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[R%E, R Apoly(A) . 1F—Fh i i /7 7E I mRNAF; 5%
JE &M, poly(A)BIEMRNAMA BV 18 Kl
bl e E B/ L,

1.1 Poly(A)R R

Poly(A) I THA T 2 M A 2 A A FIRNA
=Gz oA R B FIE . XSS E B AR AR AR
mER S, WA E DR YU BAER, MR T —
AN THLEED. S 53 K TR E & A
5 VBRI T 1 (cleavage factor Im, CFIm). {J%|H
¥ Il (cleavage factor IIm, CFIIm). YI#|5 2 R REER
A5 S5 X F(cleavage and polyadenylation specificity
factor, CPSF). V)& Hi# A1 (cleavage stimulation fac-
tor, CstF), PLKpoly(A)E & EF(poly(A) polymerase,
PAP)). £ R EFRZ1L15 5 (polyadenylation signal,
PAS)IE & & — BUR T IAAUAAASLHEAUUAAA T4,
(VAR R R 7 AL N N s N il 25 0 7 2 R < R i) 5
W e Y. RNABTYIAZAERE, CPSFH MR 5 45
HPASUULIL TP 51, CFImANCstF th 73 5l iR
PAS_EJ# IR ¥)5 511, B2, CFIm, CPSFAICstF4L
MR Ak, fECPSFII/EM T T PAS T 4110~
30 ntib IRIRNARIE. BIYI58 )5, CPSFLFIP1(fac-
tor interacting with PAP1)454, #HZPAPRIBIYI G
mRNA 3%, 5 Zh AR R IE MR ING. g1t poly(A)4h
4% M (poly(A) binding protein nuclear, PABPN)Z [fij 4%
A2 Hipoly(A) & b, #— {2 dtpoly(A)EHIEKTE
58 # poly(A) .

mRNATETE A AL N 1) 2 IR E R LS, poly(A)
B RN, RN, poly(A)RE T4
Pt — 5 BN, 6 R T 2 R IR A AR B KT e A
Poly(A) & i 2= IR R 1k 3= Bl i PAN2-PAN3 & A 1A
FICCR4-NOTE &K 5e ™0, i 4H g -t 77 75 F i
FIRAFER LA AR LA S, o 2 e ) 3 AR T K
Uit 1% FF BR #% #% B (terminal nucleotidyltransferases,
TENTs)®.. i, TENT4AAFTENT4B A fi#{Lpoly(A) &
PE e, I H AL AE S Ipoly(A) B 2B N/
HIEATREE (LGN E), TEHE A EATRIEMpoly(A)
R GRREE B A BRI HICCRA-NOTHE &)1 &%
MRERRIGIE R, AT Bh T4 m i A i A e vl O,
TUT4(terminal uridylyl transferase 4)FITUT7(terminal
uridylyl transferase 7)3iX % A i JR R F #2 Blg, 7T AE

25/ MEHTR, 854 BRI Mipoly(A) R 13!
IR INUBR R, A5 A i UBR FE A 1 I mRN A AT #E—
I DIS3L2FAMIMARBIVE FH, M3 S T a6 B A BRAE
LSMI1-7E A AXRN UL RAMIEE FI/ER R, A5 b
TRUEREARI. 4, TENT25TENTSARENS R4S & (113
5 N EEYH R b R E I mRNAREAT 2 R ERH R AL,
FEK Hpoly(A) B, LATIE B ol s g g 113,
Wi —HF 9T R, TENTSAN S92 BT 1L ]
REREMSAE ] T AN S A HImRNA, 33 EmRNAE 1 (1)
RMORN R BRI, REThEE SHLEISR R, 4
22 A, poly(A) B A i I GRIURR HE ) &
o 52 B0 P S ) LR 1 o 4 0 S0 ) = e sh .

1.2 Poly(A)EHITIRE

Poly(A) B A/ mRNA 2 AN 3z 1) 06 B 45 1y
Moy, St Z ML S5 B ERE MR, HE
FEIhREA] A E 9 mRNARE € MR . BRI,
PLUK R B R s R %S = AN 7.

I H I Apoly(A) ) & mRNATE 4 il H A 58 A7 AE 1)
HERZE, HXAmRNAMRTIEH FEZEIAE: —JF
T, SBT3 AR, P SRS mRNA ) B
F—J7TH, poly(A)RAK B FI4H5EA4E 58 T mRNAFF#,
T ik % % FREE R A AR M o 3 i Fr) S b R 7
M dmis e mid fEd, E3lpoly(A) I A MU
B — AN DR 2 RO T 325 W9 4 R A SEmRNALL {5, 76 ¢
FIWCR, 1248 A -F TNFo(tumor necrosis factor o) f1Cox-
2(cyclooxygenase-2) [y mRNA 2 i R Ak nl i A%
HARE MERIRI B, M A2 98 0 i B PR B 25 5
PEDL REEREAE, FaSpoly(A)RBHIKE 5mRNA
(1 P 2 TR ANAE A B 5 () TE AR S 20,

— NN, poly(A)e5 5 il 45 M@ i MR & A
SERMEAER, HFETEBmRNACHI 450, (R T
elFAFE SRS S MIRRE 2 &M AR, M
AAAmRNAFEI R, e o FAE P AN e 5 L% v
FEMAL SR IR, poly(A)RB K E 5 R mRNA
P UIMOC. L5 R 5 BU% X NI, CPEBIAE
aCaMKII mRNA 3" UTRHJICPEFF4I G, 45 CPEK
) poly(A) S G BE#EAT FE N, YG s m 3B eE, A
HEBH I ] SR AZ IR P, R, fE R, B
My JEPHTCME S/ R A5 22 Fhss 20 A= 4 () 9 1 4 i A B
WIIEAGH, poly(A) A 5 B PE R B B 2 IEAH O,
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HE T 5200 PSRN AR AR ) R B L E R (Droso-
phila melanogaster )] 52 51 BE4H J A1 52 4 51 1,
mRNA [fJpoly(A) Bk, HEIRHSRME, S
A (Danio rerio)FNAEIN NIE (Xenopus  laevis)HI-F-3HIE
JEBEAT I T TR 2o, poly(A) B IK 5 & AR AL
FRIEM P EANRGVII g b R B T
poly(A)E K 5 mRNAFH 12 20K 2 8] (1) 1E FH 9 5%
7 12526]

