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E RNAZAHEM (RBPs) A4 2124, E2MAYSadfth BHE BN, 25N 1 5 e e S
(UV cross-linking and immunoprecipitation, CLIP) AR Z—fh T EE AT BIE45E RNA AR . Bl S0l B r 3R
MY A& &, CLIPH AR MU SEE RNA 55 85 H VT 45 A 1 BLR RNA R P9 () S8 ik . i T i AW K R 7 K
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HE-RNAM EAE . BT RNA AL & 0 T BA EZ M, 75 RNA 4D EA5E hARTTalille . A SCIHEGH BB 13X
SRR AEEE SA0HT, R T EMILE S RBRYE, H9Y T T4k CLIP BOR A AR 4 L8 1 5T-RNA AH B AR FH A58 i

. JFRE T CLIPHRTEASK RNA A2 i G5 1 5 2 S 5wl

KA YNSRI R ALTTEE . RNASE S5, RNA, JIF

FESES Q-33, Q5-33

TS RNA A BAE /& mRNA 5%5% | 55
e st BRI R A A5 A RNA TS 20 1 R4l
S /0 EOTa o AN =1 I o A o S BULE S5 10 3 g
G 7T o AEME N AETE KR RNA 2545
# H (RNA-binding protein, RBP) . iX4t RBP —
FR4T T LU AT 28 LA RNA S5 A 45 F938, W RNA R
IR (RNA recognition motif, RRM) ., K [q]Ji%h
#y3 (K homology domain, KH) . &K ve 45435k
(cold shock domain, CSD) . 2§ Sm Z5#43k (like-
Sm domain, LSM) 4§ HIE45 A RNA, 55—
A3y AT DL TE 2t JE 28 LAY RNA 45 4 25 Mgtk B0 s2 i 5
RNA (045G . SN A B AR 1 o e i 2L Ui e
(UV cross-linking and immunoprecipitation, CLIP)
FARIE S E RBP T4 4 (1 RNA B RDZE AR 41 Y —
Flvis FHECAR o CLIP F AR A% O J 32 3 2o 25 b4k
HESFT 2B, i RBP 5 H B 255 1 RNA Z [HJE B
LM AEIE, Bl S X AR ST SR DL TE B A Al
b, SER A B F0 AR 1 _E ) RNA $E47 /5 38 5
¥ o AR BRI F 25 AT LA s BAR e 1 BT
ARG A I RNAFPZERFH, 6] LIAS 28 1 i
TERNA 455 AL E DA KEEF (motif) S5 EL .
CLIP 4 HARERAE 2D SRR B0 A0 SR A28 06 . 4
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JEIYLEE (denaturing CLIP, dCLIP) ', DL K32
B, ERMZAZ T (cross-linking, ligation, and
sequencing of hybrid, CLASHs ) '"*' %%, CLIP-seq
FORTEARWHEA THHERRAL , ARG B 0y

@ & A -RNAJLR 3Z Bk

PR PP A R i B L SRR SR A T 1)
Ko ARELRIAXS CLIP 524 i) 24 B 2D IR EA T
THRBEANINT, JFREE TR SRR A
JEIra

@ FNRAMLE A -RNAK &1

AR,

- FEIRNA

(B RNAZJE 5+

RNA%E i

SEEFA I

Fig.1 Core steps of UV cross-linking and immunoprecipitation (CLIP)
B1 IEEEEIE ( CLIP ) BI04 ( https:/app.biorender.com )
RBP: RNA%ZEE 7 (RNA binding protein) .

1 HMER-RNAEAFHEERESHNL

1.1 £85h3TEE

SEANACHR A R CLIP LI 55— . =i RE)
AN (W1254 nm K UVC MR & T
SRR (FEIEIRBEIERL IR & ') FIEf s
AHEMR (FLEREHRNZAM (phenylalanine, F). #fi
@ MR (lysine, K) F1 H % MR (glycine, G)
D BN (/S 28 - 1 I o (NP N = R RN
&, TEAEEEE RIS, e B
G, BERE & M B AR R R AR T, AP AT A
RBP Al 245 A 1 RNA Z [0 s AL ik, 340y
R A5 8 1S RNA Z [BI45 6 0] LAz

FERT BB VR A, DA T BE M I BRTF 5 RNA I
JERERPELS G RNA

S B 1 5 RNA 22 [8] 340 S BRSCR A TR 2
BR8N MBS B S AR . T
UL A KA 254 nm 1365 nm, W HITS-CLIP *'
iCLIP " il eCLIP '*' {i B 254 nm [ UVC £ 4} 2% |
fH UVC 52 B 1 & S AR . PAR-CLIP ** fifi [
365 nm [) UVA 224k sl B R iR I 0 T 1 H 310 nm
NP Y (K2), 365 nm A UVA JEKEK,
AR A 4-T R 1T (4-thiouridine, 4-sU) . 6-i
FL LIS (6-thioguanine, 6-sG) T IR
i s 4-sU F16-SG 1T UM A EI 41 i 15 35 56 v 9
B 240 e S B 5 B 4B A BB A B RNA Gk
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FAT AU AE 365 nm 128 FMEE T HAT =i 1 38 Bk
R, HACHRAR AU ACRIE 254 nm | A5 A% 1
TR I S IR AR B E A ), R4S PAR-CLIP A5 55
(RN SR ROR, (HR R R 75 BLA AN A 4-sU,
BOm T EAENE I, HIL, EETUVC ML)
ACHRAS) 3z o FHAE R 4 CLIPH AR

ZEI BB U P B 1 T -RNA SCHRBSCR 0
BNZE, AR CLIP ik aEEA—FE, B
4 PAR-CLIP fifi HH UVA 58 5 T 119 360 mJ/cm?RY fi &

FRJFE O JCLIPf# H UVCHEET T 150 mI/em?f) g &
FREE T eCLIP FMIdCLIP{#i ]l UVCHE5T F 400 mJ/cm?

MIRE R & Y BA FokUE, HRIFTA 1Y CLIP
D7 B S R BE 51 EE 231 7 100~500 mJ/em?Z
[H] o RE I AP S AR B 18 R E SRR AL
EAIBERE . BT 2SN SR ERE IR oR, BV R AER]
FEMRERETREESUE T, RS IIEEE | FERI IR
B RIS SR AN A I B B AR 2 S PR R A R
BOR . FESEPRERAET, XU RN X T LAE &,
BORSEgR Al A AN, SRAMRAE K Y
FiERe IR ZE, NILAEXT 4B b T R H N ACHR AT, 2
TR BA 7 T T AN L A R 2 B R R £ 5 v
(phosphate-buffered saline, PBS) J&— -7y & & 0
FIEME . 7E PAR-CLIP L5, AiMifEsE 42
W 5 5% L 00 25 0 R AT S AP K 5 FE ICLIP,
eCLIP %5 HoAh CLIP Jrvkrh, 40 7E PBS rh 47 %8
ANAZER T, TR PBS [ R AN ] 5 vk 2 6] 9
B RATEAE TS 4 K3 R s SUm A
-7 5 20 B 3 1A Y PBS RO 0 T MR T 2R A ACHEK S
RIA SR AN I A, VA RRRTR , AR AR M i 5%
HhRERD, SRIRRCR M 2E . B — IR SR 2T, B
FH R Uk 85 8 1 B BNy (Western blot) £l H
PR R A S RS (shift) F2EE ARG 7 20k H e
FERACHRRERE . Lhdn, BEAFR UV S8 SRR Ab 2
(1 2} 34T Western blot, 78 BEH R B8 AR AL AN
Wean i (L2, AR T 38 Y RBP (4
HNRNPC) 7E b ALV 4 i Ak 1) 35 4% 25 1Y A6
W AR, RS S50 I £ R
1.2 BEHESE

CLIP SEJ0 AR 5t 238 2k % #2811 9 ' 4 4t
ARG HHELS A RNA, HAET, KH4r CLIP
S K FH Protein G BX Protein A 43 (beads) {BER
BB TR I T R R X A AT e 9% U O
(immunoprecipitation, IP). ¥k H &455 A RNA
DL R EE 1 A A ELAE AR I 4S G i RNA 2338 1

FEEE R RNATG Y, B, JE2r 2oy thig
VELAREARTET 5 RNA . K¥E4r CLIP Jr kR & A &
WIEMER T RIRHIH 2 — e W E A A PER
() MR TRESR TR, DRLIT X B AR 25 & o St
BEMERE S o S ICIEAT AT F T e O UE A =
PURET, AT (T EARS TS, RS R
FHPR PR ol AH R (1) 5 AL o s R R 1

ARG IR A PR ARG S 2y Atk =4y
KT, SRR L GHR%E” . Flag, HASE
ANIKAREE , S5 6 TR S, SR SE B AR 1 Y
BIEVIVE . HATRAR Z R THUR-PUIAM A,
PSS G B K2 IS VSRR R A R, 5
LA A AR Ve A e 1R 1 B AR
JE . B AR CCEME RS, AR
(Biotin)->EMIZE (Avidin) 2 [B] 945458 52 H AT
ELHTAY AR PR R A IR -2 R 2 [ B 25 A RE T
1fii HaloTag & 11 5 Ji& ¥ /N 53+ Z [ ] LA i
S, AT AR SZ SR "™ T 4 B 1 B AR R A I E
X — BRI T RS T H R -Puik s &y 2lifb
Jral, W RIRZ TR TS VA, BRI RT ARt
KEMRME = T E BRI SR T
IYHTRLESE
121 RELSGE

W ULH) Flag, HA ., VS0 ss SR T
PR 5P S G R . BATRR A TR
BEEUE RS 2 M E D AN IRE:, — 5 T o
) 408 B PR %) B P A AT TR, R s S AR
SR J3—J7 M, XL IRREE LR ZAERY R AL
RN, O 2348 TR SR I s v PP A
T A 1 PR v BT AR RE A AR a5 i SRR AR 1 0T
11 HREFHTR B 2 b B2 AR PR BOAEE , 7R
i Z . (Hl THURSHURMEE G m K
T B AR LR, X AP EE A O R A7 R R
(R AR PERIACEE . BRI, XA e G A
PSRRI UL, PP AR R R, Rk st
ZEAE AW AT E S RNA 454, MM S S0B BH v
SR
122 ERSS G5
SERZEAARES (affinity tag) — e T ECAA-
ZARGE G bR, AT IR AZ T S B A A 1 AR
FIMTELE, fU45: BioTag. Strep-tag. 6xHis-tag Jz
HaloTag %5 . BioTag &% UWLAYEMES Gin%s, HA
J 2 3 T Biotin 5 Avidin /& 3% B 45 S 1 R 48 2
BioTag ¥ 'Y AviTag, AviTag /& —BtKE N 151H
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SERR YL, nTRAROR A T ORI TE B9 BirA £ H
PSR 2, BirA AW R LE, W LLLE
AviTag % JIK =780 Biotin 2>, J5 4L n] LU 1 5555 %
1 % (Streptavidin) # 2k #1748 % MEE &
Biotin-Streptavidin 2 [0] (145 & & H 1 2 40 AR Y 7
R AR S AR R, HE B H L (K) Wik
1015 mol/L, o “BUi-Hat™ ZIa] i3 A s
KZ5100 71 1% 2, Biotin 5 Streptavidin 4545 5, #J
PAARAZ S BE A T e SRR 4 (sodium dodecyl
sulfate, SDS) . JRZE f1h & ¥ ', dCLIP R H
BioTag 4%, f#i/H8 mol/LJRZ . 2% SDSHI11 mol/L
NaCURK AT IP J5 MIREER A TIR DR, 348 T i
fEMe L >, B R 55 B s N S A5 .

