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Abstract

The role of alternative polyadenylation (APA) as a post-transcriptional regulatory mechanism in
the regulation of gene expression has received increasing attention. Many recent studies have found
that APA plays an important role in tumor development and drug resistance mechanisms. This
paper mainly summarizes the functional role of APA in gene expression regulation and diseases
such as cancer and new APA-related research methods and databases.
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1. &t

EEZAEYAIRZ T, FI/K mRNA (Precursor-mRNA, pre-mRNA) & )5, 77 k47 5" Al 3%
1B LA R X pre-mRNA #EATBHE, A e BN mRNA, #ikis2kepitk, R SEARME. &2
RIS, g X PR 580 3P FIA B, DR AR 9 E#H % [X (Untranslated Region, UTR). fEIXH:
i, S'UTR MR 21T mRNA BRI EZAL A SZHXT A, 3'UTR 7R3 5 G 6 R RIA
RIEESFEN, OB EARRT mRNA ffaE M. SIPEFE 40 E Ao 1].

4 mRNA HAA7F 3'UTR H (1) poly(A)Z & (Polyadenylation Sites, PASs)JF, 43/ 2448 % B AR F R
{k(Alternative Polyadenylation, APA). APA 2 Fii/ ¥z 1) 3'UTR fl LHffz —, HE5 58 S8 3'UTR
fgasa. FHIRBTFTRET, 3'UTR FI4E 5 0 E TP w272 (2] [3].

APA FIN HAEH i, KZH 70%NZRIEH 1) 3UTR FAE7E APA, T4 S0%MIZEER NI &H 3 ek
2 1) PASs. PAS MBS — oA, FE AT E4] [5]. XFHLEITE AL E P T2 &
FEARSFE, A BUAE L s ARSI, IEZ) T0%HIBERESE DR b LT3 R AR AT A ] 28 BY 432 (Alternative
Splicing, AS). XiEH T HAEGL R EZNE[6]. (HSTFEERZ, APA 7E9E4AYS RNA (Non-coding RNA,
ncRNA) A {1987 FH A 248308 7] —T% /N B4 25 IR AL (AT 78 KB, £ 79% 010 mRNA F& KA 66% 1K 5 3E
%mit RNA (Long Non-coding RNA, IncRNA)JE [K] H 28 /D 77 7F —Fh B L) APA TEHY[8].

2. APA 733

LA SCHR 205 S 1 A8 & Flvin 2B AR N AN [RI R AL PAS HEAT 702K, HAEIX R, FATHEATR
#43°N 3'UTR-APA 1 L ji# X 4-APA (Upstream Regions APA, UR-APA). 24 PAS K47 T 3'UTR i,
BiFRJ)y 3'UTR-APA, T4 [ 3'UTR MHKSE, HLREF 7R Wi — Bt . 3'UTR-APA AR KA i
0 mRNA FIZAN D70, B E . BIEsRE. KME T eEERRERA R EZEEER . 55—
%5 APA RAFERG — MR I BN, AR UR-APA, Hiik—5 2048 1 i & 1 R i AT AEPE[7] [9]
[10]. UR-APA fEAFEFEEE EEMWIE A=Y, ©EFE=ATWE: Kb APA. W& T APA. A
HMEF APA. IXEE APA P RITEANM I FE b dy i BRI, RSN T AR I 2 RV AT R SR A (1 1
EE[11]12].

3. APA EF

pre-mRNA 3% I T G4 B YN PR 2 s . SR A7 R 58 It B B A0 7 7 R (Cleavage and Polyade-
nylation Specificity Factor, CPSF)Z1L % 71 £ CPSF1 (X#% CPSF160). CPSF2 (X #% CPSF100). CPSF3 (X
B CPSF73). CPSF4 (3 ¥k CPSF30). FIP1 (¥ FIP1L1)A1 WDR33. HF5t %], CPSF1 £ pre-mRNA 3'
I R R I B EEMIERH . EIREGIF R, CPSF2 #i R ILEA 4 PASs I/ SR &I HIRE
[13]. fEN—F pre-mRNA 3% i TN JIlE, CPSF3 25 T H AR JIAR 21k, 45 RNA RAE[14] [15].
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FIP1 @145 2% SRR SR A W AR FLAE F R 15 PAS. WDR33 & 3 ik F b i & 4l 2 —, &
155 AAUAAA IS5E 9 EZMAE[16] [17].

I E | #35 F(Cleavage Stimulation Factor, CSTF)Hi CSTF1. CSTF2 A CSTF3 ZHjk. CSTF A A5
CPSF %f PAS HIIHIRE /7. Yang 25 AT KB CSTF1 76 DNA 35475 5 o 3t R v £ e (0 5 25 3 3R 1 K 4
THEBE/EM[18] [19]. CSTF2 nfLAE#:5 RNA AHEAEM . HA —4> CSTF2t BIXI &Y, Wi IRl —
LR LA, RRPIH LT APA B AK[20] [21]. CSTF3 tJ2 APA RIHLE Rt — S
43[22]. mRNA 3% (N0 TACEE—f# E 2l CSTF1. CSTF2 F1 CSTF3 #15%[22] [23].

