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B, B, REERAFHR AR, HEBFF KL FEFBHR. KH
N2 B R 0 A e B K KR B R LR AR LR . AR R DR S B 3t
[ 3@ WAEF & 0 Kk &£ & Genome Biol. J Clin Invest. J Exp Med. Sci Adv. Nat
Commun#iProc Natl Acad Sci USA%24E . BREERAARB%E LT FEFE
EeTH. RETALEFFEALTEMEXAAT A 2GERRFFHITA
SR, FAF=FRAT165RFERXEAMRF —EX, AATETEDS
FHEE RETHEWSCES, PEARENFFLRECTILER.

REAZ BV IBIEHLHI R A E Y FE X

O EE”
(REEBER R AETNEE 6%, KHE 300070)

E  RIX(R-loop) 2 ¥ —FDNARNAZ X 4 Ao —FAk B 4 th 69 £ 4 DN AL R 49 = 4EA% BR
M, B EEF AR TR, RIRELARAE. ssk482. DNAL F A B E & 1546 5 7 @ &)
KIEETZAMR. AL GHARTEN, CNERLHENETEZRR, i$ % RIFEREDER
DNAR A BB A TG . sbdh, RAEFZ AL AR OIEMNZE T, BEMA S LRART
AR, ETRANEZARRALERROBEX R, TXERELE T RN mAH A2

AL ARIF AL B 4 Ffds A K A2 RAG b F 694E R, Rt TRIGAEFF H AR X £ .
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The Regulation of R-Loop Formation and Its Biological Implications

LIYi, SHI Lei*
(School of Basic Medical Sciences, Tianjin Medical University, Tianjin 300070, China)

Abstract R-loop is a three-stranded nucleic acid structure consisting of a DNA:RNA hybrid and a dis-
placed single-stranded DNA. It is generally formed during transcription, and plays vital roles in regulating gene
expression, DNA replication, DNA damage response, and genome stability. Although R-loop has been implicated
in many biological processes, aberrant accumulation of R-loop is one of the major sources of replication stress that
threatens genome integrity. Recent evidence suggests that R-loop is involved in many human diseases, including
neurological disorders, cancer, and autoimmune diseases. Given the importance of R-loop in physiological and
pathological processes, this review summarizes the mechanism of R-loop formation and its biological functions,
and also discusses the relationship between R-loop dysregulation and human diseases.
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R¥N(R-loop) & — P B % sk 12 P OB AE FIRNA
B 5 AR DNARE 45 5 JE il I DNARNAZ: 52 B, LA
N B 1) B 8E DN A(single-stranded DNA, ssDNA)
MR =R E AN, K, RIS (R
SR MIDNASG 18 55 55 1 72 b #8045 4 B B AE
F RN 46 32 O VERS . —fekt, RIFTE BT RNAZK
B fE0, AR Kb, MRAERIMAE A
NI ZHRERT 20 AR SE, BV <Az 388 A< 3% "R .
A PR RINE R 7R R E N R R R, IR
HRFEDRe R X — 2 2, F B
B A ARG B8 547 | Syl Bk a1 SR L e 4
DNAK | . CRISPR-Cas9ifitt. %3t iif ik
IR Ik AR S SE ST, SR, I ZRUAEAR N R
HATRE = TILDNAKE H . FEAUE R, A IR 5
DR] 25 1) 5 B 1 I 5 0008 R A R R AR oG, X PR I
PVE"RIN . HUAKAFEAE G AN [R] BB 2K By 1k 507 B
HERIA

1 REFHIFRRS8HE

RIF I 1 32 9 [R 4 DN A 7 51) 45 A0F B 435 Fg A1
SRR VR, X S R Z A HE: A RIAMEA [IDNAJT
B SRR DN AR & AR B 2402131 Gk g g 45 441,
A i R FUDNALE KU, A1 ST P B bl [ 1 g
HEBAERNARIDNARR BE 125 & . #5RNARS T
A YA J LA S SRS (guanine, G), REFMITE A
R ENR S, Ak, AR F AT DUEIERIA 1T
J, A5 U 5 SR 7 T HE B 97 R e 425 ) H 2 14
B AERNAFISAR BE 25 & MR, I, IS
SR ARy BRIZE, RIA H B0 AR R 2R il bR, e vl
BE I 5L R 2, K IRNASRE B i T e 4 45 4 B
FW R AR E AT RY, £ FFHISRNAR A
DNAXUEE . REC&A REMAHCH I, B

