1 Resection

y

& H &

Synapsis, Sister chromatid
resection/extension, template
! Ligation
Strand invasion,
ecis D-loop formation,
o i 1 DNA synthesis

OR

— 5 O G E—

!

Deletion

OR

Multiple mechanisms,
1 Crossovers common,
Ligation
Insertion
Random indels Precise repair

HDR 3,b j1 50 DNA Sy 13 DNA iy pwo 5 DSB jl dns cowo i (s oppmannsiS0 .Y JS
12 NHEJ o uilSo 5139 )00 518 ar 35 Gl g 9 S (o dalad (33,5 3,1 (5152 9 39— o0 o]
(Lino et al., 2018) 59u5 o0 83! (5 50 b Bdo (45 il g

Figure 2. Mechanisms of DSB repair. DNA strand repair is performed in the presence of a
DNA template through HDR and is used to insert a new gene fragment and gene editing.

NHEJ mechanism is used for gene editing, deletion or insertion (Lino et al., 2018)

0 .S o £S5 el Jgi p 93 (53,95 5 9 2l 0 Ku DNA-PKcs 4 IV550 DNA 11y opl 3 Jlé clja! Son

51



RN,

(V€20 oyl oF 5 lowd VA 293) (5559LiS (55998 gur o

wamsml,

(Mega N) (3Ll 9% sla s,
Bl Olgage pgi 3 Sl ijgrie (SSB- SlajllS giguil 4 o Wit olajS gign ) (ouS 3090l a8 15
clagKe 5o g bapziol dacyg il ) bl (Kostriken R, et al., 1983) was cais yoste ;0 VAAY Jlo ,d g g oo
Becker & Boch, ) 395 0 0313 PT Wguiun i) (sl jLlS 305l s 5 T Wguin y9 0! (sl ;1S g3g5) & €030 g0 IS Jiitune
GIY-YIG PD- (D/E)XK) s g & 5l slacisige 5 g bl bnjliSgilSe (2021; Khalil, 2020
I w3l g9 4 s DNA & b Slxins 5o Jlasl b g 595 o manis (LAGLIDADG 4 His-Cysbox HNH
yuiws LAGLIDADG o315 .(Galburt and Jurica., 2005) 455 0 5 9 03,5 ololis |, bp ¥+ UAYF 51, DNA
Lo WllS 55 iz 1-Crel o PI-Scel bjlls glSo 4 sorsarsls .l 48,5 38 adlllas 350 bog)S agis |
) o DNA S5 )l g9y 65,18 b 59 ol a8 o ool |, DNA &85 0L ] by Sloviio )50
Jles DNA i diio 4 olg5 oo jllS 9ilKe codgae I .(Becker & Boch, 2021; Khalil, 2020) 455 0 (5
5555 Jsb s 4 5 a1 iy, iz 5 s> (b sl (Sb ol inls DNA & sl JUos
iy 93, 55 1) pobatilyd slaglle 4 Jlail (U5 s92g ol b S o sl ) (636 sl US55 ol olslis
» DMD (5 (gp8bun b (9> (SMae (Bgyiud )l oloyd VAT Jlo y> (Khalil, 2020) w5 o sbm] azulss

(Popplewell et al., 2013) s pbx! Sgoed (S 59 ooy pmslSo g 5l 51K 51 o0l b ylusl cawdlgeo

(ZFN) g9, cudl 5UI95 (o,

Juasl & 63k e 9 390 AL (cngig 5956 ) (ot plgisay a5 2d aiS VD Jlo 13 (59) CutSSl ciige (]
012355 1 (0 s DNA &y 055 o (yped Jolis &5 05 ot FOKT sy Jlo > .(Chen et al., 2011) cusls DNA L
bl By s yge Iy & o e (e 2 01183 i o3 JLall b i o 92 ol osima i g 392 (53U
€5 wpl & ZF utigp Jlasl b oan DNA I b sl el V435 Lo 5 .(Kim, 2016) sls plosil snis 52,406 5 ¢
105 Gl wUls ZEN & Lol jaims i |y oyl 69 digg 95  solaid] job 4 aizudls « FOkIT jiITs'®
Jobo 3 JIg5 ples & ZEN cadl 5l51 ol a2 S alsyo 53 (o aSil Jloinl b (o )3 1) Jshoo b2 S50 don
93,5 WS 1y Jolo a5 > 1 o (5ot b & bed alS' L (Carroll et al., 2011) 5l o ywd (g5l sSlon