IR A3 s Hpoly(A) B KB, 15k B idE
Hpoly(A) BAMUAERKE EANELM, & ZBANIE
ABRIE(U, C, G), iIXLEAEMRE A FHAN M AR G K & ik 72
HA] BEGE T ORHE A (0252035 il dn BT 4 5 RN
JE FLHRIR G, poly(A) 3 K & & Ubk AL, v LA
HERFEmRNA R BE AR 8 NS 1~440 f S RE AR v,
31 60% K ImRNA poly(A)E M #B& A U LR, ixFh
BEEmRNAF EATR LR K B IS BIEDNR . K
A B FIREAELE, PR HAE LA K &
MR AN, poly(A)R H B I 2 75 A7 AE Bl e
WA B MEAS ORVE, B AT — A FOE R rh A o
KB, oo ho AR 55 A HE AR A (variant surface glycopro-
tein, VSG) 1A fIpoly(A) B A7 EmSA IS, ] %
B B i B s A (R e Y,

B £ KT poly(A) B K S 5 A ABR I AL
ANEEIR, 12 R A H A 196 T poly(A) B A T IR WL
AL 5 R 55 B,

2 Poly(A)RHIHIA

Poly(A)EAF N — MR IR HIRZ IR P 1, AR
A& TR 7 S M BOR BOTE s, & 72 3R BURR & 5
B AR BN 4 e e L P poly (A) R I K FE B FL AR 3 4 %,
MR R, A R SR R it — 7 T O FE TR G0y 1
AW EETT IR B 1R, 53— 5T R EOL
I A RS I 5 R AR R P SR, Bt
FRALIR 7 TR B AR TR RE,  poly(A) AL
ARIFANBrsERE (D). B EEIE T Ik, Btk s
T HEYFHAR, B, llumina%NGS(next-generation
sequencing) ~AQM 7V & X%, AT —HE T AR
I = T I poly (A) A /7 v, iAok, LAPacBio
(Pacific BioSciences) F]#f i [JPacBio HiFifHONT
(Oxford Nanopore Technologies)Z: @] #E H [)Nanopore

1136

S NRE R ZAE T -1 6 ik T poly(A) &
HERRINE PR HEOR (1), R & LR 5B
Z ¢, poly(A)EAMIEE AT 73 NI AL 558
Hpoly(A) R I e A B A v B 3R e -~
G R R I REAR B EE S . poly(A) I & 5 £ s i
B Hdr, % Zpoly(A) R Bl 5E T ELERR E N H 7 5%
o B T R 5 B poly (A) R e s AR B
B S AS B AR SR 5 23 1 en M 2 AR 6 1 R e oK
LR R E.

XF T 58 % poly (A) e Il 3 2 FF AR SCFE ) 22 1)
BUDRR, FEAT3 4 k%R (3'-end  adapter liga-
tion)?3:2430:33:40-501 e i g fifi(end  extension)!?* !¢,
G/IEA#(G/T extension)* 78 IFIH T & #e(template
switch) P2 PU a0 B A HEmE,  IX DU R HE AR 3R 5
W& 7E &N I B A poly (A) FAS I F52 AR 24 vl )72 SR H,
53 A T RIAAS Rl 5¢ T ipoly(A) AN, o, 3%k
PR SRR — B 2 7 B 4k BUE R B
R SR 3 S (K2 A), - A S8 1 (BRFR 9 Bl 1 5
1R A Sy 428 i) SFE & M FH — BOA R 7€ PP 81 HLRBEWE S poly
(A) R HAME X IR A Bt Spoly(A) R AL J5 1B s
B4R T 7E i poly(A) B J& HEAT 1A DLV I3 3k 2 91 (&
2B), G/UAE A SR MG LEAH S 5 3 A 11 3 3y LA FE AR A 6 )
TR EREG R T — B GRAE 5 TR B (B
2C), AR B e 5 m R A 1B P 5 s e s g A 5
e SRR I 3 AN — AR AN )42k B DR AT SO %
(K2D).

X TR PRI BEAT ), T AR m AR E U7
T 1 B, 9 G 3o e AR 2 Sk i 2 (splint liga-
tion) PPN 3 Sk i BOdEAT T S0k, @I n—A
Rt A 5 B34k B, poly(A) R FLAMAC X )«
B B, ST AR 53k fr BOE R ROR, BEm$
LR U, R ATHE )RR E Ipoly(A)” RNA. AHNHE,
FRATTHE 373 e A 42 Sk T 4 DL A 1) 3 i 3 Sk 3 T VAR
R3Sk HAEER:. WAk, TRk, A
— PRI SR T R, B IREP, IX BRI
4.

[FF, #4%poly(A) il & ki i % D HeR T &,
A K poly(A) BRIINEE AR I K @ KRB A=A B 5
TALG Iy T HEMF IR AR L F T AW 1
WP BRI T = ARSI B I 7 R kA, 72
BT AR TN P I PP ROR 2, % T Nanopore
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Figure 1 Schematic of poly(A) detection technology development. The horizontal line from left to right represents the timeline, with circle marks
indicating the year each technology appeared. Yellow denotes methods based on traditional molecular biology techniques; green denotes methods
based on second-generation sequencing; blue denotes methods based on third-generation single-molecule sequencing