Tt R R T 1l 110 52 o A 23 R 1 2 AL B IR A R R N T
Fo

R H & 4T 508 5 3l 7 X A FH A A1 1)
CpG & R 2 11 X420, 20 ffd P4 A7-4E 22 P 8 19 ol
HLEE 71 0778 B 5 8 A R IORIR, b1 4 RF 4 38 1)
56 B R S5 (1) AR BUPERS), 41: RNARERNase HI
FIRNase H2H I H A% 2 P9 V) g 7% M F$ DNA:RNA 2%
A2 FHRNAJK fEPY ., RNase H1/246, £ Ffiftie
i TDHX9'>), AQRP, FISETXP27 K YL fty Jifi & 4
BEWEDE, ] L2 5DNA:RNAZR A
e Ak, 0 LB A B e i 2 25 BE IR AL 1Y) RNAPI,
AT BER IR [T 2

2 RIFHIAEIREINRE

H BTt S8 s, RIS O] L4 2 i Ak 2 3l (]
1), B4 Bk E AP A 5 4 (immunoglobulin
class switch recombination, CSR)!"”, CRISPR-Cas9
TR, TEZRRIR DNA L 2 B J5ORL R I T A 1) 42
DNASHIiEFE . DDX1A# gl vl LASS & 78 S e Bk
& [ H 5% (immunoglobulin heavy, IgH)7] 4% (switch,
S) X # 5% =W ) GPUEE & (G-quadruplex, G4)%5 14
|, FEHERNASDNAR 2% 52, D i Wi e 4% 1 It 22 il
(activation-induced cytidine deaminase, AID)$¢ fit W
FLIA [ ssDNAJEA, BT {2 ECSRP,

TEHE DR B i i B, KB IEZM I RNA (long
non-coding RNA, IncRNA)AJ LLig it {2 #E RIS (1) T ik
KPR W, TEZEFHEERE (S, cerevisiae) T T FT
RIN, GALIEK %A% 1) IncRNA(GAL IncRNA)Z>
£ GALZE R L R, Hof DEAD-box RNASi#
Jig i Dbp2 7] LA L 1145 % DNA:IncRNAZL A2 B, 4
o 2k PR e SR 1t o 2 5 1 9 A PR A 2 23 58 R 1)
VIM(vimentin) £ K 78 2 Mg vh R348 B, H T

#*1 DNA:RNAZIZERIEEF
Table 1 Factors involved in DNA:RNA hybrid

AR

Factors

T
Function

SETX" ), THO complex", capping enzyme!®!, WDR331?’), XRN2*%

Fanconi anemia pathway (FANCM, FANCD2)!"", BRCA 15!, BRCA2P!, XPGP?, XPFR2, CtIpi*)

FACT complex*, SIN3AP SNF2[¢
RNase H11*, RNase H2*

DHX9%! SETX™!, AQR™, DDX23", DDX 19", DDX 1%, DDX211“, BLM™!, RECQL5"*

TOP1", TOP2!*!

Transcription and mRNA processing
DNA repair

Chromatin remodelers
Ribonucleases

Helicases

Topoisomerases
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CRISPR-Cas9 activity

DNA repair

DNA replication

/7

Transcription

Class-switch recombination

RNAP: RNAK A il
RNAP: RNA polymerase.

Gene expression

Ell RIFBIERIERARES S CRI22]1830)
Fig.1 Physiological roles of R-loops (modified from reference [22])

R VIMIFRIEZ 6T X IncRNA VIM-AS1(VIM
antisense RNA 1)7E VIM )5 )1 X 38 Ffil#% ek a4
& (transcription start site, TSS)/ i IFIRFAM, 1 4,
J< X IncRNA TARID(TCF21 antisense RNA inducing
demethylation) 5 )1 2L K| TCF211) JE 3l 1 X DN AT
JRRIR, N N FIGADD4SA S 2 45 & Ja % H
FE g XU BETET L, 555 3 DNA 2= F 3E Ak 0F
MIELTCF2 1361597,