AedS e > iy il s jESe ol (Petersen & Niemann, 2015) sy 1, DNA & Jlasl cas ZFN & (6 iw ol

Vo 350 58 K0S 4 Cand Cille clacgs 5D jgle sl (slaaniy o 0 oS laopiigp )3 4gl ldle o4
Vo 1y ololid olKls 5l yed 4 o JIg5 o i sbul g DNA I Lol Jlg ololis oUles 45 0uisS saoxe 3l o 95
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5 Gl 005 LS5 aigel dsl Yo ) pp00 o (Troder & Zevnik, 2022) cosl bls) 5 o3l cin ¥ Iy S b 00
Sgy Ol 93 9 (st 93 b (S9) pate Canl 59y w3l S g Wb ol Vi aiis 93 ¢ uSila WG Jolis ] g

Juazs DNA 535, Jld 250 2 5 ool DNA & 02555 Juate 03 (32 501y C2H2 (300 5 o 0 (i WlysS it

pasds DS G)g0 (Hhb 9> b cole o sl g Ak el> g0 4 Lb ZEN il 93 Sy sl (1 JS5) 950
Liet)s)h Siw ills o JiSeny 9 ZF jo cawlgiuel Jlgy ZF claciige sl & ZFN covlaisl 5 Jlg
CuiSil §) ons yasudio ey 5 GBS 5l odlitsl Lol &S sl $lge o5l ) bl 5 ol ela b, I S (al., 2020
fokI 5L g5 4 ooy 5 Juae o 4y s g 005 a3 Ls Bl yobo 4y (g9 CudSSl slpogs Il g el 5 el (9
"(OPEN) Oligomerized pool engineering sb 4 5,55 (o, VoA Jlo 0 oLl Galibl Con LNed o Juate
Sander et ) us glul(CoDA) Context-dependent assembly i, YV Jus ;> 4 (Maeder et al., 2008)
Il Jlos b Ll ol oo 4 Jlasl Ul lss shb b am 4 olsie bl ules 51 (al, 2011
Jo B (S 5 oo 2 0VL 5 Sl Sl jlatods ZF wl)f sz jl oslisil b Ko 2l 995 0,8 Copons 3l g a8
coge & 1> 0,8 Bua il Lol pgij 3)lg |y ZEN lg5 o5 a8 cusly Jlas > wlb (Hadipour et al., 2023) col
Alsse sy opl ool slaills Koo 5l .(Petersen & Niemann, 2015) 55 o wobaidlpe 5y g o5 gy
ol 3 bodsl sl 258 o)Ll acdl g 05 Slagage 4 ZEN (il 5 (5lag ) (235 1 (B (o piuod Codgaome &,
Gy iS5y 3l (Maeder et al., 2008) ws oslawwl (5555 0 SURA ()5 5> Sl sbml (gl Ve oA Jlo j5 Sy
Tebas ) casl o1 odlitusl sl (HIV) sl ias] jaib wgpg 08,5 o5 kol 8 "CCRS o3 55 JMs) sboy) el

(etal., 2014

(TALEN) g9, oS Sl ;831 gl L5 5 dg,
9 55 S VeV Jlo 3 a8 651 3939 "TALE pb 4 wwgig, sloygSs e Xanthomonas sla s Sty

»81 . (Li et al., 2020; Samanta et al., 2016) x> o bjwe olS 3 1) by wngisy (b job 4 L9 26

Y. B-sheet

Yo 095l ds oo cwdine

o bl 4 dnly 5o

1. C-C chemokine receptor type 5

y. Transcription activator-like effector
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S 31 S5 S Lo bl 1) aistS 55 (S lapeed 51 S o g 515 spuslginel YO XY L), S5 51 68y oS o St

S5, WRVD) W LY caxdge )3  oladulgie] by 1i92lS g comolaid] .ol duwlginel Yoo (clls )15 pb ) STdows

D9b o (e
C-terminal_ _ Rig\htEFP—\ P——
ZFN binding site Folg | ZF4 H_zF3 W ZF2 [ ZF1 }— N-terminal
S Iclelel |6l c]t]al Al c| ] 6| 1" A A ac.dclala]T| T|Als]c|Alc|c|s] ¥
.‘.GCCACGATTGACV«*‘ G BIG| T| C|Al Al T| Cl Al T|G| G| C| 5
N-terminal —( ZF1 W zF2 W zF3 W z#4 |\ FoM ZFN binding site

