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Antibody Diversification and Related Diseases
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Abstract  To fight diverse pathogens, one hallmark of adaptive immune system is the generation of diverse
antigen receptors, including B cell receptor or also known as immunoglobulin (Ig)/antibody. The generation of
antibody repertoire in B lymphocytes requires several antibody gene diversification processes at genomic DNA

level, which involve programmed DNA breakage, rearrangement and/or mutations. Among these processes,
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antibody class switch recombination (CSR) allows antibody to switch from IgM to other Ig isotypes, and is initiated

by a B cell specific activation-induced deaminase (AID). The deamination products on genomic DNA are further

processed into double-strand breaks (DSBs), which activate general DNA repair pathways. Deficiency of CSR

factors is the major cause of primary immunodeficiency e.g. hyper-IgM syndrome, while the dysregulation of CSR

could result in B cell lymphomas. We review the molecular mechanism of CSR with a focus on how CSR is tightly

controlled, and also discuss implications to immunodeficiency/cancer diagnosis and treatment.
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FER R M A AF RS T, A PR I o 5 A Aok
MEINAR . RSBV R R G X PR
RV B2 — 3, LBtk B 40 7 A PR R S 1k T
I IR 7> 10 LN 2 2 (0 JRAK, 47T
RN 75 B — RVIFEFPERIDNAMI R . SEHEA
RATIRE, ALY R L =R viik s 7.
FEBANM & B AR, PR 2 440 52 3™ 4% 1)
FEAIE, X — AR 2 S8 R R R
GBI, QR Ak S PRI . BANMIR LRI 45 . AR
R Aok 2 FALERE, & B PUR SRR
WEFURERE, JHAE S A5 A ST I A R LB F) S it
JE B LW AR T AT BETT 6.

1 SRR SRR
1.1 st R L8

Pk, Bl 4% R 2 A (immunoglobulin, 1g), — %
H 9 2% AR (7] 114 3 8% (LgHL) R 2% A [7] 1) % i (I L) 4
Bo fE=HESEM b, Puiksr T X AT LAy N — R B
T L BRE B A5 . PUARN-vn 25 14 38 b BRI A |
(AR B s V(D)J E HET 72 A, H2 58 7 41 %
5, XHEFR N AT AR [X (variable region). PULAAR AR [X
W7 LRSS AL, g T BUR IR . T C-m A
P TR B E S5 S8 T F T BRI AHE SE, AR RR g fE
5E [X (constant region)(KI1A). /)N FERBZH A\ Fh A
7] B B 4 1 o8 X LK (Cus G+ Cy3. Cyl. Cy2b,
Cy2a. CeM1Cao) 1P T A [F] 1 2 4 JE R (e AN )M, HR
i H OB 1H E X, /N BT AT B2y NIgM. IgD.
IgG3. IgG1. IgG2b. IgG2a/c IgERIgA%E 2T (class/
isotype). AN[E SRR Hr AR vl DLAIAS [ 1T Ui e %
NG A S &, WOE & A R OV . i, IgMEA
TR BN BAR L AFAE, X T EEF 5t
JRA ERM Ty, AT L AMA R B, T E

B lymphocyte; antibody diversification; immunodeficiency; B cell lymphoma; DNA repair

IR > 45k, IgMFEEZAAAE T M N . 1gGR_IEH
RGETHELENBET T, 2T 2 S RERS; [gA
MFERE R e p R ¥ EEAE R . AR E e X LR
FEE AN T, @ AR P mRNAB ) 7 K, AT LA
RiEHME EE, PPiiasiis &R MED, BB
Yl 9 2 1 52 14 (B cell receptor, BCR)™.,

1.2 AEERE IR

FE A [ 1R AE A7 FR 85 v B0 38 2 456 1T I o 4% b 2%
FEIR TR A N, 3R 50 75 22 50 0% R 48 A DLER AR 1R
ANFEPUR B BUR > 1o R B4R A4 77 AR B ik
AN, A FR AP (antibody repertoire).  7E M F,
N, Uik PE Y BRI PR 2 FE AL B A
BB (DEBA & & - UIAHBAH il (pro-B) I AB
20 (pre-B)H, V(D) HE AT DL AN 7] (5 A 1 BUat
Fe, MM E B ABAH i Hh IR B 3 22 e 5% A IR )
IgMBYFTLAR 73 1 549 BB W] 46 oAds PEPY, (2)7E A1 i Ik
ERGH, 2P EOE R ABYH M, 7] LAZ Pk
2 B = 1 9% A% (somatic hypermutation, SHM)FI T {4
KA (class switch recombination, CSR)iE— L1
FS EH SR AN AN [RIBTAR S B 43— B AR (1
1A).