RIFAAN 1] DAL 5 [R5 3l 7 X 428 % s i 4k,
A LA T G-rich X 380 E 82 26 1E RNA K & B II(RNA
polymerase I, RNAPID I 4. 7F %3 F& H, fift g
i SETXAE A Fpoly(A) T i FIRFASIH: 5 Tudor4h #4)
i B SMNAH HAE H, o YFXm24% B2 41 ) i A1 2%
IERFHIHEN, AT 25 BRIX L6 RIA T, SMINGH I iR
SRNAPILFCA ity 45 #) 35 (carboxy-terminal domain,
CTD)AS & R — W EAL 2 1k M 52 8 SETXP . 48
T, SR AL )38 3 1 o], M ANTE 2 . G-rich# 1k
X _ERM A 25 T U, T OEERNA T 55
M IREFDICER . AGO1FIAGO225RNATHE(RNAI)
K7, S B 1P,

3 RMEERFBREM
3.1 RIFMAERBEFINiHIE

B T % sk R ) L S AH TR I DNAE AR, 4 &
il 52 G 38 B e S AR I, 2 3 B0 S ) o 4k
(transcription-replication collisions, TRCs). 45 il
B SN 1) FEAT B, 7= AR [ X6 ) e s — 2 1) o 4 (head -

on transcription-replication collisions, HO TRCs)#]
DS -SRI Jl, FEAG 51 AT HE, 80 A
DNAF 75, 1 52 IARNase HA] LA 2 2% )k /> TRCs
S AFIDNA, FEK S H SGHFERY, IX R PIRIA
TP 7 BHIERE . JERT e #L1E T R I FANCA
AIFANCD238E 5 AF F -1 52 1) SCR R 12 4 A 228K, 7T
DA RIA P T B T 4% TRl B PRI 0 o LB A%,
FANCM R LA F HG 2 57 il 3 11 L 432 91 BRRIAC,
FR S, 2 20 A0 s [ 1) HEAT I, 3 1 0 2 SR A
13 (co-directional transcription-replication collisions,
CD TRCs) M 2> J /DRI Y SR AR, J PR 2H 6] 3 Ao o i
FAT R AR SRR, R BRSNS AN[F] 77 [ TRCs
HI LRI AE 22 7
3.2 RRSERIFE

BRI 31 DX R AT DA a2k 31 73 25 DR 2 3%
{HRNAZRE & g ) 3 52 452 iy 2 [ ) 51 & BORFA, 7T B
TG 3 S T 5| R B 4757 o XA e s LIS R
RS RIRIN, L0 A7 AR I (R BCRE, A RF 25
SRS I TR BLASRNA R A 1. H A2, EATA] RE
Eg A I e = I 1BV N S OVAPS R -2 2 35S
R FEAN R G i T, RIS 22 3 0 5 e o
TEYER) 73 T WL A etk — R I

H AT A B 78 &K I, (A U5 3 20 12 2 K -7 BRCAL
ABRCA2 1t 25 55 i 4% ¥ 5 1 e o 28 B IR IR,
BRCA il i ¥4 fi# g B SETXHA 55 31| ¢ 1A 25 K7 b
RIN, AT 7 IEDNAGAG AR A . 2, R TE B
B 2 fERNAPIIE fiif M 1T BH [EBRCATNIBRCA2, 7
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HRIAFE— D R DNAH . 1X$2/R, BRCA
Z 51 SR ORH DGRR[0 FH Y [ 1T B AT 724 55 1) 47
SRR

SR BH W 175 K FIDNARG %, W L0 B S AR B
IR VIBR1Z & (transcription-coupled nucleotide exci-
sion repair, TC-NER)i& 1. {H HH TR Lt 4 8 11 [ Ky
4% 5K, TC-NERH (1% 2 B XPGAMIXPF ] [ FH A5
SR IORIR, B R —/NssDNAGBR [, iZBk a3k —2 &
& NDNA X Wi 24 (double strand break, DSB)?263263,
1T IR 5T % B, XPGAIXPE A DA i 3 Fb AL il v B
P RF 241 B A1 FL 30 R RIAE2SL, - AR Z VIR T7
A2 FHDNA G, HEJ R IFERANER
DNAR % I 80772
3.3 RIFEDNABRMGRZE