— Left‘ZFP C-terminal Spacer
(5-7 bp)

Ky (yo 1 S FOKT (5U05 95 (pogd 51 (59, il 3555 .80 DNA & ZFN Jlail sgow .Y S8
') ..\5393554 aw ZF OM9d 32 g Cowlddwd J‘f.&”“J 6"53 ‘_ggl.wl}uw u.Q.& 9y CniS! 09 M 9 DNA
(Samanta et al., 2016) &S oo o bl

Figure 3. How ZFN binds to target DNA. Zinc finger nuclease is composed of FokI nuclease
domain for breaking DNA strand and several zinc finger domains for sequence recognition

and each ZF domain recognizes three nucleotides (Samanta et al., 2016)

55 6yt s ] Cllsb g a8 Ban jl )5 Sl oysioman byl il ZEN slb 5l sl bl slb a5

sl 3 155l y oy 3T Ygeme Jlasl o) ilél cqs.(Becker & Boch, 2021; Bhardwaj & Nain, 2021)
5,5 oslizl TALENickase 5l olgiie ol 45,55 oyt g ool capolais] Sl can 5 5,5 o0 S5 oot
Golden wile sl s, 3l kil b o)lg5 oo |, TALE (slaay))] (Becker & Boch, 2021: Abdallah et al., 2015)
018390500 51 5 I8 w31 TALE (gl S5 (g5l oladondly 4 ) el (gl 25" 5ge 1,38, 4, Gate cloning
Cermak et al., 2011; Hadipour et al., 2023; ) 5,5 <90 355 0 35 PCR Luwgs o))l Jlasl .ol 5L IT g5
Fast ligation-based jlige 4 g o 5V ole5 b peis Liulpe (sl o glul sla ybg, o 3l (Li et al., 2020

Ligation-independent 4 (Reyon et al., 2012) "™(FLASH) automatable solid-phase high-throughput

v. Repeat Variable di-residues
VoYL gl b sl B 08 e Lt
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N anb ! ond S5 ol 350 4w 5l TALE 5USs .58 o,lil (Schmid-Burgk et al., 2013) "cloning
g {F JS2) o 0 S5 5 225 51 o (DBDS) DNA 4 JLas e 5 (CTR) Jiuess = C {NTR) Jl s
5 5 o Sl 1y o & o s DNA s sl (poliatslé colld ol ol 38 (x5 sl s N (sl
ln Chcudse JiSew slarzy P(TFB) Al (olS sy 15586 sly (isSomy ki) Ko b € (el
35y el W1 ol (5SS gty TALE ol iz "(AAD) (sl b 505 57 (NLS)

Adli, 2018; Becker ) suS o oslitol by puslSo I DNA (ol Jlgs 4 08565 Jate (sl pSgp pS14S 5ygu0yd

(& Boch, 2021
RVD RVD  Specificity
1 12 13 34 = -
LTPEQVVAIASNGGGKQALETVQRLLPVLCQAHG NI
r NN G/
! HD [ &
T3SS Rrpeat region :---: TFB NLS AAD NS /1G/CIT
. e =]
=]
* T TTTT m | 11 TURLL ¥
N il it hiihh

IIIIIIIS,
C-

9 &S o ol |, ot 1i5ilSei RVD ,» DNA & o Jlail eg56 g TALE b lw £ JSU
DNA 4 sigui o med g JUso i C ¢ JUuo 5 N 5l TALEN ;UISg5 .95 oo ol FOKI bawsgi (4 ps
JLas! Jowo TFB ¢ gl dind Sburdge JUSw NLS ¢ gamw! (§5lwJled cps0d AAD .Cool 005 JuSuii

Cowl ¥ g9 Dy JUKew T3SS g cmwgigy 49518
Figure 4. TALE structure and how it binds to DNA. Each RVD recognizes a specific
nucleotide and cleavage is performed by fokl. TALEN nuclease consists of N-terminal, C-
terminal and DNA-binding domain. AAD is the acidic activation domain, NLS is a nuclear
localization signals, TFB is transcription factor binding site and T3SS is a type III secretion

signal

Vo ) i Syl

v. Transcription Factor Binding site
¥. Nuclear Localization Signals

o. Acidic Activation Domain
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oo Slaml Koo b FOkl oy |, TALE (559 oo Jlail (a8 (el 5 Bam 5l @)l Il Stals e