YRTL PR T AR X FIDNA X 5 5V It {-(variable
elements)F1J 7t /4 (joining elements) A 2 & & /1 (1D
Juf(diversity elements)™. 24 1)V oA FIT T LA
KEHERIV. Dy I=ASTofE ] DU 4T 4G g $E
T AN [R e A T A8 [X S R o B R VIR (Vi)
AR T A X 7 R AR DX R AL, A A AL
Ji B kb #k 3E X (complementary determinant region,
CDR)“"; DJG fF(Dn) & FH10~154 1% # 1 7 41 4
BTN B, fE PR 2 A v A B AR A,
H8 o VAID, JTC A # Rl 1 H B 5 = A T AR R E X
3(CDR3)¥, iX—V(D)JEHALFE H 7 714 7 EDNA
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NIIEERAG1 28 GRS, JF AR VR EZHDNAK
Uity S IR AR B A 1 5E A

TEAME MR L ()55 B A R AABAH M, 32 23T
JE RIS, e 0% £E T2 M 55 240 B FR) 4 B T B i o
P 45 ) —— 4 2 U (germinal centers, GCs)!'”,
A R HOBAE R, PiAASE R — D& T R 2
FEAG I A2 oA o 248 X1 v 90 9 A48 At 4k B B 1
SE X R B e AE S I R AR G AR, B4 AR
% L5 T A ] AR X R (R gm0 5 1, WATTD 76 441 i 5% T

FKIEARFE PR T, BB 2. AR B4l
fl AR s et A G TR N PUE 2 &Y 5+, T
Feak wE R A B4 I 32 AR BAH g 43 31 A A, 3K
—I R AT T mSE A PR, KON AR
5 A1 77 B #(affinity maturation)!'? s 7E AR T 4 e
R A, fE e X IR P AL DNAXUEE T e . A [A] 18 2
[X FRTDN AR W7 2 d 2% FH ELIE 4, DT K T U 1
JE X IR R 5 ) AR X B R A B i k. X —id
AR BANN 32 AR N IgMAE 4 1 1 oA 2R A 1>

A) Immunoglobulin (Ig) gene recombination

Germ line

pro-, pre-, naive B

Activated B Memory B /

plasma cells Antigen-binding region

I e . T e ™~
1V region
el . . "‘ ' _______ Pl
V(D) AD | T
Vv recombination SHMé&CSR C region
| //, Downstream immune
_ i response
D ,//, _____________ <
J /
B y Antibody repertoire
/ (B)
s Secondary repertoire Primary repertoire o cyl
‘| b &)
QOD. & sy
T BB @

A SRR Sy 1 BB RR BE A B, TV R S BR B S5 A SCRT B2y A AR XORIME S X, 23900 97 5T 0 S RO 405 45 IS 9 SR 88 5 82 PR 83T o
FEBZHL A R BL, gt AR X BV LA Jeft, AR ERE A AR DR IDICAF, T LLE R AL R A VT RER AGHE AR BV (D) E HEEAT 4 5 A&
NI T S X R A 7, BT o3 (SRR T Ig MBI F T WIBRRIDUIR o 75 SRk DA 245 M 2 R vt oy, ATDRERS R4 n] 48 [X 4
RASR L GEE E X HUAR A e, NI T 8RR A PUAR SRR A5 . B: PR B BEIE 2 X R R e e i H s . ERAHRE) T
(1 promoter), AFGiAS I 117, BESX A& T, LA T gt btk it AIIAhE 1.

A typical antibody is composed of immunoglobulin heavy and light chains, which together form several immunoglobulin domains. The variable region

domains bind antigen, while the constant region domains can active downstream effectors. Variable region exon is assembled during B cell development
via RAG initiated V(D)J recombination, during which Variable (V), Diversity (D) and Joining (J) gene segments are put together. V(D)J recombination
results to the primary antibody repertoire in naive B cells, which contains low affinity IgM antibodies. When naive B cells migrate into peripheral

lymphoid tissues, they can be activated to form germinal centers with help of T cells. In germinal centers, AID initiates somatic hyper-mutation and
IgH class switch recombination, which further diverse the antibody sequences and form secondary antibody repertoire composing high affinity antibody
with various antibody classes. B: A transcription unit of IgH constant gene contains I promoter, non-coding I exon, S region, and several coding exons.
Bl SBBHES FRE SR
Fig.1 Antibody and antibody diversification
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B 2, AR B L i — 8 A O IE 12 B4R
(memory B cells)Bl# H 4 fl(plasma cells).