Y)#| K F 1 (Cleavage Factor I, CFDAIYJEIAF 11 (Cleavage Factor II, CFII);& APA HJIAEHEF, a2
Ut L ZN AL TP 0 A [10] [24]. 7E 3'UTR KRGS h, CFIBRH T EEMER . Afhk
Ui, CFI A LR 5 R i 45 7 P 1z iy PAS 456, MIMIHTHE s PAS 1% . Riegsegger 5N
(KI0F 222 W] CFI 7] LLANAE CPSF 5 PAS {E I HFasE ME[25]. BE4h, 76 HEK293 40, CFI (JuJL /& CFIm25
FI CFIm68) It 52k £ PHUM A LU 3 PAS M ZIAN[26] [27]. CFIL A 33 AL BEHLA A5t
/D84y . CFIT 1 CLP1 Al PCF11 41k, CFII 5 RNA [{SEM ) £ PCF11 80, 1fi CFII IZAE
ME T CLP1 [28] [29]-

4. APA HXEAR

4.1. PolyalD

SR PASs K170 N 5 R A E R G5 A AT SR RIS AL . B0, AR A 2 IR R AL T e S BOL R
HepZOLIFE SR R AR . N IR T BB IE KA PASs UALHIBLE], BEFCEITR 7 IRENL
xS, DL PR A KT 0 e U e R A I AE PAS, IRt RUEAE R AE ST
SR EEFTAE FH IR 00 o AR AL s I & 17 B AR e Ve R 1) EE LA DL CEATIAE PAS TR RGN BY ) 53 o 4 )
MEAEH[30].

4.2. stAPAminer

77 [A] %% 5% 2H % (Spatial Transcriptomics, ST)F2 AR AR 3% 5 2H SO0 23 A 8 542t T HL2s . stAPAminer
I CHAR LI ST #idfi h 424 APA (7. A ST Fdli b gt &4k 17 APA frsi. M, Wit
—NEET KL ARSE R RS AR IS APA 55, SRIEHHE | BA APA i AR 7 3 (A A U APA JE[A]
stAPAminer 7] ST (52 KTIRE, LU IE 73 B R IR R 0] APA B B 2 T HAARE
https:/github.com/BMILAB/stAPAminer 1 https://ngdc.cncb.ac.cn/biocode/tools/BT007320 F3RHX[31].

4.3. REPAC

REPAC 72— M\ RNA il FF(RNA Sequencing, RNA-seq) ¥4 73 T APA [IHESLL .REPAC F| HI73: B PASs
L3 50 bp B D HIRIE B THE, A A CERMERABA, DIYEEAFE S T R A1 PASs R %=
F[32].

4.4. ImmAPA

B FE IS APA HAF(Immune-related APA Event, InmAPA)IF/> 18, iXJ&—Fhég &5k, TR
APA FHAELE IR o 2 A OCIE B R S E A . 7 ImmAPAs 71, HEZ 25— COL1A1 3'UTR i 575
AL TR G e e B DDA DG . AN, IS 2 2] T v A A ) S A A 5 P 57 (Immune  Checkpoint
Blockade, ICB)AH ¢ ImmAPA PF- 73 A58 AT 2 Fitill S0 28 97 45 1997 24331
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4.5. APARENT2

BRZEINZ I 2845 APARENT? REHE HERf A DNA FF#IHENT 35 8T U012 BARTF IR 1k . %A AL
F| APA WM, & T PASs Bm n] 48] APA [34],

4.6. DeeReCT-APA

APA VR E TS A T E (Deep Regulatory Code and Tools for Alternative Polyadenylation, Dee-
ReCT-APA)H T 72 & T 25 7E B 5 R BT A B 48 PAS B FE DL A 1@ REAS [R1 B: 5 o] R B A A [ B i 1)
PAS, DeeReCT-APA & [l @48}y B A B mT A8 ()[Rl 4T 45 o ST BRI M 4% ~ K JE 1212 (Convolutional
Neural Network-long Short-term Memory, CNN-LSTM)%244), DeeReCT-APA F|H CNN ZEHEHUT FIRHIE, fi
FXA] LSTM MU SE 5 PAS Z B A ELAE R, JF4 AR IL K AT PAS 158 FHZAKCF I E 23 e 4 3.
AL FNE 4 AT 7E https:/github.com/Izx325/DeeReCT-APA-repo F3KHX[35].

4.7. QuantifyPoly (A)

TS % U 58 25 75 1 (QuantifyPoly (A))FT PAVEAf &4k 4 3 R 40 1) 22 IR BR AL 3 - 72 C R R I sl Al
T 3 i 7 HHE 48 R QuantifyPoly (A), BT 2 i BR AL 5k 6 98 9 TR 0K 1Y) PAS B IX 285
R PAS R ZAEAE ) AYIREA o 38 i Bh A RSO0, B S a0 F R 1 i 45 6 67 )5ORE 5T
XL PAS B LIRS E S RIRTEFERILIS 5 UGUA. UAAA A/ AAUAAA, HI7N5YFFE %, PAS
e HA YRR I, YRR BMEE S T30 . QuantifyPoly (A)) Vi I TAEAT SR AY 1 3 3l /7
BRI, AT AERR AR R R T Bh A 1 2 IR R AL B [36] .