16 I B P Rt B T HR T R Bt o B 7
L, I Fpoly(A) R, Py AR AR (AR
s BRI R B B T R LR,
KIS, W EE AR SR LA mT 12
THEAR ¥ R A8 B AR 135, TG 00 435 2R FRU G 152 5 oA
BT D R B R T AR A & BRR, AR
g BRI AL BRS SAN R RR BU s nl . HERR
LERRYE, X270 EH A poly(A) B AN B A BEAT

g

2.1 BFTEGHT A S5 1 Fpoly(A) B AN
A

Poly(A) B B #5)— HI MR EF R R FEH AR, DRI, LT
ipoly(U)&oligo(dT)F 514 F PEHLEL . 53 (A
J7 i FEARFE IR ER SRR, @id /T2 1 Frpoly(A)
B, DAL S AR BUEE Hpoly(A) R I HE S AL B
th (3 B BUZE oligo(dT)/poly (U) A Z BT v (A % 45 &
RE 77, AR 5 5 R R 2 S AR B PR A S AR 34T e PR R
SE B E, TC 7 A 2 Bk B ) B VA R K AR

2.1.1 £ T #E ik Hpoly(A) B M A

ST f K 7 7R Fl poly(A) 2 S oligo(dT) s 5
PEZ7Z, @It RNase HIF M EPCRY I 55F B, AR
K5 T IIRNABCDNA F B, Bl J5 I H %8 FEL K 20 Bt
B it B 3G ) P2 W 2 B, DT R R A AR
poly(A) K E.

RNase H/oligo(dT) assayse 7N H T#F 5
poly(A) K HIFE AR, 1% 777 F] FiRNase  HER Sk

FEERNA:DNAZ S B FRNAF A IR,
oligo(dT) F Bt 5RNAREAT 2232 I I ARNase H, 5t
P Soligo(dT) B #Mpoly(A) B /74, AJEiEIT
NorthernZ 52 B &E R HL UK Rl 3 55 7 A poly(A) & [ iR
FESEAT R R ZE 5], I F Wipoly(A) K L,
ZT R E M B AR, HH FNorthern 248 Hi R 2 24, A
FERER, — IR R BERTIN — N R, H 52 PR T 4E ks F vk 1)
I3 R, MELURLIN2 kb LA I mRNA ¥ poly(A) . Flt,
27 V8 AR PR TR AN AR X v = B B DR e s A
Ipoly(A) K JE, HilEH AR

BEEPCRECAR MK JE, HIL T — #RFIETRT-PCR
([ ¥ 5% PCR)Hpoly(A) B+ AR, HAFK NRACE-
PAT(rapid amplification of cDNA ends poly(A)
test)l*' I HILM-PAT(ligase-mediated poly(A) test)!®%%.
RACE-PAT i 7 A 43k 7 71 ) oligo(dT) 51 ¥ #E 4T
Bk, IREESEBENLELE Tpoly(A)BNHE, FPAESHA
A+ B poly(A) R IcDNA F B, 28 FHE: k7 71 Fi & A
R 52 T4 IPCRY Y, A Kpoly(A) R IIF: EA MY
BP=CE KR R BUA— N IRECIRES, R
ZWEIRN =DM ERIRBORES S — N — %
L2 LM-PATIIZET4 DNAEZBHEN T, %5
poly(A) & B AMNIS BRI FIoligo(dT) i BUZE B i — A
AR, AT IS, S5 FAE R 5 W) ) B S i 1 422
AR F A4 E oligo(dT) 41, Z4PCRY™ 1, wf
PLIRAS AL 5 5 #poly(A) R P I 38 B, HT
poly(A) K JE 3 #1). 5RACE-PATHLL, LM-PAT A
A 1 ) R A 6500,

J 48565 H T PCR KT poly (A) B K Wl 12 A f ek
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BAEPTE5H 58 ¥ poly(A) KU A I 3R s, LA
RE RS RBUE. ePAT(extension poly(A) test)
7715 R A i S A SR W& Tl 3R s AR, MR 373 A oligo
AT E 5L T A I S RAZ IR AR, F) I Kle-
now R &, fEpoly(A)RE M3 i LA HIRFERIZEFRR N
TR #5 B — BXDNAJF 514 A J5 8 PCR ¥ 12K, sPAT
(splint-mediated poly(A) test) /5 ¥2: MK FH 33 Je A 42 5k
BN, Llpoly(A)RFFFI 51 FAEMRNA3 5 14
P —BRNA$L Hire-PAT(high-resolution poly(A)
test) /5 12 USRI G/E ARG, fEmRNA K3 i B e 5

BEAT 32 R RIMRT-PCRPT. X 8852 #poly(A) EHili 3k 5K
W TR LB R, T T R S B v
7 A SRpoly(A) AN 77 VL I SCEER . ARG, X e
PAT /7 72: IPCR ™ 4y a] i 3 6k e Wi vk 2k A7 20 i, T
fh Hpoly(A) B HIK . bk, IXLEPAT /1% n] AEPCR
519 s ae ye B, BT DO A T B AN FLK, 3R

FAR T B8 W AR SAT R AL PCR= W, [RIFET]
AR VR poly(A) A FERG I 45 ST &1 e
RN IS BN E| e ikt oalll ppr)

MAEKE, HETPCRMGIEZHTI J7 12 E,
TEIFEAM BB E D, Holigo(dT) i BL4E & R %
AN SR U s ma 5 /. (HPCRY Y 2 S84
) P2 B [T PCR 1 %5 (PCR bias), & #& T PCR[{Ipoly(A)E
T 52 R DAL P g 7 Sf L),

X I T B K A poly(A) B AS I 77 VE A #5546 T
poly(A) AT M B AT RE, HAMEHE. S 55
W AR, HAard iz H T A B s A
[ poly(A) AT FF /7 VA M BRUESE, Ikt tHBL 1
HA-PATZ53 /5117, (R IX FEF AN 36 [FAE 7 fIPCR
37 T R EL KA A B ARG R ) R 3 =

2,12 ET & EANEpoly(A) Bl # A

H T poly(A)E 1] LL 5 poly (U)K oligo(dT) 7 51 4¥F
SbESE A, B AT BUR] A poly(U) R oligo(dT) /1 5, i i
504G R 11 E R RS A B R B 1
poly(A) & M AT MM A3 Ehr o 5. T
Tl 2T 40 5 1R T 0% B A R U A IR R R S AR 1)
poly(A) A FESO 5 b IRl b gt — 25 5 & 51 1
A, AT CLHF e M 4 5 5 ZHmRNA poly(A) B HIK:

O X S ARAE S poly(A) [ s A (3 3k
JHA AR E AR RS 28, —FPs SR mg 2 2 Toligo
(dT)RIEL IR EEBA B VEE. RNAE 28 5 =L poly
(dT)JF A4 & 1 e Bk BT b, IFCLER IR BER R
Ve, M2 B3R5 F poly(A) E A Kpoly(A) B P4 4H
300 5 — b B 2 U 38 3 poly (U) JE AT Al e it 45 31
PR A [ K FE poly(A) AL . W Ah IR £ T LUR &
H, SHUTK. 0B RNAREAE IS 5 71 47 2%
LEE SR, BT3RS &5 K poly(A) K4 e 14
%ﬁArjﬁaﬁ[m,ﬂ].