2 PRI IRRY o F AL

PR R R ik Z R B ) B —
2, FLPE A AN [R) 28 R AR R 8 00 AN [R] 1 i A
¥ R V. B Y E 5 P DNA % & B AID(activation-
induced cytidine deaminase)ift 4fi 71X — L #2, P24 1)
DNA K 22 0] i 41 ig WDNATR 12 B R gt — 0 0%
PR TR R IR TE TR B, PRk
R PR AR 55— 28, AIDAY S XUEEDNA
WL 1K™ A 28 8, XUEEDNARKT 2 WIS DNAR 1)
JSLE BRI A UEEDN A BT R F K
2.1 AIDEEEFEHDNARYIG| A2 HEDNA B34
AL

Btk B 4 B RE S 14 1 R EF 2% 2 B (activation-
induced cytidine deaminase, AID)EC4s | PLiA A AZ X 1]
e A TR AR A BT (X0 A8 R 2 4 i R ek SR A [
1t #2. AIDJ& T APOBEC(apolipoprotein B mRNA-
editing, catalyticpolypeptide) il 2 2 B 5%, REW ¥
FLEEDNA L 11 B 5 (C) 5k 28 B &= 7= 28 IR B (U)!M(E
2A). AIDFE[RIRAZFZ | 1R PR B 4 %
= IgM e e SR BAAE, 7] B H T P4 mp A8 X vy 4 5%
AR AR T AL B SR AN 52 252, fEDNA—
Uy L, AID A 4 T WRCH(W=A/T, H=T/C/
A, R=A/G)F 5 F I FE(C)™ . EASFJWRCHFF
Firh, BT AGCT B 37 41 H E [m] Al [A] $8E DNA
J¥ 5 #0] LLBE AIDIBE 28, ‘Bt 5 A ATD S A 7] 1) JER
e, fHWRCH 7 41 A5 2 ik A - 4 > Jik R 4H
ATD AT As 11 b A FH T4 2 AT X 38 S TR 0
AU 0] R, R B T R 2 —
2.1.1 ARHEFAAIDRBET £44DNAKY  AID
TR HEAE T s nE fONAAL s, H T BE N4
25 7T XEEDNAZ B 45 &, AID R feXf FLEEDNA K
5 5 2 R AE U2 R I, SUEEDNA A 2% 46 R H
HEDNAZ BEfEAID K #5E L ThE. 7EAIDK LA A,
BF 50N U & B, AIDREBE FIRNAK 5% 2 5 /ARNA
% A BEII(RNA polymase 11, Pol I B 1 H>1, 7
PR R A e e, B A E E X R AN R A
TR T AN G, b FEASEE )T

promoter), JEGRALAMNE TT°, W& SX N & F LA
P mE PR E A A S (BB, fEIE A
RS, 78T At 40 Mo Qo T B 4> 4 1 40 P K] 7 Bl 41
JHO 2 TH 43 7 (PRI, BN RE A5 WOR 1S 8 1 5 5%
T % 48 J 22 38 AH . B AR 28 28 () S0 A B .,
CDA40L/ILA W] A B4H il )\ & iE1gM 7] 2 i81gG1. IgE
5 424 TFN-y(interferon-y) i & iIAIgMIIB4H it #%
Rl K IR 1gG2a/c B4 i), TGF-B(transforming
growth factor-B)n] LA Hll ¥ 1 % iXIgM B4 i 5
R IR TgAIBAN U, 1% % 5% 50 NIAH B 1 e
B, T gmbdPiik i 0 A2 . HAERAE
FCHIRNAFEA G b5 AT AT 22 H, # P8 AGLT(germ line
transcript)? 2, 42 5 FOZ I HE g I5RNAZ —.
GLT /2 §U AR S B 3 6 ) A2 B b 75 1 o 13 3l 1 Bk
2 T BOE R PR S B B 4 R B, T a8 A% 22 7
AN F IS 21 B ek R 20 B AR IS 2+ 1]
DL AR BRSBTS B 4021 R, 451
J& 31 ) e 53¢ DR -1 ke 2t W L2 i A S 044 SR 2R 1)
T 3351 AF i gk FE Hh, DNAREARCEE (1) 8~9 il
FERA BT R B — /> e )i, AT A8 AR i 1
FAEEDBST, 5 4b, Pol INFG s B A A3 55 I 7= AR 1) A7
W2 JjE 45 K (negative supercoiling)t 1] P2 #EDNAK]
FARBERT, AR, IX HEDNA X BE 1] i Bk I8 5 A2 Bk ) 1),
AIDHE | R REAEsSDNA ™ A [ — I ] 45 & 51 HL 40
BRI R AR PSP 2BATE2C) .
2.1.2 SIXDNAGZ % #) A AIDRABE T 4852 6 4%
DNAKRY  EMRAMNEFRFAE T, M- H0E B
4B, ATD BT DA S 14 B [ 470 B4 1 5 X I SIX,
FEAESIX 5] L P A 248 B 4 46 55 (DN AT 2440, iy
FLENYISIX F s & GCI B 7 5 41 A, F£7] LA
KiE10 KbbA BRI H R BE & & & H(G)-
T 37 SRR R M, 4 4M e 5% IS IXDNAJF 41 1 LA
T A2 5 BIR-loop 4t 74, BV A% % () AR AR % A 4% % e
PIRNAAMH H.'5 % 45 5 TF BDNA-RNAXUEE 45 14, 1
3 H A B ) LA BEDNA BG4 DNA JE 2 A7 /£
(KI2D). [FIFE, 7640 B Pyt ] DURS I 30 45 2 IS IX
R-loopZti #4) o F 5E SIX 1) i ok 2 5 M % S P 70 42 2
R4 H H AR R B R R A e ek B
SIXDNAFIER™., /N RSIX FH ¥, HT X
HSIX AR I iR -loop 25 1, T EUHTARSRAY # 46
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PIERREIY . 1X— &5 47K, R-loopHITE /& AIDAE [
JEY BT 5 ) ABLAE [F)RE B S 30, AR S Y A 46k
AR, Fhh, MTEESIYISIXDNAE A
REEEFIUAIFAE & GCIEE, JEA R ifa &
IR-loopZti i« FEHEHE K /N B, PIREEN IS X AT A
SEILES 7> PR R R e D ™, IX — 45 R 4R0R, SIX
AFAEH FRR-loop 4 b H Ath 5 A0 =5 Al PR -7~ BB 4 5
AID. L3P SIS IX 1) 5 — AR 2
EATEE S A KEMWRCHF . XL K= WRCH
Fr 545 S AIDRI B I AN 2. Horh, et fe
POIERT FUA I, /N BRSIX A7 AE S K HJPol IIRIHE 3%
i€ {1 K] - 5(transcription elongation factor 5, Spt5)H]
AR TS A, SRR B A AT REAH 55 1 AIDECN
AID#EME | BEEDNAIEY) o