4.8. Aptardi

Aptardi (M\ RNA-Seq #E £l DNA 54115 BT APA HEH40 70 ¥ fEHL 28 2% 2175 2 R ] DNA /41
1 RNA W7 MR A ) PAS. Aptardi Kf DNA #Z BT 4. F R A0 551 RNA-Seq s FwIa6 i s 41
VERFNETEG . FEF XX Le G AT VRS, DA e AR IRE AR R RIA M) PAS, FFAHRIH R AL 5%
AN 3K 5> . Aptardi LAY (1P G I B bR AR S 2R T RE P Wi f5 - Aptardi R8I A Rl 26 (VL
I 2 ) FLSE PAS HIELED IR & T =5 LA E[37].
4.9. MAAPER

SRR (1) RNA-seq 7715, JUH R T YUl A 0Tk, &= B80T PAS FIERE, oML

P A EE. T MAAPER F FHIT A7 A 52803047 APA 73081 . MAAPER Filjll PAS F v F A R B85 #RIR =
FERELLER K SE it 27 7 R AN FI 2R ALK APA FE[38].

4.10. SCAPTURE

SCAPTURE W] BAMZE T 325 (1) 141 i RNA Il /7 (Single-cell RNA Sequencing, scRNA-seq) F11551 «
PEAL AN S AL RUAAT SR PAS. SCAPTURE DA ey 7R 50 AR R M 72 B 20 g b A S A I PASs, AT AEAS W
FILART AR PASs EAL I B AR PAS s AR 58 3% 1 Jk K 3R B Z A4 M S 43 73 47, 5 1 M scRNA-seq
e R R IS 239

4.11. scDaPars

scRNA-seq 1] APA 27543 #T(Dynamic Analysis of APA from Single-cell RNA-seq, scDaPars) A i f 3'
AR B A scRNA-seq 4hs 76 520 i A B IE [X] 23 9% 22 T RS AL APA iAo 78 B S AIRSLEE 10 46
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WESS LW, scDaPars RS DA 540 i Al 7 1) mRNA & B0 S BN BE APA b £ T
AEAN NSRRI RJZ 73 L EES , scDaPars MY 7R 1400 ek APA (1%, GG 1 EME G E
B T — ARTE IR R B AR LA (407

5. APA X BUIREE

5.1. ipaQTL-atlas

ipaQTL-atlas (http:/bioinfo.szbl.ac.cn/ipaQTL) & — N & F Z IR EH R LI ZRA 1/ Wk . ipaQTL-atlas
FFXF GTEx #7838 A AMA1) 15,170 4 RNA-seq 117047, (.54 98 Ji M5 & T APA H4F
FHIEH SNPs. ipaQTL-atlas $&ft 1 V5 in] 4 & 1 2 I E AL E B —ub =T, aTilcoRHiHER) APA AHGHR
T Ty I EE R () I B [41]

5.2. scAPAdb

scAPAdb (http:/www.bmibig.cn/scAPAdb)#R M | —/ M4 ). AN T4 .40 i /K F- PAS. APA &
PR poly (AYE 5 EWE. HAET, HUE TR AT 360 1~ scRNA-seq SLH [T APA 155, i 6 MFf,
BFENFE ANBRAF AR LMED IR BEAE, ZEEE ISR R E T, R DU I R R AL AR
PR D e 55 &P OC s T AR B JE [42]

5.3. scAPAatlas

scAPAatlas (http://www.bioailab.com:3838/scAPAatlas) H TR R A R T H APA, FHRRBEAERIAE
YIEEDhRE . BT\ 24 S NZRZA SN 25 AN ROIEH 22U 3R LT scRNA-seq #i4fE, W0 AR RG] 1
ANFIHI SRR AT i A e APA S, T T APA SRR IAK T Z (A AR . [FIR A5 5 17 4k
BURE 1% APA HF5 microRNA B RNA 45485 1 (RNA Binding Protein, RBP)2 [f] FAH HAF F[43].

5.4. 3'aQTL-atlas

3'aQTL-atlas (3'UTR APA Quantitative Trait Loci, 3'aQTLs)$2ft T — 1341 1 51 2
(https://wlcb.oit.uci.edu/3aQTLatlas), HA &4 149 HA5 HinZERE APA MHAHNHBEZFRZ S
(Single-Nucleotide Polymorphisms, SNPs), X% SNPs #&%: T GTEx ¥4 1) 15,201 > RNA-seq FEA .
TR HEFEFE N /SNP FEAL 411 3'aQTL 8 . 3'aQTL JE[K 203 Y88 . 3'aQTL J HE P& AN 4= 3k K 21 S IR 7
(Genome-wide association studies, GWAS)-3'aQTL Jt &L FH - al M4k . 3'aQTL-atlas & 75K APA His N—
Rl TR A, DURREKEE S GWAS XS SNPs, MIfixT APA 8% LA LA AR MR AR h 5
APA I 5y B Jk DR BB WA [44]

6. APA 5phiE

NRE AR S 3E R H 2] 70%01 miRNA $EFRFIZ) 1% R E R/ R R & 4 X 3847 T 3'UTR H1[45].
TEXTEAAR APA SO RS IAE T, KIMIEFEA SRSk APA LLILE R IER AR, JHma R+
1) APA EUHORIREA 4R R 532 [46]. 3'UTR 46553 miRNA 455 07 S sl fl— 28 mRNA AN
SE TCPFIRIE 2 o 76 TE H A0, T 6 DRI 70 2 1 T 4 A [X f FH Z8 oty PAS, % 5% AT FH miRNA F1/5 RBPs
WHE[47]. P& APA FAFRIRA, — HAMEFETS PAS AR 3'UTR, A 7T BEVHFR miRNA F1/
5 RBP fI45& 175, S5 mRNA %52 IE W61 615 S A8 48]