R B AT 4 S T B E T poly (A) FEAS Ml AR
% B3 B T4 22 76 H CPEBA § i poly(A) B JE i
FRAL AT, 57 poly(A) B A BEGLDA R % [ #4355 A
(%5 DL R EE A 2 poly(A) B K281k . Pabl4h
B 5 A%REAA o A 0 R DS R A BT S T T AR
WL SRR T TR, — 2 X poly(A))E H BE
AT KRS, TR HEN Epoly(A) B K K&
HBhABAk, 75—, ARG RS e s A D
() BT A R, T B A e 8 P AR R, TR 514
ANAE 8 i ZHL RSN ) 28 8 4 2 F 4 v 3 0 X
. Bk, BREEEITFEAFRpoly(A) K EHAR
FH T R AR R T PR R 5 B 3 50 N A HANE S,
REFEAHATCOHE .

2.2 BFTARIF I R poly(A) B AN B A

it £20% 4F ), FER A = PR R TR A R, — &R
%1 PAIllumina SBS(sequencing by synthesis) A/ A4
FRANGSPH R FE AR S 2y BB, LR 51 I
SESRfE Vil EE R IR TR, X BRI AERR
AR BRI AR e v R K
PEARA T 3 T HR, FRARNA-seq. X FARIE
REXHIE ) cDNA F BOH BOR#E T 2 e e HRNA K E
B, RS AT R A PR AR ST,

SR, BT F R ENumina - & M PR 5 =4
s R, IF B BERTIEIN 2O TR R 2T
G 5T, CAlllumina~F &5 AR 09K 2 2 AR
J7F 65 B AR HERR IS R 1) SRy e DA B 20 v K R SR i
JF AP0 R, poly(A)JR I JF A /ETumina V- & (1)
BT S AL P OE A SCEE I I B A A
M Bewl =3¢, 10, Smart-seq2 E A4 M > S ik #2
7 3 R A FH 4 2 3'UTR K9 Oligo(dT) 51 #1(5'-AAG-
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CAGTGGTATCAACGCAGAGTACT;,VN-3', HrheN”
FRA, T, CELG, “V"EIRA, CELG), i i AR 3 <N Al
VBRSO G| RS I € AL T 3'UTROR Ui, AT 7E
A CDNASLPE R 22 % 1 KB 7 Hpoly(A) B 41, it
CNEEIE S2L7/1E 7R 7 i

AT RETE AR FF & 6 e sk dpoly(A) Bt
TR, W5 E IF R T APAL-seq(poly(A)-tail length
profiling by sequencing)** FITAIL-seq™* AAE I T
“RPE R Apoly(A) BRI FARGRD). XH;
A Hrpoly(A) M e 77 3Bk H 1 AR 5 B0 ) ok 2
BEHURR P 76, PAL-seqfEr 1 445 ™ () 1llumina
GA  THN AT 7 A5 s B, E Tl Apoly(A)fr
B EAMES B BRI & LK dTTP A =
BRIdUTP S ¥, A A Hipoly(A) B I B AMEE R 5
A, SR H S ARG I B R SR MR I F
FE AR T 9 I B A W AR LT /U A B A B, B
poly(A) B K FERY. TATIL-seqMIA& LS T I A (Bt
VUL, A I R ORI S5 4 5 s SO, I
| F Tailseeker 5. R Ali 8 1% Apoly(A) & ¥ F1I A 1)
poly(A) K P XA A BT A F poly(A) & K
FEAG T I7 VR T AR 5 AR A 152 R 7 e vk iR
K FE R EEE, SEEL T X poly(A) K FE [ AH X 1
&, 2 J5{ETAIL-seqff 2l bt — AT H T
mTAIL-seq””, PAL-seq v21*", PAL-seq v3FIPAL-seq
VAFE AR,

155 55 % poly(A) B B F A 3R 7 T, KB
3T ZARMFT & Fpoly(A) BB AR T 5
T PCRHELUK AT M2 R SEAUI 5B . TAIL-seq /7 V2
K33k HRER M HEmE Y, PAL-seq USR] 1 3"
St B SRR EY. FE TAIL-seq ) J5 8: G ARCA
HFImTAIL-seq¥, RMEENIFHEERHAGCESE
poly(A)JE A 3 VG L () oligo(d T) ) & - & b 3% 5 S s B
TR 3k HEE D). PAL-seqgR IR CL 4
%7 lumina GA TIF &4, H R S w52 R
[A i, PAL-seqff o 4% A8 PAL-seq v21*!, PAL-seq v3F1
PAL-seq v4" A T A TAIL-seqf) SEms K 3E47
poly(A)EM €. PAL-seq v2:KF 5PAL-seqZ L3 ik
SRR TN MG IR AR, AR I 2 kAT
TGk, 8 RE A R IR AN AR B N UBR JE Hpoly(A)
R ZE LR b PAL-seq v3ilid £35Sk th iR N &
fiti(barcode) 7511, fdi95 K F 2 ASFEA (1 3 1% B % 4%
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AP, [FIN RS R LPCRY 1S, E#EM
JE R % 5 AF B FIcDNA T A1, MM 2 BRPCRY™ 1 45
e w22, AHIX P71 R BUE BREE NPT RE =&
AN T SR RS RSk 7 A1) (R R R R ), R
3 B BN 8 I 1 205 422 3k 5 o8 48 [ — A )
FEL A, IR R B & MEAS I A AT, 4931
T R S HIPAL-seq v4.