2.13 #igh&éa BT if4 T AIDA K B Z1IDNAK
M L& 4 o B 2H ATDVE P 1 A2 0 Ak S 00T 7T
R, HUEE 45 A B FIRPA(replication protein A)T]
DA 1 ATD X = B B 10 It 2 5 1 FRO . 72 41 i
N B AR A B AR &R B, RPAK A 9 IRPA32IE
3 FIAIDAH . AE B, RPAK 45 ¥) 7T LA %3 sE DNA %S
S B T k) JE R B BE B BEDNA, Y AID#E fit
FLGE I e AIDFIRPAA H/E FI K T & A
U I A(protein kinase A, PKA)/» T FAIDER [ 5538
Rz R BEIR AL, /N BRI A% A L T, S38A
¥ 5 A% 7] LA BH I P9 JRAID FIRPAFY &5 &, MM 5
M CSR(class switch recombination) A1 SHM(somatic
hypermutation) ] & 4=, {HIX /> i #8 I A 52 i AID
TEAR A 22 40 o0 T B DNA R 25 S Bk il 7% PRS0,
R-loop ATRPA#] AT LA g AIDHR {1t JE A AR BEDNA H %
JEY), ABAEAR SN A A AE &R I A RER BIAIDZ
AR BEDNAN, SX A AERI AR #2223 F ] 544
N CSRASHMIL 75 i AIDAE H 145 AN [, 72 40 i
P ATD ] E I 5 S DN A R 26 B0 3k — 20 1)
WAL 2 S K I, RNASMIIEG S 4 44 1] LN AID
P2 AL AR A AR A AR DN AR 2952, RNASM D) B 5 &
A& (RNA exosome)se — M 2 I E A4, B0 LAA3’
It 7K A 2 FPRNAZF 7, 590 2 A 9 FURNAPY . AID
ERNASMITEE 2 & R A0 B AEH, fEA 7 ZER-loop Al
RPAHITHHL T, W LA S ¥ 251+ (DNAREAT %
AR NCNE2E). BEIARNASMI I & A AR IR

Ml V. B AE A 0 T AN R AEAE FL, AR EAEAR N ATS A T RE
M PR s P T AR . X — SRR T AR
ZRITRNALE AT 4 p 1 P RE DD BE

2.14 stE) 4 FIBHRADIARA E KRR
B 7 4 [ B BEDNAJE AID 26 & 00 5 1), (H2 R A
& BT T S M L R 2 B AIDAE . FEBUIRER 2
4b, AID[RIRE AT DU S s 4 P AR D — & 70 B A, T
T 2 R IR A A1 408 2 2 i 8 B A i s vk S EE L) JE
Je: 3 [K] (proto-oncogene) . 7E — L8B4 o bk B 987 & A
b, AIDIE i J5 e 5L R R AR B 5l i g ik e fr, &
U 3 K] (oncogene) 1 ik 5 3R 0k, M % T A ik 2
G4 . AIDFE P 21 I 5% i % IDNA — 7
FURFAE, BRI A AT FE 4 vh T 54K 5 ATD I #E #4
SRS IS (1) R G 26 W 38 A ANV S 2H 2 bR idP. 2
AN TR FR 20 57 T B ) R4 e AID i #E 34 i, Horp
I IR 2 vy 3 1 e AR B AL Y 77 5 (high throughput
genomic translocation sequencing, HTGTS) "] LA & S