HATCAAVFZ KT APA AT EAE R R #EAE A 7. einii, Chen 55 AHIHFFT R I
PABPNI1 4% mRNA (] APA | et it fE[49]: Xiong &5 A\ FIHF 7T &K I PABPN1 i id 4014 SGPL1 1
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CREG] 1] APA {2335 3% W 21 a5 40 a8 (1933 FE[50]: Tan 55 A IR 78 & 3 NUDT21 #5515 5 ) MORC2APA
e 7 KIRC FEhE IR AE[51]. BRILZ AL, IEAHEFERIL APA 75 B e A i 245 L) 77 1 2 5 K
BERIVEH 7E B 41 AH 20 A St vk EL 4H Y (1 ILP (B cell progenitor acute lymphoblastic leukemia, B-ALL)H,
NUDT21 ifiid APA [ CD19 7K, B#{K B-ALL Xk & Hu)i 246 T 4Hiff1y7 % (Chimeric Antigen Receptor
T-Cell Immunotherapy, CAR-T)FIUSUREF P T 41 iEms & 712 blinatumomab (817 K [ HE & [ CD19) 15U
. FERtES, PD-L1 (B4R PD-L1-vIntd A G828 MEXT BT PD-L1 J7 v 7= AR i 250 10 i IR 2 — (521
AL XY B4 B 46 7T (Neoadjuvant Chemotherapy, NAC) AT 2514 & B — #5124 p62 mRNA FHJIRIKE ],
EREFEN miRNA /-SR], FF 38 p62 HARIEHIN[53].

7. BE

Bt ol ST RO R, BHE N RTFIEXT APA HITATE 720, APA HIThEE L& APA TE 8 i)
VEFA T BN . BOREZ IEE R, APA S EERRIE I —ANH Az, IF BB 7
V2T TR FEROT A, H BRI T EAER oA APA FAF . Hrh K2 HUE MR RNA-seq
HahHERT PAS BIEAIEE o J3oh— Lo R 2 ST RS TIE AN R AE W26 A T BB APA 4
B2, KT ARWA BRI B 2R R4 APA K, Jf HAEXT APA {25 R RE M T g
FEVE AR A5 Tt B 1 S AR o VF S AOW (AR E) R B AR B A R, R R AT T2 0 APA, APA
FFIEAE SO RIS AR R AEIbR &Y R HATRORTFLE S 1 RATXE APA HIIAIR, (EHIL D) HEdR
VKIS T fi#, W1 PAS 5[ RBPs [F5E A1) F1 APA #1058 2 HABA 1955 . (Flitk, XF T APA I
iy APA XTAEDNIEREMIFE M LA & APA 1E IR 25 16 I 1 FIAL R (32t — 2D Bt e 47+ 0 e 221

SE

[1] Mayr, C. (2019) What Are 3° UTRs Doing? Cold Spring Harbor Perspectives in Biology, 11, a034728.
https://doi.org/10.1101/cshperspect.a034728

[2] Sandberg, R., Neilson, J.R., Sarma, A., Sharp, P.A. and Burge, C.B. (2008) Proliferating Cells Express MRNAs with
Shortened 3’ Untranslated Regions and Fewer MicroRNA Target Sites. Science, 320, 1643-1647.
https://doi.org/10.1126/science.1155390

[3] Mayr, C. and Bartel, D.P. (2009) Widespread Shortening of 3’UTRs by Alternative Cleavage and Polyadenylation Ac-
tivates Oncogenes in Cancer Cells. Cell, 138, 673-684. https://doi.org/10.1016/].cell.2009.06.016

[4] Wang, R., Nambiar, R., Zheng, D. and Tian, B. (2018) PolyA DB 3 Catalogs Cleavage and Polyadenylation Sites Iden-
tified by Deep Sequencing in Multiple Genomes. Nucleic Acids Research, 46, D315-D319.
https://doi.org/10.1093/nar/gkx 1000

[S] Herrmann, C.J., Schmidt, R., Kanitz, A., Artimo, P., Gruber, A.J. and Zavolan, M. (2020) PolyASite 2.0: A Consoli-
dated Atlas of Polyadenylation Sites from 3’ End Sequencing. Nucleic Acids Research, 48, D174-D179.
https://doi.org/10.1093/nar/gkz918

[6] Marini, F., Scherzinger, D. and Danckwardt, S. (2021) TREND-DB-A Transcriptome-Wide Atlas of the Dynamic
Landscape of Alternative Polyadenylation. Nucleic Acids Research, 49, D243-D253.
https://doi.org/10.1093/nar/gkaa722

[7] Turner, R.E., Pattison, A.D. and Beilharz, T.H. (2018) Alternative Polyadenylation in the Regulation and Dysregula-
tion of Gene Expression. Seminars in Cell & Developmental Biology, 75, 61-69.
https://doi.org/10.1016/j.semcdb.2017.08.056

[8] Hong, W., Ruan, H., Zhang, Z., Ye, Y., Liu, Y., Li, S., Jing, Y., Zhang, H., Diao, L., Liang, H. and Han, L. (2020)
APAatlas: Decoding Alternative Polyadenylation across Human Tissues. Nucleic Acids Research, 48, D34-D39.
https://doi.org/10.1093/nar/gkz876

[9] Tian, B., Pan, Z. and Lee, J.Y. (2007) Widespread MRNA Polyadenylation Events in Introns Indicate Dynamic Inter-
play Between Polyadenylation and Splicing. Genome Research, 17, 156-165. https://doi.org/10.1101/gr.5532707

[10] Zhang, Y., Liu, L., Qiu, Q., Zhou, Q., Ding, J., Lu, Y. and Liu, P. (2021) Alternative Polyadenylation: Methods, Me-
chanism, Function, and Role in Cancer. Journal of Experimental & Clinical Cancer Research, 40, Article No. 51.