3k HLREE R R LA AE T AN ZRNA 350 7
FUFEHE, AT K & Fh K 3 5 81 i poly (A) 8 BA & T
poly(A)EEIRNA, 4T %Kk AIrRNA R 24T
rRNA Z: [ B & poly(A)” RNAMIEHE. oligo(dT)HI K &
JeREE T 7 Epoly(A) BT HINZ Y, WLHHE
rRNAR A, SR, [FIFE T 7 Epoly(A) 7412
5, Z AN T IR Topoly (A) B /7 HI IRNA BL &
poly(A) B K i E I IEARRIE M RNAFE A, B
mTAIL-seqfIPAL-seq v2-4%&J775i@ I A £ Fh Itk
BB R T A N USRI ipoly(A) 4142,

TEPAL-seqFITAIL-seq S HATA A Z 41, A —
BEIEF — AR 7T & B poly(A) A I A H B (1
SO TR ). PAT-seq(poly(A)-test RNA sequencing)
R FHASEAR R T B A iy 228 fF SR % 4 3K 52 B poly(A) B, 1%
i R F FH Klenow 5 A B 47 K ity 2E i 48 & adapteri%
PSR R S A A, TR R R, SR
F FH B0 AR B 5 BORE T 13 B oLy (A) 2 7 471,
S 1Epoly(A)K AL T 72 A KW 22,  TED-seq(tail-
end displaced sequencing)if i it SO A B
HBEATpoly(A) B K ) poly(A)-seq Al B EL#Z I %
TR AR B B BURE B B poly (A) B 7 411>, itk
4k, L T EnD-Seq(exonuclease degradation sequen-
cing)[44], 3'RACE-seq*, Nascent RNAend-Seq™”, circ-
TAIL-seq""%5— Z 51| FI T 46 %5 2 S A ml A S L e
SRR R BT HIN 77, X7 AR A I EE
poly(A)B. KIMESL [ iXEIT — AT 61
poly(A) BRI 771k, A& 7% R RNARKE LG
. poly(A)BHiZEANE . poly(A)E 7 Fil e il 15 15 A1
HH L R 088 43 b B2 5%

1K S T A 1 7 sk 4 Y L ) poly (A) R
FP AR R AR 2 T AT Fpoly(A) B EEf# 5
W H—ANEE R R @ TAIL-seq & L6 43
poly(A) R IR fA{EAEATRIE, BFEU, GRIC, HHU
165 1) - A AR5 i poly(A) B B, E—B 0t e 2 1,
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2025 F  HES55E He

F 1 FT AR FF 2 poly(A) A I A

Table 1 Technologies for measuring RNA poly(A) tails by next-generation sequencing

Rl ik RNARMGEGE oA POl e WHRANEE  BER
TAIL-Seq 50 pug 3k BLARIEE ARSI A 3y HE A% Bk ARXT R 5 e [30]
mTAIL-seq 1 g 33ty AR e Sk T A ARSI R iy U 2 AHXT 565 5 4k [23]
PAL-seq 1pg 33 FAR e Sk EN ol AN 5 5 i [24]
PAL-seq v2 25 ug 33 FA e Sk TR I AR S U AHXS 5 65 5 i 45 [41]
PAL-seq v3 500 ng 33 M e Sk T TR I AR S Uk AHXS 5 65 5 i 45 [42]
PAL-seq v4 500 ng 33 A e Sk T TR I AR S Uk = AHXS 565 5 i 45 [42]
TED-seq N.AY 3w Sk BB B AR ) DNAK Zk % [46]
PAT-seq 1pg RSty S e AR PR A I R AT R FRAER LS [54]
Poly(A)-seq 5.1 pg 3w Sk HL I B ARSI PR A I TR AR R FRAETR I 15 0 [45]
EnD-Seq 1.5 g 3w e Sk HL I B ARG AR AR AppEnD [44]
3'RACE-seq 2~3 ug 3k B YR IR 5 e A R A A A FrvHE RS 5 Y [43]
Nascent RNAend-Seq 600 ng Ik BN IR DIRE A B A P AR AR S BB AL S Y [50]
circTAIL-seq 5ug RNAML Ak RS e s A BUHEATREE  circTAIL-seq analyzer [59]

a) N.A AURRNAR IR S AR RR I SRR AR B S BIRNAKR 4 i)

UBRFE AT hric B A2 IRNA poly(A) R A i, A2
BEH PR R AR GARICHE I 3 25 B 2 A &
P, W EH4EFFmRNA K poly(A) & 342 = A S mRNA ]
FasE PEPY. 3 Hpoly(A) R K FIURR R & BB L
FEE I TORS F) AR A b R B B R Bh A28 4B,
SR GYREGH B 00 LRI, AE BT FE P mRNA
poly(A) & K A5 4k 5 R B AR AR LRI =
FIIEAR S, R Bpoly(A) R 5 17X BRI RF4H i B9 1% 2
r S (R A A7) AR B e R Y TUES (1
ARG s 8 2] T R poly (A) B K JE S5 1%
R EERBEM ISP sR1T, LM LR 4n i,
poly(A) R HIK B 5 HI 3 R T AR SR04 2
Hpoly(A)FE K T-20 nthf, HFEEFEZER Spoly(A)BK
FERA BRI EMIR R, PLEBEY, poly(A)
B K BT mRNABH & 10 15 & FE 1040 i 28 AL 4
Sk

RIRSRE, FE T AR T & ipoly(A) B AL I
AR KR T A5 Fpoly(A) BB 5 % A
P BRI AR 51 6 TC 2 ) 24 [R) SR A0 1) )
HRERRA M, ik, K M55 7 i
FAR X poly(A) RS I HE i P # 8L {K.  TAIL-seq il
PAL-seq /% HATA HARA A A B AER P poly (A) K
W72 BE 77, HA 1T 75 B P #2304 7 e i, Toik s
TP AR 2% R R AR, DR, R /D s as = R JT R X 2

BOR, BORH RS T H R, RAEFFEADBRIG, 2T
AR T & Hpoly(A) R A il 45 AR FE AR AR A IR
AR AR YT I A 7).