HIARM B 2 P A BEAE H, (HRI A1 2 18 Fi
DNA#G 473 ) — A EZE R IE, K2 H ik 5 T4
W5 AR R BIRIACS, iltn, fER%£EHHO TRCs 2 —
T S EDONAFG I ZERA AT, 2N,
HO TRCst L UE W] 2 AR BER P — 0 AR, HEMik
NI BERE, 7 O R A RS e ERY A &
FEZ RN B 0] BEARAE — NI S BE, 440 M AR
(1) 5 B 12 R AFL I, A4 P 3 BRRIA (1) 3 A1 23 1k 3 1
AR, IX 0] fe 2 T BRIFEAR N 7 0 R 8219 I
F 5200 5] Bl SRk R, 4 17 52 e i DR ZH A 1

ATRATATME [ i 1F JYDNA#5 11] B - (DNA
damage response, DDR)F 4 £ % [K] 20 £z 5 P 11 OC 8
W, 530 2 5 Y 52 ) SO = A 0 S s S
DSB, 45 ffil] X A3 7T LLBGE ATRAE 5 %, & |
X AR IDSBI i — A5 1R AL ATMAE 5 38 #5129,
SRTM, A BT A I RIS 10 & ) 1K 77 #85mT DA ]
IS0 ATMATATR . 40, d1 893 7R A2 5E IR
R R AR B B I s A0S ATRAS Sl g it
A, BCHTIE T 2 B, HO TRCs AJ DA S 1 380% ATR (K]
2A), TCD TRCsHE: 7 PE B ATME(E2B) . AN[H]
LR, RIAEFEHE ATRELATMAS 5 38 5% 1 HL 1
HRE— DI, ATMIBEOE 7] B8 K A ERFE 723
AR 7 A DSBIF, B A& £E il ik # 47 (1) ssDNA Gk [
BEAT S o EAHBT b, [ A fllJE I RNA SR 5 1l 1)
[F]3 2= FERMA - FHIDSBYY, B AZ At n] e A7
FESRANBIHLARICS . RIF b A5 5 1 52 1) SCRT DL i 6y
5 | 85 1 A(replication protein A, RPA) 55 2| & il X
Ak % 5% (ssDNA_E TSGR ATR . SR1M, HABATR

BOR @AW AT BeAFAE . 9 1, RFF 0% B [1ssDNA,
W] DU RPARL . I SR SR N, fEH 2257 %
R, ATR HRINEGE, A2 2 KIDNAS 52
Wi, AT 3 G o fk 7 00, it Ah, ATRATATMI I
It AT LA i e g SETX 7] TRCs[f 554 ™; ATRIFII
I 22 fi# e BEDDX 19\ %, 1E 4% M fi JFDNA:RNA
AALHE, LA TRCS Y,
3.4 RINEDNAWSEHTZ

HIRRI 2 it DNAS 3 (1) — N AE SR A, 5
45 BF 7t % W, DNA:RNAZ: 22 5% 7] L fEDNAT 1
JETE L. IXEEDNA:RNAZS AC 8 BE AR £ T e i o
Az 0, A] P EHDNACK 3 B 1) J5 (1) ssDNA 7 4 Al
FAERNAZZE . DNA:RNAZLAZ ey LL %
T 7 N DSBAE &, 5 4N 1% 45 4 v e FELAG 452 4 12
SR T AEDSBAL i B 52 4R, B MIDSBI T 4% (1 Jii
SER NI AIHIME A, A 5, RIME AT BE(21EDSB
BRI, R L B4 FR(KDSBIE B W 2% 12
& 12 B [A] Y& = 20 (homologous recombination, HR)F/1
3 [R]85 K ¥ 3% #% (non-homologous end joining, NHEJ)
e 5 RS T,