DOI: 10.12677/acm.2024.143902 1746 I IR = =23t e


https://doi.org/10.12677/acm.2024.143902
https://doi.org/10.1101/cshperspect.a034728
https://doi.org/10.1126/science.1155390
https://doi.org/10.1016/j.cell.2009.06.016
https://doi.org/10.1093/nar/gkx1000
https://doi.org/10.1093/nar/gkz918
https://doi.org/10.1093/nar/gkaa722
https://doi.org/10.1016/j.semcdb.2017.08.056
https://doi.org/10.1093/nar/gkz876
https://doi.org/10.1101/gr.5532707

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[26]

[27]

(28]

[29]

https://doi.org/10.1186/s13046-021-01852-7

Tian, B. and Manley, J.L. (2017) Alternative Polyadenylation of MRNA Precursors. Nature Reviews Molecular Cell
Biology, 18, 18-30. https://doi.org/10.1038/nrm.2016.116

Yuan, F., Hankey, W., Wagner, E.J., Li, W. and Wang, Q. (2021) Alternative Polyadenylation of MRNA and Its Role
in Cancer. Genes & Diseases, 8, 61-72. https://doi.org/10.1016/j.gendis.2019.10.011

Lin, J., Xu, R., Wu, X., Shen, Y. and Li, Q.Q. (2017) Role of Cleavage and Polyadenylation Specificity Factor 100:
Anchoring Poly(A) Sites and Modulating Transcription Termination. The Plant Journal, 91, 829-839.
https://doi.org/10.1111/tpj.13611

Mandel, C.R., Kaneko, S., Zhang, H., Gebauer, D., Vethantham, V., Manley, J.L. and Tong, L. (2006) Polyadenylation
Factor CPSF-73 Is the Pre-MRNA 3’-End-Processing Endonuclease. Nature, 444, 953-956.
https://doi.org/10.1038/nature05363

Eaton, J.D., Davidson, L., Bauer, D.L.V., Natsume, T., Kanemaki, M.T. and West, S. (2018) Xrn2 Accelerates Termi-
nation by RNA Polymerase II, Which Is Underpinned by CPSF73 Activity. Genes & Development, 32, 127-139.
https://doi.org/10.1101/gad.308528.117

Chan, S.L., Huppertz, 1., Yao, C., Weng, L., Moresco, J.J., Yates II[, J.R., Ule, J., Manley, J.L. and Shi, Y. (2014) CPSF30
and Wdr33 Directly Bind to AAUAAA in Mammalian MRNA 3’ Processing. Genes & Development, 28, 2370-2380.
https://doi.org/10.1101/gad.250993.114

Schonemann, L., Kiihn, U., Martin, G., Schifer, P., Gruber, A.R., Keller, W., Zavolan, M. and Wahle, E. (2014) Re-
constitution of CPSF Active in Polyadenylation: Recognition of the Polyadenylation Signal by WDR33. Genes & De-
velopment, 28, 2381-2393. https://doi.org/10.1101/gad.250985.114

Yang, W., Hsu, P.L., Yang, F., Song, J.E. and Varani, G. (2018) Reconstitution of the CstF Complex Unveils a Regu-
latory Role for CstF-50 in Recognition of 3’-End Processing Signals. Nucleic Acids Research, 46, 493-503.
https://doi.org/10.1093/nar/gkx1177

Fonseca, D., Baquero, J., Murphy, M.R., Aruggoda, G., Varriano, S., Sapienza, C., Mashadova, O., Rahman, S. and
Kleiman, F.E. (2018) MRNA Processing Factor CstF-50 and Ubiquitin Escort Factor P97 Are BRCA1/BARDI Co-
factors Involved in Chromatin Remodeling During the DNA Damage Response. Molecular and Cellular Biology, 38,
€00364-17. https://doi.org/10.1128/MCB.00364-17

Hwang, H.-W., Park, C.Y., Goodarzi, H., Fak, J.J., Mele, A., Moore, M.J., Saito, Y. and Darnell, R.B. (2016) PAPERCLIP
Identifies MicroRNA Targets and a Role of CstF64/64tau in Promoting Non-Canonical Poly(A) Site Usage. Cell Re-
ports, 15, 423-435 https://doi.org/10.1016/j.celrep.2016.03.023

Takagaki, Y., Seipelt, R.L., Peterson, M.L. and Manley, J.L. (1996) The Polyadenylation Factor CstF-64 Regulates
Alternative Processing of [gM Heavy Chain Pre-MRNA During B Cell Differentiation. Cell, 87, 941-952.
https://doi.org/10.1016/S0092-8674(00)82000-0