seq(global run-on sequencing)fl4H & 1 {£1fi ChIP-
Seq /¥ K I, 4K 2 I ATDHE ] F A [X dak # 4
HLE A7 T 35 R P 5 1 2 3 5 1 (intragenic super-
enhancer) X 355, 3 48 X 35 ) — AN B BURRAE 2 1
4 5% RN 2 K] [ 6T 1) #% 3% (convergent transcription),
IMRNASN ) Bl 52 5 74 7E [ i 15 58 T RN A (enhancer
RNA, eRNA)F 2 H| T FEAEH . dt— Btk
P, X B [F 3 T AR &R, JE RS T
B bk T8 R A T R0, R DA 8 1 o1 4 1
T BIAR B AR e e R I SR A, X — 45 Rl
fERE T A4 ATDEE sAT A3 B8 18 44 B0 B D8] i) i
RIBER . AEXT ) e o FE v, Pol T A 44X 7]
AT, HAREES 0 J7, BT BUP= A2 3 s 5 G R
RIFHFEAID, 2R L AT DUIYAIDSE i L EDNAJE
YIEI(E2F).

2.1.5  AID& &= i@ i 15 4 S B ds A
Ak A R4 DNABT % (double strand breaks, DSBs)
TEPUR R B 4, AIDFE S 1t A T SIX, £%
7= AR B R 8 T B8 S U 5 4% &2 (base excision repair,
BER)Ek £ AL f& & (mismatch repair, MMR);™= 4= B J&
FAF . Bk R B EEDNA KT 0, Hode ) 7
AGCTE P41 b, Gl 5 V) BRAE Y B0 P A B
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A) NH, (|) () AID co-factors
N HN
J\ | AID |
— dR —/— — dR
B) Transcription bubble
L] gemm—— Al [
.j D) Convergent transcription at
intragenic super-enhancer
© Negative supercoiling RNA

Exosome

AntiSense
transcription

Sense
transcription

A: AIDEZ ARG R & . AIDFEH T NAGL AT, RENS IS B BEDNA B I (C) i B ™ AR IR (U); By C. D: FED AL EE e # vh 7= AR I e
S FUBIRTE 451 DL S R-FR AT UG AL PR BEDNAFH SE AID; I (028 S A& (0 28 2 23 AR R DN A XURE IR SRR BE AN AR ASAR B, 2L ZRARRRNARL ¢
). E: AIDH HAE F B TRPAK & 4 FIRNASMI K 5 & W0 RE 08 WAIDSR (L S BEDNAJR A . Fr X 17 5% S 41 52 ATD 31 I G 28 BR 2R 159 5 [H 4 45
WRARE e, AR L %
A: schematic illustration of AID deaminase activity. AID can remove the amino group at N4 position of cytosine, which convert “C” to “U” on ssDNA.
B,C,D: transcription bubble (B), negative supercoil (C), and R-loop (D) might offer ssDNA for AID activity. The template and non-template DNA
strands are labeled with different colors, and nascent RNA is indicated with red lines. E: AID co-factors RPA and RNA exosome complexes were also
proposed to generate ssDNA substrate for AID. F: convergent transcription can recruit AID to its off-target sites. Sense and antisense transcription is
labeled with blue and red lines, respectively.
E2  AIDFR[EHLH (R ES % SCRK[1,4,54] 12250
Fig.2 Mechanisms of AID targeting (modified from references [1,4,54])

DNAVI#| i T BE B 50, B LR 5 5 1 4% 3 X
FEDNAB R, A EE R A A R & =YL
L, RS EARAR A i A B 2 A2 WEDNA
i 45, SIXDNAH & 7 FIAGCTIH] 3C 5 41 {f AID
FESIX 2 54 N7 1) 58 45 5y 5 A0 AU EEDN AT 22
ol 5 ) B 12 52 368 % v, R 1% E -N- A 25 4K i (uracil
DNA glycosylase, UNG) A LA Y] B 25 & 2 7= ¥ JR 185
WE, 77 A BB s, SR I R I o s Wi A TR P DT g
(apurinic/apyrimidinic endonuclease, APE)xt 7] LA i
Wk 45 A 5 BRI 57 R 5" %) B8 TR — TR B %), AT 3

BEEEDNAWT 2. fERREEHE LB Hig e, U:GHY
EE TG AT DA A O S B (RO, RV R OB Bt
WL AL TR IR IE, T A BEDNARI W4 . AHIT I B
FEDNAWIR, f &AL A EEDNAWT L
2.2 WEDNAWAIEE 5SX T Z R imiEsE
PUAA ST e v 7 AR S IX R BUEEDNA LT 24
18, HAMH T AID 2 2B % 1. AIDRE 46 &
RS X 1) AU EE DN AW 22w DL 410 B P 8 A 0 XUeE
DNAT G N2 R4t 4R RIJRDNAK it 4% R 4t
B IANSIX M 2Rk . AR, B SKFHI L
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PR R DR DX G €0 Jon = 4E 25 A IR R L, AR S
FeHSIX b R R w48 B A7 AR A 5 R R 2 oAb o B
DNAF B R 2 E AN -