2.3 BT =RESFIFEpoly(A) B IIE A

PLPacBio .7 - 5L (single-molecule real-time,
SMRT)#ll /57 FIONTZ K FL(Nanopore) | 7 HARZR 1 =
AR T FFH AR P, Aypoly(A) AT MIFR L T
BN BT, ARSI R AT R R
MH AR B LR — R+ SMRTJE H [JPacBio™F £ (£2);
CRIET IR > T8 UKL R AR L IONT
FE(#2). 5 AU G ML, PacBioMIONTF & 1£
WE KR SRV e B I Be b IS Aty PR RE R I, AR
Xof (5] SR e 51 PR Bt B2 AT 2 AIC T8 P 4. Pac-
Bio*F- & IIHIFitE 20l I B DNA 7> T30k, ST 55
T2 RPEAMT, FA B E N T — B
%ll(circular consensus sequence, CCS)SZILXT HL.5>F ¥
FIRIAERIIE. B, =5 E KR, g —
ORI TE e AR ) e B 51, BT & B SRR
T REEEHEE, B0, SYFLEP-seq(full-length elongating
and polyadenylated RNA sequencing)fIFLEP-seq2 5
L S Y0 B AEPacBio HiFiIFIONTF & L HEAT M5 73
B, RIS FAT BT I — S ik, =R
G2 B ATBCON AR B poly(A) R E 7 6.
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F2 BT =ARES TN Fipoly(A) RENEAR

Table 2 Technologies for measuring RNA poly(A) tails by third-generation single-molecule sequencing

RNA (K Poly(A))2

Poly(A) 751

RS 75 32 e Jrehgscs ) WA-F& SR
FLAM-seq 500 ng G/IAE M ARSI A AR AR T PacBio HiFi [33]
FLEP-seq 3pg 3w ek H BB Ak 0 PAY SR A 3 A A TR ONTH{PacBio HiFi [47]
FLEP-seq2 500 ng 3 Sk B AR ALK P AR R v AR AR A ONTHPacBio HiFi [35]
PAlso-seq 0.5ng R Sty A ARSI P AR AR Ak PacBio HiFi [25,55,56]
PAIso-seq2 100 ng 3 SkE R ARSI Py RN A S AR AR KR PacBio HiFi [48]
PAPA-seq 100 ng G/THE{d AT P AR AR PacBio HiFi [58]
SM-PAT-seq 4pg 3R Sk T ARSI P AR AR PacBio HiFi [49]
Nano3P-seq 500 ng AR 450 AR P R A i A TR AR ONT [34]
Direct RNA sequencing 100 ng 375ty JEMR Sk LAPRE ONT [60~63]

2.3.1 % FPacBio HiFiT & Hpoly(A) B | A

PacBio B AR A #7301 SKi I, H5 #.1 DNAZK
HlE T B EAARMAL Y, FFIEEYOEPRICEDNAR L
B ST P A 00— AT R A NS, d L L R 7 o
FARFEFLAM-seq(full-length mRNA  sequencing)™*' A/l
PAIso-seq(poly(A) inclusive RNA isoform sequen-
cing) 3% i J§ X4 FLEP-seq(full-length elongating
and polyadenylated RNA sequencing)*’, FLEP-seq2""),
PAIso-seq2 ™ 7kl F & oK. fEPacBio HiFit-&
@ Tpoly(A)BATIIE, A B HR HFRE 1 PacBiof,
FEPUNEE, SRIGEEpoly(A) P, LA
BT poly(A)  FIBHE 12 R AR

PATso-seqK F oK Iy 4E i S Al 3K 25 A poly(A) B
L SEAR, DL oligo(dT) A3k 7 51 1 51 4 N AR
6 F1Epoly(A) R HIA S I _E— BeHSk 41, 25 B oA o
SEARRERS, RIS P A AT S s . AR B it
HIPCRYH, IG5 78 % poly(A) B 7 41l K %
4 5z 253500 ([&]2B). FLAM-seq Il 56 F oligo(dT) 4 Bk
ffifkpoly(A)" RNA, FFLAG/ISEf 5 47t 3K 58 #poly
(A, AT s B EHRMPCRY 1Y, £k
S K ERN(E2C). PATso-seq ) FH 2 oligo(dT) ) 5
o AR S SE AR AR LA 3R 5 poly (A) R AU SR AR, it
% T poly(A)" RNAREFA w4 B2 B 2, [F]I
P TR A REEE, H b T I OR S SRR ) 25
SR EAWUNIRENLYE, TR — E MR S
FR A i 4 e i 7 Hh A2 R poly (A) R 3 i BE LI /b &
ABE, PAAERER . FLAM-seq % FH (1 G/1ZEH SR I8 TG i
X 5B ARG A poly(A) R, BT AFLAM-seq /i %K

1142

F1 T oligo(dT) i ER AT poly(A) #aF A E 4, % E&Eid
A HL S A ) T4 3R AT 5 Kepoly(A) R I e A, 33
fEpoly(A) B K ERM FAAE—E M ZE. ZRT&A
(1) S AN 58 B poly(A) B il 3K g, FLAM-seq 5 PAI-
so-seq P Pl 7 V238 T 78 poly (A) e A v (1) AE ABR 2,
HAS 2= 3R R B2 38 0 B oA o 8 1 o A I B Sk
2'_([25,33,55,66].