Hockert, J.A., Yeh, H.J. and MacDonald, C.C. (2010) The Hinge Domain of the Cleavage Stimulation Factor Protein
CstF-64 Is Essential for CstF-77 Interaction, Nuclear Localization, and Polyadenylation. Journal of Biological Chemi-
stry, 285, 695-704. https://doi.org/10.1074/jbc.M109.061705

Grozdanov, P.N., Masoumzadeh, E., Latham, M.P. and MacDonald, C.C. (2018) The Structural Basis of CstF-77
Modulation of Cleavage and Polyadenylation through Stimulation of CstF-64 Activity. Nucleic Acids Research, 46,
12022-12039. https://doi.org/10.1093/nar/gky862

Riiegsegger, U., Blank, D. and Keller, W. (1998) Human Pre-MRNA Cleavage Factor Im Is Related to Spliceosomal
SR Proteins and Can Be Reconstituted in Vitro from Recombinant Subunits. Molecular Cell, 1, 243-253.
https://doi.org/10.1016/S1097-2765(00)80025-8

Riiegsegger, U., Beyer, K. and Keller, W. (1996) Purification and Characterization of Human Cleavage Factor Im In-
volved in the 3’ End Processing of Messenger RNA Precursors. Journal of Biological Chemistry, 271, 6107-6113.
https://doi.org/10.1074/jbc.271.11.6107

Martin, G., Gruber, A.R., Keller, W. and Zavolan, M. (2012) Genome-Wide Analysis of Pre-MRNA 3’ End Processing
Reveals a Decisive Role of Human Cleavage Factor I in the Regulation of 3° UTR Length. Cell Reports, 1, 753-763.
https://doi.org/10.1016/j.celrep.2012.05.003

Gruber, A.R., Martin, G., Keller, W. and Zavolan, M. (2012) Cleavage Factor Im Is a Key Regulator of 3° UTR Length.
RNA Biology, 9, 1405-1412. https://doi.org/10.4161/rna.22570

Gruber, A.J. and Zavolan, M. (2019) Alternative Cleavage and Polyadenylation in Health and Disease. Nature Reviews
Genetics, 20, 599-614. https://doi.org/10.1038/s41576-019-0145-z

Schifer, P., Tiiting, C., Schonemann, L., Kiihn, U., Treiber, T., Treiber, N., Ihling, C., Graber, A., Keller, W., Meister, G.,
Sinz, A. and Wahle, E. (2018) Reconstitution of Mammalian Cleavage Factor II Involved in 3’ Processing of MRNA
Precursors. RNA, 24, 1721-1737. https://doi.org/10.1261/rna.068056.118

DOI: 10.12677/acm.2024.143902 1747 I IR = =23t e


https://doi.org/10.12677/acm.2024.143902
https://doi.org/10.1186/s13046-021-01852-7
https://doi.org/10.1038/nrm.2016.116
https://doi.org/10.1016/j.gendis.2019.10.011
https://doi.org/10.1111/tpj.13611
https://doi.org/10.1038/nature05363
https://doi.org/10.1101/gad.308528.117
https://doi.org/10.1101/gad.250993.114
https://doi.org/10.1101/gad.250985.114
https://doi.org/10.1093/nar/gkx1177
https://doi.org/10.1128/MCB.00364-17
https://doi.org/10.1016/j.celrep.2016.03.023
https://doi.org/10.1016/S0092-8674(00)82000-0
https://doi.org/10.1074/jbc.M109.061705
https://doi.org/10.1093/nar/gky862
https://doi.org/10.1016/S1097-2765(00)80025-8
https://doi.org/10.1074/jbc.271.11.6107
https://doi.org/10.1016/j.celrep.2012.05.003
https://doi.org/10.4161/rna.22570
https://doi.org/10.1038/s41576-019-0145-z
https://doi.org/10.1261/rna.068056.118

FAE G, R

[30]

[31]

[32]

[33]

[34]

[37]

[38]

[40]

[41]

[42]

[47]

[48]

Stroup, E.K. and Ji, Z. (2023) Deep Learning of Human Polyadenylation Sites at Nucleotide Resolution Reveals Mo-
lecular Determinants of Site Usage and Relevance in Disease. Nature Communications, 14, Article No. 7378.
https://doi.org/10.1038/s41467-023-43266-3

Ji, G., Tang, Q., Zhu, S., Zhu, J., Ye, P., Xia, S. and Wu, X. (2023) StAPAminer: Mining Spatial Patterns of Alterna-
tive Polyadenylation for Spatially Resolved Transcriptomic Studies. Genomics, Proteomics & Bioinformatics, 21,
601-618. https://doi.org/10.1016/j.gpb.2023.01.003

Imada, E.L., Wilks, C., Langmead, B. and Marchionni, L. (2023) REPAC: Analysis of Alternative Polyadenylation
from RNA-Sequencing Data. Genome Biology, 24, Article No. 22. https://doi.org/10.1186/s13059-023-02865-5

Wang, G., Xie, Z., Su, J., Chen, M., Du, Y., Gao, Q., Zhang, G., Zhang, H., Chen, X., Liu, H., Han, L. and Ye, Y. (2022)
Characterization of Immune-Related Alternative Polyadenylation Events in Cancer Immunotherapy. Cancer Research,
82, 3474-3485. https://doi.org/10.1158/0008-5472.CAN-22-1417