Strep-tag b2 J& T-—Fh 45 #4925 (] Biotin £5 44 11
JNBK, AT RS [ 454 Biotin Y Streptavidin 5 1
B EE R 2 IR 2SI (Streptactin) 25 1 45 R4
4 M, Strep-tag 55 Streptactin 45 5 J& T HECR-SZ 1K
ZE G 2 2 Strep-tag [ 51 K H T4 B I HL
B HE AR /N, I Strep-tag 5 Streptactin fY 45 &
HA SRR R AR RS, TTRURAZ IR RS
M BUEEREYE, ST 2 RN EA RS
4 27 I H Strep-tag (19 CLIP J7 i e & df-HERRAE
Fr eSS & RNAFIF 5t RNA I THE 20

6xHis R NI AMRE SRS T4 &R+
RAFGEN .. &RE A EREEH TR AL 1)
PEFIVEHT, 41 4% A9 SDS. 6 mol/L f %k 2 I AN
8 mol/L IJRZE o N FM i iy A8 4 45, His-tag
ali Ak BB = 250k, 25 B B 2R s A AH B 5 R
TN, [A3E4545 RNA FITF 52 RNA, iA3)1R
BRI . ARk, 6xHis bR thfg — & Ak oS,
BN ZPRA S PUE AN R A B EEA Sy, —
SR R A A 2 HARRMARRUT S, XT3
R RE S, D JCH I MO R RO &
Bk o R JH 6xHis #5325 1) S2 BK F1 cDNA 43 #7 (cross-
linking and analysis of cDNA, CRAC) #i AR, J&Efx
FL ) 2R FH 400 VS 28 1 5T A2 Pk 5 W i CLIP £ R
CRACHi ] 6 mol/L R RN, — it 5ift i) 2 1 o A8
4 70 >k i 17 His-beads B9 75 U, WS TR & 15
M 2

HaloTag & 1 T ok #& A £ & 8 b A
(haloalkane dehalogenase ), M3 i 1425 x4 e fi ol
DL R AR/ N S AN S5 A B, il P A
A s A/ N3 A 2R RV AT SE BT AR 1 AR AR P
alifk, HMEEE R E I BRE BT A AR T

EREBRE G T (HERe e RS i TR
KEYFEER T, 0k T AT ZAR A% 23 (8] 457 RELAT 73—t
s 4H, B40 HaloTag &5 FH HA 33 ku By F i,
L4 RNA S5 &AM F i E R . K45
TRTEATR TR TE R LR 1 5T D RE B B B A D) e
S A S S RS o A W TR E 1) 32 AR 1R A K
A E UL 7€ (gel-omitted  ligation-dependent
CLIP, Gold-CLIP) F|Jf] HaloTag & {4 i fiE S 4 &5
ARG, R P I AR R S A b
JERIEE L, Jrgkilid e 4E 8 mol/LERFRAR ., 8 mol/L
PRE . 10% SDS 7R N BT i BE A 1F, HUAs T4
G ME S B CRAC th% ] HaloTag Jf
IS T 2URRICR 2

SpyCLIP Il 38 %% T HaloTag (1) ik 55 . SpyCLIP
H) FH SpyTag Fil SpyCatcher 22 1] {1 34/ 25 & #4750
HHESE, Hr SpyTag 24 ik, 1] LA
1 [ ", SpyTag Fl SpyCatcher 1] Ll 445 & I H
KIE R F NS EE 0 ¥ SpyCatcher JL 4 38 B
BNWEER L JE, AL REE G R R AT LI SZ 10 Ak i
AR AR R AL 3, 2Pl HaloTag, (HASVE R
MJ&, SpyTag HA 1312 HMR, J& THK, 2K
Flag. HA %A%, 5 HaloTag AL, XFHUE 1928
) Z5 A 2 e /N B3 PG, T SpyTag 1K & (1)
CLIP J& 5 Ay FHAR 1) 45 0 FLHE 2R 11 5T-RNA AH BLAE
A HE AR 53 101, R id SpyCLIP 75 B4l Ak LA &= i
/Y SpyCatcher 25 11, F1Kf SpyCatcher & 1 3L 22
BRI WEoR L, X BG T L AE M TAEm AR
Zerk.
1.2.3 2tk J7 A Hy e s

S AL 255 IR ZE AT LASRAS B 50
MFZEAR, AHZIMES A RIPRZE AT e 20 8 1 BT
IEF YR T . BRSBTS B
HRfE . 7ERBUE R & B i 1Y mT T IP e
REIELLS , AT RMLSEE P UAR#E TIP, A0, 2
W F StrepTag. SpyTag 25 /NKFRZS SEA TR H &
Rt TEFRMFARFIIEL T, A 7RIS AT
g5, ATDME YU . RIS 2Ry R
R4 T CLIP 525
1.3 ®EERRIEE

CLIP SR h 23 5] AR AU 5 RNA B4,
XS RNA 22 5 A BAE B9 8 o BT 25
BHIRNA, Ak, B2 AR RE 5 W B 2] e A
i (IEEER) EAYRNA, XA AL T 155 RNA Y
—#B4r. TECLIPSESGrh, 38 W o i R 4 22 il
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(wash buffer) &k REDIIES TP RLER, LIS
AT REHLZS PRI S RNAL B TS UEAD R J2 CLIP 5250
AR BH PR R TR, TR, PRIARSR vhil Al
EEED i

AN () CLIP J7 vk A ft FH 04 0 U 22 o ot 3 A
Al o RECRT LAy S AR o B L v 45 5 B R R
J&E 3 Fp,

PAR-CLIP i K38 B (P 22 vhifi, X 1L 1)
VEGE RO ) “HRE” 4143 )& 300 mmol/L KCI,
0.5% (v/v) NP40'*', 300 mmol/L KCI )& T4 &5 v
JERYERAST, 0.5% NP40 & TR RIH . Bk
AR T RBRI o 55 H BAE R 8 I LA BGRR 4375 5%
RNA, —ERRERAEERL, a2 EEE%
i — S EAE N E A MSA R, XS 3 maER
SEE5 A RNA B A RGF I 2 BRA0CR B

iCLIP fiff FH rp &5 5 B BRIk G2 0P, HR IR 22
M & A 1 mol/L NaCl, 1% Igepal CA-630,
0.1% SDS. 0.5% i A M @ % (sodium
deoxycholate) " S LRI o J5 3R ALY
O 5 4 A T L % Ul UE
immunoprecipitation, ChIP) SZ 55 H (%) 41 it 24 fiff Wi
(ISR BEAIIT, 5 1 mol/L A NaCIAL A, H &M
R R A R AR A PR AR SZ AR BR . eCLIP
85 )5 S 2L CLIP J5 548 FH 5 iCLIP AHAL Y Pk
MY o A PRI M O 2] L ABR K
oA AR AR AR I DLAGE 5t RNA, (HE,
WNSRAR L BRES A 71 sik i A B FH 8 (DA SO AT R
b BRITA T R RNA, T L0 o s vk B ) 5
FRIZSHER (A0 SDS) i 1 ANk B 14 £6 B TR IR
RAEH A RARER, LARCE Sk B ARV, X
s A A BT TR 25 R B i T BB R A R
7RZRET ). L, TEFUEAEERR,

dCLIP fiff F 5 3 B A VR4 2 ol i, s R
AR VRRZE W XSS THEORAM AR
RAEROEMERT BHERG . LA HUERZ
T A2 8 mol/L JR % . 2% SDS £ 1 mol/L NaCl,
J&FU-FoE A rE Y AR RESE A L BRI 4G
AR, M RBR RS A 1 RNA FITH 5
RNA, BUSHEHAFERL., H2E4NE —E N
U5 7K1 Biotin X HUE MR U0, B Tamw ok —a
5. LM EREMCEM4i{b (covalent linkage
and affinity purification, CLAP) 7E#E4EH Ll &
T HaloTaghn%s, IR T “WomEE” BYBEIARSE
MO . 7E 90°C 3min. 2% + — %% L& R AN

(chromatin

(sodium lauroyl sarcosinate) #18 mol/L JR % iX Fi#¥
R BT B IE VRS E R, CLAP 3-45 T M A 1 15 e
I, HEF T 28R CLIP (W1iCLIP, eCLIP,
HITS-CLIP) JF % iR 5| () & H B -RNA AH &
EA

BRI, DEIARGE v IR ) BT ZEAR YR r (i
R EEDTTER R, S AT REAE Il BE MY Y e 4
TR (A A S R
1.4 RNAKEfL

h T RIS (T 45 A RNA 1751 R B A5
B, — T 0 AR RNA #- 17 5 Bofbab 3, B
BEANZE A AL I RNA X B, R4 EXEL, —
FB A FH RNA Bl 2 ) i A R W RNA F Befk .
1% 1 N VIR AP 256335 MNase. RNase T1. RNase A
FIRNase I %' 28, MNase 4 RELTREF, RENSIRIN
VJ#E| RNA F1DNA, %A TI#| 75585 . RNase
T1He 5 EE SRS (guanine, G) ZJFEATUIHE],
H A RNA ) #| 1 4 £ . RNase A 7E fifl m& g
(cytosine, C) FIPRMENE (uracil, U) ZJ5 &4V
#, W HA RNADIEI . 10 RNase T34 )
FRLrrE, ATLAYIE RNA A7 &