PAIso-seq2, FLEP-seqMIFLEP-seq2% 3 4%k
B G RS TR AT e AR 3 i e Sk, FHIKAE
BT SO . AR E B MPCRY 1Y, M
56 B poly(A) BT BIAE I [ 4 K e 4 S 47480
(E2A). 3'windk BLHEOER RGO T RNA 350 (11751
PR TEE,  RBIE TG (i 22 HO Y %5 Fh 2R AL RNA
A, e H R B Hpoly(A)E, B poly(A)RREH
JEABREE. (HR3 Sk BRI, S8
J7VER REUE I T PAIso-seq™. ATl T3 54k B
PRSI T RNA 355 R FP 51 AH O A 1 £k, 2
HEL P i B I rRNATE S I A% A A RE T B e 3, ALk
PAlso-seq2 5 FLEP-seq K FH T AN[A () 7 AT IRNA
B DABF(RrRNA S, MIMBFREA. PAlso-seq2fE JL5E
PCRY™ 44 )5, FI F4F 57 #E 17 % A rRNA ) sgRN AE i
CRISPR/Cas9F# fi#rRNA J i 5 A2 i ) cDNA, 285 Fi
ARLEFEATPCRIT EHLINFY, B U 45 A rRNA KR
{1 s A8 FLEP-seq Ul F| FI RiboMinus 5k # ribo-
POOLJE MRNAFEA H L FRrRNA, 44 5 T 32473 i 42
SLEEEREY. G, PAIso-seq2 X fEPacBio HiFil:
BHATIE, SREUEE 58 % poly(A) /74 I K i 5
15 B FLEP-seq 5 FLEP-seq2 [f) 3 4 & I 7



hERE: AaRE 202544 55 FHeM

ONTAHIPacBio HiFi*F-&IlF>Y BT H i,
HEM PAIso-seq2 5 FLEP-seqfIFLEP-seq2 f{]PacBio HiFi
I P AE poly (A) R K F5E I B A0 A SR A I 5 T ) R
PEREAH .

LEAh, I H B T PAPA-seq(poly(A)-PacBio sequen-
cing) FISM-PAT-seq % 77 ¥ (B 1 35 (4 BT - 47 ) .
PAPA-seqfE J5 B 5 523 5 FLAM-seq BEAHAL, T
AR TN BAS PR AR T Hpoly(A) B K E 7S
AL SM-PAT-seqfEpoly(A) & 4 [ 3Ll b % FH &
1 oligo(dT) 13 J& HR 422 Sk 7 12 5 W il 3Kk 75 A7 56 ¢
poly(A) R A, SRJG EPacBio HiFiT-& Lidk7
JE, ARSI SIZEL T A s A poly(A) B K FrAG T,

X EL T PacBio T & [fIpoly(A) FEAS AR K s
HEBN T poly(A)R MRS HEMEAT. b o5 5 B R A2
poly(A)JE N #) IZ A EIEAFRSEP P45 G mRNA
poly(A)BHRBLLLK, WFFi# 1 — EH L Apoly(A) R &
t—H A ATR L R, B BRI TAIL-seqis AR & B
poly(A)E I A I A7 1E AEAFRFEDY, SR 13 T A 5
fIpoly(A) Rl 7 H AR To i A Bk Mpoly (A) & P B I
BRILH K. T PacBio HiFiffpoly(A)E 7 APAI-
so-seq, PAIso-seq2 FIFLAM-seq%53& FPacBio HiFif /5
ERIAEpoly(A)RI N ML Z K IEATK
FBBS U, CMGHBHEAR—FERI D ATRHE, BEERE
AT RIS, A BB, IncRNAT
poly(A) R F A JEARRIEY. LR AAKF 51,
poly(A) B Redmhd (5 EA IR, XA, SRmIEATR
EBNMHE. E. A4 Epoly(A) R MK EE N
A e KIS Btz 8], W] e AREE Z I RNAR M
B E, BATKE L N “poly(A) BN F IR
WAL B, VTSR,

T PacBio HiFi*t-& poly(A) Rkl B AR BE %
MWE L E 5 Epoly(A) B &K A, HERE
poly(A)EBRIKEE, H AN R poly(A)E N AT
JEARRIELE — R F ST TCIER I EI I poly(A) R 5 5114
TE S HENZS, ORHAARE T AATXS T-poly(A) BHIIAIR.
Brpoly(A)RAb, A K EESA NS BT [F i - n] A2 BY
¥ 5702800 (alternative  polyadenylation, APA)Z#T
. GEATEZRNADHTHAR, XA ULH TG0
R4S RNARIpoly(A) BT, 4B meABHIRNAFK]
poly(A)E T, DL R AS[A] 41 ffg 4 43 1 AT RN A
poly(A) BT X LR H A I i 3 Z Bk

i SCPER SRR I S T B AR BB
FREER, CEMEDFE 2K ADNAY I
PCRi& w22, 5 rh PacBio - 4 4 i 1 . 25 cDNA
T i A 209,961,

232 F FTONTF & #poly(A) A M # A

YR T GRFLIN, 2 5] R fLIE I HE
TEVEREN, ONTHAR LI B B T X e (5 5
FRNTHEAT AR IS, 2 G 1 TR R E e
T HAE AL I PCRY 1Y, FIH] FE R IR B AR AL R 43
LA 35 51 55 M I8 I 9K AL, BEREREEA S
% 5y 1 7 51 S g e Ab e 15 B HBE 5 4
RIS I R B 2 2] B LS 5 AR U
& 7 B A AL FAE 1555

Hil, 2T ONTY & w5 72 #poly(A) B A
L HEFLEP-seq*”, FLEP-seq2™, Nano3P-seq(Nanopore
3 prime end-capture sequencing)**FIDRS(direct RNA
sequencing)!®”%. Hr1, FLEP-seq, FLEP-seq2All
Nano3P-seq) X cDNAZEAT I /7, MiDRSI & £l /7 Ji
IERNABE A, — R, X sk AARNABEAT A
A BT S AR A AR IR U BEAT 4T IRANHIHZ
P, X cDNAD T U AT 38 i PCRY™ 14 3845 5 4 1A DU
R,

FLEP-seqfIFLEP-seq2 1l J3* 3C P #4 £ L 7E 1T 5C
#:FPacBio HiFit-& /e, EHAHES.
Nano3P-seq | [ 28 N 5 T4 ) J % s g, Jdat —
TR SR AR RSN 5 46 SR 1HE AT 572 B poly(A) B3R, 1%
S5 S il I B SO S B A — AR 5 RNATC X
FURTHEAT S s, 12070t 1 — TR IR SR AL AR
Sk, A3 RGN —DN"(A, T, CEG)IRIER !,
NFEE AT S RNA )53 AR AL VLG, #ah S s, ff
LR A T 1) 7 A AL B #e B H IIRNA F, R
BN E e S o, WG PR AR IRRNARE, JR7ERkAb
B K H AN SR BR IF R 7 8k T ONTl