Linder, J., Koplik, S.E., Kundaje, A. and Seelig, G. (2022) Deciphering the Impact of Genetic Variation on Human
Polyadenylation Using APARENT2. Genome Biology, 23, Article No. 232.
https://doi.org/10.1186/s13059-022-02799-4

Li, Z., Li, Y., Zhang, B., Li, Y., Long, Y., Zhou, J., Zou, X., Zhang, M., Hu, Y., Chen, W. and Gao, X. (2022) Dee-
ReCT-APA: Prediction of Alternative Polyadenylation Site Usage Through Deep Learning. Genomics, Proteomics &
Bioinformatics, 20, 483-495. https://doi.org/10.1016/j.gpb.2020.05.004

Ye, C., Zhao, D., Ye, W., Wu, X, Ji, G., Li, Q.Q. and Lin, J. (2021) QuantifyPoly(A): Reshaping Alternative Polya-
denylation Landscapes of Eukaryotes with Weighted Density Peak Clustering. Briefings in Bioinformatics, 22, bbab268.
https://doi.org/10.1093/bib/bbab268

Lusk, R., Stene, E., Banaei-Kashani, F., Tabakoff, B., Kechris, K. and Saba, L.M. (2021) Aptardi Predicts Polyadeny-
lation Sites in Sample-Specific Transcriptomes Using High-Throughput RNA Sequencing and DNA Sequence. Nature
Communications, 12, Article No. 1652. https://doi.org/10.1038/s41467-021-21894-x

Lin, E., Liu, X., Liu, Y., Zhang, Z., Xie, L., Tian, K., Liu, J. and Yu, Y. (2021) Roles of the Dynamic Tumor Immune
Microenvironment in the Individualized Treatment of Advanced Clear Cell Renal Cell Carcinoma. Frontiers in Immu-
nology, 12, Article 653358. https://doi.org/10.3389/fimmu.2021.653358

Li, G.W., Nan, F., Yuan, G.H., Liu, C.X., Liu, X., Chen, L.L., Tian, B. and Yang, L. (2021) SCAPTURE: A Deep
Learning-Embedded Pipeline That Captures Polyadenylation Information from 3’ Tag-Based RNA-Seq of Single Cells.
Genome Biology, 22, Article No. 221. https://doi.org/10.1186/s13059-021-02437-5

Gao, Y., Li, L., Amos, C.I. and Li, W. (2021) Analysis of Alternative Polyadenylation from Single-Cell RNA-Seq Us-
ing ScDaPars Reveals Cell Subpopulations Invisible to Gene Expression. Genome Research, 31, 1856-1866.
https://doi.org/10.1101/gr.271346.120

Ma, X., Cheng, S., Ding, R., Zhao, Z., Zou, X., Guang, S., Wang, Q., Jing, H., Yu, C., Ni, T. and Li, L. (2023)
IpaQTL-Atlas: An Atlas of Intronic Polyadenylation Quantitative Trait Loci across Human Tissues. Nucleic Acids Re-
search, 51, D1046-D1052. https://doi.org/10.1093/nar/gkac736

Zhu, S., Lian, Q., Ye, W., Qin, W., Wu, Z., Ji, G. and Wu, X. (2022) ScAPAdb: A Comprehensive Database of Alter-
native Polyadenylation at Single-Cell Resolution. Nucleic Acids Research, 50, D365-D370.
https://doi.org/10.1093/nar/gkab795

Yang, X., Tong, Y., Liu, G., Yuan, J. and Yang, Y. (2022) ScAPAatlas: An Atlas of Alternative Polyadenylation
across Cell Types in Human and Mouse. Nucleic Acids Research, 50, D356-D364. https://doi.org/10.1093/nar/gkab917

Cui, Y., Peng, F., Wang, D., Li, Y., Li, J.S,, Li, L. and Li, W. (2022) 3’aQTL-Atlas: An Atlas of 3’UTR Alternative
Polyadenylation Quantitative Trait Loci across Human Normal Tissues. Nucleic Acids Research, 50, D39-D45.
https://doi.org/10.1093/nar/gkab740

Lin, Y., Li, Z., Ozsolak, F., Kim, S.W., Arango-Argoty, G., Liu, T.T., Tenenbaum, S.A., Bailey, T., Monaghan, A.P.,
Milos, P.M. and John, B. (2012) An In-Depth Map of Polyadenylation Sites in Cancer. Nucleic Acids Research, 40,
8460-8471. https://doi.org/10.1093/nar/gks637

Xiang, Y., Ye, Y., Lou, Y., Yang, Y., Cai, C., Zhang, Z., Mills, T., Chen, N.Y., Kim, Y., Muge Ozguc, F., Diao, L.,
Karmouty-Quintana, H., Xia, Y., Kellems, R.E., Chen, Z., Blackburn, M.R., Yoo, S.H., Shyu, A.B., Mills, G.B. and
Han, L. (2018) Comprehensive Characterization of Alternative Polyadenylation in Human Cancer. Journal of the Na-
tional Cancer Institute, 110, 379-389. https://doi.org/10.1093/jnci/djx223

Di Giammartino, D.C., Li, W., Ogami, K., Yashinskie, J.J., Hoque, M., Tian, B. and Manley, J.L. (2014) RBBP6 Iso-
forms Regulate the Human Polyadenylation Machinery and Modulate Expression of MRNAs with AU-Rich 3 UTRs.
Genes & Development, 28, 2248-2260. https://doi.org/10.1101/gad.245787.114