22.1 SEAEEDNAM ) & ATMAR #1649 R4EDNA
4% B E A ATM(ataxia telangiectasia mutated)
& R 22 TR/ R R, )& T PI3KAH 5C g ik
KR, 122 ) B £ 45 ATR (ataxia telangiectasia and
Rad3 related protein). DNA-PKcs(DNA-dependent
protein kinase catalytic subunit)%5°, XUEEDNA 1%
A DAFH 55 1 B0s ATMIBURR s 1, BERR 1L 2 Fh T iR
H A FEH2AX (histone family 2A variant). 53BP1(p53
binding protein 1)5#,  7E iX Fft XU FEDNAHI{) M
& [N (DSB response, DSBR) 41, MRE11-RAD50-
NBSI(MRN)E & & 7] LR 5IDSBK Ui 3 7 2 ATM,
ATMB B2 1 2H 8 FTH2 AX I C-2K B 35 13947 (1 22 5
2, MM TE fy-H2AX . y-H2AXA] LLE— 35 36 55 3
il AUEEDNATR 15 B 2 K -, 45 MDC1(mediator of
2 RIET
RNF8(ring finger protein 8)f¢ % 5 1 Ik . JMDC1
MEAEH, IRz #BIMARAHIY, 2 ZEENE
RNF168(ring finger protein 168) 1] LA 7 21 & FIH1
Z m e, It — Dz BB A B HH2AM,
53BPIA A A H2AZ RALE B3t — D4 5 =
DNAR 15 fr £, ATM % {4 [f1S3BP1RE % 11 5%
Rifl(Rapl-interacting factor 1)it—2L41il] HCtIPA/~ 5
(1) A5 DN A K By ) 5255 1) [ (end resection), AT A
DNA i ¢ K S 58 2 55 # I [R] JRDNA K Sy 4 $ 3@ 42
(non-homologous end joining, NHEN& & ¥ [7] i} 1[I
il [A] Y& = ZH.(homologous recombination) ] J 6364
(F3A). BEERTITHIRN, B2 53BPUHRA T, W
PTIP(Pax transactivation domain interacting protein).
MAD2L2(MAD?2 mitotic arrest deficient-like 2, 14
PR ONRev7 YA AR 00, H i R iE T A 4
FEATMGR K FBEAH I, 7044 28 B B 8 7K~ AR T
1 40 A BT S Y B i K B 25 R DT 2
FAL L, H2AX. MDC1. RNF8ELRNF168 (14 2
AT DA B AR S04 S B e 4K ~F 1) 1E H BAH g fi A
Y 45 7K T (1130%~50% 03X AIE B T ATMAK 51 g 3
BEDNA 47 18 523 42 AE PT AR IS T B i o 1) B 224
M. fEIXEEDSBRIA 111, 53BP1X T Hi {4 L L 4 e

DNA damage checkpoint protein 1),

KT (A B B 25 53BP LR 25 (RB4H L o 1 &
I W K SN R T BAH AR TR 8 R 4 3 K 7 (Y
5%~10%%%, [E]#E, 53BP145 & & [ARIf1 B 25 (1 B4H
i A 2 Bt 5 5 (R PR SR TR B R T, SR T AE
TX L TEAR A DN AR 3 1) B4 17) B3k 1) R A= vl R 4l
#17 SIX DNA K i i 7% 322

222 4EFl JADNAXK 3% i% 4% (non-homologoue end
joining, NHEJ)i& /25 4 M NSEDNAKT A SIX XL
FEDN AT N2 3 4% 0 ) P47 55 A [R] 0 28 20 K o i
PR NSIX DNAWT L . FRAENHETH S ]
417y, NHEJ X H] L7y Oh 22 JiNHEJ(classic NHEJ,
c-NHEJ)if# % 1 # X, NHEJ (alternative end joining,
A-E])i# % . c-NHEJI& 12 fERAG-EZ 46 I V(D)J H H
AR TS 2] T RGN AR, o-NHETZR
[ I EE K1 & - Ku70(ATP-dependent DNA helicase
2 subunit KU70) A1 Ku80f#) 7 it — 54k, XRCC4(X-
ray repair cross-complementing protein 4)F1Ligd(DNA
ligase 4)". fEc-NHEJL & 1, Kuft it — R AR 45 &
ZDSBA Jiit, 4 FEDNA-PKcsEIDNA 75 407, fx &
XRCCA/Ligd B EWERE A ARl . 18 id % c-NHEJ
R o ) /0N BB R BE AT AIE 5T R I, o-NHEJ K §# K] 1
Ku70. Ku80. XRCC4E{Ligdfk 2k p #ABAH i v 471
PRSI g 2 AT B AR B4 Bk
B4 7K P 1130%~50%, 171 AH [ 1) i % 5848 iy 4
B E1 2 B 58 4 I V(D)T E HEBR LM, X —4&5
PER, A-BVRARAE A B AR A R PR R B i b
VEEBEEH . A Ec-NHER&Z B K T HIDNA
K E R SR N A-EITS, 3l i A-ETEE B2 1A 7 s Ak
(Junction) ) DNA [A] 5 J¥> %] (microhomology, MH)1: J&
I LLe-NHETIE #2715 sl FRMH Fy BE K, M IKDNAGE
FET A R Y 21K B R B K X 43 c-NHEJ
A-EIT, FEBF A R BT AR SR B BN I b, SIXGERE
W RWAE KERMHFS, [RS8 {Ec-NHEIfF1E
(4 DL T A-EJH 2 1] DU AR BT, HMHJT 41 F AN
72 [X 43 c-NHEJHFIA-EI I ME—Fr #E, DK e-NHEJ &
AR JEH AT DLUEAT I~2080 5 1 [R5, 1A LEA-E)
HERE T KA TR BT RIJE 21077, AEKud RO
A-EJi&f2H, PARP1[poly (ADP-ribose) polymerase 1]
A e DSB R & 45 5 EAE FUS7), Mrel 1F1CHP
AJ BEAEDNA K 3y Ab BE A A 454 S, fELigddFIK
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(A)