RNase A [H A XEAZE AL A2, RS 221
SIS AR A YL R v B 8 e R A A A S ) RNA
il 5% G PR R W . CLIP-seq fd1 11 15 U (7% M
;) F10.2 U ) MNase ¥ B X} RNA HE£7 1)1
i, RAEPFE0.2 URY MNase & HEAT5250, %
f RNA K /NG I 7E 50~100 nt 22 6] 7 {HA37F &
ff)J&, MNase YJ | RNA &3 FKBIER, RES
P EDTA 45 & 12 & R 5% 7. PAR-CLIP fifi H
ZLHe 4 10° U/L ) RNase T1 47 RNA HBifk,
I 24 22°C, 15 min ', iCLIP i FEH R e A
10° U/L i) RNase I, i FHHR Sl 1/50~1/250 (Fi &
), R 37°C, 5min™, eCLIP %f RNase I
(M M BE R AT T BB EE M BRI AL, ek
4 000 U/L Ay 240 B 7147 RNA FrBefk, BUS T R 47
)RR ™, sCLIP S fifi i RNaseT1 (1 : 1 000),
10 min, 37°CIH) &4 XT 4H A 224 vh 1) RNA #E 47
B R Bk, SR TR ER MG B
1 : 1000 RNase I 75 37°CAb B 5 min % RNA i#—
Bk . dCLIP o fff FH R v B R 10° U/L 1Y
RNase I %} RNA #47 H Befk 1,

T AhNTA] CLIP 5256 FH A AP S | il o 13
il s N B [RIERAS—AF DR e S PR E v A T
W BEARE BRI . RNA YJHI8CHR AT DL i 7R B VA
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TR bRIC R J7 X 34T, PAR-CLIP fdi ] y-32P-ATP
XFRNA R TARIE, SR 8 B A s g
RNA K/ i 15 sCLIP A= R AL IR W2
(ADP) XF RNA K ¥ #F 47 45 id , 2R J5 i
Western blot [ 75 0K RNA B K E(F 5
1.5 RREFEDFIVIAR 14

TERKZH00 CLIP Jy ik e R b, e X4
EHSGAHRNA F B2 G, T— 1M REKE
PR TR I3 1 e LR Bk SR T s I i v
JieHiyk (SDS-PAGE) 438, W5 #08 F#k % B #l
THIREFYERE (NCHE) . M5, #MEHLH L
T — B IR ROk, IR TR B 1 Ak
FIRNA FHEEL . X —2 19 B 19— J7 T PFAl RNA
(R BALRRRE , o5 —Jr et — KBRTE 5t RNA,
D] Ay W 72 R B - 1) 75 5 RNA JG ik BRIE RBP #4 3|
NCJE L, FrlhDA AL Ep ) Iy s bR, X %
BT NC A P ——NC B R 19 25 4 i I T
W TRV e IR, (HJ& NC A X
e KEE G RE S . LA, W TR EREER L0
KPP HESE, RIS E R A i N 7 .

FETF DL TR, 2 7 ok Y S S ) R I B 1
5 AR 45 A RNA 1l 94k o 76 B3
CLIP ' D)}z HITS-CLIP ' v, i R RS PE 10 2P bk
WA RRPRICHE A E45 A RNA B, ¥
I (O F B2 B AR R T Ak RNA ety 51 X
W, FE LD A 22 B R e LT PE  (infrared-CLIP,
irCLIP) =% T 20 Mgkl & i 3k 1P 91 9k i%e
BEEE 145 A 0 RNA I, BUR T3 A Gk
AR . (A, LN E L TS
Ve, XBRAI T HA . sCLIP ) NS H—& 43 TP
FE 5 1 Biotin-ADP #£4T RNA bRic, X #Ea] DL
Y ECL IR R TR ER, ik THAEMERE .
FEeCLIP ™ v, WAL 7 kb i — 20 fifk. eCLIP
K FH—5R53 1P B i 64T Western blot (19 5 2, FHAR
i 2 06 e BN AR 1 4505 O B — B B UE AT D s
XA TR

SR, T FHUARAY 1P JC IS 2K B A B
EREEMA, H— R, WEREEANZSAEA
2 —A>RBP, #tox A oM R M. K5
CLIP J7 ¥ A X SeAH B AR AR 1455 1 RNA 7] LA
i1 SDS-PAGE S BRAR Je e £ 1 [ R A 437 o
VI E Y RNA 3ok 2Bk (2, Wik —4-H
HAE R AR A RO AR R L A R 9
L, XEEIG YL RNARIR T Kbk, ik, SRS

A — B AR R 0 28 v A TP 2T AT
Ve, A M LERTT 5 RNA AR S0 RNA (5
k. TERXF O IR A SRR T, JUK ) SDS-
PAGE Fl#% IR I 12 5 M [F1 U RNA (1) 25 K A T
e, KRR T I T 20 A0 SRR ]

Hil, ©2A % CLIP 74 0 T EBi 1 ik
ERED S PRI IR . XSk R R T T
FELS ARSI N G SRR T . R IREL EN Y
AR RS M REER T8 syl ok anii
R JCE N REER R T ok, WGk T SDS-
PAGE., Gold-CLIP 78 RNA F Be b I %8 m 3422 3k
&, HETEAMKOEY], KSR RNA I
AT IR S5 % B, TLC-CLIP [RIFE4 g T PAGE Fil
BRI, R R TR A I A B AL
P, SOm R4 T A 2, Fbio-CLIP
K Hi Biotin-Flag FREX 2l A5, 440 T PAGE Fl
B3R 0 SpyCLIP i1 TR H T M &5 6 10
SpyTag, f4LIAZAEEG MR AIETE, FIFEERE T
PAGE FIF; A3 1),

2 RNAZE

2.1 ELiEE

I AR 0 L AR, F8 xRt
PR BARAb | RS DL Sk sz, il
ML RS A . RNA B A% RNA B F s 57
FUM FERE L A 1 HE . CLIP 5256 5 4153 i RNA K
JEE I H 7E 20~100 nt Z 7], J& T/ BERNA, Hgt
FETr AT o RS e R . e
(1) CLIP R i S etk A e e Sk 1 = VAR
i, RNATEREER LT R Bk )5, it SDS-
PAGE FI#% B IE1 0, SR J5 #F RNA [ 79 ] 8 1 T4-
RNA ¥4 B2 | RNA$3% 0 Bl e 7 ek A
Wi, RNA FB7emisk baba7 3 ek i, sk
7t SDS-PAGE %% i [71 Uit RNA 2 J5 47, X FEHL
T RSk BRI T4 RNA ¥ 42 g v 48 45 110 40 1
RNA [5REE 17 RIS T PCR Y44 DL K 3
LG R BI2438 . Tk kg — ARy kR, EHF
AR A B Sk N R B R AR, R R
s — 40 % 3 B 19 CLIP-seq J7 1 %% ——HITS-
CLIP '/ #1 CLIP-seq "',

ANid, HITS-CLIP iy 5 X AA e ™ B 1
AN IE o RPN 2 B SRR T 423k 2 ) ) LA % 22
DI RNARE R A#E (K2). PAR-CLIPIE TR H
2Bl microRNA 7 (1) 77 =0 e 17X A [al @t v, i
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TR AL microRNA B R &R T & A FE
TR SEAE (1) T4 RNA 4% 45 g LA M FR iR A B 422 3k 7

G, R T 2k Z MY H R H ) RNA & R AH
i 2, PAR-CLIP 3R FH (142 S i #2071
RIS & A 2 A, PAR-CLIP V& A R HTE
WEER L iEAT 3 S By X, MR AR PR T A
LM RNA FBR, 3 S il S e Sk 7RV AR
W T . CRAC HARMR AR Ay etk
BT P

5 PAR-CLIP [R] 4 /& & 1 iCLIP U R H 1 ¥Rtk
HEEM ) 7, 5 HITS-CLIP #1 PAR-CLIP AS[A] Y
JZ, iCLIP ) 3 Sk o R IR A 43 (&12),
Hrp—BOR T 3% PCR (3K E 9], —BOR T
5"t PCR 43R 751, 3K B 91) Hh — B BR il 14 P
I BamHUR 57584 7, BRI R 3k e e i
b —BEREHLbRZS (barcode) JE4 LAARIC TR
cDNA., i PR BBk T I s m, f

(a) (b)

CircLigase FMUHRFE [ 34 3w Sk oy R R4 5 AU 422
3 19 3% 55 cDNA B 5 4k, SElEp b, B
J&i . IMA—BLE BamHATEA P81 H AN 4 DNA,
B8 FH BamH1 FR ) P N VTG EA TP . 33X,
ZEMEAL S 1) cDNA P sl Se B 14k ek 70 X Fh
PR N — S T cDNA ZKSF Y w423k 7%
He, G35 a] LU Sk 0 A 6 E R IR
S Bt sy o AR DRI AR M AN 1 B B ) A SR e R 1 25 ]
REZBON 5 FSCAY S sk BT B 62 8, X — B BB
J& RNA HH245 G HE BT BN, 2T S8 JUKS
HERY R E RBP7E RNA b 455 7 91 o 8 o Ak
FERfiih 7. iCLAP | Gold-CLIP "', RNA %58
FIERAZ AT IR 73 P 3 5 A A2 Bk S 2 DUTE (RNA
hybrid and individual-nucleotide resolution ultraviolet

crosslinking and immunoprecipitation, HiCLIP) '

DA irCLIP % R T 2B T+ 7 v o

© (d)

UV 254 nm\ UV 254 nm \ UV 254 nm UV 365 mn\
b hk
v _ RBP ' RBP & RBP v Sy
P BTN P gTTTR P TR 5
. RNA RNA 4 - RNA
AZLR IS HR%IE N E % (Input) RBP u
FIROSWHIK G (P AR SR QTR
e : RNA}#E’% RNA}*WJ@ RNAF Bifbs
FRERRAL; | IR E S DI [ ﬁﬁ_”ﬁEl RNAGHEYIE s mEs- F-RNAGIEGTLIE; ¥I7E [ -RNA GBI
ki | COEA M B 3L LR g '
F E7575 kabfHLAI XD 0 A 3k
) =S B3 5'
. P 3k =7 1 T K AT I 7 ﬁﬁﬁﬁKl@ﬂ:ﬁ_ W
S0 l SRR T2k l ST T 2k | EAmKL
FEEBKA I - 4L RNA ZALRNA su
TG
lxﬁﬂ/ﬁ% F2 Ik TITTTRTTTTTTTTTITTITTTT TTTIT A !
4li{LRNA S Sk \l/ 5k
TITTTRFTTTTTITITTTITITTT gk, sk Vs G f@rrrrrrTTTTYY
bR (406h) ;
\l, FHES TITT®, o
s | maex
5 o 1L 4
¢DNA ¢, RNAFGHLRNA } R mﬁum
3L 5 TN p < e
cDNA 3' %k&% <@ cDNA
V. ey ¥ PCRIH PCRYM
}V H IG. 1 1
LS I
T B P QUULESES
i VAT | mmm
RS | @
eCLIP HITS-CLIP iCLIP PAR-CLIP