Dl bl Jlsey C asb 13,8068 b cpnizmad 9,8 pleal il SEIS i8S, 51 i 395 48 PVUIT asle osimd
Solas dlie M59S4 Bun I 93w s 0 TALE (sla 54, ((Becker & Boch 2021) sl o
b Gua 5l )l Gl cpieS g Bg)ie0 ) & (gmedlite d diunly (Sbay§ lalpg 53 e Gmed 4 X9 JB e 10
Becker & Boch, ) cul (a9l 5 S Lavis oblg ZFN @ cans bl (o cpioman 35 kS s 1505 oy
oo Sleiiy i 5l )5 slaylKe ool GESH gy ol b gy sdixte slacolusg ¢ boylpla s (2021
TALE- PROGNOS (ChopChop :ils bl j1 5 52 4 5,15 3535 caslis RVD _s]b s TALEN Jlasl ez
Sod JEsl gla by 3l eolitwl b o)l o |) TALEN uSLeS" (Huang et al., 2022) uzw» TALENoffer NT
2t e J et s i J22) 55 (e B e g ™ s S Py gy s S sl
)5 Jie Jokos 4 (9" PEG TMpgiond Jao) (alhowss dlgo abougay JUSl 5 (T mayngdlsSl b ™ pogaasinl wib) gng
&y s (Miller et al., 2011) 55 by slo Jokoo 5 CCRS 5 ™NTE3 5iygy o5 5 I (sl oy el 51 oS b
sl Jgile oyl .cuslons eslizwl TALEN 5l (Li et al., 2012) g5, oS 15 oL ySL (Kb gw (6)lows 4 Canglie bl
dojlyanidl 5 e dovjlgmul 5 el jlialSy ) aile calisee (glaygSal L 4lo5 o |y (TALEN o ZFN) DNA & 03445 Juate
umd 5 beos |y pef aSles g ylile b 08 (oS5 mgiy) (B 0sS o 5 ot S 5 jlyhadl i St

.(Dymond et al., 2011; Frangoul et al., 2021; Gaj et al., 2011; Gaj et al., 2013)

Iy awg 45 605 osmlie 059ilS e YA (6)1,SS sl Jlgs (E.coli) S Uiyl 6 xSh pgss 55 dAA ams (39l 5
VoW Jl p (Yao et al, 2018) (0 JSis) 039y o b i 3l caiily 0592565 YY a5 olimd alols (6),SS e sl

awsy 93, CRISPR L Ly Cas9 gy 5l edlatel b o)lgs o 4565 a5 widhy oL ™ o )ls Bgilel 9 Plogs yaus

. Gene gun

. Microinjection

. Electroporation

. Adenoviruses

. Baculovirus

. Liposomes

. Polyethylene glycol
. Neurotrophin 3

“« - < o & % -t —t —

. Jennifer A. Doudna
v. Emmanuelle Charpentier
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sl sslon loyd atej 1 (o3 Gl coge alS oyl & (Jinek et al., 2012) 5,8 sbx! DSB i,y daa DNA

Repeat unit Spacer (20-58 bp)

(21-40 bp) A}ff,,f:///' l \\\;?““wau
D TN N N ) N e N —

E. coli (1987)

=
L -

CGGTTTATCCCCGCTECGUCGGEGEARCTC

H. mediterranei (1993)

ﬁ GTTACAGACGAACCCTAGTTGGGTTEARGT
T C el

CeG heT

GeC T T

CeG Ces

Ce ad Te

(ol Te! Co

Ces BeT

Tal AeT

agocorTTR® RAoTC GTTACAGACS GAAGC

ol Jgb 81,10 bogas (61,55 o g5 . 5,1 9 658U oyl ;3 i iuiS CRISPR Lalw .0 JSU5
(Ishino et al., 2018) 5,4 399 (555/902

Figure 5. Structure of CRISPR discovered in the first bacteria and archaea. Repeated
sequences are generally of constant length and symmetrical to form a palindromic
structure. Constant regions are of fixed length, but there is no homology in their sequence