I H2A15Ub T HaK20Me2

Break recognition

End
processing

mll

DNA-PKcs l lLigation l Mrel 1,CtIP
— i3
XLF/XRCC4/DNA Ligd DNA Ligl.Lig3
c-NHEJ A-El

A: ATMARI K XUEEDN AT A% REZ L] . MRN8 AT LU DS B AR i 1 55 ATM 0 ATMISSG 75, £ 20 T 52 @45 H2A X 53BP14%
KA. R A6 T H2AXEIy-H2AX ] DLE— 354 S 30 At XURE DN A 5195 27 [ -7MDC1, RNF8AE 55 B B2 44 IMDC U ELAE i, HRiZ %4k
B E FHT. RNF1687] LU R FTH1Z AL, Rk — D A &R FTH2A . S3BP TR & FTH2 AL B AL B 1T i — 0 47 5%
EDNASUGNL L. ATMBER AL IFIS3BP1RE S 40 SERIFLE— D 401 By CUP A 5 (1) BUE DN AR S 1) SR DI B3, AT A DNA T 28K 3ty B 25 2 4% I [7)
JRDNAK I E 38 A8 52 I R 0 FIIR A K 2 . B: fEc-NHEJ 2, Kush & EDSBA, DNA-PKestli i — 5 5 EDNAKIDSB I,
XRCCA/Ligd S &V HAERPI N AR A-ENERT, PARPLI AESL 1 XDSBAYHUI, Mrel IFICHP S A2/ A, #24 tHLigl BiLig3
PRI

A: ATM-dependent DSB response pathway. MRN complex recognizes the DSB ends, which further recruits and activates ATM kinase. ATM
phosphorylates many downstream factors including H2AX, 53BP1. Phosphorylated H2AX, i.e. y-H2AX, can further recruit other DSB response
factors, e.g. MDCI. The E3 ubiquitin ligase RNF8 is recruited to DSB site via interaction with MDC1, and ubiquitinize H1. Another E3 ubiquitin ligase
RNF168 recognizes ubiquitinized H1 and further ubiquitinize H2A. The dual H4K20me and H2A15Ub modifications recruit 53BP1 to the DSB sites.
ATM-phosphorylated 53BP1 further recruits Rifl and inhibits CtIP to initiate DSB end resection, thus channels DSB into NHEJ pathway instead of HR
pathway. B: during c-NHEJ, Ku heterodimer binds to the DSB ends. DNA-PKcs further processed the ends and XRCC4/Lig4 complex finally ligate the
two ends. During A-EJ, PARP1may recognized the DSB, while Mrel 1 and CtIP may process the ends and finally Lig1 or Lig3 ligates the two ends.

E3 DNAKISESEEREARIES ETH111EX)
Fig.3 DNA double strands break response and end repair pathways (modified from reference [1])

Y A-ETIE 12 1, Ligl MLig3 w] fE 5 IKDNAK ¥y 4
FO(E3B) . H AT, X T A-EINLEI R0 7 AN E 22,
Fom s E RO N T IhRE MRS BITEAN .
SKERR W], A-ELE — M 5 RIS, En] LB

AR TR, it fEc-NHEJ B2 (B4 L 1, A-EJ
A] DAL= A e 4K B A (translocation), M 1T 5 2(B-41
bk LR g AR e