Fig. 2 Experimental workflows of eCLIP, HITS—CLIP, PAR-CLIP and iCLIP (https://app.biorender.com)
E2 eCLIP, HITS-CLIP. PAR-CLIPFAiCLIPHISCEE 7 F2E (https:/app.biorender.com)
(a) eCLIPW BAHEKEHAESCHRRNA T BEiy 31, RIS TE ST S S50 — A3k e B cDNARY 33 . PCRY AT iy R m] i@ 332 1 1 Bt
Wi e 4 LA 3R o (b) HITS-CLIPUUE7ESCIRRNA R Befy 3 i FIS ik J5 S ekt o (¢) iCLIP[RleCLIP—FELE S S Je 6 4
ZAMHEKE RS CDNAM3 I, A —H5R% (barcode) , SEhUEZetkfl, FIHAESCHRALA 51 I cDNAZE 1K I RBP-RNAAH H.1E H
Bz . (d) PAR-CLIPfliJ{]4-sU (4-thiouridine) F1365 nmf4EA4MLIEMRNASRNALE G (RBP) Ea1), WJaFANE (T) B
(C) TECDNAT RIS E AR E
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eCLIP 1f &y ENCODE %I A E J5 CLIP $ K ,
XML B R AT T Ak, L HETE T4 RNA
TR W BE (1 ul/10 ul AR FR ) o Ak
PEGS000 (Z¥kJF 18%) FIDMSO (ZkE 3.2%)
(T, 2 BIKs 3k A0 5k i A RERCRIR TH &
KF 90% FKTF 70% ™' A & ik JE PEG8000 B
iff— D4 T T4 RNA M 3EREIY R 58k B2, DMSO fE
R RNA 90458, A ] T RNA Lkt i 17i%
. dCLIP >k H il 4k 19 28 53 18 Ak B89 7y RNA
(small RNA) # JF i 7 & #F 177 DNA # FE ",
FBioCLIP-seq A | 6t 523k S O IRak 1k, k4%
BRSSO, AR S A 5 SO
3k 1 CLASH MK #6i T 4lifk 5 3% 5 5 (A R 45 A 1)
RNA-RNA XU, 38 i3 7% 23X P 4% RNA XUEETE A%
A RNA, SR XX 2k & RNA #7065, B
LK T 5 CRAP L, {HiE{L T RNA-RNA
MU T 2 BRI, SR ZMEAb L % 7 =CR
T AL RNA B3k 508, DI E AN 2
7R RNA SRS 24 BE AN S [ ) — SR AR 44

Ak, 846 1Y CLIP 5 AR X A a3 i e i A 7
Ak, DA = SC PR o8 3 B Rk SR L i,
SpyCLIP ik T A2tk fb st i i, 76 343k 1
JA Biotin, PAMEREESEREMSIERIER L 2, fiifk
T4 1 R R Rk /D L Uk A B 4l Ak B g8k T
iCLIP, eCLIP il spyCLIP % K #4> CLIP J5 ¥ 7F
3k 5l A F 4B (unique molecular

identifier, UMI) Fr%& 7% ', UMIs /&M —Jc 1Y
By i, BE% I Bk PCR 7 58 47 ok (1) 1 B &2 il
(over-duplication) , £ F| T 2 & PCR-bias Fl T 1t
PCR Jfi i, SZ8L CLIP #£ RNA 7K ) € 1 50 T o
UMIs () 5| 3F 2 % ) X 1) — K4 T+, sCLIP 7F
linker 11512 T7 JA3 3, ELHEXT RNA SCESHATY
B U/ cDNA FE SRR AN L 05 | S 1) S 2R
T W% 1] 8 ' EasyCLIP #1 TLC-CLIP 7E 3'-linker
5| A polyA (454, AR FIGL: RNA4lifh, &
T ai b E, W T SCHE#R %, nl L,
RNA-linker #i 7 T ORI Z I TRE, LAAWIHE L
R, PR SUEE R

TEW R idrp, SRR IE R
MU PER) TR R B . FORBAR, B 51l
AR BIRE SRS B 7E 2020 4F & FE 9 iCLIP2 M
Wb, B EE T MU Tk, R T I
eCLIP ] on-beads Zé Ak 28 72 s 4,
22 EEAKIED

RNA [ 2 J72 2 CLIP 5256 (i C AR IR 2 —
MK FRE, B—Fh CLIP r 80 E 4 I8 )y
Ko REEREFT LN, 205 8k
RERE” . I E” . “RNA AT RLAL” . “75 5t
RNA [ RBR” S50, IE D7 iy ek £ 2R 1
LIRS P B 2/ Lk T T £ Fh
Ptk 2s . =1 845 T BRITARIE AR CLIP J7 ik ok
PR =R DR R 22 5

Table 1 Differences in library preparation for CLIP-seq methods
&1 CLIP-seqiVEEHAXER

EZ iy T R

TTESRE R

HITS-CLIP M6) 2148 fiz: RNase AV fk, 82, on-beads/n3' RNA#: ) (adapter), 5'

5 —ANCLIP-seq Jj %5

AL ZFRIE 5 B H IRNA, HEABKIHAL, 46RNANS RNAHSL, &

ek, SUEYHEPCR

CLIP-seq 71 2kt % FE: Mnaselft, Z:BEMR, on-beadsiN3' RNA#EL, 5'Flfir&hrid
B HBIRNA, EAMKIHEL, 204bRNAMNS RNABEL, &S, SO

#HEPCR

PAR-CLIP ' £GPE /. RNase TIVHAL, 28R, S £FFIC/ 5 HHIRNA, &H
FEK Ik, ZifbRNA, Jn3' RNAE:SL, Ins' RNAR:Sk, &R, CEY

HPCR
icLIp [

IR{L## 7. RNase D1k, E8EEZ, on-beadsfin3' RNAFE k DL K 5[ A7 &

LHITS-seqAH Bk, RNAFRS:AGUIFLRE S Il %,
Mnase BE % B 25 1 B 15 71 0%

M 4-sUSERZ TR, RAT-CRIFAL, Rk
S8 LB R A AR AL R L A5

RNAFIDNAS EH &Rt KN ik, SBKZ

Fric, SDS-PAGEZr & HIIRNA, & ABFKIBH, 10 E Wk, B
YA i Fbarcode ) 5l Wik 47 I #6 5%,  JR K -PAGEBEATcDNAZ ), cDNA
K, BV AR KO SONEE, PR P DI R L), PCRY 1%

CLAP 80 3RfbgfE, AL ICLIP

{ii ] Strep/His-tag W tag 55 M 44K & 48, S Strep-
tagZlift, J58 mol/LJRZF 4 F T His-tagZlift, 2
BRIE1:AR B AE FIRNAFITS SERNARE /75
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#kl

EAY N

T

JTEERE R

irCLIP 3%

eCLIP 1"

HiCLIP M

seCLIP 4]

FLASH 1!

sCLIP [

dcLrp [

SpyCLIP [

EasyCLIP [

@ E: RNase IFIRNase ASL[RIVHAL, 28R, 3'3E4%45 A Biotinfl%¢
Gkl ) preA-DNA-adapter, SDS-PAGEZ} BIRNA-E A E &4, VIl
HARRNA, [FIWRNA, HUBASEME AR, K5, HLcDNA, #
—HPCR, FIEHMKNTB, 25 4P HPCR

2 PEEFE: RNase IV 4k, Z:8§#&, on-beadsl3' RNA#:3k, SDS-PAGE
S35 HIMRNA (DJECH (9 A B L FJ775 kuPfHE i X380, 2R AT EEKAY)
Wk, RNAZIAL, EEF, cDNA 3HEL#ER:, PCRY™ A% K/
{37

IR E: RNase IV 4k, ZBERR, on-beadsIN# A i dt 41 () AFIB 7§ F
3'RNAE:k, HRRBESkMIA M E M, HEREBRE LA H A RNA,
SDS-PAGE4} BIRNA, ZE{LRNA, JiEst, B U)An 208 Kot s Xk ,
BRI 1 P DG L), PCRY™ 4

AN AR, [HeCLIP, MNKANIR] 1) s e S X T A8 AL A5 (115 bR e

AL E: RNase IVH4L, TAPNKZLMFRS'IR, 3'1EREH A I Flibarcode
FIBEHLFFIFIFLASHE: L, B AREKALEE, B RNAFEAIR & 4l
[, ZBRRNA, ¥FMEcDNA, PCRI ISP

AMEPE: RNase THHAL, ZE¥FHIFCRNA, HEABKIHCRNA, 4ifg
RNA, ZERERHBRILRNA, i foligo (dT). FEHNAFZE (barcode) . %
SHITT R B TR 5 AT IG5, cDNABHT R AME T, RN SERNA
3BT HERIERE, cDNAARMPCR Y 1Y

LEVE@PE: RNase IFfh, ZBEEZ, S'FMZEbric/r e HRNA, &AM
KAk, ZifbRNATI3RIS RNASEL, Gk, SCES HPCR
LRVEFEE: RNase DAL, ZBEER, HEHAEMFRIRICHI3HEL, on-beads
S, 133|cDNA, AT UMIs#23KkE# $cDNA 3'-end, PCRY 14

YRR RBERR, EHESTARETOURIL. ployAlN3'HEk, EENH
%*ﬁﬁ%ﬁiﬂﬁ@ﬂi%, SDS-PAGE%} #RNA, oligo (dT) #liftRNA,
%53, PCR

SDSHI KA MANML, oM ERNAFRIT, 9t
FRICRNA,  J7 ff PR 52 A0 K & 45 U RNA.
TN IR, FFibcDNAE T PCREEAT 2R 1AL

TCRNAFFIC, HRHERNA K/ E T4, 32
T3 RNA$E K (134 9 JU R MIcDNA 3' #:3k 3%
B, WFELLICLIPHH &, SCRERAFE/N

g B A B R IO RNA 20 45 /) ol 45 4 31 5]
—ANE AR MBI FIRNA

AN T FR Js A i il x A2 R AL D 5 L
SRS —FERI SR 1A 2

HRIGA A Hitags X 70 AN FIAIRRIREA, IREPTAH
BEAR T g TR Z MR 2%, Fi TR
e, SRRk
TE AR T X RNABEAT 73,
FZ, W&o aif L g

R,

PRAIE S A %

FEAANERI S BBRTE 5, AR PR L A
FVFFE AV, on-beadsiRfE, A%
By Bl B S HEUMIs, AT %
FRPCR™H)rh I EH E 551