Fu, Y., Chen, L., Chen, C., Ge, Y., Kang, M., Song, Z., Li, J., Feng, Y., Huo, Z., He, G., Hou, M., Chen, S. and Xu, A.
(2018) Crosstalk between Alternative Polyadenylation and MiRNAs in the Regulation of Protein Translational Effi-

DOI: 10.12677/acm.2024.143902 1748 I IR = =23t e


https://doi.org/10.12677/acm.2024.143902
https://doi.org/10.1038/s41467-023-43266-3
https://doi.org/10.1016/j.gpb.2023.01.003
https://doi.org/10.1186/s13059-023-02865-5
https://doi.org/10.1158/0008-5472.CAN-22-1417
https://doi.org/10.1186/s13059-022-02799-4
https://doi.org/10.1016/j.gpb.2020.05.004
https://doi.org/10.1093/bib/bbab268
https://doi.org/10.1038/s41467-021-21894-x
https://doi.org/10.3389/fimmu.2021.653358
https://doi.org/10.1186/s13059-021-02437-5
https://doi.org/10.1101/gr.271346.120
https://doi.org/10.1093/nar/gkac736
https://doi.org/10.1093/nar/gkab795
https://doi.org/10.1093/nar/gkab917
https://doi.org/10.1093/nar/gkab740
https://doi.org/10.1093/nar/gks637
https://doi.org/10.1093/jnci/djx223
https://doi.org/10.1101/gad.245787.114

[50]

[51]

[52]

ciency. Genome Research, 28, 1656-1663. https://doi.org/10.1101/gr.231506.117

Chen, L., Dong, W., Zhou, M., Yang, C., Xiong, M., Kazobinka, G., Chen, Z., Xing, Y. and Hou, T. (2023) PABPN1
Regulates MRNA Alternative Polyadenylation to Inhibit Bladder Cancer Progression. Cell & Bioscience, 13, Article
No. 45. https://doi.org/10.1186/s13578-023-00997-6

Xiong, M., Liu, C., Li, W., Jiang, H., Long, W., Zhou, M., Yang, C., Kazobinka, G., Sun, Y., Zhao, J. and Hou, T.
(2023) PABPN1 Promotes Clear Cell Renal Cell Carcinoma Progression by Suppressing the Alternative Polyadenyla-
tion of SGPL1 and CREGL1. Carcinogenesis, 44, 576-586. https://doi.org/10.1093/carcin/bgad049

Tan, Y., Zheng, T., Su, Z., Chen, M., Chen, S., Zhang, R., Wang, R., Li, K. and Na, N. (2023) Alternative Polyadeny-
lation Reprogramming of MORC?2 Induced by NUDT21 Loss Promotes KIRC Carcinogenesis. JCI Insight, 8, €162893.
https://doi.org/10.1172/jci.insight. 162893

Witkowski, M.T., Lee, S., Wang, E., Lee, A.K., Talbot, A., Ma, C., Tsopoulidis, N., Brumbaugh, J., Zhao, Y., Roberts,
K.G., Hogg, S.J., Nomikou, S., Ghebrechristos, Y.E., Thandapani, P., Mullighan, C.G., Hochedlinger, K., Chen, W.,
Abdel-Wahab, O., Eyquem, J. and Aifantis, I. (2022) NUDT21 Limits CD19 Levels through Alternative MRNA Po-
lyadenylation in B Cell Acute Lymphoblastic Leukemia. Nature Immunology, 23, 1424-1432.
https://doi.org/10.1038/s41590-022-01314-y

Guo, Q., Wang, H., Duan, J., Luo, W., Zhao, R., Shen, Y., Wang, B., Tao, S., Sun, Y., Ye, Q., Bi, X., Yuan, H., Wu,
Q., Lobie, P.E., Zhu, T., Tan, S., Huang, X. and Wu, Z. (2022) An Alternatively Spliced P62 Isoform Confers Resis-

tance to Chemotherapy in Breast Cancer. Cancer Research, 82,4001-4015.
https://doi.org/10.1158/0008-5472.CAN-22-0909

DOI: 10.12677/acm.2024.143902 1749 I IR = =23t e


https://doi.org/10.12677/acm.2024.143902
https://doi.org/10.1101/gr.231506.117
https://doi.org/10.1186/s13578-023-00997-6
https://doi.org/10.1093/carcin/bgad049
https://doi.org/10.1172/jci.insight.162893
https://doi.org/10.1038/s41590-022-01314-y
https://doi.org/10.1158/0008-5472.CAN-22-0909

	可变多聚腺苷酸化在肿瘤中的研究进展
	摘  要
	关键词
	Advances in Alternative Polyadenylation in Tumors
	Abstract
	Keywords
	1. 简介
	2. APA分类
	3. APA因子
	4. APA相关技术
	4.1. PolyaID
	4.2. stAPAminer
	4.3. REPAC
	4.4. ImmAPA
	4.5. APARENT2
	4.6. DeeReCT-APA
	4.7. QuantifyPoly (A)
	4.8. Aptardi
	4.9. MAAPER
	4.10. SCAPTURE
	4.11. scDaPars

	5. APA相关数据库
	5.1. ipaQTL-atlas
	5.2. scAPAdb
	5.3. scAPAatlas
	5.4. 3'aQTL-atlas

	6. APA与肿瘤
	7. 总结
	参考文献