6 B poly(A) R I A KA S A ) cDNAPY. 177 1

FIFHNARIL VT BCRNA I 853 R wi B e, PR X RNA
3ORIFPAITCIE RN, AIRIT AR RA, X —H5
PAIso-seq2, FLEP-seqf1FLEP-seq2 I REAML, - H.
AR AT BN HERR LI E poly(A) B I K . poly(A)E
oA S R0 P ARl AR Y, R L T P T R S A
T3 T PacBio*F- & FIAG .
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DRSS A3 J& i 432 Sk i B2 M@ i Hpoly(A) B K
Uity H AR oligo(dT) Je b 2 Sk i He i SR e AR, B Jm i3t
1T IR S &0y #25k, & G fEONTF & ¥
cDNA/RNAZAZ 7> HIRNASE, RERNAD 17 it
Y AL (0 LS SRR, A TR S 0L i 3R e
WE T H IR IR3 K i N AR ABR FE B TE poly(A) & 1)
SRR, RADRSINT S S8R H & T 581N
poly(A) &7 7@ 9K LI Fa A5 S 5, SRR ER
ONTHH I 13 BUFE 7 T 45 1E Wi it i poly (A) & 1 K i 1,
HEEHSL H I, £ 4ONTF & Hpoly(A) AR, 7%
Wit T HEEE. Ak, XTRNAZ T 5cDNAZ 1
ONTI FFHHE, 75 B B A F 15 5 b 00,

MONTJ5E 46 HiAE 5 Z s 1 32 i poly(A) B A5 BB,
B Sk R B TSk etk poly(A)
VA S AR FARE X B, AR SRR RIS 5 5dE
TE 5% AL, BE G XT poly(A) X I i [X BN FH &
FTE LR HTpoly(A)BIIEE. HATCAZH LAWHE
$2 MONT 4 33 A - 54 24 $2 i poly(A) A5 5.

Nanopolish-poly A& B & 32 S )
poly(A) KA 530N, 12 T 5 F B o /R ] R A7t
(HMM) I 73 B A5 5 2008 A R X B, S8 5 MR 4 T DL
KT 1 DX BT . 1) FRLAE 5 R SR B KA 5 AH R AZ TR 57
TR YKL, 45 Gpoly(A)BAE 5 HIFFELT [A],
BRI AR S 5 A i poly(A) B K. 1% 5V EEDRSEE L
A USRI RCR, B AEcDNA D 5 H0dfE v R f5 fn
HERA P AR, 205 I gl Th B & 22 1% Wiporeplex
(IDRSZr A THE A, T ##T SARS-CoV-2 1% 5%
HHpoly(A) R

TailfindR 5% M 3E ik FL A 5 AN IR X B 2 18] 1) DR
UE(E 5 R R (raw  signal  slope) KKl 435 5 HIA A
X %% i 538 it 5 Nanopolish-poly A S L F)
poly(A)F BT GPK ALK, B AH B SR AR i ik 4
KAL) 2 1 5 3Ok Al Hopoly(A) B . 1% T
HXRNA 5 cDNARIN Y ##5355& H, HEcDNAZHE
G HIT HR A7 o A o 1 3102901,

T FLEP-seq 5 FLEP-seq2 fEONT - & il & 1) &
P EICDNAR S, OF TAEMBRE, ML T
PolyAcalleriX —poly(A) B #5450 THY Z T A
2 5 RS 15 B ROV 0 e m e U 1, AT SR
FIR 2 15 B B eV AT ipoly (A) B 15 5 X B, FEXT
HilATpoly(A) B KEALHE, Z T HAEcDNA T Hf
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F I poly(A) R 4 7 1 A T TailfindRP>*7. Nano3P-
seq[FIFE [ % cODNAJ 7 4, %) TailfindR TR AT T
Bt tEis Y, 9F H EFFR T PolyTailor™. (H51: &
ff)72, Nano3P-seqff] FIR PR 77 A BEAl Hpoly(A)
B, ErLLBlpoly(A) R P #5H 3E AR 3L i
%[34,85].

HHAFIDRS poly(A)J& 5 # T R ¥ Jo kil g H
HIAEARR RS, U1k % ) Ninetails T B U EERS 13X J7 T
fl2s (119, 1% T A £ Nanopolish-poly A %% T H.H 5 (1]
poly(A)EFFIXT . HIE 5 X B b, 5] NGBFIME
M£%(CNN), *poly(A)BAHN X B 1S 5 3T T IR
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Most eukaryotic mRNAs undergo non-templated polyadenylation at their 3’ termini, generating poly(A) tails composed of adenosine
residues. These tails not only facilitate mRNA export from the nucleus to the cytoplasm and enhance translation, but their length and
base composition also tightly regulate mRNA stability. However, the homopolymeric nature of poly(A) tails has long hindered
accurate sequence determination, limiting functional and regulatory investigations. In recent years, rapid advances in high-throughput
sequencing have driven major progress in diverse poly(A) tail detection technologies, advancing our understanding of tail
composition and regulation. This review systematically summarizes current developments in poly(A) tail analysis, including
traditional molecular biology assays, next-generation sequencing-based methods, and third-generation single-molecule sequencing-
based methods. We outline the underlying principles, sample preparation and capture strategies of each technique, and compare their
performance and limitations in tail-length measurement, non-A residue detection, and sensitivity. The development of poly(A) tail
detection technologies has not only revealed the role of tail length in post-transcriptional regulation but also established a robust
technical foundation for exploring the epigenetic regulatory information encoded within non-templated poly(A) tail sequences.

poly(A) tail, translation, RNA stability, poly(A) tail non-A residues, poly(A) tail epigenetic regulation, RNA epigenetics
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