AR TSGR 1T HIRNA R W 3 20 2 S0 B2 1) 3L
R, BEPIRBONEI, SRR IR AR BT

3 IFTEELIT
Xf HE S EG & CLIP SE56 A T8 OB 56 I 8 B

c EMF SRR T, BEFRHEANE R RNA 45

Zit

EEHICLIPY %Wﬁﬁm,Uﬁ%ﬁw%%%
RNA 5P 0 A

o X A 5 I R O

@m&ﬂﬁmﬁﬁﬁ% A ML R AR R AR
HEBR T 555, WAL giR2: . X AR %) CLIP-
squ’JX]Luji:—Et AT LAY R PAR TLFh 2 .

a. [ FHAI 25 P 00 9% 110 400 i s 2 20 A 9 e
R B, i JE S A ) 1gG ) s 4
AELER B A REFR PR (40 Flag SR8 hiik)
YA BRI X R 21

b. 7EAH FH 1gG VR Akt BB TE LA 2] 2 2 1Y RNA
SCHEERY, AT DLk — BB ML 81 A2 B — > cluster
(— 2 B A AHRURRAE (9 A= 9 1y 51 5 3 2080 o5 ) 4R
4) Fimotifs (7£ DNA, RNA =& [ 5751 b
IR R T AN SRS, SR
motif PEFT HLgs 44 4/,

[5, 37-38, 54-55]
o

N
d. i TIEW] UV 522 H B -RNA B9 5 53 1
B UV BRI B SRR B BT
e. 4% ChIP-seq 7=, AR EHEM RNA,
B Input /E A% il 1o sse2
XFFAME T FRIA R T, O T gk
frideik, JFHEEEFREE, BB =X
BRR, —Mo LRI T8 B B S E R 275
Bl A 2% (0 9% . fE H (green fluorescent protein,
GFP) HyJ7 AR XTI =0 Ah, mmu%x%
HNAZHR Y [F]—Fh 20 B A S X B2 R A
*T%E'Jﬁlﬂ%Efﬁjﬂﬁ,m,ﬂ{ﬁmgﬁﬁ,mﬁ/f 20l
gi b, XHRAIA] LIRS SE PR A Se g e i ik

(Rpi
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o BERERYNDRAE LR, SRR IRAL S B G AU RNA H . 5365 nm BN IS,

SCEGAH S, RPN RA — A, W
A REREG LIS A B EYE . A, BHMEXT IR AR
B, {EWIIKFEFT CLIP-seq I, — MR &Y BHAE
Ko REE PN S 06275 WD A B bR e . PR X B
WO, SEENIFEE S E LN E
IJ:—”B;: [47, 64-65]O

4 CLIPNFEENIEE DT

5 0t SR 0 e A A DR AN TR (Y &, CLIP
Wy 7= A 00 ) 50 i B (reads) 13 A2 2R 4E 43 Fi 7F
RNA AR LE 07 B, 3X0E Ky RBPAETE B A
FEE I RNA S5 5 AL s P AR, X — 555 ChIP-
seq BN, #E CLIP U7 B i L x oy, —
B A FH & %) FastQC ' T H 47 i, il
cutadapt 7' PEAT KA AHE i ] gscripts ! HEAT
FE AN ARUES, ] STAR ' 5 Bowtie2
PEAT B EEXT, il MACS2 ' % T H k4706 (H
PR3] (peak calling) , f# Ff Homer ™' #£17 motif 43
Br, i CLIP T HAL (CLIP tool kit, CTK) 7" 4
HEAT RNA S5 B 005 o 1o b, FE AR U0 Fn
RNA 25643877, CLIP I 3 4504 75 208 % 1]
BRI R A A T oA o A 2 T
HUfY) ChIP-seq 53172 (model-based analysis of ChIP-
seq 2, MACS,) %5 H]T ChIP-seq ) T H1 ] LA
AT, (2 SRR, a1
FRE P EHCOR B BOR 258

HAT, ©&It k2T CLIP I ¥ 4L
Py (E N . — T, WE(E T o S A 2D
BR, B RE w S B X, S AN
THA T L X IR SE 1t i 3% . Piranha 7 B JE R 20
FEaR o A /NX B, il R K T 300 A
RN X BB EN, UXSEsES, i
TR P HERR T . SR, SRR AT g s T
— BB 3R 5 B B L ) 9 RNA. ASPeak ™ i ]
RIP-input 5% #% RNA-seq f9 %4 >k B Je 774l RNA £
A, XTANRIE A DNA X, WA B
2 . CLIPper ™ i FHTAFA 73 A Sk 050 k2 1k
JF % & B e E (peak) Y &=y B 95 55 &
Pyicoclip "' FlliCount 7 JUJ 38 i 7 FH P 2 SR DX 3k
PRI B 7 91 s Bk

BEAN, —SBRERR 1) CLIP J7 ¥4 30 A R 1) I
Wk . PAR-CLIPH AR 15T 4-sU (38 1k
WG . TEAAEIEFREE P INA 4-sU, 4-sU =B A%

4-sU A LA 5 256 0 8 A BT s s se ik . 4-sU i A —
AR R SRR, 58 A AR 4-sU
WU SN G A A, M 7E RNA 4% i1 5
BRI T-C AL RAS . AT KPP R AE (751
BEBE SN N R LSRR . X R RR A (i 15
[ (=1 I 3 A NI = I/ - [ 21 = 7
PARalyzer " {f &% '] ] 743 #t PAR-CLIP ] J7 %%
W TH, FeRM, BIMEERRAEATE, 545
4-sU MR SR AT MRS AE I s IR I T-C 4 . o 1O
ik 38 BHE, BMix 79 Fl wavClusteR 77" B4~
AT 2 0o F Tl D AR S0 00 PR 2R 1 Y T-C
et

AL, A A T B TR K ok DS B
CLIP I 7254 i W BT . MiClip 7 ZE (B IR 3]
PR T R R AT KRB pyCRAC 7™ £ XF
HITS-CLIP. PAR-CLIP il CRAC i1k T 4= & 4 #r
{15, PureCLIP " w] L FH e 40 b 25 F S i s i 0w
KRB A HRAN 14 ) CLIP J7 3 s, U eCLIP 4
HITS-CLIP 1 PAR-CLIP J5 ¥ 23 7Eill 745 3 1Y 7 5]
B gl AR, HE SRR M bR .
iCLIP il eCLIP %545 AR N 25 7E A WA s AR TR W 8
f) cDNA. PIPE-CLIP " FI CTK Wi #h T.H., [
FERRAF AL T T R AR A (B 3 AN 28
WA A TR I () D) BE o

XA dE, AR PG5 2
RATREA TARFE . B, FEARMARVFEIT, &
WERA M HZ R T T 8T .

5 RNAFIEFESH

Iy MR 245478 RNA i BLA (7 & & CLIP
S EE N Z — REXTES AN BT, ]
DA S AR 1119 RNA P41 motif, X256 T
454 RNA w25 B .

1E U B CLIP LA M HITS-CLIP Hf, T oE:
W B B T SE A 7E RNA LAY B R 07 &,
A AT LIFE T RNA R BiifE AT motif 40T, (HAS B
FERAR . BRI LI, S S RAE T S SR o,
W, BokERAE, Wik, FEMEARECRNET
HITS-CLIP 453 v] LUAR5 58 AR 30 R 54 7 A A 1)
motif 7347 52,

PAR-CLIP H T 78 s i sk JZ T SE 3 T T-C % 4k,
BRI AT D) f H3#E4 T motif 43 7E iCLIP F1 eCLIP
DA T, T2 O KOO AR 2R T
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fbIa, 4G RNA 5 — AN s L2 L R
TCERIAEA LB, R S e S B AT Ak i 2 A
i 5% e 2 RAE 3 A5 0 V6 111 A AR 1Y cDNA, - 8
FEAE SN T ACHRA AR R S S SRR AT DA
WA TR ARG HE R motif 43H7 o

MEME " J& & HI A9 iE1 T CLIP 244 motif 73 #7
A, FREEF B, motif T4k iy 73 51 Al G Jf:
AR IEAFANTE LIASHRA S T O RSN, AT
AT RETESCIR A s PN BRI . PR, Ry 1 B
M3 4K motif, FF B A ASHRA A HOs ) PR AN A T
PR, X n] Ui i BEDTools *) (1) getfasta I E K
S BEAN, A motif TR IR T TR RNA Y
T %% 45 ¥ . MEMERIS * | RNAcontext *" |
Zagros ' | CapR ™' | Graphprot ' | ssHMM "
SRS TR T RNA I 045

6 BRESREE

CLIP £ AR AR 2 % H & F LTS 6 10
RNA D) KR 1R 7E RNA 4 a 08 . R T Sem
X mi, T B B R rh RNA A H G D) B3
TR B ) RNA B RS AR, 5L T,
WL AT REIR DTS = AR R R PESS S I RNAL T
A 1) CLIP Jy i ity el 2 AT AL A0 1 S 2 3 4%
L HARREF .

TEDNA 2K b, 5 CLIP # RZE Y 2 ChIP
FAR . ChIP-seq £ AR 1Y 4% i f& X #E 2 (1 25 & 1Y
DNA FAI T & £ MMy . AR ERE, 7ERR
L G SRR SR A W 9 TP R ChIP EE R (2
§fi ChIP-qPCR FI ChIP-seq) , F-¥&A Ji it KL 1
TR R S AR, X SRR A RSB
CLIP H AR Iy 24T L T BN H o 3 X Fh 22 55
WU IR B FE T, ChIP S5 SR FH A F S A 1K ] LAAE
R RS, WERTIER S sCH” (HE
UV i i S BRTCTE B0, 78 RNA T5 200 5
A REBEI T A THE T, SCHRAV 0T 3% S 1 LA
BT RNA #E R E etk . R, e )5 ik ik
F—FEJE CLIPE AR K R P e EZ S BT
TP X —HFi sk, BT CLIP#fErp =
A2 B RNA H B (20~100 bp), LA KiES
RNA-seq ">k FH B ML 51 4 33 7 S 7 vk o R4y
CLIP J7 92 R Hh S50 8 5k A it 3k 8 3 DL Je A
RNA F1 cDNA )2 R b 43 5547 W o2 3k 0 i 42
XS TE 1 S8 CLIP By RNA £ J2 H1 F B 7y
WAL ER PR &, BB L A PR CLIP X 5]