RN #EDSBIE K 1 77 ANz — &  MIDNA K
i VI BR800 . EREERET, RMITE YT 1k 7 DSB
K i 1 FE VIR, R A 25 B 5 ZEDSBRY 2 id 72
ssDNAH & 5 RPALE & U3, A, B B o oK g
BN 7 SAE2 J2 L [Fl 5 IR CeTP IR BA 7T LU
BERIAMIARIT B M B, NRANAE+ ) DNA:RNA
AT HETT LLSE SR V) B BE 0T AR 2, R
BE—FRE R E SUHTHR: #e s G i R IR H 2 8
(transcription-associated homologous recombination
repair, TA-HRR). 7£ TA-HRRIZ i+, DNA:RNA
A& A4 T] LLE DSBAY i3 41 5% Rad52, fe#t XPGAr 3
IRV B 32 M JE 20 )5 2L IHRAE & 0 F20%; 45 TA-
HRRE LMK, DSBAE & i (7] T~ 3& $ NHETi&
12, PEOE R AR AR, — b 5 Dy Y
B 2, DSBRT T 9 8% ¢ 7 ¥ S HRIE A o f) o 2
— 5 DNA%; 7 D-loop(displacement loop) /¥ % H H
A7 RADS I BAE I E# H 1(RADS1 associated
protein 1, RAD51AP1)JT 3R] ] DR-loop, %4 #4 7
P 3t RADS T 25 1%, $2 i HRIB R AR 7,
DNA:RNAZEAZHE B W] GEAT BT 75— R ARNA DY 5
RBNE N HRAE R . 72 AR, [RIJERNA N 1
P F RACE DNATE NDSBE K AR -5, LA
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Transcription

(A) bubble
RNA \ — —
Fork stalling
ATR-Chk1
Replication stress T DNA damage
R-loops T response
DNA damage
Transcription
(B) —_—— \ wy  bUDDIC b
Fork progression
ATM-Chk2 R-loops |
DNA damage
response

\ Continued replication

Ax B 555 AR, 22 AR X0 1) e st— il ph (HO TRCs), RMVER 8277 AL S il s /) I ¥0% ATR-Chk 15 53l % . B: 4 il 5% 505 )
AHRINE, 23 % A L) % 55— 52 1) 7 48 (CD TRCs), RIS K B I0E ATM-Chk2 {5 ‘5l . ] R Z0 e ik B0, 1A R A4 i sk el
A: the ATR-Chk]l DNA damage signaling pathway is activated by HO TRCs (head-on transcription-replication collisions). B: co-directional collisions

trigger the ATM-Chk2 DNA damage checkpoint. Upward red arrow: increase; downward red arrow: reduce.
E2 sfeEFndkmEit R-E 5 MERIER-IFAVER (R HE S5 ST S8 12 250)

Fig.2 Model for head-on and co-directional transcription-replication conflicts regulating R-loop (modified from reference [58])

FEHRoR, RIA AT DL A F R HL M HRIE R, H
R R FE AR e HBIRARR

4 RIFS5%ER
4.1 FEAE

e A — P 2 B2 RN, V2 miER
BLH R 7K P FIDNA R AZ FIDNA$R 55, RINAEFE 3¢
AR R, E R 2 S SDNAR G, 50
FER A AR E M, XN T RE -SRI 2[R R  7E Bk
R TER/KFMERCE RO TR 40 i, RIAA 2R
H KN T DNAF G 72 A%, RAS G R ) 548
FE 2 G BRI IR, i SDNAR A7 A& il

S6541,

7] 5 5 4115 5 [ T BRCA1FIBRCA25K 5 () {5
53 B A B R 2 15 SRS 5 IDNAB T, 1X
SER IR PRIRR 22 05 R T 70 B LR R 1 R A A ORI,
— SRR 5 K R 3 2 B EBRCATIREA 42, M
FERWH R, HRY H & 2T HBRCAM )
At 7EJCSCICPIR B3 4 h, EWSFLIg & & (15
S RAIRIAFE T T BRCATRITIAE, 11X L4 40 i
BRCA 5145 # 8 A 2, DNAIEE TIE IEH HET .