223 REFZHEMI RoREEOTA TR
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() P A SIS 20 B 4 i R 7 R 1 1R Sl 24K v 5
S IX DNAWT 24 0K wij 1% $2. SpiE 55 T iESIX A
60~160 KbJEE &, 1M A S X K /NA2~12 Kb, ££
Pk B R e d #2 b, 72 Rl —ANSIX, AID AT LA 46
T DNAXUEE W 21 Kk 4. R —SDSBHI /> K
Uiy 1] DAUIEHAE — i, 1 [F]— NS NDSBH Al g
W, AT JE S X 1) N & I B (internal S region
deletion, ISD)**1, ZE£]100 Kb 057 X 5, W4
AR SIX DN AT R4 B 25 w5 8 & 2 2 pi s Y
B AL — IR, Yty i — 2k 25 1) 5256 (chromosome
conformation capture) & Hi, Pt 43 [A1H & [X 4L (4 )i
Qb T R] — A 1 G ¥R S5 A NS AN 8] 1S 31 T
PLid i S5TgH3 RREE G 38 1 1 45 & T A T =4k 25
T AR AR AL B, X FE, g bESps FIFSIX AE =4k
2 B AT B AR SR, X b R b A PR B T e
JICSRIMH] 7€ Bede e 7] 53 4h, ATMAK A i)
DSBR -1 7] LA EDNA W 24 K i & i K 35 JL1~MB
AR B0 R] I AH B 29100 Kb F 75 N DNA T 24 K i
Al REAAAE T A — " DNAM B E B Gt . R4k
R ZHAE UL S FAm I R BH, R P 2H i T E
I-Scel FICRISPR-Cas9 1] DL A~ T w5y R 3 ) bt 4k 2 Y
IO 1% e 2 B B K PR BSDINA R B 1= RO $2
F AT AID, 1 58 AT g & SUEEDNA 3 17 12 5 &
Gl AR . AEDUARSS R b, SIX WA Ui 1) 3%
FER I 7 Im) e, RIS 582 1R 2 22 667 2K B it 1) - [
Ui S X 2R ) i L R g A 40T X R T ) i [
B R R T Pk R B R ot R v, H AL
il i AN T T

3 HXRERAGERSMRRE

PO 22 6 A0 A R 7L B ) A VR e 2 1) B — A,
PR AN 22 AL L RS (R R B 2 I R 3R A & Fh
o P SR e, T LA 22 A 1) 2R 428 0 7T R 3 B
1 L R LR P P A

A2 R S B A i Hh BT A4 28 Y B i A 2 i S
AT IR, RN i 1gM G % B FEE (hyper IgM
syndrome, HIGM)“*, H i 25 i3 AID & [ [ 2
AR o= 38 T = IgMBR B 4 (hyper 1gM syndrome
type 2, HIGM2)P.  &1gM % 5 il [ e K8 2 I3
IgGHf 2R BK PR & D, T IgMIF 7K 4 o [

IS T A 2 e R A R, S 70 R L gM B Y ik
A B AE RO A s . AT, SRRV S
BRIE ) 32 BT T BOR R K S S e Bk AR B A
ERER ST (HE KRS S B BR B R IT T
L2 R A B R B, TR RE AR A A U T
I 5 A Bl = 45 PR 5509, R T-HIGMOK 22 F B3 [A]
HIRAZ 512, PR At 0 X A5 g 4k BRIIR T 1) 5 i 2
IERNIRITIB L —

itk Z FeAL b, P A 5 B8] 72 2 A 4H 7K T I
DNAE Ui IR A5 1 & Ao 3% FRDNAZK P [ 453 5
IR BIKE AR 9%, (EAEAE Lk Bl 1 Ak R B AN AR
JE 1t T BURIE IR A2 AR R TG BAH R UR B4
JL bk EL 98 v, AIDFEZ 46 FRIDN A A5 7= A2 1) e ik 5
R 3 PR R AR 45 e o AR ) 32 EAL ) 2 —P%. T AE
P 1 bR B2 41 Y (1 1ML (chronic lymphocytic leukemia,
CLL)H, 4t e AR i # v 22y ALl AR v e S B3
T2, AIDE 46 i 2 PR 2 AN A TE 1 5 1% 8500 1B AL A7
TEAE BN RD . 05T AIDSE [ AL R4 2 4
T DNAS B E AL, 7T B A L R IR B
21 1 vk LR, G 318 V6 AL Ak B2 R (follicular lymphoma,
FL). 958 KBYHIE# BRI SE, LLACLLER YT M2
WA T I R AR T B

HERJUHER, RO PUEZ AL, Rl
USRI I OCHLR 2 TR T, H
WATHIN R RAEAER KRBT B filtn, ExkT
OBAH I HAR 2 BRI 2 T L AN B A, 3RAT]
vl AN BEAE A4 AR K BB IR I ZE K, Rt H
T AR A 77 2 B T AU AE W), FE IR AR
T, B N A R U RE U AL R
AN, HIVEE H AR BT T B G e SR e 5 T
R 3k ERIIR 7 i) 22 4 A 80 i LA K B2 Ji bk E2 R £
TRIT AR . IR LG R0 TR SR I )RR e AN SR
FUH B AR R
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