T ChIP-seq 1 75— KA A

RS CLIP EEARBAE R W BB, (ALt Z4E 0
KIREC BT . 2R CLIP H AR Jrik
A DU AR S0 SRR I AR ik st 5
DNA Z5 & AR, 1ERBPAU, A7 KEIIA
HA 2 . RNA 256 25 519 RBP ', Baltz 45
i oligo (dT) ZEfLFTA 5 mRNA AHEAE B &
FIBT, I FLE ™6 e iy SR e B R
BT -RNA A B A, B )5 %5 240 800 445 &
mRNA W& AT, b AR, Hhad 130
T AR WEFRTE H RBP, 2 15% (1) 14 i 78 T
D v R 2 B W E I RNA S5 6 R T -
o 5 —Se G SR R 7 BRI A — S A e
BEONRERYER . e A B — e FRAE A 254
B, B DUAE W B A2 2 R 7 S5 &S RNA,
Castello %5 2 FH[AI#E£ ) oligo (dT) #lifby=, 4
2| 5 mRNA FIEEL G &AM, JFiE T RNA ZKf#
ERGREY], 1554 7F RNAZR BRI RKBE, &Jnil
o R S TN B AR AS S RNA & E
JEIX I, [RIFERY, X454 RNA & AR HA —
A BE R RBP, LA b X B AR5 A A AF 5
WE— RS T 2 %A 9 & LAY RBP I AA7E 10
T UEYIM N PG B RBP, Trendel % B! #5777
alifb 20 b T BLHESS A RNA R F R T .
PRA S5 e R BRI AR A B W2, i i)s
76 MCF7 Hh % 5 1 T 1 207 /> 55 Al {5 J RBP, 1F
HEK293 S5t T 1 357 M sl fE B A o, Jf
A —B e R B A RNA 254 RE
MR, AR, MR — R (s 59
[HF- 9 % 5E A RBP, A TPS3 B 2 gk 52 ] LA
A RNA. HE— UL A 1R 2 76 1) RBP A4 & 2R
IS

H T ARFETE S M RNA 45 G 45 M, XT38
RIAY XL RBP, HA5E RNA GBS LS . iR
55 DL R SR AR . CLIP H AR ZREAL &
R 7R IR B RBP 9 EL SRR T B I e
PRC2 & AR — A~ LR 5] 7, PRC2 J&— M
LA 1 H3K2Tme3 B 2 WHRE I E A, 8
e Z R IAE il LIS & RNA B (A2 i i
W 7T SR S TR SNSRI IE I H RN A 25 A 4R Y
A It PRC2 %% & RNA [ g 71 — B8 it BE ™
RIP-seq £ AR 8 ¢ HI ok %8 2 PRC2 &5 & 8 11 ™
RIP-seq (14 7 o1 /2 3 3 4% 48 1 25 11 Jo A i 2 i e
(co-immunoprecipitation, Co-IP) A7 2L T #UEE



2025; 52 (4

BER, F: EHIIBEMEBEARELTRRARNRER S I

+1047-

F1, JFXHR R AR E RNA AT sl a7, iF
Co-IP W&, S8 M EALYAA KiE
A EAEE R, XU AR & B T RESS &
RNA. [HIlt, RIP-seq 45 5777 ™ 5 A4 I BH A XL
B, 50T DAz i i AR AR CLIP A H,
RIP-seq M 45 AN L LIR A5 . dCLIP i T T
Biotin-Streptavidin 455 & 4t , Al LL7K5Z 8 mol/L JR
. 2% SDS R IEVEAAAE, B AT DL KRR
JE bkt A B PR 7= 42 1. Rosenberg 55 2 fifi [
dCLIP 4 Al JF T PRC2 WV & EZH2 %45 4 1Y RNA,
K EZH2 X5 G4 254 1 RNA B BRI 45 &
e,k — & AL 5 S 1) 45 49 LE W 2 ISR
S8 BRI, Guo % P fifi FH CLAP i A W] #E Xf
EZH2 A REZS A I RNA HEAT TNy, HIIFsA L8
EZH2 W LSS & & H GAZ5F I RNA, L anZe i
XIST-RNA., CLAP [f]#: 7] LA 7K 32 8 mol/L JK % .
2% SDS A M 1 mol/L NaCl (5 ¥k . X fe ey, 4t
X —ANEE F B, AN B CLIP Jy ikt HAaE 40
WHIES, RS A ARREER ., Wik, X
RBP Ju H & AR 4 8 RBP (5T, #EH:ZFh CLIP )7
DTS, AB TR ES— | HESIEE R,

FEALGEN) CLIPF AR T, FHAE L BRAS By
KW 55 7 8 — B ™ FE W A8, Guo
A 20 i R FH Y e CLIP 5 AR X 71 R 3¢ 34 (1) EZH2
1 GFP 2 (43l 47 T CLIP N 525 . % B GFP
HE LA A RNA A B R S . (HE,
GFPAENAMEEH , A AT HGE IE B T Igs &
RNA. LAk, 1EH M PR B TE A Rk bR 2 il
A PRC2 8 AR s R 4T T eCLIP, 15519
VBT STERB A PR A R TP 2] (1 45
—F . XEWE, WHICLIPF AT, X HRAE S
A (N 1gG X R ) FEAE™ E T 5055 [,
X A5 S L ASRERH Y eCLIP PRI LA 2L
HA Kk e ISR U) B A5 A0 R T 25 Bk o X PP B 4 A B X
PRC2 & &K " | CTCF™' . YY1 ") 254k 25 i
RBP g hn R Y

bR T R A5 8, CLIP SZ5 1 7 — K
(R EUEPUR R UAR RS A ES S8 E
B PH PR SR o X — ) R el ARt T & v e
SRR P . SR, T K R R S B PR AR
L R, NEATZ T Ak, Pk
HUEE A5 5 A2 ) T4 A AR ELAE AR R
(2SR B . BEFPRE S LI AT BEFEAR S NS ik i)
PUREATRIEW 454G, BG4y, MEAE T

S5 ZMMHEENEA M RNAG G, BAE
I3 I L 25 A5 B AT REREASAE S B S sy
SIS . ORI THURM AW EAR T Kb I
() —Ff Jmy BRAE o 33X sy FRPEANAUAETE T CLIP F AR
o W) AT A T AR R T TR
FRLAE e s rh o P, 7R R DA Sh P
>R H CRISPR-Cas9 %54 R A (knock-in) T DA
HRAZ L H AR AR 2 (U spyTag., HaloTag
&) B MEEATZ AT SR

TE CLIP F AR A ekt b, FATIA AL
JURTTEAHIRE: 55—, A LR 5
5%, Mzs| AEHESDS, MK, JREFHEA T
AR TE N AP . X IR S AT R BAT 4
GIIBUA, BT T RBOE 7K AZ R o B AR 1Y) 5%
MIbRZ . 55—, % EH RNA MR A E (copy
number) ZAEMERIZNAM:, ASHE A S Ad 250
ChIP-seq 1 ¥5#fEfk (normalization) J7ik. KIIt,
CLIP M J7 25 5 v a2 2 8 R 4 () B — L TC VR AR 4
Hoff ok . FRATEIAE AR R, Al AR
RNA B fib 88 R IF(8 Al A7 UMIBRZE 0983k, o
TEWI 46 W SR FRAE b, 38 A — 5 LU 1Y A1 I
RNA (spike-in) . UMI 5§ spike-in 1Y 5| AN 2 35 42
f51 CLIP il 7 o £ 25 S A B A R0 . R 1 o
5=, W0 CLIP W#RAEAL IR . IRATTIHE Ak ek
A REAS 45 W& HL UK RN A% D 9%, O S BAE — 4>
Ep & 58 iR % i FE T cDNA 423k 42, M
TME— 2B SR 32 24, 1820 H AR RNA 935
T EL B

1 B -RNA A BLARE HIE AR A i 2l 0 A 2
Z—, HoRBZR R, A A BRI
(2R 1 T-RNA A AR LT CAAATE, s &
BT RNA /I 2 6. CLIPH RS Z4E0 &
JE, AW E|5EE, B 7E RNA 456 8 H AT 8
RAFHEHEEAME

2 £ X W

[1]  Miller-McNicoll M, Neugebauer K M. How cells get the message:
dynamic assembly and function of mRNA-protein complexes. Nat
Rev Genet, 2013, 14(4):275-287

2] Castello A, Fischer B, Frese C K, et al. Comprehensive
identification of RNA-binding domains in human cells. Mol Cell,
2016,63(4): 696-710

[3] Trendel J, Schwarzl T, Horos R, ef al. The human RNA-binding
proteome and its dynamics during translational arrest. Cell, 2019,
176(1/2):391-403.e19



<1048

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (4)

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

UleJ, Jensen K B, Ruggiu M, ez al. CLIP identifies Nova-regulated
RNA networks in the brain. Science, 2003, 302(5648): 1212-1215
Licatalosi D D, Mele A, Fak J J, et al. HITS-CLIP yields genome-
wide insights into brain alternative RNA processing. Nature, 2008,
456(7221): 464-469

Hafner M, Landthaler M, Burger L, et al. Transcriptome-wide
identification of RNA-binding protein and microRNA target sites
by PAR-CLIP. Cell, 2010, 141(1): 129-141

Konig J, Zarnack K, Rot G, et al. iCLIP reveals the function of
hnRNP particles in splicing at individual nucleotide resolution.
Nat Struct Mol Biol, 2010, 17(7): 909-915

Van Nostrand E L, Pratt G A, Shishkin A A, et al. Robust
transcriptome-wide discovery of RNA-binding protein binding
sites with enhanced CLIP (eCLIP). Nat Methods, 2016, 13(6):
508-514

Kargapolova Y, Levin M, Lackner K, et al. sCLIP-an integrated
platform to study RNA-protein interactomes in biomedical
research: identification of CSTF2tau in alternative processing of
small nuclear RNAs. Nucleic Acids Res, 2017, 45(10): 6074-6086
ZhaoY, Zhang Y, Teng Y, et al. SpyCLIP: an easy-to-use and high-
throughput compatible CLIP platform for the characterization of
protein-RNA interactions with high accuracy. Nucleic Acids Res,
2019,47(6): ¢33

Rosenberg M, Blum R, Kesner B, ef al. Denaturing clip, dCLIP,
pipeline identifies discrete RNA footprints on Chromatin-
associated proteins and reveals that CBX7 targets 3' UTRs to
regulate mRNA expression. Cell Syst, 2017,5(4): 368-385.e15
Kudla G, Granneman S, Hahn D, et al. Cross-linking, ligation, and
sequencing of hybrids reveals RNA-RNA interactions in yeast.
Proc Natl Acad Sci USA,2011,108(24): 10010-10015

Kramer K, Sachsenberg T, Beckmann B M, et al. Photo-cross-
linking and high-resolution mass spectrometry for assignment of
RNA-binding sites in RNA-binding proteins. Nat Methods, 2014,
11(10): 1064-1070