(Ishino et al., 2018)

o ol Talslie o M ol MLl Als e dw (gl)ld 9 398 o Cgune (183 piuww o CRISPR/Cas g

Sy CRISPR olSyls & 2lee 2ol b g o355 | alisS 5 3,555 b 15 o251 L lags 551 85 50
ey SeS b blg o 45 295 o cwmgigy CTRNA pb s RNA eg dajlislabols opl 5l 35 ys] o cowd 4 Joho alasls
pre- sb a4 s RNA adas &G «CRISPR JIg5 5l s gigy | (oo B3 (o 9 05 ololid 1) palee 56 Jlgs Cas

CRISPR cuss¥b s tractRNA pb 4 (6,550 RNA o )1 (Gddsen arlie poi5 b oS 24 0 dbw) cTRNA

). Adaptation
v. Expression
v. Interference
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bl glawsy 99 RNA S pre-crRNA & ui fuaio b g cusl CRISPR (61,5 sl Jlgs JoSo 45 39 0 smn 959
laly RNA laa b crRNA:tractRNA degozxe 45 9 3)95 0 5y RNAsE I bawgs (glasy o9 RNA ) 05 o
Juaie an DNA & Cas9 iy, & (g bt degeome () ool 2glS 55 Ve bya (gl o 3930 o (5gRNA)
Streptococcus  sySh > p2lhe DNA Llols ¢ cuwolas! (Thurtle - Schmidt & Lo, 2018) 34 0
Gasiunas et al., ) 394 o0 pbsl a3l p; ¥ sl 2 VPAM 5l & (NGG) 0542595 aw JIg5 Lwgs pyogenes
b gl (K, CasY gy 29 e JuSuis DNA-RNA 1 ,em 5l Lianly RNA JuSs PAM 12012
Colig 5 oAb anaSd 4ty ol A8 e dbuyl Clo skl Sy 5 1S o |, DNA atd) g3 45 sl (ginly 5 090
i €S9 (laped j3 Liga dbel b (Thurtle - Schmidt & Lo, 2018) (5 JS3) 3gd e 45 5 wuy5s
OgeeMiie) po35 ol ialpg ol 318 dCaSY de gemme sl 0 Sbw] (dCas) Dead Cas 4 Nickase CRISPR/Cas
RNA Jlasl ¢ gungigy > (polaidl jobo & Wlgi oo 5 400 ploxl (gt 0aiSgMol oy SaS L) (oMl 5
o, S 5l (Liu et al., 2016; Qi et al., 2013) x8 sbgl JM3] ngiy, Jolse ,S00 Jlail b 5 5yeudy
P53 bl dopige 5 islen (alulid o RNA b, dajly Shlng «cdunygld (6 )b 4 ol 0 CRISPR/Cas
5 fawsliS 3l 55 CRISPR/Cas slagiuas JolSS p anb Cbul oo 135 55 (Komor et al., 2016) 5,5 o)Ll ...
audy oy 0 Cas gt 4SSl g LCassla 5 ¢ CRISPR (sla oSy (JolSS dlayly yolil y3 48" s> o ylis s
oS aancns (S 3o 51 (Hillary & Ceasar, 2023) 155 oo (sdivdido (oM 93 4 1) gt (pl o558 i
So b olgis RNA sz (S1b b oS sligSay 9,5 )3l o (Vb bl 5 285 o8 a2k (Soluay ol
g 9 (off target) Gua jl )8 @l & g5 o i cpl colre 10l pbxil pgis iolyg dads pais> Cas gy
e b ladye o)l gloy ln psi pialng )5t 51 (Hadipour et al., 2023) 5570 )Ll as goors (VL (JoSUsa
Y5 b 5 S ol (5 oy (sl CRISPR 313 o ool o 5 ol 55 b el (350l 3osb 31 i
5l ladlas > (COVID-19 (glon goud b .l 0uis odliwl (Frangoul et al., 2021) s 55 S5 (5)lows 90 &
Broughton ) 15,8 eslul al,31 513 4 axsel a3 RNA o)lac 5| gylow opl o pasuis cas Cas (pwSgp o9
Gl 01 o3l LSy JSSLS (6ylows 4 Cunglio sl cgs CSLOBI 5 gl (6l jESs oyl 5l (et al., 2020
Cuwl odlazwl CRISPR\Cas | Jolisgpl Wg 9 (Sdpbio sl pue (sjlwdins 1y cio > .(Peng et al., 2017)

[(Siripong et al., 2020)

¥. Proto-spacer Adjacent Motifs
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Cas e Cas
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Genome [T T ' | I 1 I ' - I

cas genes l |

repeat

—= 3 T L I

\\ cas genes

.