RIF AT DI 75 5 DN A7 11 77 200 e 40 it
DR Ty FEXF [ 075 B Bl A 70 25 B A0 (1 B
Fo R I, VF 2 BT N 1) RAE AT LA SR



644

] - R A Y B T -

TE R, IXEERIA 2 0E ATR I 52 i 41 O B4 5, (53X Fh
JE 77 N ATSRE 3G 5 ) 20 i e 28 ] e R AR AR, B
X E HHRER I 4 e B AT R g VBT, I RERE
I LGV 1 R I — A ROT V. B, AR IR
PAIRE 4 i, 0 ATR A A5 iy 4 g REF AR 2R, 3
I AT (R U

T A W AR B, A AR e P AIDNA 5
2 i R 5 TR 2 AR 98 3 s N T8 I, R ) A e I T
I cGAS-STINGIEE /2™, Hy F50 Ml ¥ 5 2 IR 2
75 K DNATR A 1) 32 2R VF 2 —, i 48 e RIS 1 %
FRT e ELRE 0 [ A e N, cGAS-STINGH]
WOE R R e EOCE B, SR, cGAS-STING
ST B S i A 1T B 2 i 3 S A g ) A RN
T, R, R AR 20 cGAS-STING A HHAth 2
RGP 1), [FIFE 72— PR A
42 WMEFIAMER

RINIE 5 — S 22 R G0 P A0 O, 7R i) =
%A IRDNAE & 7 41 I BCIRIR 5 Bt b i 28 2
T A D% 35k R (%) e s A A O, 4 o B A L 0%
21 (Friedreich’s ataxia) Flfffi 14 XLZRG 1 (fragile X
syndrome)™** . 7E X 2 A [R) B 5 Hh, RIA I IE B
IR T RN =ZER, FFFEEmEHEE TN
B, ff e BESETX RAZLAE T Z M A R4t
P R, BLFRIIRLAS S P A 3 2k W] 3 5% 2Kk 1R (ataxia-
ocular apraxia type 2, AOA2)FIIVEY JLZ 4 14 CFF #8)
] 22 i {t.(amyotrophic lateral sclerosis type 4, ALS4).
AOA2BFH AN, RM/KT-THE™, (HIX 5 SETX
DIRE R B AH B A R T BARRIA K11 T iy i
W 5P AE O, (HRIA KT BRI AT A A2 008 B 1)
TEALS4 5835 24 i b & I, SETXA#A e B§ 1y 5 1) 1 5
S A U4 TGE-BI AL R 5 )14k RFFZKF BRI, H
AR I, T A T ALS4E H AU TGF-B(E 5 5+
W, AT R A Y RS FIAE T,
43 B REMER

RIF RV AE B B e % 11 s Hh R $5 35 B
fEH . Aicardi GoutieresZi A 1iF (Aicardi Goutieres syn-
drome, AGS)f&— = ILE ZOEVE AN, T8 H HIZ IR
TREX1. SAMHDIE{RNase H25 4 5| i, ix 4E 4% 2
B RAR, v S EUZBRAE MM WAL R BUEcGAS-
STINGAHIT-HL 2 M ZEEE, T1 AR A 9 A% S NP
—J7 THI, AGSAH i H IRIF /KT T =1, AT RECAR 12 A
FOR B FOS TSR R 0, 57 TH, AGSZ i

FRRIN IS S )45 3 2 1) SO AL 7= A2 IRIDNA A B AT BE
B RIgnEm . PE RS S T cGAS-STINGFI T
02 B B AR, il & P EAGSHI KB .

5 RESERE

K SO0 UE 9 2% B, RIA 19 28 B AT B it T
B AT LS B[R] RS %5 M R 5. RNase HAE
NIEBE A VIR 1225 TR P B, AR &
T B N 2 15 A7 AE AL IR A1 VTl 0T DL B Al REA A i)
RNA. RIFTEVF 2 5T Ye 0 1) AR BTG B h R 3555
FEERIEE, [FRE A1 2 DNASR G A K A
SEPERRIR . AT, RISE B2 T WL Jobf L Rl 21
gt ol 2 oE. REXTRHASHE
il e 77 R (1) 9% | C A 0HE 28, (HRIF 2 50T LA
1 M ATROE BU7E 25 8] 5 81 K ) BB AL 3
FEAEERR, A FFRATE L. [H Geix Se k) 2% ] 1)
fiff 55 AT DA B G i B AR REA 110 AE BRI 5 BE D g, IR
BATTRAR ST ML N
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