Brimacombe R, Stiege W, Kyriatsoulis A, et al. Intra-RNA and
RNA-protein cross-linking techniques in Escherichia coli
ribosomes. Methods Enzymol, 1988, 164: 287-309

Hockensmith J W, Kubasek W L, Vorachek W R, et al. Laser cross-
linking of nucleic acids to proteins. Methodology and first
applications to the phage T4 DNA replication system. J Biol Chem,
1986,261(8):3512-3518

Shetlar M D, Christensen J, Hom K. Photochemical addition of
amino acids and peptides to DNA. Photochem Photobiol, 1984,
39(2):125-133

Ule J, Jensen K, Mele A, et al. CLIP: a method for identifying
protein-RNA interaction sites in living cells. Methods, 2005,
37(4):376-386

Williams G D, Townsend D, Wylie K M, et al. Nucleotide
resolution mapping of influenza A virus nucleoprotein-RNA
interactions reveals RNA features required for replication. Nat
Commun, 2018,9(1): 465

Vandemoortele G, Eyckerman S, Gevaert K. Pick a tag and explore

[20]

[21]

[22]

[23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

the functions of your pet protein. Trends Biotechnol, 2019, 37(10):
1078-1090

Wilchek M, Bayer E A. Introduction to avidin-biotin technology.
Methods Enzymol, 1990, 184: 5-13

Fairhead M, Howarth M. Site-specific biotinylation of purified
proteins using BirA. Methods Mol Biol, 2015, 1266: 171-184
Toannou M, Papageorgiou D N, Ogryzko V, et al. Mammalian
expression vectors for metabolic biotinylation tandem affinity
tagging by co-expression in cis of a mammalian codon-optimized
BirAbiotin ligase. BMC Res Notes, 2018, 11(1): 390

Wilchek M, Bayer E A. The avidin-biotin complex in bioanalytical
applications. Anal Biochem, 1988,171(1): 1-32

Dundas C M, Demonte D, Park S. Streptavidin-biotin technology:
improvements and innovations in chemical and biological
applications. Appl Microbiol Biotechnol, 2013, 97(21): 9343-
9353

Rosenberg M, Blum R, Kesner B, et al. Motif-driven interactions
between RNA and PRC2 are rheostats that regulate transcription
elongation. Nat Struct Mol Biol, 2021,28(1): 103-117

Schmidt T G M, Skerra A. The Strep-tag system for one-step
purification and high-affinity detection or capturing of proteins.
Nat Protoc, 2007,2(6): 1528-1535

Mishra V. Affinity tags for protein purification. Curr Protein Pept
Sci, 2020, 21(8): 821-830

Wang Z, Kayikci M, Briese M, et al. iCLIP predicts the dual
splicing effects of TIA-RNA interactions. PLoS Biol, 2010, 8(10):
¢1000530

Granneman S, Kudla G, Petfalski E, ez al. Identification of protein
binding sites on U3 snoRNA and pre-rRNA by UV cross-linking
and high-throughput analysis of cDNAs. Proc Natl Acad Sci USA,
2009,106(24):9613-9618

Los G V, Encell L P, McDougall M G, et al. HaloTag: a novel
protein labeling technology for cell imaging and protein analysis.
ACS Chem Biol, 2008, 3(6): 373-382

Gu J, Wang M, Yang Y, et al. GoldCLIP: gel-omitted ligation-
dependent CLIP. Genomics Proteomics Bioinformatics, 2018,
16(2):136-143

Guo J K, Blanco M R, Walkup W G 4th, et al. Denaturing
purifications demonstrate that PRC2 and other widely reported
chromatin proteins do not appear to bind directly to RNA in vivo.
Mol Cell, 2024, 84(7): 1271-1289.e12

Reddington S C, Howarth M. Secrets of a covalent interaction for
biomaterials and biotechnology: SpyTag and SpyCatcher. Curr
Opin Chem Biol, 2015,29: 94-99

Reyes-Herrera P H, Speck-Hernandez C A, Sierra C A, et al.
BackCLIP: a tool to identify common background presence in
PAR-CLIP datasets. Bioinformatics, 2015,31(22): 3703-3705
Kishore S, Jaskiewicz L, Burger L, ef al. A quantitative analysis of
CLIP methods for identifying binding sites of RNA-binding
proteins. Nat Methods, 2011, 8(7): 559-564

Wang Z, Tollervey J, Briese M, et al. CLIP: construction of cDNA
libraries for high-throughput sequencing from RNAs cross-linked



2025; 52 (4

BER, F: EHIIBEMEBEARELTRRARNRER S I

<1049

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

(511

[52]

[53]

to proteins in vivo. Methods, 2009, 48(3): 287-293

Yeo G W, Coufal N G, Liang T'Y, et al. An RNA code for the FOX2
splicing regulator revealed by mapping RNA-protein interactions
in stem cells. Nat Struct Mol Biol, 2009, 16(2): 130-137

Zarnegar BJ, Flynn R A, Shen Y, et al. irCLIP platform for efficient
characterization of protein-RNA interactions. Nat Methods, 2016,
13:489-492

Ernst C, Duc J, Trono D. Efficient and sensitive profiling of RNA-
protein interactions using TLC-CLIP. Nucleic Acids Res, 2023,
51(13):e70

Bi X, Shen X. Transcriptome-wide mapping of protein-RNA
interactions. Methods Mol Biol, 2020, 2161: 161-173

Hafner M, Landgraf P, Ludwig J, et al. Identification of
microRNAs and other small regulatory RNAs using cDNA library
sequencing. Methods, 2008, 44(1): 3-12

Raabe C A, Tang T H, Brosius J, et al. Biases in small RNA deep
sequencing data. Nucleic Acids Res, 2014, 42(3): 1414-1426
Sugimoto Y, Vigilante A, Darbo E, et a/. hiCLIP reveals the in vivo
atlas of mRNA secondary structures recognized by Staufen 1.
Nature, 2015,519(7544): 491-494

Porter D F, Miao W, Yang X, et al. easyCLIP analysis of RNA-
protein interactions incorporating absolute quantification. Nat
Commun, 2021,12(1): 1569

Buchbender A, Mutter H, Reymond Sutandy F X R, et al.
Improved library preparation with the new iCLIP2 protocol.
Methods, 2020, 178: 33-48

Chi S W, Zang J B, Mele A, et al. Argonaute HITS-CLIP decodes
microRNA-mRNA interaction maps. Nature, 2009, 460(7254):
479-486

Conway A E, Van Nostrand E L, Pratt G A, et al. Enhanced CLIP
uncovers IMP protein-RNA targets in human pluripotent stem cells
important for cell adhesion and survival. Cell Rep, 2016, 15(3):
666-679

van Nostrand E L, ShishkinA A, Pratt GA, et al. Variation in single-
nucleotide sensitivity of eCLIP derived from reverse transcription
conditions. Methods, 2017,126:29-37

Aktas T, Avsar Ik 1, Maticzka D, et al. DHX9 suppresses RNA
processing defects originating from the Alu invasion of the human
genome. Nature, 2017,544(7648): 115-119

Saito Y, Yuan Y, Zucker-Scharff 1, et al. Differential NOVA2-
mediated splicing in excitatory and inhibitory neurons regulates
cortical development and cerebellar function. Neuron, 2019,
101(4): 707-720.e5

Van Nostrand E L, Freese P, Pratt G A, et al. A large-scale binding
and functional map of human RNA-binding proteins. Nature,
2020,583(7818): 711-719

Luna J M, Barajas ] M, Teng K'Y, et al. Argonaute CLIP defines a
deregulated miR-122-bound transcriptome that correlates with
patient survival in human liver cancer. Mol Cell, 2017, 67(3): 400-
410.e7

Nowakowski T J, Rani N, Golkaram M, ef al. Regulation of cell-

type-specific transcriptomes by microRNA networks during

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

human brain development. Nat Neurosci, 2018, 21(12): 1784-1792
Moy R H, Cole B S, Yasunaga A, et al. Stem-loop recognition by
DDX17 facilitates miRNA processing and antiviral defense. Cell,
2014,158(4): 764-777

Lebedeva S, Jens M, Theil K, ez al. Transcriptome-wide analysis of
regulatory interactions of the RNA-binding protein HuR. Mol
Cell,2011,43(3): 340-352

Darnell J C, Van Driesche S J, Zhang C, et al. FMRP stalls
ribosomal translocation on mRNAs linked to synaptic function and
autism. Cell, 2011, 146(2): 247-261

Lee ASY, Kranzusch PJ, Cate JH D. elF3 targets cell-proliferation
messenger RNAs for translational activation or repression. Nature,
2015,522(7554): 111-114

Liu N, Dai Q, Zheng G, et al. N(6) -methyladenosine-dependent
RNA structural switches regulate RNA-protein interactions.
Nature, 2015, 518(7540): 560-564

Kortel N, Riicklé C, Zhou Y, et al. Deep and accurate detection of
mo6A RNA modifications using miCLIP2 and m6Aboost machine
learning. Nucleic Acids Res, 2021,49(16): €92

Sundararaman B, Zhan L, Blue S M, et al. Resources for the
comprehensive discovery of functional RNA elements. Mol Cell,
2016,61(6):903-913

Nussbacher J K, Yeo G W. Systematic discovery of RNA binding
proteins that regulate microRNA levels. Mol Cell, 2018, 69(6):
1005-1016.¢7

Chu Y, Kilikevicius A, Liu J, et al. Argonaute binding within 3'
-untranslated regions poorly predicts gene repression. Nucleic
Acids Res, 2020, 48(13): 7439-7453

Potts A H, Vakulskas C A, Pannuri A, et al. Global role of the
bacterial post-transcriptional regulator CsrA revealed by
integrated transcriptomics. Nat Commun, 2017, 8(1): 1596

KimY, Park J, Kim S, et al. PKR senses nuclear and mitochondrial
signals by interacting with endogenous double-stranded RNAs.
Mol Cell, 2018, 71(6): 1051-1063.¢6

van Nostrand E L, Pratt G A, Yee B A, et al. Principles of RNA
processing from analysis of enhanced CLIP maps for 150 RNA
binding proteins. Genome Biol, 2020,21(1): 90

Brown J, Pirrung M, McCue L A. FQC Dashboard: integrates
FastQC results into a web-based, interactive, and extensible
FASTQ quality control tool. Bioinformatics, 2017, 33(19): 3137-
3139

Martin M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnetJ,2011,17(1): 10
Langmead B, Salzberg S L. Fast gapped-read alignment with
bowtie 2. Nat Methods, 2012, 9(4): 357-359