2N L /\ Virus/phage

a v

crRNA

%

T Processing

l Caso
s . o

Interference pre-crRNA
= TTranscription
Expression
1 1 L H y | ) N S L A A 1 J

cas genes

spacer

N J
Loy oo lo DNA (YU) GLbil als po 45 . tludST sioy! Syl wiglyd 45 CRISPR/Cas i . JSW

pre- owb) oly ds o 13 305 0 Slo Bbime P93 45 b axlad anlad 51 gy g ouwd 4B LS Cas

(o) IS0 Al po 3 Culgs 45 9 990 0 o JU crRNA & 39ai 0 w9y CRISPR ;1 crRNA
(Ishino et al., 2018) &; 0 Wy 1y DNA ail, 95 CRISPR/Cas _wSdsoS

Figure 6. The role of CRISPR/Cas in the process of acquired immune system. In the
adaptation phase (top), the invading DNA is recognized by Cas and after fragmentation, it
is inserted into the host genome. In the expression step (bottom), pre-crRNA from CRISPR
is transcribed, converted to mature crRNA, and finally, in the interference step (bottom),

the CRISPR/Cas complex cuts the two DNA strands (Ishino et al., 2018)

o plomdl il g a9 GRNA (g9l ol JUS S,
osiiome JES) 6l Bey b o) g5 4 A (B9 s $igmy L MRNA DNA ©)504 i |, CRISPR 3L
OF Olrg £9 4 4w (Yin et al., 2016) sge Jite Bun Joho 4 (wgpg p s 5 (wgpg slaJ8b (S5

(al., 2017
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wlolis gl Bua Jlgs 5 laialy RNA o slajl JeSo 54k 5 a8 Laialy RNA L osds colin 055 o]y g piaans
s JUo Slyisdy 205 0155 39250 3 (Saiedsn sl ) bl (i85 WS oo oalitl o 4 Jlail (S5 polie
Cas (gla)ssl o5 a8 o Lo (2)1 (S35 polis il )3 68k gl (sl s S5 w9252 > CRISPR/Cas
.(Badon et al., 2024, Hille et al., 2018) xa> o oy |) DNA o4 5y cuols L Casl2 4 Cas9 wile
doinly RNA b osd colan giuw ol 45 0l00,8 (Byme g ololid g,y 55 1) OMEGA® i yi! Slillas
s &S (3945 o0 0450l WRNA &) 00538 .6 RNA & 4 (IstB L IscB {TnpB (sla 59 53) (5568 3505] (sl Sy p
Altae-Tran et al., ) L3b o CRISPR/CaS i aslio o Jos 0956 5 34 00 Jolis |y 15 0 Wl 1) Leialy RNA
b o CRISPR/Cas i Lio ¢ LolSs blod 4 |) OMEGA it Silj Kb Slisiog wus cycp) 51 (2021

(Saito et al., 2023)

s N
E
guide
L e i
] _\wFINA '\ RNP
processing
TE

’ E i /gmde

) -
BNP / wRNA !

@ ) processing

Az a1, 308 5 5 weSs OMEGA i -5 55 coals 45 s iuiS OMEGA Ll b .Y JSU

vy

(Altae-Tran et al., 2021) &S o Jsad @RNA @ 1, o] Bua Jlgi ol pod dy g S o0 JHio B Jlg

Figure 7. Structure of OMEGA discovered in the first bacteria. The OMEGA system
transfers its gene loci to the sequence of the target sequence and converts it to ®@RNA

together with the target sequence (Altae-Tran et al., 2021)

). Obligate Mobile Element-Guided Activity
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«Siskd Slllas b .cwol OMEGA 4 CRISPR/Cas (slapiuws 592,5'e 9 (FZ) FANZOT i 45" cdS )lg5 0
oledl psis Gl g sl «o] Jos puasilSo 5 o 3T Callod daome (530)000 0 L Slatily F2Z (g o)l 5 olondsn
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