Gaspar ] M. Improved peak-calling with MACS,. BioRxiv, 2018.
DOI:10.1101/496521

Heinz S, Benner C, Spann N, et al. Simple combinations of lineage-
determining transcription factors prime cis-regulatory elements
required for macrophage and B cell identities. Mol Cell, 2010,
38(4):576-589

Shah A, Qian Y, Weyn-Vanhentenryck S M, et al. CLIP tool kit



<1050

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (4)

(721

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

(CTK): a flexible and robust pipeline to analyze CLIP sequencing
data. Bioinformatics, 2017,33(4): 566-567

Uren P J, Bahrami-Samani E, Burns S C, et al. Site identification in
high-throughput RNA-protein interaction data. Bioinformatics,
2012,28(23):3013-3020

Kucukural A, Ozadam H, Singh G, et al. ASPeak: an abundance
sensitive peak detection algorithm for RIP-Seq. Bioinformatics,
2013,29(19):2485-2486

Lovci M T, Ghanem D, Marr H, et al. Rbfox proteins regulate
alternative mRNA splicing through evolutionarily conserved RNA
bridges. Nat Struct Mol Biol, 2013,20(12): 1434-1442

Althammer S, Gonzélez-Vallinas J, Ballaré C, et al. Pyicos: a
versatile toolkit for the analysis of high-throughput sequencing
data. Bioinformatics, 2011,27(24): 3333-3340

Golumbeanu M, Mohammadi P, Beerenwinkel N. BMix:
probabilistic modeling of occurring substitutions in PAR-CLIP
data. Bioinformatics, 2016, 32(7): 976-983

Comoglio F, Sievers C, Paro R. Sensitive and highly resolved
identification of RNA-protein interaction sites in PAR-CLIP data.
BMC Bioinformatics, 2015,16: 32

Wang T, Chen B, Kim M, et al. Amodel-based approach to identify
binding sites in CLIP-Seq data. PLoS One, 2014, 9(4): €93248
Webb S, Hector R D, Kudla G, et al. PAR-CLIP data indicate that
Nrd1-Nab3-dependent
expression of hundreds of protein coding genes in yeast. Genome
Biol,2014,15(1):R8

Krakau S, Richard H, Marsico A. PureCLIP: capturing target-

transcription  termination  regulates

specific  protein-RNA from
nucleotide CLIP-seq data. Genome Biol, 2017, 18(1): 240
Chen B, Yun J, Kim M S, ef al. PIPE-CLIP: a comprehensive
online tool for CLIP-seq data analysis. Genome Biol, 2014, 15(1):
R18

Zhang C, Darnell R B. Mapping in vivo protein-RNA interactions

interaction footprints single-

at single-nucleotide resolution from HITS-CLIP data. Nat
Biotechnol, 2011,29(7): 607-614

Huppertz 1, Attig J, D'Ambrogio A, et al. iCLIP: protein-RNA
interactions at nucleotide resolution. Methods, 2014, 65(3):
274-287

Bailey T L, Boden M, Buske F A, et al. MEME SUITE: tools for
motif discovery and searching. Nucleic Acids Res, 2009, 37(Web
Serverissue): W202-W208

Quinlan A R, Hall I M. BEDTools: a flexible suite of utilities for

comparing genomic features. Bioinformatics, 2010, 26(6):

[86]

[87]

(88]

[89]

[90]

(911

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

841-842

Hiller M, Pudimat R, Busch A, ef al. Using RNA secondary
structures to guide sequence motif finding towards single-stranded
regions. Nucleic Acids Res, 2006,34(17):el117

Kazan H, Ray D, Chan E T, et al. RNAcontext: a new method for
learning the sequence and structure binding preferences of RNA-
binding proteins. PLoS Comput Biol, 2010, 6(7): e1000832
Bahrami-Samani E, Penalva L O F, Smith A D, ef al. Leveraging
cross-link modification events in CLIP-seq for motif discovery.
Nucleic AcidsRes, 2015,43(1):95-103

Fukunaga T, Ozaki H, Terai G, et al. CapR: revealing structural
specificities of RNA-binding protein target recognition using
CLIP-seq data. Genome Biol, 2014, 15(1): R16

Maticzka D, Lange S J, Costa F, et al. GraphProt: modeling
binding preferences of RNA-binding proteins. Genome Biol,
2014,15(1):R17

Heller D, Krestel R, Ohler U, ef al. ssHMM: extracting intuitive
sequence-structure motifs from high-throughput RNA-binding
protein data. Nucleic Acids Res, 2017,45(19): 11004-11018

Bose D A, Donahue G, Reinberg D, ef al. RNA binding to CBP
stimulates histone acetylation and transcription. Cell, 2017,
168(1/2):135-149.e22

Baltz A G, Munschauer M, Schwanhidusser B, et al. The mRNA-
bound proteome and its global occupancy profile on protein-
coding transcripts. Mol Cell, 2012, 46(5): 674-690

Davidovich C, Wang X, Cifuentes-Rojas C, et al. Toward a
consensus on the binding specificity and promiscuity of PRC2 for
RNA. Mol Cell, 2015,57(3): 552-558

Betancur J G, Tomari Y. Cryptic RNA-binding by PRC2
components EZH2 and SUZ12. RNA Biol, 2015, 12(9): 959-965
Zhao J, Ohsumi T K, Kung J T, ef al. Genome-wide identification
of polycomb-associated RNAs by RIP-seq. Mol Cell, 2010, 40(6):
939-953

Zambelli F, Pavesi G. RIP-Seq data analysis to determine RNA-
protein associations. Methods Mol Biol, 2015, 1269: 293-303
Song J, Gooding A R, Hemphill W O, et al. Structural basis for
inactivation of PRC2 by G-quadruplex RNA. Science, 2023,
381(6664):1331-1337

Kung J T, Kesner B, AnJ Y, et al. Locus-specific targeting to the X
chromosome revealed by the RNA interactome of CTCF. Mol Cell,
2015,57(2):361-375

JeonY, Lee JT. YY1 tethers Xist RNA to the inactive X nucleation
center. Cell, 2011, 146(1): 119-133



2025; 52 (4 BER, % BITEHMNERRRIITTER ARG S H -1051-

The Refinement and Innovation of The UV Cross-linking and

Immunoprecipitation®

ZHAO Jia-Min", LU Cheng-Jiang”, YANG Ming”, Nashun Buhe"”", WANG Gang”"
2 b b b
("School of Life Sciences, Inner Mongolia University, Hohhot 010021, China;
ISchool of Life Sciences, Fudan University, Shanghai 200438, China)

Graphical abstract

UV cross-linking and immunoprecipitation (CLIP)

Enrichment and purification of

Library preparation
target protein-RNA complex

and sequencing

IDI.UJID:DI[DIH 1l PAR-CLIP

\% HITS-CLIP
inki DMODDDDDDDY
UV cross-linking ?CLIP
MOTDTRERET L
JTETTTITTEITITITRITY R wel &
oA

Adapter ligation and library preparation
RNA fragmentation P & v prep

\l/ Gene 1 Gene2--
HAg J Streptavidin e i dii

-Gene N
DNPWDT
F1a§f—

6xHis l I I o
\(Sirep-lag Fragments I]%I DDI%II m
I
I mo m

Antibody tag
\l/ Reads E ;;

[

L Sequencing
Immunoprecipitation

\’
!
A A

Peak identification

vy
0l SAC Al

Membrane transfer and recovery Bioinformatics analysis

* This work was supported by grants from National Key Research and Development Program of China (2022YFA0806200) and The National Natural
Science Foundation of China (32030028).

## Corresponding author.

Nashun Buhe. Tel: 86-471-4996885 , E-mail : bnashun@imu.edu.cn
WANG Gang. Tel: 86-13916396401, E-mail: gwang fd@fudan.edu.cn
Received: September 11, 2024  Accepted: November 26, 2024



-1052- EMUFESEYYIEHRE  Prog. Biochem. Biophys. 2025; 52 (4)

Abstract RNA-binding proteins (RBPs) are ubiquitous components within cells, fulfilling essential functions in
a myriad of biological processes. These proteins interact with RNA molecules to regulate gene expression at
various levels, including transcription, splicing, transport, localization, translation, and degradation.
Understanding the intricate network of RBP-RNA interactions is crucial for deciphering the complex regulatory
mechanisms that govern cellular function and organismal development. Ultravidet (UV) cross-linking and
immunoprecipitation (CLIP) stands out as a powerful approach designed to map the precise locations where RBPs
bind to RNA. By using UV light to create covalent bonds between proteins and RNA, followed by
immunoprecipitation to isolate the protein-RNA complexes, researchers can identify the direct targets of specific
RBPs. The advent of high-throughput sequencing technologies has revolutionized CLIP, enabling the
identification of not only the types but also the exact sequences of RNA bound by RBPs on a genome-wide scale.
The evolution of CLIP has led to the development of specialized variants, each with unique features that address
specific challenges and expand the scope of what can be studied. High-throughput sequencing CLIP (HITS-CLIP)
was one of the first advancements, significantly increasing the throughput and resolution of RNA-protein
interaction mapping. Photoactivatable-ribonucleoside-enhanced CLIP (PAR-CLIP) introduced the use of
photoactivatable ribonucleosides to enhance cross-linking efficiency and specificity, reducing background noise
and improving the detection of low-abundance RNA-protein interactions. Individual-nucleotide resolution CLIP
(iCLIP) further refined the technique, achieving unprecedented precision by resolving individual nucleotides
involved in RBP binding, which is particularly valuable for studying the fine details of RNA structure and
function. Despite the remarkable progress, there remains room for improvement in CLIP technology. Researchers
continue to seek methods to increase sensitivity, reduce technical variability, and improve the reproducibility of
results. Advances in sample preparation, data analysis algorithms, and computational tools are critical for
addressing these challenges. Moreover, the application of CLIP to more diverse biological systems, including non-
model organisms and clinical samples, requires the development of tailored protocols and the optimization of
existing ones. Looking forward, the field of RNA biology is poised to benefit greatly from ongoing innovations in
CLIP technology. The exploration of non-canonical RNA-protein interactions, such as those involving long non-
coding RNAs (IncRNAs) and circular RNAs (circRNAs), promises to reveal new layers of cellular regulation and
may lead to the discovery of novel therapeutic targets. Furthermore, integrating CLIP data with other omics
approaches, such as proteomics and metabolomics, will provide a more comprehensive understanding of the
dynamic interplay between RNA and its binding partners within the cell. In conclusion, the continuous refinement
and expansion of CLIP techniques have not only deepened our knowledge of RNA biology but have also opened
up new avenues for investigating the molecular underpinnings of health and disease. As the technology matures, it
is expected to play an increasingly pivotal role in both basic and applied research, contributing to the
advancement of medical science and biotechnology.
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